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The everlasting universe of things
Flows through the mind, and rolls its rapid waves,
Now dark — now glittering — now reflecting gloom —
Now lending splendour, where from secret springs
The source of human thought its tribute brings
Of waters, — with a sound but half its own,
Such as a feeble brook will oft assume
In the wild woods, among the mountains lone,
Where waterfalls around it leap for ever,
Where woods and winds contend, and a vast river
Over its rocks ceaselessly bursts and raves.

—— Percy Bysshe Shelley, Mont Blanc, Stanza I

万物永无穷尽的宇宙，从心灵

流过，翻卷着瞬息千里的波浪，

时而阴暗，时而闪光，时而朦胧，

时而辉煌，而人类的思想源头

也从隐秘的深泉带来水的贡品，——
带来只有一半是它自己的声音，

就像清浅的小溪可能会有的那一种

当它从旷野的林莽、荒凉的山峦

之间穿过，周围有瀑布奔腾不歇，

有风和树在争吵，有宽阔的大江

冲过礁石无休无止地汹涌咆哮。

—— ⦔㽓g↨Ꮰg䲾㦅ǉࢗᳫዄǊ㄀ϔ㡖˄∳ᵿ䆥˅





ᨬ㽕

໽ԧ物理੠ᅛᅭ学㾖⌟㸼ᯢ, ᱫ物䋼ᰃᅛᅭ中物䋼ⱘЏ㽕៤ߚ. ✊㗠, 䰸њ
ᓩ࡯П໪, ៥Ӏ䖬ϡњ㾷ᱫ物䋼ⱘ݊ᅗⳌѦ作⫼ᗻ䋼. Ўњ研究ᱫ物䋼ⱘᖂ㾖
粒子ᴀ䋼, 䳔㽕೼ᅲ偠中ᇚᱫ物䋼粒子᥶⌟ߎᴹ. ᅲ偠᥶⌟᠟↉ࣙᣀⳈ᥹᥶⌟、
䯈᥹᥶⌟੠ᇍᩲᴎ᥶⌟. ೼ᴀ䆎᭛中, ៥ӀЏ㽕研究ᇍᩲᴎϞⱘᱫ物䋼ଃ䈵学.
⬅ѢᇍᩲᴎϞⱘ᥶⌟఼ϡ能᥶⌟ᱫ物䋼粒子, ᱫ物䋼ѻ⫳䖛⿟㸼⦄Ў “϶༅能
䞣” ֵো. 䗮䖛㩭⡍व⋯῵ᢳ, ៥Ӏ㗗ᶹњᇍᩲᴎ᧰ᇏᱫ物䋼ⱘ♉ᬣᑺ, ᑊ与Ⳉ
᥹੠䯈᥹᥶⌟ᅲ偠ⱘ♉ᬣᑺ↨䕗.

೼᳝效ㅫヺḚᶊϟ, ៥Ӏ研究њ᳾ᴹℷ䋳⬉子ᇍᩲᴎϞ monophoton ੠
mono-Z ᧰ᇏ䘧ⱘ♉ᬣᑺ. ៥Ӏথ⦄, 䞛⫼䗖ᔧⱘᵕ࣪ᴳ⌕ৃҹ䴲ᐌ᳝效ഄᦤ
高♉ᬣᑺ. བᵰᇍᩲ能䞣䖒ࠄ 1 TeV ៪ 3 TeV, monophoton ᧰ᇏ䘧ৃҹẔ偠
Fermi-LAT ᭄᥂中ⱘ䫊ᖗ㒓䈅⭥Ԑֵো.

೼䍙ᇍ⿄῵ൟ中, 䗮䖛݅⑂♁效ᑨ能໳ᦤ高ᱫ物䋼׭䗝粒子 χ̃0
1 ⱘ᳝效⑂♁

៾䴶, Ң㗠ᕫߎℷ⹂ⱘᱫ物䋼䘫⬭ᆚᑺ. ៥Ӏ㗗㰥њ 3 ⾡ৃ能ⱘ݅⑂♁೒ڣ, ᑊ
䅼䆎ᅗӀᇍ LHC ᧰ᇏᷛ䞣乊༌ܟ t̃1 ⱘᕅડ. ೼䖭ѯ೒ڣ中, LHC ᇍ t̃1 ⱘ䰤ࠊ

㽕↨ϔ㠀ᚙމᔅ.

೼ϔ类 τ portal ᱫ物䋼ㅔ࣪῵ൟ中, ៥Ӏ⫼ᱫ物䋼⑂♁ࠄ τ+τ− ᴹ㾷䞞

Fermi-LAT ᭄᥂中ⱘ䫊ᖗ GeV 䖲㓁䈅⭥Ԑ䍙ֵߎো. ೼ LHC Ϟ, ৃҹ䗮䖛
2τh + /ET, τℓτh + /ET ੠ 2τℓ + /ET 䖭ϝϾ᧰ᇏ䘧ᴹᇏᡒ῵ൟ䞠中ҟ粒子ⱘѻ⫳䖛

⿟. ៥Ӏথ⦄, ᇍѢҹ䌍㉇子Ў中ҟ粒子ⱘ῵ൟ, LHC ᳝能࡯Ẕ偠䖭⾡㾷䞞.

作Ў SppC 乘研ⱘϔ䚼ߚ, 䗮䖛 monojet + /ET ᧰ᇏ䘧, ៥Ӏ研究њᇍᩲ能
䞣ߚ别Ў 33, 50 ੠ 100 TeV ⱘ᳾ᴹ pp ᇍᩲᴎᇍ 3 ⾡ Z ′ portal ᱫ物䋼ㅔ࣪῵
ൟⱘ᥶⌟能࡯. ᇍᩲᴎ᧰ᇏ♉ᬣᑺ೼ϔѯᚙމϟ能໳㚰䖛Ⳉ᥹᥶⌟, г᳝ৃ能
᥶㋶䘫⬭ᆚᑺ㾖⌟ؐܕ䆌ⱘ໻䚼ߚখ᭄ぎ䯈.

݇䬂䆡: ᱫ物䋼, ᇍᩲᴎଃ䈵学, ᳝效ㅫヺ, 䍙ᇍ⿄῵ൟ, ㅔ࣪῵ൟ.





Abstract

Astrophysical and cosmological observations suggest that dark matter (DM)
is the major component of matter in the Universe. However, interaction proper-
ties of dark matter other than gravity are still unknown. In order to understand
the microscopic nature of dark matter, we need to experimentally detect DM
particles. There are 3 kinds of DM detection methods, i.e., direct detection,
indirect detection, and collider search. In this thesis, we focus on dark matter
phenomenology at colliders. DM production processes will appear as “missing
energy” signals at colliders, where detectors cannot detect DM particles. Using
Monte Carlo simulation, we investigate the sensitivity of collider searches for DM
particles, and compare it with the sensitivities of direct and indirect detection
experiments.

Through the effective operator approach, we study the sensitivities of the
monophoton and mono-Z channels at future e+e− colliders. We find that appro-
priate polarized beams can effectively improve the sensitivity. With a collision
energy of 1 TeV or 3 TeV, the potential Fermi-LAT Galactic Center gamma-ray
line signal can be tested in the monophoton channel.

In supersymmetric models, the effective annihilation cross section of the DM
candidate χ̃0

1 can be enhanced by the coannihilation effect, and the correct DM
relic density can be achieved. We consider 3 possible coannihilation scenarios
and discuss their impact on stop searches at the LHC. In these scenarios, the
LHC constraints on the stop are weaker than those in general cases.

In a class of τ portal DM simplified models, we interpret the potential Fermi-
LAT Galactic Center GeV excess by DM annihilations into τ+τ−. 2τh + /ET,
τℓτh+ /ET, and 2τℓ+ /ET channels can be used to search for mediator productions
in these models. In the models with fermionic mediators, LHC can test this
interpretation.

As part of the SppC pre-CDR study, we investigate the sensitivities of future
pp colliders to three Z ′ portal DM simplified models in the monojet+ /ET channel.
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In some cases, the sensitivities of collider searches can be better than those in
direct searches. It is possible to cover most of the parameter space allowed by
the relic density observation in collider searches.

Keywords: dark matter, collider phenomenology, effective operator, super-
symmetric model, simplified model.
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㄀ϔゴ ᓩ㿔

ᱫ物䋼ᰃϞϾϪ㑾䘫⬭ϟᴹⱘ䞡㽕物理䇰乬. ೼ⷂ᯳㋏、᯳㋏、᯳㋏ಶ、໻
ሎᑺ㒧ᵘЗ㟇ৃ㾖⌟ᅛᅭሎᑺϞ, ഛ᳝⹂ߛⱘᱫ物䋼ᄬ೼䆕᥂. 㾖⌟㸼ᯢ, ᅛᅭ
中ⱘᱫ物䋼৿䞣ऴܼ䚼物䋼ⱘ 5/6 ҹϞ. ✊㗠, 䖭ѯ䆕᥂䛑ᰃҢᓩ࡯效ᑨ᥼ᮁ
,ᴹⱘߎ ᱫ物䋼ⱘ粒子ᴀ䋼ᇮϡᯢ⹂. ᔧࠡᅲ偠੠理䆎ⱘЏ㽕䯂乬, ᰃњ㾷ᱫ物
䋼䰸ᓩ࡯П໪ⱘᖂ㾖ⳌѦ作⫼ᗻ䋼.
粒子物理ᷛޚ῵ൟ [1–3] ೼ᦣ䗄෎ᴀ粒子ⳌѦ作⫼ᮍ䴶䴲ᐌ៤ࡳ. Ԛᰃ, ῵

ൟ中≵᳝ড়䗖ⱘᱫ物䋼׭䗝粒子. ঺ϔᮍ䴶, Ўњ㾷ޚᷛއ῵ൟⱘϔѯ䯂乬, Ҏ
Ӏᦤߎњ䆌໮䍙ޚᷛߎ῵ൟⱘᮄ物理῵ൟ, བ䍙ᇍ⿄῵ൟ੠乱໪㓈῵ൟㄝ, 䖭ѯ
῵ൟᐌᐌ৿᳝ᱫ物䋼粒子׭䗝者. ಴ℸ, ᱫ物䋼研究ᰃњ㾷ᮄ物理῵ൟⱘϔϾ
ܹষ.
ᱫ物䋼研究ሲѢ໽ԧ物理、ᅛᅭ学੠粒子物理䖭ϝϾ物理学ᬃߚⱘѸঝ乚

ඳ. ಴ℸ, Ўњ᥶㋶ᱫ物䋼ⱘᗻ䋼, ៥Ӏ䳔㽕߽ߚܙ⫼৘Ͼᬃߚ学科㞾䑿ⱘ⡍⚍
੠Ӭ࢓, ҹϔϾ㓐ড়ܼ䴶ⱘ㾦ᑺᴹᅵ㾚研究䯂乬. ᅲ偠Ϟ᳝ 3 ⾡ᱫ物䋼᥶⌟䗨
ᕘ. ㄀ϔ⾡䗨ᕘ⿄ЎⳈ᥹᥶⌟, ೼ᅲ偠中ᇏᡒᱫ物䋼粒子与䵊原子核ⱘᬷᇘֵ
ো; ㄀Ѡ⾡䗨ᕘ⿄Ў䯈᥹᥶⌟, Ңᴹ㞾໾ぎⱘԑ偀ᇘ㒓、ᅛᅭ㒓੠中ᖂ子中᧰㋶
ᱫ物䋼⑂♁ѻ物៪㹄বѻ物ᓩ䍋ⱘֵো; ㄀ϝ⾡䗨ᕘ⿄Ўᇍᩲᴎ᥶⌟, ᧰ᇏ೼
高能粒子ᇍᩲ中ѻ⫳ⱘᱫ物䋼粒子ֵো. ࠡϸ⾡䗨ᕘⱘ♉ᬣᑺ䰸њձ䌪Ѣᱫ物
䋼ⳌѦ作⫼ᗻ䋼П໪, 䖬ձ䌪Ѣᱫ物䋼೼ഄ⧗䚏ඳ៪໽ԧ中ⱘЄᑺ੠䖤ࡼ䗳ᑺ.
㄀ϝ⾡䗨ᕘ㽕೼ᅲ偠中ѻ⫳ߎᱫ物䋼粒子, ಴㗠♉ᬣᑺЏ㽕ձ䌪Ѣᱫ物䋼与ᷛ
.῵ൟ粒子ⱘ㗺ড়ޚ
ᮄϪ㑾ҹᴹ, ᮄϔҷ高㊒ᑺᅲ偠ⱘ䖤㸠໻໻ഄ᥼䖯њᱫ物䋼研究䖯⿟.

WMAP ੠ Planck ㄝᅲ偠䴲ᐌ㊒⹂ഄ⌟䞣њᅛᅭ中৘Ͼ㒘ߚⱘЄᑺ, ᷛᖫⴔᅛ
ᅭ学䖯ܹ㊒⹂⌟䞣䰊↉. ᱫ物䋼䯈᥹᥶⌟ᅲ偠থሩ䖙䗳, Fermi-LATㄝԑ偀ᇘ㒓
㾖⌟ᅲ偠, PAMELA ੠ AMS-02 ㄝᅛᅭ㒓⌟䞣ᅲ偠, ҹঞ IceCube ੠ Super-K
ㄝ中ᖂ子ᅲ偠, ᇍᱫ物䋼⑂♁੠㹄ব䖛⿟㒭ߎњ䕗ᔎⱘ䰤ࠊ, 㗠Ϩгথ⦄њϔѯ
⭥Ԑֵো䗍䈵. ℸ໪, ৘⾡类ൟⱘⳈ᥹᥶⌟ᅲ偠೼Ϫ⬠৘ഄⳌ㒻ᨁᓎ䍋ᴹ, ࣙᣀ
DAMA, XENON, LUX, CDMS ੠ CoGeNT ㄝ, ♉ᬣᑺ೼क年䯈ᦤ高њད޴Ͼ
䞣㑻, ៥国ᅲ偠 CDEX ੠ PandaX гᏆ䖯ܹপ᭄䰊↉.
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Ң 2009 年ᓔྟ䖤㸠ⱘ LHC ᰃⳂࠡҎ类ᓎ䗴ߎᴹⱘ能䞣᳔高ⱘᇍᩲᴎ, ೼
᳾ᴹक޴年中ᇚҹ 13 − 14 TeV ⱘᇍᩲ能䞣䖯㸠ᅲ偠. ᅗⱘ㄀ϔ䰊↉ᅲ偠೼
7 TeV ໘䞛䲚њ ∼ 5 fb−1 ⱘ᭄᥂, ೼ 8 TeV ໘䞛䲚њ ∼ 20 fb−1 ⱘ᭄᥂. ᅲ偠㒘
߽⫼䖭ѯ᭄᥂থ⦄њ Higgs 粒子, ै᳾㾕ӏԩ⹂ᅲⱘᮄ物理䗍䈵. ҎӀᇍᅗⱘϟ
ϔ䰊↉ᅲ偠ᆘќ८ᳯ.

঺ϔᮍ䴶, ϟϔҷᇍᩲᴎℷ໘೼㾘ߦ䖯⿟中, ݊中ࣙᣀ៥国Џ导ⱘᇍᩲᴎ䅵
ߦ CEPC/SppC.೼䅵ߦⱘ㄀ϔ䰊↉,ℷ䋳⬉子ᇍᩲᴎ CEPCᇚ作Ў HiggsᎹॖ,
㊒⹂⌟䞣 Higgs 粒子ⱘᗻ䋼. ೼㄀Ѡ䰊↉, ৃҹᡞᅗछ㑻Ў 50− 70 TeV 能䞣ⱘ
ᔎ子ᇍᩲᴎ SppC, Ⳉ᥹᧰ᇏᮄ物理粒子. ᴀ䆎᭛ⱘϔѯゴ㡖ᰃᇍ CEPC/SppC
ᱫ物䋼᧰ᇏ♉ᬣᑺⱘ߱ℹ研究.

ᴀ䆎᭛Џ㽕ݙᆍᰃᇍᩲᴎϞⱘᱫ物䋼ଃ䈵学, 䅼䆎ᔧࠡᇍᩲᴎᇍᱫ物䋼ᗻ
䋼ⱘ䰤ࠊ, ҹঞ᳾ᴹᇍᩲᴎ᥶⌟ᱫ物䋼ⱘ能࡯. ϡ䖛, ៥ӀᑊϡӮᡞ研究ሔ䰤೼
ᇍᩲᴎϞ, гӮ㗗㰥ᮄ䖥ⱘⳈ᥹੠䯈᥹᥶⌟ᅲ偠㒧ᵰ, ↨䕗ᅗӀ与ᇍᩲᴎ᥶⌟ⱘ
ᥦ䰸䰤੠♉ᬣᑺ, 㓐ড়৘ᮍ䴶ⱘֵᙃᴹ᥶㋶ᱫ物䋼ⱘᗻ䋼. ℸ໪, ៥Ӏг݇⊼ϔ
ѯᱫ物䋼⭥Ԑֵো, 研究ᇍᩲᴎᇍ䖭ѯֵোⱘẔ偠能࡯.

与中ᖂ子ϔḋ, ᇍᩲᴎϞⱘ᥶⌟఼ϡ能Ⳉ᥹ഄ᥶⌟ᱫ物䋼粒子. ϡ䖛, བᵰ
᳝݊ᅗ粒子与ᱫ物䋼粒子Ԉ䱣ѻ⫳, 䞡ᓎ䖭ѯ粒子Пৢ, ህӮথ⦄ᅗӀⱘᘏࡼ
䞣ϡᅜᘦ, ಴Ўᱫ物䋼粒子ᏺ䍄њϔ䚼ࡼߚ䞣. ಴ℸ, ᱫ物䋼ѻ⫳䖛⿟Ӯᓩ䍋
϶༅ࡼ䞣䕗໻ⱘџ՟, े “϶༅能䞣” ֵো. ⬅Ѣ中ᖂ子гӮ导㟈类Ԑⱘᚙމ,
ᇍᩲᴎ᧰ᇏᱫ物䋼ⱘЏ㽕㚠᱃ᰃϔѯ᳿ᗕ৿᳝中ᖂ子ⱘᷛޚ῵ൟ䖛⿟. ḍ᥂Ԉ
䱣ᱫ物䋼粒子ϔ䍋ѻ⫳ⱘ粒子ⱘ⾡类, ៥Ӏৃҹᇍᱫ物䋼᧰ᇏ䘧䖯㸠ߚ类, བ
monojet, monophoton ੠ mono-Z ᧰ᇏ䘧ㄝ.

೼ᦣ䗄ᱫ物䋼ⳌѦ作⫼ⱘᮄ物理῵ൟ中, 䰸ᱫ物䋼粒子໪ᕔᕔгࣙ৿䆌໮
ᮄⱘ䞡粒子. ᅗӀ೼ᇍᩲᴎϞѻ⫳Пৢ, Ӯ㹄বࠄᱫ物䋼粒子੠ᷛޚ῵ൟ粒子,
㹄ব䫒䖬᳝ৃ能ࣙᣀ໮⃵㑻㘨㹄ব. 所ҹ, 䖭ѯ䖛⿟ᓩ䍋ⱘֵোᐌᐌӮ↨䕗໡
ᴖ. ៥Ӏৃ能䳔㽕ḍ᥂ֵো⡍ᕕᵘ䗴⡍⅞ⱘ䖤ࡼ学ব䞣, 䞛প⡍ᅮⱘџ՟ㄯ䗝
ᴵӊ, ᠡ能ᇚ䖭ѯֵোҢᑲ໻ⱘ㚠᱃中ᢑপߎᴹ. ೼研究中, ៥Ӏᇍֵো੠㚠᱃
䛑䖯㸠њҨ㒚ⱘ㩭⡍व⋯῵ᢳ, ҹ∖ᕫࠄ䕗Ў㊒⹂ⱘ㒧ᵰ.

ЎњՓଃ䈵学研究᳝݋ϔ㠀ᗻ, ៥Ӏ≵᳝㗗㰥໾䖛໡ᴖⱘᱫ物䋼理䆎῵ൟ,
㗠䞛⫼њϸ⾡Ⳍᇍㅔऩⱘ理䆎Ḛᶊ. ೼㄀ϔ⾡理䆎Ḛᶊ中, ៥Ӏ⫼高䞣㒆ϡৃ
䞡ᭈⱘ᳝效ㅫヺᴹᦣ䗄ᱫ物䋼与ᷛޚ῵ൟ粒子ⱘⳌѦ作⫼, 䆒理䆎中䰸ᱫ物؛
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䋼粒子໪ⱘᮄ粒子䛑↨䕗䞡, 效ᑨ⬅៾ᮁ能ᷛҷ᳓. ℸḚᶊⱘ䗖⫼㣗ೈ᳝䰤, ᔧ
Ӵ䗦ⳌѦ作⫼ⱘ中ҟ粒子↨䕗䕏ᯊ, ᳝效ㅫヺህ༅效њ. ಴ℸ, ៥Ӏг㗗㰥ϔѯ
ㅔ࣪῵ൟ作Ў㄀Ѡ⾡理䆎Ḛᶊ, 䖭ѯ῵ൟ䰸ᱫ物䋼粒子໪䖬ࣙ৿ᇥ䞣݊ᅗᮄ粒
子, 㗠ⳌѦ作⫼乍ᰃԢ䞣㒆ৃ䞡ᭈⱘ. ೼䖭ϸ类Ḛᶊݙ, ៥Ӏ䛑ৃҹᕜᮍ֓ഄ㘨
㋏ᇍᩲᴎᱫ物䋼᧰ᇏ、Ⳉ᥹᥶⌟੠䯈᥹᥶⌟ᅲ偠ⱘᥦ䰸䰤੠♉ᬣᑺ.

ᴀ䆎᭛㒧ᵘᅝᥦབϟ. ㄀Ѡゴᰃᱫ物䋼ὖ䗄. 佪ܜ, ៥ᇚҟ㒡ᱫ物䋼ⱘ㾖⌟
䆕᥂、෎ᴀᗻ䋼੠ᅛᅭ学䘫⬭ᆚᑺ䅵ㅫᮍ⊩, ᥹ⴔ߫ВϔѯЏ⌕῵ൟ中ⱘᱫ物
䋼׭䗝粒子, ✊ৢ䇈ᯢⳈ᥹᥶⌟੠䯈᥹᥶⌟原理ঞᮄ䖥ᅲ偠㒧ᵰ, ᑊ೼᳝效ㅫヺ
Ḛᶊϟ↨䕗䖭ѯᅲ偠ⱘ♉ᬣᑺ. ㄀ϝゴᰃᇍᩲᴎ物理ὖ䗄. ៥Ӯҟ㒡㸼ᕕᇍᩲ
ᴎᗻ能ⱘখ᭄, ҹঞᇍᩲᴎϞⳌѦ作⫼䖛⿟੠៾䴶ⱘ෎ᴀὖᗉ. ㅔ䗄᥶⌟఼㒧
ᵘПৢ, ៥ᇚᦣ䗄བԩ䕼别৘类粒子੠䞡ᓎ஋⊼. ߽⫼䞡ᓎߎᴹⱘ粒子, ৃҹᵘ
䗴৘类䖤ࡼ学ব䞣, ៥Ӯᦣ䗄ϔѯᐌ⫼ব䞣. ⬅Ѣϟ䴶ⱘᎹ作⍝ঞ㩭⡍व⋯῵
ᢳ, ៥ᇚ䇈ᯢ῵ᢳ原理ᑊҟ㒡ϔѯᅲ⫼ⱘ高能物理῵ᢳᎹ݋.

㄀ಯゴ੠㄀Ѩゴভ䗄Џ㽕研究Ꮉ作ⱘ݋ԧݙᆍ. ೼㄀ಯゴ中, ៥Ӏ研究᳾
ᴹℷ䋳⬉子ᇍᩲᴎ᧰ᇏᱫ物䋼ⱘ♉ᬣᑺ, ⫼᳝效ㅫヺᴹᦣ䗄ᱫ物䋼ⳌѦ作⫼, ߚ
别䅼䆎 monophoton ੠ mono-Z ᧰ᇏ䘧ⱘᚙމ, ᑊ㗗ᶹᴳ⌕ᵕ࣪ᇍᦤ高ֵোᰒ
㨫ᗻⱘ作⫼. ݊中, monophoton ᧰ᇏ䘧ৃ⫼ᴹẔ偠 Fermi-LAT ᭄᥂中ⱘ䫊ᖗ
㒓䈅⭥Ԑֵো. ㄀Ѩゴҟ㒡៥Ӏ೼ᔎ子ᇍᩲᴎϞⱘϝϾᱫ物䋼研究Ꮉ作. ㄀ϔ
ϾᎹ作䅼䆎䍙ᇍ⿄῵ൟ中ᱫ物䋼݅⑂♁೒ڣᇍ LHC ᧰ᇏᷛ䞣乊༌ܟⱘᕅડ.
㄀ѠϾᎹ作⫼ϔ类 τ portal ᱫ物䋼ㅔ࣪῵ൟᴹ㾷䞞 Fermi-LAT ᭄᥂中ⱘ䫊ᖗ
GeV 䖲㓁䈅⭥Ԑ䍙ֵߎো, ᑊ䅼䆎 LHC ᇍ䖭类῵ൟⱘẔ偠能࡯. ㄀ϝϾᎹ作研
究᳾ᴹ pp ᇍᩲᴎ೼ monojet ᧰ᇏ䘧中ᇍ Z ′ portal ᱫ物䋼ㅔ࣪῵ൟⱘ᥶㋶能
.࡯ ㄀݁ゴ㒭ߎᴀ䆎᭛ⱘᘏ㒧.
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ᱫ物䋼 (Dark Matter, DM)೼ᅛᅭ中ᑓ⊯ᄬ೼, 㗠Ϩᰃ物䋼ⱘЏ㽕៤ߚ. ✊
㗠, ᇍᱫ物䋼ⱘ䅸䆚෎ᴀϞ䛑ᰃ䗮䖛㾖⌟ᓩ࡯效ᑨᕫࠄⱘ, 㟇Ҟҡ᳾ⳳℷњ㾷ᱫ
物䋼ⱘ粒子ᴀ䋼. ೼理䆎Ϟ, ᳝䆌໮ᇍᱫ物䋼粒子ⱘ᥼⌟. 䖛এक޴年ᴹ, ᱫ物
䋼᥶⌟ᅲ偠থሩ䖙䗳, ♉ᬣᑺ䗤年ᦤ高, 能໳Ẕ偠৘⾡理䆎⣰ᛇ, ᥔ䍋њϔ䰉ᱫ
物䋼研究⛁╂.

ᴀゴЎᱫ物䋼ὖ䗄. 与ᱫ物䋼Ⳍ݇ⱘ㓐䗄খ㾕᭛⤂ [4–6]. 2.1 㡖߫ߎᱫ物
䋼ⱘ㾖⌟䆕᥂ᑊ䇈ᯢҢ中᥼ᮁߎᴹⱘᱫ物䋼෎ᴀᗻ䋼; 2.2 㡖Ңᅛᅭ学㾦ᑺ᥼导
ᱫ物䋼䘫⬭ᆚᑺ䅵ㅫ݀ᓣ; 2.3 㡖㸼䗄Џ⌕ⱘᱫ物䋼׭䗝粒子; 2.4 㡖ҟ㒡ᱫ物
䋼Ⳉ᥹੠䯈᥹᥶⌟ᅲ偠ⱘ原理੠㒧ᵰ.

2.1 ᱫ⠽䋼㾖⌟䆕᥂੠෎ᴀᗻ䋼

1933 年, F. Zwicky ḍ᥂ৢথᑻ᯳㋏ಶ中᯳㋏䖤ࡼ䗳ᑺ㾖⌟᭄᥂, 䗮䖛位࡯
ᅮ理䅵ㅫњ䖭Ͼ᯳㋏ಶⱘᓩ࡯䋼䞣, থ⦄㒧ᵰ↨Ң᯳㋏ܝᑺ᥼ᮁߎᴹⱘ䋼䞣㽕
໻ 400 ҹϞס [7]. ಴ℸ, Ҫ䅸Ў᯳㋏ಶ中ᄬ೼䆌໮ϡথܝⱘ物䋼, 㹿Ҫ⿄Ў “ᱫ
物䋼 (Dunkle Materie)”.

1970年ҷ, V. Rubin与ড়作者㊒⹂ഄ⌟䞣њ໮Ͼᮟ⍵᯳㋏ⱘᮟ䕀᳆㒓 [8, 9],
↨䕗⹂ߛഄ䆕ᅲњᱫ物䋼ⱘᄬ೼. ೒ 2.1 ㋏ᮟ⍵᯳ߎ⬏ M33 ⱘᮟ䕀᳆㒓 [10],
᭄᥂⚍ᴹ㞾中ᗻ⇶ 21 cm 䈅㒓㾖⌟. ৃҹⳟࠄ, བᵰϡܹࡴᱫ物䋼ᰩ (Halo) ⱘ
䋵⤂, ᯳㋏中ᘦ᯳੠⇨ԧ所ᦤկⱘᓩ࡯ϡ䎇ҹᔶ៤㾖⌟ࠄⱘᮟ䕀᳆㒓, 㗠Ϩᱫ物
䋼䋵⤂೼ञᕘ R ≳ 3 kpc ⱘഄᮍऴЏ导ഄ位.

Ϟ䗄ϸ类ᱫ物䋼ᄬ೼䆕᥂ᰃ㒧ড়ᓩ࡯ᅮᕟ᥼ᮁߎᴹⱘ. བᵰׂᬍ᯳㋏
੠᯳㋏ಶሎᑺϞⱘ⠯乓ᓩ࡯ᅮᕟ, ህ᳝ৃ能೼ϡᓩܹᱫ物䋼ⱘᚙމϟ㾷䞞
㾖⌟㒧ᵰ. 䖭ḋⱘ理䆎㹿⿄Ўׂℷ⠯乓࡯学 (Modified Newtonian Dynamics,
MOND) [11–13]. ✊㗠, MOND 理䆎与ҹϟ㾖⌟㒧ᵰϡヺ.

೒ 2.2 ᰃᇍ Bullet ᯳㋏ಶ (1E 0657-558) ⱘ㾖⌟㒧ᵰ [14]. 䖭Ͼ᯳㋏ಶᅲ䰙
Ϟࣙ৿ϸϾথ⫳⺄ᩲⱘ᯳㋏ಶ, ᅗӀⱘЏԧ䚼ߚᏆ㒣ⳌѦこ䖛ᕐℸ. Ꮊ䖍ⱘᔽ
㡆೒䈵ᴹ㞾ܝ学㾖⌟, ⏙᱄ഄਜ⼎ߎ᯳㋏ಶ中ⱘ᯳㋏ߚᏗ. ㄝؐ㒓㸼⼎䗮䖛ᔅ
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೒ 2.1: ᮟ⍵᯳㋏ M33 ⱘᮟ䕀᳆㒓 [10].

೒ 2.2: Bullet ᯳㋏ಶⱘܝ学೒ڣ (Ꮊ೒ᔽ㡆)、X ᇘ㒓೒ڣ (ে೒ᔽ㡆) ੠ᔅᓩ
ڣ䗣䬰䞡ᓎ೒࡯ (ㄝؐ㒓) [14].

ᓩ࡯䗣䬰䞡ᓎߎᴹⱘᓩ࡯䋼䞣ߚᏗ, ෎ᴀϞ与᯳㋏ߚᏗ䞡ড়. ে䖍ⱘᔽ㡆೒ڣ
ᴹ㞾 X ᇘ㒓㾖⌟, ⼎䏾њ⇨ԧ物䋼, ⇨ԧߚᏗᯢᰒ㨑ৢѢ᯳㋏ߚᏗ. 䖭ᰃ಴Ў
⺄ᩲПৢ, ㉬⒲作⫼Փ⇨ԧ䗳ᑺব᜶. ⇨ԧᰃ᯳㋏ಶথܝ物䋼ⱘЏ㽕៤ߚ, 䋼䞣
↨᯳㋏中ⱘᘦ᯳㽕໻. ৃ㾕, থܝ物䋼ⱘ䋼䞣䞡ᖗ与ᓩ࡯䋼䞣䞡ᖗᑊϡ䞡ড়, ᳝
8σ ᰒ㨫ᗻⱘぎ䯈أᏂ, 䖭ϔ㒧ᵰϡ能䗮䖛 MOND 理䆎㾷䞞. 㗠ᱫ物䋼与᯳㋏
ᘦ᯳ϔḋϡফ㉬⒲作⫼ᕅડ, 䋼䞣ߚᏗӮ与᯳㋏ϔ㟈, ಴ℸ, 䖭Ͼ㾖⌟㒧ᵰг䇈
ᯢᱫ物䋼ऴ᯳㋏ಶ䋼䞣ⱘ㒱໻䚼ߚ.

᯳㋏中᳝䆌໮޴ТϡথܝϨ䋼䞣䕗໻ⱘ໽ԧ, བ㻤ⷂ᯳、᳼᯳໻ᇣⱘᎼ㸠
᯳、ᘦ᯳㑻咥⋲䘫䗍、ⱑⷂ᯳੠中子᯳ㄝ, 㒳⿄Ў໻䋼䞣㟈ᆚᰩ໽ԧ (Massive
Compact Halo Object, MACHO), ᰃ䞡子ᱫ物䋼ⱘЏ㽕׭䗝者. ᅗӀᰃ৺ህᰃ
ᱫ物䋼ⱘЏ㽕៤ߚਸ਼? EROS-2 ড়作㒘䗮䖛ⲥ⌟䫊⊇㋏ⱘि᯳᯳㋏໻ᇣ呺૆Ӻ
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ѥ中ϗⱒϛ乫҂᯳, ᇏᡒ⬅䫊⊇㋏中 MACHO ᓩ䍋ⱘᖂᓩ࡯䗣䬰џ՟. 㒧ᵰ㸼
ᯢ, MACHO ೼䫊⊇㋏ᱫ物䋼ᰩ中所ऴ↨՟ᇣѢ 8% (95% 㕂ֵᑺ) [15]. ಴ℸ,
䫊⊇㋏中ᱫ物䋼Џ㽕៤ߚᑨ䆹ϡᰃ䞡子ᱫ物䋼, 㗠ᰃ䴲䞡子ᱫ物䋼.

ҹϞᰃᱫ物䋼ⱘϔѯ໽ԧ物理㾖⌟䆕᥂, ϟ䴶䅼䆎ᱫ物䋼ⱘᅛᅭ学䆕᥂.
ϔ㠀䅸Ў, ᱫ物䋼ᰃ೼ᅛᅭᮽᳳ⫳៤ⱘ. ḍ᥂ᅛᅭ໻⟚⚌理䆎, ೼ᮽᳳᅛᅭ中,
৘⾡粒子㒘ߚ䗮䖛ᕐℸ䯈ⱘⳌѦ作⫼㓈ᣕሔඳ⛁ᑇ㸵, 䖭ѯ㒘᳝݋ߚⳌৠⱘ⏽
ᑺ. 䱣ⴔᅛᅭ⏽ᑺϟ䰡、ᅛᅭሎᑺ㝼㚔, ϔѯⳌѦ作⫼䕗ᔅⱘ㒘ߚⳌ㒻㜅⾏⛁ᑇ
㸵 (䗔㗺), Єᑺ೎ᅮϟᴹ. ᱫ物䋼ᕜৃ能г㒣ग़њ䖭ḋϔϾ⛁ᑇ㸵ѻ⫳੠䗔㗺
ⱘ䖛⿟, 䗔㗺Пৢ⬭ᄬࠄᔧҞ.

߽⫼ᑓНⳌᇍ䆎, 㒧ড়粒子物理੠核物理ⶹ䆚, ৃҹ᥼⌟ᅛᅭⱘⓨ࣪䖛⿟.
೼ᅛᅭ⏽ᑺ高Ѣ O(GeV) ᯊ, ᅛᅭ中ᄬ೼৘⾡෎ᴀ粒子, ⳌѦ⑂♁জݡᑺѻ⫳,
ᔶ៤⛁ᑇ㸵⢊ᗕⱘㄝ⾏子ԧ. ⏽ᑺ䰡ࠄ O(GeV) ҹϟᯊ, থ⫳༌ܟüᔎ子Ⳍ
ব, ༌ܟϡݡ㞾⬅, 㹿⽕䯁೼ᔎ子中. ᅛᅭ年啘㑺Ў 1 ⾦㟇 3 ,䩳ᯊߚ ⏽ᑺ䰡ࠄ
O(MeV) ҹϟ, ໻⟚⚌核ড়៤ (Big Bang Nucleosynthesis, BBN) থ⫳, 䋼子੠中
子㹿ড়៤⇬、⇮、3He、4He、7Li ੠ 7Be ㄝ䕏ܗ㋴. ᅛᅭ年啘㑺Ў 30 ϛ年ᯊ, ܝ
子䗔㗺, 䘫䗍៤ЎᔧҞ㾖⌟ࠄⱘᅛᅭᖂ波㚠᱃ (Cosmic Microwave Background,
CMB). ᇨৢ, 原子೼ᅛᅭ中ᔶ៤, ᥹ⴔ㄀ϔҷᘦ᯳䆲⫳. ᅛᅭ年啘㑺Ў 10 ғ年
ᯊ, ᯳㋏੠᯳㋏ಶᓔྟᔶ៤.

೼Ϟ䗄ⓨ࣪೒ڣ中, 䴲䞡子ᱫ物䋼与ᅛᅭ中ⱘ㒧ᵘᔶ៤䖛⿟ᆚߛⳌ݇ [4,
16]. ⬅Ѣᮽᳳᅛᅭ中ⱘᖂᇣ原߱ᡄࡼ੠㞾ᓩ࡯ϡ〇ᅮᗻ, 䗔㗺ৢ物䋼ᓔྟ㒧ಶ,
਌ᓩ਼ೈ物䋼, 䖯㗠๲䭓ᔶ៤㒧ᵘ. ✊㗠, 䞡子物䋼䗔㗺ᯊ䯈໾ᰮ, ऩ䴴䞡子物
䋼ᴹᔶ៤㒧ᵘⱘ䆱, ᯳㋏ሎᑺⱘ㒧ᵘࠄᔧҞ䖬ᔶ៤ϡњ. ಴ℸ, 䳔㽕䗔㗺᳈ᮽⱘ
䴲䞡子ᱫ物䋼ᴹᔶ៤㒧ᵘ. 䴲䞡子ᱫ物䋼ৃҹߚЎϝ类, ⛁ᱫ物䋼、⏽ᱫ物䋼
੠ދᱫ物䋼. ೼᯳㋏ᓔྟᔶ៤ⱘᯊᳳ, ᱫ物䋼׭䗝粒子བᵰᰃⳌᇍ䆎ᗻⱘ, ህ⿄
Ў⛁ᱫ物䋼; བᵰᰃ䴲Ⳍᇍ䆎ᗻⱘ, ህ⿄Ўދᱫ物䋼; བᵰҟѢ中䯈, ህ⿄Ў⏽
ᱫ物䋼. ⛁ᱫ物䋼ؒ৥Ѣܜᔶ៤໻㒧ᵘ, ;⹢㺖៤ᇣ㒧ᵘݡ 㗠ދᱫ物䋼Ⳍড, ܜ
ᔶ៤ᇣ㒧ᵘ, .ᑊড়៤໻㒧ᵘݡ 㾖⌟㸼ᯢ, 䆌໮᯳㋏ⱘ年啘䛑໻Ѣ᯳㋏ಶⱘ年啘,
ᬃᣕᱫ物䋼Џԧᰃދᱫ物䋼ⱘ㾖⚍.

೼ދᱫ物䋼খ与ⱘ㒧ᵘᔶ៤೒ڣ中, ,㒧ಶᔶ៤㒧ᵘܜᱫ物䋼ދ 䞡子物䋼䗔
㗺ৢ㹿਌ᓩࠄᓩ࢓࡯䰅中, 䗤ℹᔶ៤ᘦ᯳、ⷂ᯳㋏、᯳㋏੠᯳㋏ಶ. ᅲ䰙Ϟˈ᯳
㋏中ᖗ੠᯳㋏ಶ中ᖗг⹂ᅲᰃᱫ物䋼ᆚ䲚ⱘഄᮍ. ᮟ⍵᯳㋏䗮ᐌ᳝݋ϔϾ᠕ᑇ



8 ೼高能ᇍᩲᴎϞ研究ᱫ物䋼ᗻ䋼

ⱘᘦ᯳Ⲭ, 位ѢᎼ໻ⱘ⧗⢊ᱫ物䋼ᰩП中.
Ң N ԧ῵ᢳⱘ㒧ᵰᴹⳟ, ໻ൟᱫ物䋼ᰩ䞠䴶Ӯᄬ೼䆌໮子㒧ᵘ. 䫊⊇㋏਼

ೈ᳝ϔѯⷂ᯳㋏, ᰃᅗⱘि᯳᯳㋏. Ⳃࠡ㾖⌟ࠄ㑺ѠकϾ䖭ḋⱘⷂ᯳㋏, ᅗӀЏ
㽕⬅ᱫ物䋼ᵘ៤, 䞡子物䋼৿䞣䴲ᐌᇥ, 㹿䅸Ўᰃ䫊⊇㋏ᱫ物䋼ᰩⱘ子㒧ᵘ. ✊
㗠, N ԧ῵ᢳ㒧ᵰ乘㿔, 䫊⊇㋏ᑨ᳝޴ⱒϾৃ㾖⌟ⱘि᯳ⷂ᯳㋏ [17]. 䖭与㾖⌟
㒧ᵰ⶯Ⳓ. བᵰᱫ物䋼᳝ϔ䚼ߚᰃ⏽ᱫ物䋼, 䖭Ͼ䯂乬ህৃҹᕜདഄᕫࠄ㾷އ,
಴Ў⏽ᱫ物䋼ৃҹ೼ϔᅮ⿟ᑺϞᢍ䰸ϔѯ߮ᔶ៤ⱘ㒧ᵘ, ᇥᱫ物䋼ᰩ子㒧ᵘޣ
᭄䞣. ϡ䖛, 䆌໮໽᭛学ᆊ䅸Ў䖭Ͼ䯂乬ᰃ᯳㋏ᔶ៤ᯊᳳⱘϔѯ໽᭛学䖛⿟䗴
៤ⱘ, ≵᳝ᖙ㽕ᓩܹ⏽ᱫ物䋼.
ḍ᥂ҹϞџᅲ੠ᱫ能䞣ⱘথ⦄ [18, 19], .ᅛᅭ学῵ൟ㹿ᓎゟ䍋ᴹޚᷛ 䖭Ͼ

῵ൟ㹿⿄Ў ΛCDM ῵ൟ, ᅗ؛䆒䴲䞡子ᱫ物䋼ܼᰃދᱫ物䋼, 㗠ᱫ能䞣⬅ᅛᅭ
学ᐌ᭄ Λ ᦣ䗄. Planck ि᯳㾖⌟ CMB, 㒭ߎњ ΛCDM ῵ൟ中৘㒘ߚᔧࠡ৿
䞣 [20]:

䞡子物䋼 : Ωbh
2 = 0.02226± 0.00023, (2.1)

ᱫ物䋼ދ : Ωch
2 = 0.1186± 0.0020, (2.2)

ᱫ能䞣 : ΩΛ = 0.692± 0.012, (2.3)

݊中᮴䞣㒆࣪ⱘજࢗᐌ᭄ h = 0.6781 ± 0.0092. ৃ㾕, ೼ᔧҞᅛᅭ৘⾡㒘ߚ中,
䞡子物䋼ऴ 4.8%, ᱫ物䋼ऴދ 25.8%, ᱫ能䞣ऴ 69.3%. ೼ܼ䚼物䋼中, 䴲䞡子
ᱫ物䋼ऴ 84.2%. ঺ϔᮍ䴶, ḍ᥂ BBN 理䆎੠䕏ܗ㋴原߱Єᑺ㾖⌟ؐ᥼ᮁߎᴹ
ⱘ䞡子物䋼৿䞣与 CMB 㾖⌟ؐϔ㟈 [21], ೼ϔᅮ⿟ᑺϞ䇈ᯢᅛᅭ学理䆎ᰃ㞾
⌑ⱘ, ಴㗠г䯈᥹㸼ᯢᅛᅭ中物䋼ⱘЏ㽕៤ߚᰃ䴲䞡子ᱫ物䋼.
ϔ㠀ᴹ䇈, ᱫ物䋼੠㒘៤ᅗⱘ粒子᳝݋བϟ෎ᴀᗻ䋼.

• ᱫ⠽䋼㉦ᄤᰃ⬉Ёᗻⱘ. ϡথܝᰃᱫ物䋼ⱘᅮН, гᰃЏ㽕㾖⌟㒧䆎, ಴
ℸᱫ物䋼粒子ϡᑨ䆹ᏺ᳝⬉㥋. ϡ䖛, ᱫ物䋼ҡ✊ৃ能与ܝ子থ⫳ⳌѦ作
⫼, া㽕䖭⾡ⳌѦ作⫼䎇໳ᔅ, ϡ能㹿Ꮖ᳝ᅲ偠᥶⌟ࠄ. ↨བ, ᱫ物䋼粒子
ৃҹ䗮䖛高䰊೜೒与ܝ子㗺ড়, ᳾ᴹ᳈高㊒ᑺᅲ偠᳝ৃ能থ⦄䖭⾡㗺ড়.

• ᱫ⠽䋼㉦ᄤϡᏺ QCD 买㡆. ৺߭, ᔎⳌѦ作⫼ӮՓᅗӀᕜᆍᯧ㹿থ⦄.
㗠Ϩ, ᏺ买㡆ⱘᱫ物䋼粒子ৃ能Ӯ㹿⽕䯁೼原子核中, 䖱ড核物理ᅲ偠џ
ᅲ.
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• ᱫ⠽䋼㉦ᄤᰃ〇ᅮⱘ៪䭓ᇓੑⱘ. ⬅Ѣᱫ物䋼Ңᅛᅭᮽᳳ⬭ᄬࠄᔧҞ, ᱫ
物䋼粒子ᇓੑ㟇ᇥᑨᰃᅛᅭ年啘ሎᑺⱘ.

• ᱫ⠽䋼ᰃ⠽䋼ⱘЏ㽕៤ߚ, 㗠䴲䞡ᄤᱫ⠽䋼ᰃᱫ⠽䋼ⱘЏ㽕៤ߚ. ೼ϟ䗄
ゴ㡖中, “ᱫ物䋼” ϔ䆡ϔ㠀指ҷ䴲䞡子ދᱫ物䋼.

㸼 2.1: ᱫ物䋼ᆚᑺߚᏗ῵ൟ.

῵ൟ Ꮧᔶᓣߚ

Cored Isothermal [22] ρ (r) =
ρs

1 + (r/rs)
2

Burkert [23] ρ (r) =
ρs

(1 + r/rs)
[
1 + (r/rs)

2]
Navarro, Frenk & White (NFW) [24] ρ (r) =

ρs

(r/rs) (1 + r/rs)
2

Moore [25] ρ (r) =
ρs

(r/rs)
1.5[1 + (r/rs)1.5]

Einasto [26] ρ (r) = ρs exp
{
− 2

α

[(
r

rs

)α
− 1

]}

೼ⷂ᯳㋏、᯳㋏੠᯳㋏ಶሎᑺϞ, ᱫ物䋼ϔ㠀ਜ⧗ᰩ⢊ߚᏗ. Ўњᢳড়᯳㋏
ᮟ䕀᳆㒓੠᭄᥂῵ᢳ㒧ᵰ, 䆌໮ᱫ物䋼ᆚᑺߚᏗ῵ൟ㹿ᵘ䗴ߎᴹ, ᐌ⫼ⱘᆚᑺߚ
Ꮧབ㸼 2.1 所⼎. 䖭ѯߚᏗ῵ൟ೼ञᕘ↨䕗໻ⱘഄᮍ㸠ЎⳌԐ (ρ ∼ r−3), ೼中
ᖗ໘߭Ꮒ别䕗໻, 㗠㾖⌟Ϟгϡᆍᯧ⹂ᅮ中ᖗ䰘䖥ⱘߚᏗᚙމ. ϔ㠀䅸Ў, 䫊⊇
㋏中ދᱫ物䋼粒子 (χ) ᳡Ң呺ܟᮃ䶺ü⦏ᇨ᳐ݍ䗳ᑺߚᏗ

f(v) =

(
mχ

2πkBT

)3/2

exp
(
−mχv

2

2kBT

)
. (2.4)

೼ഄ⧗䰘䖥, 䫊⊇খ㗗㋏中ᱫ物䋼粒子䗳ᑺᓹᬷЎ [4]√
⟨v2⟩⊕ ≃ 270 km/s, (2.5)
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ᱫ物䋼ⱘ䋼䞣ᆚᑺЎ [27, 28]

ρ⊕ ≃ 0.4 GeV cm−3. (2.6)

2.2 ᱫ⠽䋼ⱘᅛᅭ学䘫⬭ᆚᑺ

Ўњ䅵ㅫᱫ物䋼೼ᔧҞᅛᅭ中ⱘ䘫⬭ᆚᑺ (Relic Density), 䳔㽕Ҩ㒚㗗㰥
ᱫ物䋼䗔㗺䖛⿟. ೼ᮽᳳᅛᅭ中, ᶤ⾡㒘ߚⱘ䗔㗺⬅ⳌѦ作⫼⥛ Γ(T ) ੠જࢗ㝼

㚔⥛ H(T ) ≡ ȧ/a (a ᰃᅛᅭሎᑺ಴子) 䱣⏽ᑺ T ⱘব࣪އᅮ. ᔧ Γ > H ᯊ, ⛁
ᑇ㸵⢊ᗕৃҹ㓈ᣕ, ⿃ԧࡼ݅↣ (Comoving Volume) ⱘᅲ䰙ЄᑺㄝѢᑇ㸵⢊ݙ
ᗕⱘЄᑺ; ᔧ Γ < H ᯊ, ℸ㒘ߚ㜅⾏⛁ᑇ㸵, ⣀㞾ⓨ࣪, ⱘᅲ䰙Єݙ⿃ԧࡼ݅↣
ᑺޏ㒧 (Freeze Out) ៤䗔㗺ᯊⱘᑇ㸵ᗕЄᑺ, .ᬍবݡТϡ޴

ᦣ䗄䖭Ͼ䖛⿟⹂ޚ [29, 30], 㽕⫼ࠄ⦏ᇨ᳐ݍᮍ⿟

L̂[f ] = C[f ], (2.7)

݊中 C ᰃ⺄ᩲㅫヺ, L̂ ᰃ߬㓈ᇨㅫヺ, f = f(pµ, xµ) ᰃ粒子ⱘⳌぎ䯈ߚᏗߑ᭄.
ᇍѢ䌍㉇ü⢘ᢝߚܟᏗ, f(p) = {exp [(E − µ)/T ] + 1}−1; ᇍѢ⦏㡆ü⠅಴ᮃഺ
,Ꮧߚ f(p) = {exp [(E − µ)/T ]− 1}−1. ೼ Friedmann-Robertson-Walker (FRW)
ᑺ㾘中, ߬㓈ᇨㅫヺⱘ݋ԧᔶᓣᰃ

L̂ [f (E, t)] = E
∂f

∂t
− ȧ

a
|p|2 ∂f

∂E
. (2.8)

粒子᭄ᆚᑺ n ৃ⫼Ⳍぎ䯈ߚᏗߑ᭄ f 㸼䖒៤

n (t) =
g

(2π)3

∫
d3p f (E, t) , (2.9)

݊中 g Ў粒子ݙ䚼㞾⬅ᑺ. ᇍ⦏ᇨ᳐ݍᮍ⿟䖯㸠ࡼ䞣ぎ䯈⿃ߚ, ৃҹᕫࠄ⫼᭄
ᆚᑺ n 㸼䖒ⱘᔶᓣ

ṅ+ 3Hn =
g

(2π)3

∫
d3pC [f ]

E
. (2.10)

Ꮊ䖍㄀ 2 乍㗗㰥њᅛᅭ㝼㚔. 㢹⺄ᩲ乍Ў䳊, ⬅Ϟᓣᇚᕫߎ n ∝ a−3, 䖭ᰃᅛᅭ
㝼㚔ⱘⳈ᥹㒧ᵰ.
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㗗㰥ϔᇍᱫ物䋼粒子 χ੠ χ̄⑂♁ࠄϔᇍℷড粒子 l ੠ l̄ ⱘ䖛⿟ঞ݊䗚䖛⿟

(݊ᅗ䖛⿟гৃ类Ԑഄ䅼䆎)
χχ̄←→ ll̄. (2.11)

ᇍѢ χ, Ⳍᑨ⺄ᩲ乍Ў

g

(2π)3

∫
d3pχ

C [f ]

Eχ
= −

∫
dΠχdΠχ̄dΠldΠl̄(2π)

4δ(4) (pχ + pχ̄ − pl − pl̄)

×
[
|M|2χχ̄→ll̄ fχfχ̄ (1± fl) (1± fl̄)

− |M|2ll̄→χχ̄ flfl̄ (1± fχ) (1± fχ̄)
]
, (2.12)

݊中, M ᰃϡবᬷᇘᤃᐙ, 4 㓈 δ .䞣ᅜᘦࡼ᭄ֱ䆕能ߑ ে䖍㄀ 1 乍䅵ঞᱫ物
䋼⑂♁导㟈ⱘ粒子᭄ޣᇥ, ㄀ 2 乍㸼⼎Ң䗚ডᑨ中๲ࡴᱫ物䋼粒子. ᔧ i 粒子

Ў⦏㡆子ᯊ, 1± fi ಴子中ⱘヺোপℷো (⦏㡆ޱ㘮ᗻ), ᔧ i 粒子Ў䌍㉇子ᯊ߭

প䋳ো (䌍㉇ㅔᑊᗻ). Ⳍぎ䯈⿃ܗߚ

dΠi ≡
gi

(2π)3
d3p
2E

. (2.13)

᳝݋䆒⑂♁䖛⿟؛ T ϡবᗻ, ߭

|M|2χχ̄→ll̄ = |M|
2
ll̄→χχ̄ ≡ |M|

2. (2.14)

ᔧ T ≪ (E − µ) ᯊ, ⫼呺ܟᮃ䶺ü⦏ᇨ᳐ݍ㒳䅵ᴹ䖥Ԑ䌍㉇ü⢘ᢝܟ㒳䅵੠⦏
㡆ü⠅಴ᮃഺ㒳䅵, ߭

fi(Ei) = exp
(
−Ei − µi

T

)
, (2.15)

㗠 1± f ≃ 1. 䖭ḋৃҹㅔ࣪ (2.12) ᓣ, ᇚᅗҷܹᮍ⿟ (2.10), ᕫࠄ⦏ᇨ᳐ݍᮍ⿟
ⱘᐌ⫼ᔶᓣ

ṅχ + 3Hnχ = −
∫
dΠχdΠχ̄dΠldΠl̄(2π)

4δ4 (pχ + pχ̄ − pl − pl̄)|M|
2 (fχfχ̄ − flfl̄) .

(2.16)

⦄೼㗗㰥ᱫ物䋼粒子㜅⾏⛁ᑇ㸵ⱘ䖛⿟. 䆒؛ l ੠ l̄ 䖬䗮䖛乱໪᳈ᔎⱘ
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ⳌѦ作⫼与໘Ѣ⛁ᑇ㸵中ⱘ݊ᅗ粒子ডᑨ, Ң㗠, ೼ᱫ物䋼䗔㗺䖛⿟中ྟ㒜ֱ
ᣕ⛁ᑇ㸵⢊ᗕ. ,࢓䳊࣪学᳝݋䆒ᅗӀ؛ݡ µl = µl̄ = 0, ߭ fl = exp(−El/T ),
fl̄ = exp(−El̄/T ). ⬅能䞣ᅜᘦ݇㋏ Eχ + Eχ̄ = El + El̄ ৃᕫ

flfl̄ = exp
(
−El + El̄

T

)
= exp

(
−Eχ + Eχ̄

T

)
= fEQ

χ fEQ
χ̄ , (2.17)

݊中 fEQ
χ ≡ exp (−Eχ/T ) ੠ fEQ

χ̄ ≡ exp (−Eχ̄/T ) ᰃᱫ物䋼粒子໘Ѣ⛁ᑇ㸵੠
࣪学ᑇ㸵ᯊⱘߚᏗ. Ѣᰃ,

fχfχ̄ − flfl̄ = fχfχ̄ − fEQ
χ fEQ

χ̄ =
[
e(µχ+µχ̄)/T − 1

]
fEQ
χ fEQ

χ̄ . (2.18)

᭄ᆚᑺ⒵䎇 nχnχ̄ = e(µχ+µχ̄)/TnEQ
χ nEQ

χ̄ , ݊中⛁ᑇ㸵᭄ᆚᑺ

nEQ
χ =

g

(2π)3

∫
d3pfEQ

χ , nEQ
χ̄ =

g

(2π)3

∫
d3pfEQ

χ̄ . (2.19)

೼ℷড粒子ᇍ⿄ⱘᚙމϟ, nχ = nχ̄, ৃҹᡞ⦏ᇨ᳐ݍᮍ⿟ (2.16) 㸼䖒៤᳈
ㅔ֓ⱘᔶᓣࡴ

ṅχ + 3Hnχ = −
⟨
σχχ̄→ll̄ v

⟩ [
n2
χ −

(
nEQ
χ

)2]
, (2.20)

݊中, ⑂♁៾䴶 σ 与Ⳍᇍ䗳ᑺ v Ь⿃ⱘ⛁ᑇഛؐ

⟨
σχχ̄→ll̄ v

⟩
≡
(
nEQ
χ

)−2 ∫
dΠχdΠχ̄dΠldΠl̄ (2π)

4δ4 (pχ + pχ̄ − pl − pl̄)

×|M|2 exp
(
−Eχ + Eχ̄

T

)
. (2.21)

⟨
σχχ̄→ll̄ v

⟩
ᰃ㸼ᕕᱫ物䋼粒子ᗻ䋼ⱘ䞣, ձ䌪Ѣᦣ䗄ᱫ物䋼ⱘ粒子物理῵ൟ, ೼

ϟ᭛ভ䗄中, 㒣ᐌᇚᅗㅔ⿄Ў⑂♁៾䴶.

ᅲ䰙ᑨ⫼ᯊ, 㽕㗗㰥所᳝ᱫ物䋼⑂♁䘧, Փ⫼ᘏ⑂♁៾䴶 ⟨σannv⟩. ⦏ᇨ᳐ݍ
ᮍ⿟Ў

ṅχ + 3Hnχ = −⟨σannv⟩
[
n2
χ −

(
nEQ
χ

)2]
. (2.22)

䖭Ͼᮍ⿟᮶ৃҹᦣ䗄ℷড粒子ϡৠ (䴲㞾݅䕁) ⱘᱫ物䋼, гৃҹᦣ䗄ℷড粒
子ܼৠ (㞾݅䕁) ⱘᱫ物䋼. ᇍѢ㞾݅䕁ᱫ物䋼, ⑂♁导㟈ⱘ᭄ᆚᑺޣᇥ⥛Ў
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⟨σannv⟩n2
χ/2. Ԛ೼↣⃵⑂♁中ӮޣᇥϸϾ粒子, ಴ℸ䋵⤂ࠄᮍ⿟ে䖍ᯊ㽕Ьҹ

2, 㗠ᮍ⿟ (2.22) ձ✊៤ゟ. ᇍѢ䴲㞾݅䕁ᱫ物䋼, ⑂♁导㟈ⱘ᭄ᆚᑺޣᇥ⥛
Ў ⟨σannv⟩n2

χ, 与ᮍ⿟ে䖍ϔ㟈. ϡ䖛, ᑨᔧ⬭ᛣᘏⱘᱫ物䋼粒子᭄ᆚᑺᰃℷড
粒子䋵⤂П੠, Ў 2nχ.

ϟ䴶∖㾷⦏ᇨ᳐ݍᮍ⿟. े֓≵᳝ⳌѦ作⫼, ᭄ᆚᑺ nχ ∝ a−3, гӮ䱣ᅛᅭ
㝼㚔㗠ޣᇥ. Ўњ֓Ѣ䅼䆎, ᅮН Yχ ≡ nχ/s. ݊中, s ᰃᅛᅭⱘ➉ᆚᑺ, ⬅Ⳍᇍ
䆎ᗻ粒子ⱘ䋵⤂Џ导, ৃ䖥ԐЎ

s =
2π2

45
g∗sT

3, (2.23)

݊中,

g∗s =
∑

i∈⦏㡆子

gi

(
Ti
T

)3

+
7

8

∑
i∈䌍㉇子

gi

(
Ti
T

)3

(2.24)

ᰃ䋵⤂ࠄ➉ᆚᑺⱘ᳝效Ⳍᇍ䆎ᗻ㞾⬅ᑺ. ⬅Ѣሔඳ⛁ᑇ㸵㓈ᣕⴔऩ位݅ࡼԧ⿃
,➉ⱘݙ s ∝ a−3. ಴ℸ, ৃᇚ Yχ 㾚Ўऩ位݅ࡼԧ⿃ݙⱘ粒子᭄.

ৠ理ৃᅮН Y EQ
χ ≡ nEQ

χ /s. Ң㗠, ᮍ⿟ (2.22) 能໳㹿䞡ᮄ㸼䖒Ў

dYχ
dx

= −⟨σannv⟩ s
xH

[
Y 2
χ −

(
Y EQ
χ

)2]
, (2.25)

݊中 x ≡ mχ/T , mχ ᰃᱫ物䋼粒子ⱘ䋼䞣. 䖭Ͼᮍ⿟≵᳝ߎ⦄ℷ↨Ѣ 3H ⱘ乍,
ৃ㾕, Yχ ϡফᅛᅭ㝼㚔ⱘᕅડ. ೼䴲Ⳍᇍ䆎ᵕ䰤ϟ, 呺ܟᮃ䶺ü⦏ᇨߚ᳐ݍᏗ㒭
ⱘᱫ物䋼粒子᭄ᆚᑺЎߎ

nEQ
χ = gχ

(
mχT

2π

)3/2

e−mχ/T =
gχT

3x3/2e−x

(2π)3/2
, (2.26)

݊中 gχ Ўᱫ物䋼粒子ⱘݙ䚼㞾⬅ᑺ. ᬙ

Y EQ
χ =

nEQ
χ

s
=

45

4
√
2π7/2

gχ
g∗s

x3/2e−x. (2.27)
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೼䕤ᇘЏ导ᯊᳳ, ᅛᅭⱘ能䞣ᆚᑺЎ

ρ =
π2

30
g∗T

4, (2.28)

݊中,

g∗ =
∑

i∈⦏㡆子

gi

(
Ti
T

)4

+
7

8

∑
i∈䌍㉇子

gi

(
Ti
T

)4

(2.29)

ᰃ䋵⤂ࠄ能䞣ᆚᑺⱘ᳝效Ⳍᇍ䆎ᗻ㞾⬅ᑺ. Ң㗠, જࢗ⥛Ў

H =

√
8πGNρ

3
=

√
4π3g∗
45

m2
χ

x2MPl
, (2.30)

݊中⠯乓ᓩ࡯ᐌ᭄ GN = M−2
Pl , MPl Ў᱂ᳫܟ䋼䞣. ᇍ σannv 䖯㸠䴲Ⳍᇍ䆎ሩ

ᓔ, ᳝ σannv = a + bv2 +O(v4), ݊中㄀ 1 乍Ў s 波⑂♁䋵⤂, ㄀ 2 乍Ў p 波⑂

♁䋵⤂. Ѣᰃ,
⟨σannv⟩ = a+ 6bx−1 +O(x−2). (2.31)

াֱ⬭ ⟨σannv⟩ ༈ϸ乍, ᮍ⿟ (2.25) ব៤

dYχ
dx

= −λ(x)[Y 2
χ − (Y EQ

χ )2] (2.32)

݊中,

λ(x) =
⟨σannv⟩ s
xH

=

√
π

45

g∗s√
g∗
mχMPl

(a+ 6bx−1)

x2
. (2.33)

,㒧Пৢޏ Yχ ϡݡᬍব, 㗠 Y EQ
χ ⱘؐϔⳈޣᇣ. ৃҹ乘ᳳ, ৢᴹ Yχ ≫ Y EQ

χ .
಴ℸᮍ⿟ (2.32) ৃҹᕜདഄ䖥ԐЎ Y −2χ dYχ = −λ(x)dx. ᇚ x Ңޏ㒧⏽ᑺ Tf ᇍ

ᑨⱘؐ xf = mχ/Tf ࠄߚ⿃ x→∞, ৃᕫ

− 1

Yχ(x→∞)
+

1

Yχ(xf )
= −

√
π

45

g∗s√
g∗
mχMPl

a+ 3bx−1f
xf

. (2.34)

⬅Ѣ Yχ(x→∞)≪ Yχ(xf ), ᳝

Yχ(x→∞) ≃
√

45

π

√
g∗(Tf )

g∗s(Tf )

xf

mχMPl(a+ 3bx−1f )
. (2.35)
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೼ᔧҞᅛᅭ中, 䋵⤂ࠄ➉ᆚᑺⱘ៤ߚা᳝ CMB ੠中ᖂ子㚠᱃. CMB
子ⱘ⏽ᑺ⌟䞣ؐЎܝ T0 = 2.725 ± 0.002 K [31]. ⬅䆒中ᖂ子㚠᱃؛ 3 ҷ
Majorana 中ᖂ子㒘៤, ߭݊⏽ᑺ与ܝ子⏽ᑺⱘ݇㋏Ў T 3

ν0/T
3
0 = 4/11. Ѣᰃ,

g∗s(T0) = 43/11 ≃ 3.91. ᔧҞᅛᅭ➉ᆚᑺЎ

s0 =
2π2

45
g∗s(T0)T

3
0 = 2.8897× 103 cm−3

(
T0

2.725 K

)3

. (2.36)

ᱫ物䋼䘫⬭ЄᑺᅮНЎ Ωχ = mχnχ/ρc = mχs0Yχ(x →∞)/ρc, ݊中Ј⬠ᆚ
ᑺ ρc = 3H2

0/(8πGN) = 8.098h2 × 10−11 eV4. Ң㗠, ৃᕫ

Ωχh
2 = 1.04× 109 GeV−1

(
T0

2.725 K

)3
√
g∗(Tf )

g∗s(Tf )

xf

MPl(a+ 3bx−1f )
. (2.37)

䖭ᰃ䅵ㅫᱫ物䋼䘫⬭ᆚᑺⱘᐌ⫼㸼䖒ᓣ, ݊中 xf ⱘԄㅫᮍ⊩೼ϟ䴶㒭ߎ. 㒭ᅮ
ᦣ䗄ᱫ物䋼ⱘ粒子物理῵ൟ, 䅵ㅫ㋏᭄ a ੠ b, ҷܹϞᓣ, ᕫࠄⱘ㒧ᵰህৃҹ与
㾖⌟ؐ (2.2) ↨䕗. ৃҹⳟࠄ, ⑂♁៾䴶䍞໻, 䘫⬭ࠄҞ໽ⱘᱫ物䋼Єᑺ䍞Ԣ.

ᅮН ∆ ≡ Yχ − Y EQ
χ , ᮍ⿟ (2.25) ৃ࣪Ў [5, 29]

d∆

dx
= −

dY EQ
χ

dx
− λ(x)∆(∆ + 2Y EQ

χ ), (2.38)

㗠ޏ㒧খ᭄ xf ৃ⬅བϟᮍ⿟ᅮН:

∆(xf ) = cY EQ
χ (xf ), (2.39)

݊中, c ᰃϔϾ ∼ O(1) ⱘ᭄, Ңϟ䴶ⱘ㒧ᵰӮⳟࠄ, ᅗⱘ݋ԧপؐᕅડϡ໻, 䗮
ᐌৃপЎ 1/2.

ᔧ 1 < x < xf ᯊ, ᱫ物䋼෎ᴀϞ䖬໘Ѣ⛁ᑇ㸵⢊ᗕ, ∆ ∼ 0, d∆/dx ∼ 0, ߭
ᮍ⿟ (2.38) 䖥ԐЎ

dY EQ
χ

dx
= −λ(x)∆(∆ + 2Y EQ

χ ), Ѻे ∆ = −
dY EQ

χ /dx

λ(x)(∆ + 2Y EQ
χ )

. (2.40)
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߽⫼ (2.27) ᓣ, ৃᕫ

dY EQ
χ /dx

Y EQ
χ

∣∣∣∣∣
x=xf

=
3

2xf
− 1 ≃ −1, (2.41)

Ң㗠,

cY EQ
χ (xf ) = −

dY EQ
χ /dx

λ(xf )(c+ 2)Y EQ
χ (xf )

≃ 1

λ(xf )(c+ 2)
. (2.42)

ᇚ Y EQ
χ (xf ) ੠ λ(xf ) ⱘ㸼䖒ᓣҷܹ, ᕫࠄ

xf = ln
[
c(c+ 2)

√
45

8

gχ
2π3

mχMPl(a+ 6bx−1f )√
xfg∗(xf )

]
. (2.43)

∖㾷䖭Ͼᮍ⿟ህ能ᕫߎ xf ⱘؐ. ৃҹⳟࠄ, 䖭Ͼᮍ⿟ᇍখ᭄ c াᰃᇍ᭄ձ䌪ⱘ,
಴㗠 c ⱘ݋ԧ᭄ؐᇍ xf ⱘ㾷ᕅડᕜᇣ.

䆒؛ mχ = 100 GeV, ∖㾷⦏ᇨ᳐ݍᮍ⿟ᕫߎⱘᱫ物䋼䗔㗺䖛⿟བ೒ 2.3 所
⼎. Ꮊ㒉䕈Ў Yχ, ে㒉䕈Ў Ωχ, ϟ῾䕈Ўᅛᅭ⏽ᑺ, Ϟ῾䕈Ўᅛᅭ年啘. ᅲ㒓ᇍ
ᑨѢ能ᕫߎ䘫⬭ᆚᑺ㾖⌟ؐⱘ䗔㗺䖛⿟. བᵰ⑂♁៾䴶ᦤ高៪䰡Ԣ 1/2/3 Ͼ䞣
㑻, ᕫߎⱘЄᑺⓨ࣪᳆㒓ህᑨ䆹ᰃ咘/㓓/㪱㡆ऎඳⱘ䖍⬠㒓. 㢹ᱫ物䋼ϔⳈ㓈
ᣕⴔ⛁ᑇ㸵⢊ᗕ, Єᑺ߭བ೒中㰮㒓所⼎.

ৃҹ᳈Ў㉫⬹ഄԄ䅵ᱫ物䋼䘫⬭ᆚᑺ. ᔧ mb < T < mW ᯊ, g∗s ≃ g∗ ≃ 86,
㗠 xf ⱘϔ㠀পؐЎ 20 㟇 30. བᵰᱫ物䋼⑂♁ҹ s 波ЎЏ, ߭ ⟨σannv⟩ ≃ a. Ѣ
ᰃৃᕫ [4]

Ωχh
2 ≃ 3× 10−27 cm3 s−1

⟨σannv⟩
. (2.44)

⬅Ѣ㾖⌟ؐ Ωχh
2 ≃ 0.1, 乘ᳳ

⟨σannv⟩ ≃ 3× 10−26 cm3 s−1. (2.45)

䖭Ͼ᭄ؐ㹿䅸Ўᰃᱫ物䋼䗔㗺ᯊᳳ⑂♁៾䴶ⱘᷛؐޚ.

Ўњϡ䖱ডᬷᇘⶽ䰉ᑎℷᗻ, ᇍѢ㒭ᅮⱘ mχ, ᱫ物䋼⑂♁៾䴶᳝݋ϔϾϞ
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೒ 2.3: ᱫ物䋼䗔㗺⼎ᛣ೒ [6].

䰤, 㒧ড়䘫⬭ᆚᑺ䅵ㅫ, 㽕∖ [32]

Ωχh
2 ≥ 1.7× 10−6

√
xf

( mχ

TeV

)2
. (2.46)

䖭Ўᱫ物䋼粒子䋼䞣䆒㕂њϞ䰤:

mχ ≲ 100 TeV. (2.47)

ᱫ物䋼粒子䋼䞣 mχ ≵᳝Ⳉ᥹䖯ܹЄᑺ㸼䖒ᓣ (2.37), Ԛᅗᰃᕅડ⑂♁៾
䴶໻ᇣⱘЏ㽕䋼䞣ᷛᑺ. ,䆒ᱫ物䋼⑂♁䖛⿟⬅ϸϾᔅⳌѦ作⫼乊⚍ᵘ៤؛ 㗺
ড়ᐌ᭄পЎᔅⳌѦ作⫼ SU(2) 㗺ড়ᐌ᭄ g ≃ 0.64, ᇍѢ mχ ∼ O(TeV), ⬅ㅔऩ
䞣㒆ߚᵤԄ䅵 [6],

⟨σannv⟩ ∼
g4

16π2m2
χ

∼ O(10−26) cm3 s−1. (2.48)

ৃ㾕, ᱫ物䋼⑂♁៾䴶ᷛؐޚ (2.45) ᥹䖥ѢᔅⳌѦ作⫼䖛⿟ⱘ៾䴶.

಴ℸ, খ与ᔅ作⫼Ϩ䋼䞣೼ᔅ作⫼能ᷛ䰘䖥ⱘ粒子, ᰃ䴲ᐌདⱘᱫ物䋼粒
子׭䗝者. 䖭类粒子㹿⿄ЎᔅⳌѦ作⫼໻䋼䞣粒子 (Weakly Interacting Massive
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Particle, WIMP). ঺ϔᮍ䴶, WIMP ೼৘类ᠽܙ粒子物理ᷛޚ῵ൟ (Standard
Model, SM) ⱘᮄ物理῵ൟ中᱂䘡ᄬ೼, 㗠䖭ѯ῵ൟⱘᦤࡼߎᴎ与ᱫ物䋼ᑊϡⳌ
݇. 䖭ⳟ䍋ᴹᰃϔ⾡Ꮋড়, 㹿⿄Ў “WIMP miracle”.

2.3 ᱫ⠽䋼׭䗝㉦ᄤ

2012 年 7 月, LHC ᅲ偠থ⦄ Higgs 粒子 [33, 34]. 㟇ℸ, 粒子物理ᷛޚ῵
ൟ乘㿔ⱘ所᳝粒子䛑Ꮖ㒣㹿থ⦄њ, 䆕ᯢᅗ೼ᦣ䗄෎ᴀ粒子ⳌѦ作⫼ᮍ䴶䴲ᐌ
៤ࡳ. ,῵ൟ中ⱘ中ᖂ子ሲѢ⛁ᱫ物䋼ޚᷛ Ԛ῵ൟ中ᑊ≵᳝ড়䗖ⱘދᱫ物䋼׭
䗝粒子. Ўњ㾷ޚᷛއ῵ൟᄬ೼ⱘ޴Ͼ䯂乬, 䆌໮䍙ޚᷛߎ῵ൟ (Beyond the
Standard Model, BSM) ⱘᮄ物理῵ൟ㹿ᦤߎᴹ. ೼䖭ѯ῵ൟ中, 㒣ᐌࣙ৿ᱫ物
䋼粒子׭䗝者, ᐌ㾕ⱘ᳝ϟ䗄޴类粒子 [5, 6].

2.3.1 WIMP

೼粒子物理ᷛޚ῵ൟ中, ᓩܹњ Brout–Englert–Higgs ᴎࠊᴹ㾷އ⬉ᔅ
㾘㣗⦏㡆子੠䌍㉇子ⱘ䋼䞣䯂乬. ✊㗠, Higgs 粒子ⱘ䋼䞣ׂℷᄬ೼Ѡ⃵থ
ᬷ, ᓩ䍋њ㾘㣗ㄝ㑻䯂乬 (Gauge Hierarchy Problem). Ўњ㾷އ䖭Ͼ䯂乬,
ϔ㠀೼⬉ᔅ能ᷛϞᇍᷛޚ῵ൟ䖯㸠ᠽܙ, ᓎゟᮄ物理῵ൟ. ՟བ, ᓩܹ䍙
ᇍ⿄ᗻ (Supersymmetry, SUSY), ᠽܙ៤䍙ᇍ⿄῵ൟ; ᓩܹ乱໪㓈ᑺ (Extra
Dimensions), ᠽܙ៤乱໪㓈῵ൟ; ׂᬍ Higgs 䚼ߚⱘഎ੠㾘㣗ⳌѦ作⫼, ᠽܙ៤
Little Higgs ῵ൟ.

䖭ѯ῵ൟ⬅Ѣ㽕㾷އ⬉ᔅ能ᷛⱘ䯂乬, ϔ㠀Ӯࣙ৿ϔѯ⬉ᔅ能ᷛϞⱘᮄ粒
子. 㗠Ϩ, ,៪῵ൟᵘᓎϞⱘ㗗㰥ࠊѢଃ䈵学䰤ߎ 㒣ᐌᄬ೼ᶤ⾡ Z2 ᇍ⿄ᗻ, བ䍙
ᇍ⿄῵ൟⱘ R ᅛ⿄、乱໪㓈῵ൟⱘ KK ᅛ⿄੠ Little Higgs ῵ൟⱘ T ᅛ⿄ㄝ,
Փᕫᷛޚ῵ൟ粒子೼ℸ Z2 ᇍ⿄ᗻϟЎي, ᮄ粒子߭ৃ能Ў༛. 䖭ḋ, ᳔䕏ⱘ༛
粒子ϡ能㹄ব៤ᷛޚ῵ൟ粒子, ᰃ〇ᅮⱘ. བᵰᅗϡᏺ⬉㥋੠㡆㥋, ህ能作Ўᕜ
དⱘᱫ物䋼׭䗝粒子. 䖭类粒子䗮ᐌሲѢ WIMP.

ϔ㠀ᴹ䇈, WIMP 与 W ੠ Z ⦏㡆子㗺ড়, Ԛ೼ᷥ೒䰊Ϟϡ与ܝ子៪㛊子
ⳌѦ作⫼, 䋼䞣೼ O(10 GeV) 㟇 O(TeV) П䯈, ሲѢދᱫ物䋼. བࠡ所䗄, 䗮䖛
ᅛᅭᮽᳳⱘ⛁ᑇ㸵ѻ⫳੠䗔㗺䖛⿟, WIMP 能໳ᕜ㞾✊ഄ㒭ߎᱫ物䋼䘫⬭ᆚᑺ
㾖⌟ؐ. 㗠ϨˈⳂࠡ䆌໮ᱫ物䋼Ⳉ᥹੠䯈᥹᥶⌟ᅲ偠专䮼Ў᧰ᇏ WIMP 㗠䆒
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䅵, LHC ᅲ偠г໘Ѣ᥶⌟WIMP ⱘ能ऎ. ೼WIMP ῵ൟ中, 研究ᕫ↨䕗໮ⱘᰃ
䍙ᇍ⿄῵ൟ [35, 36] ੠乱໪㓈῵ൟ [37, 38].

೼䍙ᇍ⿄῵ൟ中, 䍙ᇍ⿄ᗻՓᕫ↣Ͼᷛޚ῵ൟ粒子䛑Ԉ䱣᳝ϔϾ䍙ᇍ⿄Ԉ
子. ϸ者ⱘ䞣子᭄ϔ㟈, 䋼䞣೼䍙ᇍ⿄ᗻϹḐ៤ゟⱘᚙމϟгϔ㟈. ϡ䖛, Ў
њϡ与ᅲ偠㾖⌟⶯Ⳓ, ᖙ乏㽕∖䍙ᇍ⿄ᗻᄬ೼䕃⸈㔎, 䕃⸈㔎乍ᢀ高њ䍙ᇍ⿄
Ԉ子䋼䞣. 䌍㉇子ⱘԈ子Ў⦏㡆子, ⦏㡆子ⱘԈ子Ў䌍㉇子. Ўњϡ䖱ড䋼子
㹄বᅲ偠㒧ᵰ੠ੇ物理䰤ࠊ, 䗮ᐌ㽕∖῵ൟ᳝݋ R ᅛ⿄ᅜᘦ. R ᅛ⿄ᅮНЎ

R = (−1)2(B−L)+2s, ݊中 B ੠ L ,别Ў䞡子᭄੠䕏子᭄ߚ s Ў㞾ᮟ. ῵ൟ粒ޚᷛ
子 R ᅛ⿄Ў༛, 䍙ᇍ⿄Ԉ子Ўي. R ᅛ⿄ᅜᘦֱ䆕ϔϾ༛ R ᅛ⿄粒子ϡ能㹄ব

៤ϸϾي R ᅛ⿄粒子, Փᕫ᳔䕏䍙ᇍ⿄粒子 (Lightest Supersymmetric Particle,
LSP) ᰃ〇ᅮⱘ. ಴ℸ, 中ᗻⱘ LSP ᰃᕜདⱘᱫ物䋼׭䗝粒子.

೼䍙ᇍ⿄῵ൟ中, ϡᏺ⬉㥋੠㡆㥋ⱘ䍙Ԉ子བϟ.

• Ёᖂᄤⱘ䍙Ԉᄤ, ेᷛ䞣Ёᖂᄤ ν̃i. Ꮊ᠟中ᖂ子ᇍᑨⱘ䍙Ԉ子䗮䖛 Z ⦏㡆

子与༌ܟⳌѦ作⫼, 导㟈与原子核ⱘᬷᇘ៾䴶↨䕗໻, ෎ᴀϞᏆ㹿ᱫ物䋼
Ⳉ᥹᥶⌟ᅲ偠ᥦ䰸. ϡ䖛, བᵰᄬ೼ে᠟中ᖂ子, ݊䍙Ԉ子䖬能໳作Ўড়
䗖ⱘᱫ物䋼׭䗝粒子 [39].

• ᓩ࡯ᄤⱘ䍙Ԉᄤ gravitino G̃,㞾ᮟЎ 3/2,ⳌѦ作⫼↨WIMPᔅᕜ໮,ሲ
Ѣ SuperWIMP, ೼ϟ᭛中ҟ㒡.

• Neutralino χ̃0
i , ᰃ Majorana 䌍㉇子, ℷড粒子ܼৠ. 中ᗻ⬉ᔅ㾘㣗എ B

੠ W 3、Higgs എ中ᗻߚ䞣 Hu ੠ Hd ᇍᑨⱘ䍙ᇍ⿄ᗕߚ别Ў B̃, W̃ 3, H̃u

੠ H̃d. ೼⬉ᔅ⸈㔎Пৢ, ≵᳝能໳ऎߚ䖭ѯᗕⱘ䞣子᭄, ಴㗠ᅗӀӮ⏋ড়
៤ 4 Ͼ䋼䞣ᴀᕕᗕ, ⿄Ў neutralino, 䆄作 χ̃0

i . ᳔䕏ⱘ neutralino χ̃0
1 ᰃ㨫

名ⱘᱫ物䋼׭䗝粒子.

χ̃0
1 㶎ᮟᑺय़Ԣࠄ῵ൟ䌍㉇子ⱘ䖛⿟ফޚᷛࠄ♁⑂ (Helicity Suppression),

៾䴶أᇣ, ϔ㠀ᚙމϟ㒭ߎⱘᱫ物䋼䘫⬭ᆚᑺأ໻. া᳝೼ϔѯ⡍⅞ⱘখ᭄ぎ
䯈中, ᠡ能ᕫࠄℷ⹂ⱘ䘫⬭ᆚᑺ [40]. ೒ 2.4 ሩ⼎њᶤѯখ᭄೎ᅮৢⱘ䍙ᇍ⿄῵
ൟখ᭄ぎ䯈 [41]. ⎵㓓㡆ᏺ子㸼⼎能ᕫࠄℷ⹂䘫⬭ᆚᑺⱘऎඳ, 䖭ѯऎඳ㹿ᷛ
䆄Ў 4 Ͼ䚼ߚ: ¬ऎ, 㹿⿄Ў bulk ऎඳ; ­ऎ, 㹿⿄Ў focus point ऎඳ; ®ऎ, 㹿
⿄Ў sfermion ݅⑂♁ (coannihilation) ऎඳ; ¯ऎ, 㹿⿄Ў Higgs funnel ऎඳ. ⌙
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㉝红㡆ऎඳᰃ µ 子 g − 2 ⌟䞣ؒ৥ⱘऎඳ. 㓓㡆ऎඳ㹿 b → sγ 㹄বᅲ偠㒧ᵰ

ᥦ䰸. ㉫㰮㒓ᰃ LEP ᧰ᇏ chargino 㒭ߎⱘᥦ䰸䰤. ㉫⚍ߦ㒓ᰃ CDF ᅲ偠⌟䞣
Bs → µ+µ− .ⱘᥦ䰸䰤ߎ㒭↨ᬃߚ
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೒ 2.4: ⒵䎇ᱫ物䋼䘫⬭ᆚᑺⱘ CMSSM ῵ൟখ᭄ぎ䯈 (⎵㓓㡆) [41].

೼ bulk ऎඳ中, χ̃0
1 ⱘЏ㽕ߚ䞣ᰃ bino (B̃), Џ㽕䗮䖛Ѹᤶ t 䘧 sfermion

(䗮ᐌЎ ẽR, µ̃R ੠ τ̃1) .῵ൟ䌍㉇子ޚᷛࠄ♁⑂ ᔧ sfermion 䋼䞣↨䕗䕏ᯊ, ᠡ能
ᕫࠄড়䗖ⱘ⑂♁៾䴶. ಴ℸ, ᕜᆍᯧ㹿Ꮖ᳝ᅲ偠㒧ᵰᥦ䰸. ೼ focus point ऎඳ
中, χ̃0

1 Џ㽕ᰃ bino 与 higgsino (H̃) ⱘ⏋ড়ᗕ, ៪ bino 与 wino (W̃ 3) ⱘ⏋ড়ᗕ.
χ̃0
1 䋼䞣᥹䖥Ѣ χ̃±1 䋼䞣៪ χ̃0

2 䋼䞣. Ң㗠, ೼䗔㗺䰊↉, χ̃0
1 Ӯ与 χ̃±1 ៪ χ̃0

2 থ⫳

݅⑂♁, ᦤ高᳝效⑂♁៾䴶. ೼ sfermion ݅⑂♁ऎඳ, χ̃0
1 䋼䞣᥹䖥Ѣ τ̃1 䋼䞣៪

t̃1 䋼䞣, 䗮䖛与 τ̃1 ៪ t̃1 ݅⑂♁ᴹᕫࠄℷ⹂ⱘ䘫⬭ᆚᑺ. ೼ Higgs funnelऎඳ中,
χ̃0
1 䋼䞣㑺Ўᶤ⾡中ᗻ Higgs 粒子 (A0, h0 ៪ H0) 䋼䞣ⱘϔञ, ݅ᤃ效ᑨᦤ高њ
⑂♁៾䴶.
᥹ϟᴹҟ㒡乱໪㓈῵ൟ. ᇍぎ䯈乱໪㓈ᑺⱘ研究ৃҹ䗑⒃ࠄ T. Kaluza [42]

੠ O. Klein [43] ೼ 1920 年ҷⱘᎹ作, ಴㗠乱໪㓈理䆎г㹿⿄作 Kaluza-Klein
(KK) 理䆎. থሩࠄҞ໽, KK 理䆎᳝䆌໮ব⾡੠῵ൟ. ݊中, ᱂䘡乱໪㓈
(Universal Extra Dimensions, UED) ῵ൟ [44] ῵ൟ中所᳝ⱘഎ䛑Ӯ೼ޚ䆒ᷛ؛
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ϔϾ៪໮Ͼ㋻㟈乱໪㓈中Ӵ᪁.

೼᳔ㅔऩⱘ UED ῵ൟ中, া᳝ 1 ϾሎᑺЎ R ⱘ乱໪㓈, ㋻㟈࣪೼ϔϾ೚
೜Ϟ. ↣ϔϾᷛޚ῵ൟ粒子䛑᳝᮴䰤໮Ͼ KK ▔থᗕ, ᷥ೒䰊䋼䞣Ў

m2
n = m2

0 +
n2

R2
, (2.49)

݊中 n ⿄Ў KK ᭄, m0 ⱘ䳊῵ (mode) 粒子䋼䞣, .῵ൟ粒子䋼䞣ޚᷛे 与䍙
ᇍ⿄῵ൟⱘᮄ粒子ϡϔḋ, n ῵粒子与ᇍᑨⱘ䳊῵粒子㞾ᮟⳌৠ. ᇍѢ n ≥ 1,
㢹 R−1 ∼ O(TeV), ߭ KK ᭄Ⳍৠⱘ所᳝粒子᳝݋䴲ᐌㅔᑊⱘᷥ೒䰊䋼䞣. 乱໪
㓈Ϟⱘࡼ䞣ᅜᘦֱ䆕њ KK ᭄ᅜᘦ, Փᕫ KK ᭄ϡৠⱘ粒子ϡ能ⳌѦ作⫼. ϡ
䖛, ೼೜೒䰊Ϟ, ⬅Ѣᅠᭈ⋯ҥݍᇍ⿄ᗻⱘ⸈ണ੠ orbifold 䖍⬠ᴵӊⱘᑨ⫼, 䋼
䞣ㅔᑊ੠ KK ᭄ᅜᘦ䛑㹿ᠧ⸈, া࠽ϟ KK ᅛ⿄ᅜᘦ.
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೒ 2.5: ⒵䎇ᱫ物䋼䘫⬭ᆚᑺⱘ᳔ㅔ UED ῵ൟখ᭄ऎඳ (♄㡆੠⌙♄㡆ᏺ
子) [45].

KK ᅛ⿄Ў (−1)n, ᅗⱘᅜᘦᛣੇⴔ༛ KK ᭄ⱘ粒子ϡ能㹄ব៤ϸϾي KK
᭄ⱘ粒子. Ѣᰃ, ᳔䕏ⱘ 1 ῵ KK 粒子 (Lightest KK Particle, LKP) ᰃ〇ᅮⱘ.
಴ℸ, བᵰ B, W 3 ៪中ᖂ子ⱘ㄀ 1 㑻 KK ▔থᗕ B(1), W 3(1) ៪ ν(1) ᰃ LKP,
ህᰃ㡃དⱘᱫ物䋼׭䗝粒子. ೒ 2.5 中, ♄㡆 (⌙♄㡆) ᏺ子㸼⼎೼ᱫ物䋼䘫⬭
ᆚᑺ㾖⌟ؐ 1σ (2σ) ҹݙⱘ᳔ㅔ UED ῵ൟখ᭄ऎඳ [45], 㗠咥㡆ऎඳ㒭ߎⱘ
LKP ᰃᏺ⬉ⱘ.
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2.3.2 SuperWIMP

ᅛᅭ中ᱫ物䋼ᑊϡϔᅮ㒣ग़ 2.2 㡖ᦣ䗄ⱘ⛁ᑇ㸵ѻ⫳੠䗔㗺䖛⿟, г
ৃ能䗮䖛ϔѯ䴲⛁ᑇ㸵 (Non-thermal) ᴎࠊѻ⫳. ಴ℸ, ᱫ物䋼粒子ⱘⳌ
Ѧ作⫼ᔎᑺ᳝ৃ能与ᔅⳌѦ作⫼ᔎᑺⳌᏂ⫮䖰. SuperWIMP (Superweakly
Interacting Massive Particle) ⱘⳌѦ作⫼ህ↨ WIMP ᔅᕜ໮, Ԛг能㒭ߎℷ⹂
ⱘ䘫⬭ᆚᑺ [46], ѻ⫳ᴎৃࠊҹᰃ WIMP 㹄ব៪ᲈ㚔 (Inflation) Пৢⱘ䞡ࡴ⛁
(Reheating) 䖛⿟.
᥹ϟᴹҹ WIMP 㹄বЎ՟䇈ᯢ SuperWIMP ⱘѻ⫳ᴎࠊ. 䆒᳝ϔѯ؛

WIMP ೼ᅛᅭᮽᳳ⛁ᑇ㸵ѻ⫳, 䗔㗺Пৢ㹄ব៤ SuperWIMP, SuperWIMP ᵘ
៤ᔧҞ㾖⌟ࠄⱘᱫ物䋼. 䖭䞠ϡ䳔㽕 WIMP ᴹᵘ៤ᱫ物䋼, ᬙ WIMP ϡϔ
ᅮᰃ中ᗻⱘ. ⬅Ѣ SuperWIMP ⳌѦ作⫼ᕜᔅ, ϡӮᕅડ WIMP 䗔㗺䖛⿟, 䗔
㗺ৢ WIMP Єᑺ与ᷛޚᱫ物䋼Єᑺϔ㟈. བ؛ 1 Ͼ WIMP 㹄বѻ⫳ 1 Ͼ
SuperWIMP, ߭ SuperWIMP ᭄ᆚᑺ与 WIMP ᭄ᆚᑺⳌㄝ, SuperWIMP 䘫⬭
ᆚᑺЎ

ΩSuperWIMP =
mSuperWIMP

mWIMP
ΩWIMP. (2.50)

Ң㗠, 㢹 mSuperWIMP ∼ mWIMP, ߭ SuperWIMP гᕜᆍᯧ⒵䎇䘫⬭ᆚᑺ㾖⌟ؐ.
ࠡ᭛ᦤࠄⱘ gravitino (G̃) ህᰃϔϾ SuperWIMP ⱘ՟子. ሔඳ䍙ᇍ⿄ᗻ能

໳ᕜ㞾✊ഄᇚᓩ࡯子ࣙ৿ࠄ理䆎中, Փ݊៤Ў䍙ᓩ࡯ (Supergravity) 理䆎. ೼䖭
⾡理䆎中, 㞾ᮟЎ 2 ⱘᓩ࡯子᳝݋ϔ⾡㞾ᮟЎ 3/2 ⱘ䍙Ԉ子, ⿄Ў gravitino. ೼
F -term ⸈㔎ᴎࠊϟ, gravitino 䋼䞣Ў m3/2 ∼ ⟨F ⟩ /MPl. Ў㾷އ㾘㣗ㄝ㑻䯂乬,
㽕∖ ⟨F ⟩ ∼ (1011 GeV)2, ߭ m3/2 ∼ TeV, ಴ℸ, gravitino 与῵ൟ中ⱘ WIMP ϔ
ḋ᳝݋ᔅ作⫼ሎᑺⱘ䋼䞣. Gravitino ⱘⳌѦ作⫼ᔎᑺ与ᓩ࡯作⫼Ꮒϡ໮, 㗠↨
WIMP ⱘ作⫼ᔎᑺᔅᕜ໮. བᵰ gravitino ᰃ LSP, ᅗህᰃ能㒭ߎℷ⹂䘫⬭ᆚᑺ
ⱘᱫ物䋼׭䗝粒子.
݊ᅗⱘ SuperWIMP ࣙᣀ䕈子ⱘ䍙Ԉ子 axino、UED ῵ൟⱘ KK ᓩ࡯子੠

KK 䕈子ㄝ. SuperWIMP ᮶ৃ能ᰃދᱫ物䋼, гৃ能ᰃ⏽ᱫ物䋼, ձ䌪ѢᅗӀ
ⱘѻ⫳ᯊ䯈. SuperWIMP ⱘⳌѦ作⫼໾ᔅ, ϡ能೼ᔧࠡⳈ᥹᥶⌟ᅲ偠中᧰ᇏ,
䯈᥹᥶⌟ᅲ偠гϡ䗖ড়ᇏᡒᅗӀⱘ⑂♁ѻ物. ϡ䖛, བᵰ㹄বࠄ SuperWIMP
ⱘ WIMP ᏺ⬉, ᇓੑг↨䕗䭓, ᳝߭ৃ能೼ᵕ高能ᅛᅭ㒓⺄ᩲ中ѻ⫳ᑊᓩ䍋ᓖ
ᐌֵো, ৃҹ೼ᅛᅭ㒓੠中ᖂ子ᅲ偠中᧰ᇏ [47, 48]. ℸ໪, 䭓ᇓੑᏺ⬉ WIMP
гৃ能೼ᇍᩲᴎϞѻ⫳, ֵোӮ↨䕗ᯢᰒ.
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2.3.3 ᛄᗻЁᖂᄤ (Sterile Neutrino)

中ᖂ子ੇᤃ㤵ᅲ偠㒧ᵰ㸼ᯢ中ᖂ子᳝݋䋼䞣 [49, 50]. ಴㗠, 䳔㽕৥ᷛޚ῵
ൟ中⏏ࡴে᠟中ᖂ子. ⬅ে᠟中ᖂ子ߚ䞣Џ导ⱘ䋼䞣ᗕ⿄Ўᛄᗻ中ᖂ子, খ与
中ᖂ子⏋ড়, Ԛ෎ᴀϞ≵᳝ᔅ作⫼. ∼ O(keV) 䋼䞣ⱘᛄᗻ中ᖂ子ᰃ݌ൟⱘ⏽ᱫ

物䋼׭䗝粒子 [51], .ⱘᱫ物䋼ᰩ子㒧ᵘ↨䕗ᇥⱘ䯂乬ࠄ⌟㾖އѢ㾷ࡽ᳝ ᅗӀৃ
能೼ᅛᅭ⏽ᑺ T ∼ 100 MeV ᯊ䗮䖛中ᖂ子ᤃ㤵ѻ⫳. བᵰᄬ೼ᖂᇣⱘℷড䕏子
ϡᇍ⿄ᗻ, ᅗӀⱘЄᑺৃҹᕫࠄᦤ高 [52]. ঺໪, ᅗӀгৃ能作Ў䞡粒子㹄বѻ
物, ೼᳈高⏽ᑺᯊѻ⫳.
㱑✊ᛄᗻ中ᖂ子Ӯ㹄বࠄ 3 Ͼ䕏ⱘ⌏䎗中ᖂ子, Ԛϔ㠀ᴹ䇈, ᅗⱘᇓੑ䖰䭓

Ѣᅛᅭ年啘. ঺ϔᮍ䴶, ᅗৃҹ䗮䖛೜೒䖛⿟㹄বࠄϔϾܝ子੠ϔϾ⌏䎗中ᖂ
子 [53], 㑺Ў↨ᬃߚ 1%. ,子能䞣㑺ᰃᛄᗻ中ᖂ子䋼䞣ⱘϔञܝ ಴㗠, keV ᛄᗻ
中ᖂ子Ӯᓩ䍋 X ᇘ㒓ֵো, ৃҹ೼ X ᇘ㒓ᳯ䖰䬰中᧰ᇏ. 䳊᧰ᇏ㒧ᵰЎ݊䋼
䞣੠⏋ড়㾦䆒㕂њᕜᔎⱘ䰤ࠊ.

2.3.4 䕈ᄤ

原理Ϟ, ῵ൟᢝḐᳫ᮹䞣ޚᷛ (ᢝ⇣䞣) ৃҹࣙ৿⸈ണ CP ᇍ⿄ᗻⱘ㛊子Ⳍ

Ѧ作⫼乍
g2sθ

32π2
εµνρσGa

µνG
a
ρσ, (2.51)

݊中, θ ᰃϔϾ㾦ᑺখ᭄. 䖭ϔ乍乘㿔ⱘ中子⬉يᵕⶽ dn ∝ θ, ᇍѢ θ ∼ 1,
᳝ dn ∼ 10−16 e cm. ✊㗠, ᅲ偠⌟䞣Ў中子⬉يᵕⶽ䆒㕂ⱘ䰤ࠊЎ |dn| <
2.9× 10−26 e cm [54], 㸼ᯢ |θ| < 7× 10−12. ⬅Ѣ |θ| 能೼ 0 㟇 π П䯈ӏᛣপؐ,
≵᳝理⬅㽕∖ᅗ䖭Мᇣ, ಴㗠䖭ᰃϔϾ䴲ᐌϹ䞡ⱘ㊒㒚䇗㡖 (Fine-tuning) 䯂乬,
㹿⿄Ўᔎ CP 䯂乬.
ᓩ䖯ϔϾ㞾থ⸈㔎ⱘᭈԧϡবᗻᴹՓᔎ CP 㞾ࡼᅜᘦ, ህৃҹ㾷އᔎ CP

䯂乬 [55]. 䖭ᇚ乱໪ᓩܹϔϾ䌱ᷛ䞣䕈子 a [56, 57], ՓϞ䗄㛊子ⳌѦ作⫼乍ব
៤࡯ࡼ学乍

− g2s
32π2

a

fa
εµνρσGa

µνG
a
ρσ, (2.52)

݊中, fa Ў䕈子㹄বᐌ᭄. 䕈子䋼䞣与 fa Ⳍ݇, Ў

ma ≃ 6 µeV
(
1012 GeV

fa

)
. (2.53)
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䕈子᥶⌟ᅲ偠ᇏᡒ䕈子与ᷛޚ῵ൟ粒子ⱘᬷᇘ. 䖭ѯ᧰ᇏᅲ偠ঞᘦ᯳ैދ
੠䍙ᮄ᯳ 1987A 学Ў࡯ࡼ fa 㒭ߎⱘ䰤ࠊᰃ fa ≳ 109 GeV, Ң㗠ᇚ䕈子䋼䞣㑺
ᴳࠄ ma ≲ 10 meV [58], г乘⼎ⴔ䕈子与݊ᅗ粒子ⱘⳌѦ作⫼䴲ᐌᔅ, ϡӮ೼ᅛ
ᅭᮽᳳ໘Ѣ⛁ᑇ㸵⢊ᗕ. 䕈子᳝޴⾡䴲⛁ᑇ㸵ѻ⫳ᴎࠊ, 与 Peccei-Quinn Ⳍব
ঞᲈ㚔Ⳍ݇. 㱑✊䖭ѯᴎࠊϡӮᕜ㞾✊ഄ㒭ߎᱫ物䋼䘫⬭ᆚᑺ, 䕈子ҡ✊ᰃϔ
⾡ৃ能ⱘދᱫ物䋼׭䗝粒子.

㸼 2.2: .䗝粒子⡍ᗻ׭类ᱫ物䋼޴ 㗏䆥㞾᭛⤂ [6].

WIMP SuperWIMP ᛄᗻ中ᖂ子 䕈子

ᦤࡼߎᴎ 㾘㣗ㄝ㑻 㾘㣗ㄝ㑻ㄝ 中ᖂ子䋼䞣 ᔎ CP

㞾✊㒭ߎ Ωχ 能 能 ৺ ৺

ѻ⫳ᴎࠊ 䗔㗺 㹄ব ໮⾡ ໮⾡

䋼䞣㣗ೈ GeV− TeV GeV− TeV keV µev−meV
⏽ᑺ ދ ⏽/ދ ⏽ ދ

Ⳉ᥹᥶⌟
√ √

䯈᥹᥶⌟
√ √ √

ᇍᩲᴎ᥶⌟
√ √

注：
√
表示能够在相应实验中搜寻.

Ϟ䗄޴类ᱫ物䋼׭䗝粒子ⱘ⡍ᗻᘏ㒧೼㸼 2.2 中. ℸ໪, 䖬᳝䆌໮类׭䗝粒
子᳾㹿ᦤঞ. 䖭ѯ׭䗝者ⳌѦ作⫼ᗻ䋼৘ᓖ, 䋼䞣㣗ೈг↨䕗໻. ݊中, WIMP
ⱘ研究᳔Ўᑓ⊯, ᔧࠡᱫ物䋼Ⳉ᥹੠䯈᥹᥶⌟ᅲ偠гⴔ䞡Ѣ WIMP ᧰ᇏ.

2.4 ᱫ⠽䋼Ⳉ᥹᥶⌟੠䯈᥹᥶⌟

Ϟϔ㡖ᦤࠄњ䆌໮ᇍᱫ物䋼粒子ⱘ⣰⌟. ✊㗠, া᳝䗮䖛ᅲ偠᠟↉ᇚᱫ物
䋼粒子᥶⌟ߎᴹ, ⹂ᅮᅗⱘ䋼䞣੠ⳌѦ作⫼, ᠡ能њ㾷ⳳᅲⱘᱫ物䋼粒子ঞ与П
Ⳍ݇ⱘ῵ൟ. ϔᇍᱫ物䋼粒子与ϔᇍᷛޚ῵ൟⱘⳌѦ作⫼བ೒ 2.6 所⼎. ϔ㠀ᴹ
䇈, Ⳉ᥹᥶⌟ᅲ偠᧰㋶ᱫ物䋼粒子与ᷛޚ῵ൟ粒子ⱘᬷᇘֵো; 䯈᥹᥶⌟ᅲ偠ᇏ
ᡒᱫ物䋼粒子⑂♁៪㹄বѻ物ⱘֵো; ᇍᩲᴎᅲ偠᧰ᇏ高能粒子⺄ᩲѻ⫳ⱘᱫ
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物䋼粒子ֵো. ᴀ㡖ҟ㒡Ⳉ᥹᥶⌟੠䯈᥹᥶⌟, 㗠ᇍᩲᴎ᥶⌟߭ᰃৢ䴶޴ゴⱘ
.ᆍݙ

F�×

Aÿ

F�×

Aÿ

¶uÐ:

Aÿ

¶uÐ:

Aÿ

Ù�

§A�×

£TQú

£
T
Q
ú

¨
M
é
Q
ú

೒ 2.6: ᱫ物䋼ⳌѦ作⫼与ϝ类᥶⌟ᮍ⊩ⱘ݇㋏. ㆁ༈ҷ㸼ᯊ䯈ᮍ৥.

2.4.1 Ⳉ᥹᥶⌟

བࠡ所䗄, ᱫ物䋼೼ഄ⧗䰘䖥᱂䘡ᄬ೼, 䋼䞣ᆚᑺгϡᇣ. Ԛᱫ物䋼粒子ⱘ
ⳌѦ作⫼ᕜᔅ, 䳔㽕䴲ᐌ㊒⹂ⱘᅲ偠ᠡ᳝ৃ能᥶⌟ࠄᅗӀ. Ⳉ᥹᥶⌟ᅲ偠ᇏᡒ
ᱫ物䋼粒子与原子核থ⫳⺄ᩲᯊѻ⫳ⱘ核ডֵކো [59]. Ўњሣ㬑ᅛᅭ㒓㚠᱃
ⱘᑆᡄ, 䖭类ᅲ偠䗮ᐌ೼ᕜ⏅ⱘഄϟᅲ偠ᅸ中䖯㸠. ೼ᅲ䰙᪡作中, ᥶⌟఼ϔ㠀
ҹໄ子、ܝ子៪⬉㥋Ў䕑ԧ᥹ᬊ核ডֵކো. ᳝ⱘᅲ偠াᬊ䲚ϔ类ֵো, 㗠᳝ⱘ
ᅲ偠Ўњ᳈དഄऎߚ㚠᱃੠ᱫ物䋼ֵো, ৠᯊᬊ䲚ϸ类ֵো.

ऩ位ᯊ䯈ऩ位能䞣ݙ, ᱫ物䋼粒子与原子核 (A) থ⫳ᬷᇘⱘџ՟⥛ৃ㸼䖒
Ў [60]

dR

dER
= NA

ρ⊕
mχ

∫ vmax

vmin

d3vf(v)v
dσχA
dER

, (2.54)

݊中, ER ᰃ核ডކ能䞣, NA ᰃ䵊核᭄Ⳃ, ρ⊕/mχ ᰃഄ⧗䰘䖥ᱫ物䋼粒子ⱘ᭄ᆚ

ᑺ, f(v) ᰃᱫ物䋼粒子ⱘ䗳ᑺߚᏗ, dσχA/dER ᰃᱫ物䋼粒子与原子核ⱘᖂᬷߚ
ᇘ៾䴶. 㢹᥶⌟఼䯜能Ў Eth, ᳔߭ᇣ䗳ᑺЎ

vmin =

√
mAEth

2µ2
χA

, (2.55)
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᳔໻䗳ᑺ vmax ৃপЎഄ⧗খ㗗㋏中ᱫ物䋼粒子ⱘ䗗䘌䗳ᑺ vesc. ᇍѢ呺ܟᮃ䶺
ü⦏ᇨ᳐ݍ䗳ᑺߚᏗ, vesc ≃ 544 km/s. ᔧ䋼ᖗ㋏ᬷᇘ㾦Ў θ ᯊ, 核ডކ能䞣Ў

ER =
Q2

2mA

=
µ2
χAv

2

mA

(1− cos θ), (2.56)

݊中, Q ᰃࡼ䞣䕀⿏, µχA ≡ mχmA/(mχ +mA) ᰃᱫ物䋼粒子与原子核ⱘ㑺࣪

䋼䞣. ഄ⧗খ㗗㋏中ᱫ物䋼粒子䗳ᑺ v ≃ 220 km/s, བᱫ物䋼粒子与原子核؛
䋼䞣ഛЎ 100 GeV, ߭ cos θ = −1 ᯊᑇഛ核ডކ能䞣Ў

ER =
1

2
mχv

2 ≃ 30 keV, (2.57)

㗠ᑇഛࡼ䞣䕀⿏Ў √
Q2 =

√
m2
χv

2 ≃ 75 MeV. (2.58)

ৃ㾕, ᬷᇘ䖛⿟ࡼ䞣䕀⿏䗮ᐌ䖰ᇣѢᱫ物䋼粒子੠原子核ⱘ䋼䞣, ᬙ䳊ࡼ䞣䕀⿏
䖥Ԑ੠䴲Ⳍᇍ䆎䖥ԐӮ↨䕗᳝效.

ᬷᇘৃߚЎ㞾ᮟ᮴݇ (Spin Independent, SI) ੠㞾ᮟⳌ݇ (Spin Dependent,
SD) ϸ类. ᇍѢ㞾ᮟ᮴݇ᬷᇘ៾䴶 σSI

χA, 原子核中৘Ͼ核子ⱘ䋵⤂ৃҹ㌃ࡴ, ᔶ
ᓣЎ

σSI
χA ∝ µ2

χA[ZGp + (A− Z)Gn]
2. (2.59)

݊中, A (Z) Ў原子核ⱘ䋼䞣᭄ (原子ᑣ᭄), Gp (Gn) ᰃᱫ物䋼粒子与䋼子 (中
子) ⱘ᳝效㗺ড়ᐌ᭄. ೼䖭⾡ᚙމϟ, 原子核䍞䞡, ᬷᇘ៾䴶䍞໻. ಴ℸ, ϔѯⳈ
᥹᥶⌟ᅲ偠䞛⫼њ䴲ᐌ䞡ⱘ䵊核, ↨བ Xe. ঺ϔᮍ䴶, 㞾ᮟⳌ݇ᬷᇘ៾䴶ⱘᔶ
ᓣЎ

σSD
χA ∝

JA + 1

JA
µ2
χA(S

A
p Gp + SAnGn)

2, (2.60)

݊中, JA ᰃ原子核㞾ᮟ, SAp (SAn ) ᰃ原子核中所᳝䋼子 (中子) ⱘ㞾ᮟᳳᳯؐ.
⬅Ѣ核子ⱘ㞾ᮟӮⳌѦᢉ⍜, 㞾ᮟⳌ݇ᬷᇘ៾䴶Ⳍᇍ↨䕗ᇣ. ᇍѢϡৠⱘ原子
核, 䋼子੠中子ⱘ䋵⤂ৃ能᳝ᕜ໻Ꮒ别.

Ⳉ᥹᥶⌟ᅲ偠ᇍ㞾ᮟ᮴݇ᬷᇘⱘ᥶⌟㒧ᵰབ೒ 2.7 所⼎. ῾䕈Ўᱫ物䋼粒
子䋼䞣 mχ, 㒉䕈Ўᱫ物䋼与核子ⱘ㞾ᮟ᮴݇ᬷᇘ៾䴶. Ꮊ೒ (প㞾᭛⤂ [61])
中㪱㡆ᅲ㒓与ে೒ (প㞾᭛⤂ [62]) 中红㡆ᅲ㒓ᰃৠϔᥦ䰸䰤, ഛᰃ 2012 年
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XENON100 ᅲ偠ⱘ㒧ᵰ [61]. ে೒中, 㪱㡆ᅲ㒓ᰃ 2013 年 LUX ᅲ偠㒭ߎⱘ
ᥦ䰸䰤 [62], ᅗ↨ XENON100 ᅲ偠㒭ߎⱘ䰤ࠊ㽕ᔎ. Ꮊ೒中♄㡆੠⌙♄㡆ऎ
ඳᰃ䍙ᇍ⿄῵ൟ乘㿔ⱘֵোऎඳ, ᔧࠡᅲ偠Ꮖ㒣᳝能࡯ᥦ䰸ᅗⱘϔ䚼ߚ. ೼
೒中, ⬅䳊ֵো㒭ߎᥦ䰸䰤ⱘ݊ᅗᅲ偠㒧ᵰࣙᣀ SIMPLE [63], COUPP [64],
ZEPLIN-III [65], EDELWEISS [66], CDMS [67] ੠ XENON10 [68] ㄝ. ℸ໪, ᳝
ϔѯᅲ偠ໄ⿄থ⦄њᱫ物䋼⭥Ԑֵো, ֵোऎඳ೼೒中ҹㄝؐ㒓ᷛ⼎, 䖭ѯᅲ偠
᳝ DAMA [69], CoGeNT [70] ੠ CRESST-II [71]. ϡ䖛, Ң೒中ৃҹⳟࠄ, ೼ϔ
㠀؛䆒ϟ, 䖭ѯ⭥Ԑֵোᇍᑨⱘऎඳ㹿݊ᅗᅲ偠ᥦ䰸, ಴㗠ৃֵᑺϡ高.
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೒ 2.7: Ⳉ᥹᥶⌟ᅲ偠ᇍ㞾ᮟ᮴݇ᬷᇘⱘ᥶⌟㒧ᵰ [61, 62].
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೒ 2.8: Ⳉ᥹᥶⌟ᅲ偠ᇍ㞾ᮟⳌ݇ᬷᇘⱘ᥶⌟㒧ᵰ [72]. Ꮊ (ে) ೒ᇍᑨѢᱫ物䋼
粒子与䋼子 (中子) ⱘᬷᇘ.

Ⳉ᥹᥶⌟ᅲ偠ᇍ㞾ᮟⳌ݇ᬷᇘⱘ᥶⌟㒧ᵰབ೒ 2.8所⼎. ೼Ꮊ (ে)೒中,῾
䕈Ўᱫ物䋼粒子䋼䞣 mχ, 㒉䕈Ўᱫ物䋼与䋼子 (中子)ⱘ㞾ᮟⳌ݇ᬷᇘ៾䴶. ೒
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中ᥦ䰸䰤ᴹ㞾 XENON100 [72], CDMS [67, 73], ZEPLIN-III [65], PICASSO [74],
COUPP [64], SIMPLE [63] ੠ KIMS [75] ㄝᅲ偠. 与೒ 2.7 ↨䕗, ৃҹⳟߎ, Ⳃ
ࠡ㞾ᮟⳌ݇ᬷᇘⱘ᥶⌟♉ᬣᑺ㽕↨㞾ᮟ᮴݇ᬷᇘԢ޴Ͼ䞣㑻.

䖥क޴年ᴹ, Ⳉ᥹᥶⌟ᅲ偠থሩ䖙䗳, ♉ᬣᑺᦤ高њད޴Ͼ䞣㑻, Ꮖ㒣㾺ঞ
WIMP ⱘϔ㠀作⫼ᔎᑺ, ಴㗠᱂䘡䅸Ў䖭ѯᅲ偠᳝Ꮰᳯ೼ϡ䖰ⱘ᳾ᴹ᥶⌟ࠄᱫ
物䋼粒子.

2.4.2 䯈᥹᥶⌟

ᱫ物䋼䗔㗺Пৢ, ⑂♁⥛䖰ᇣѢᅛᅭ㝼㚔⥛, ⬭ᄬࠄᔧҞᅛᅭ中, ৿䞣䴲ᐌ
Єᆠ, 㗠Ϩҡ೼㒻㓁থ⫳⑂♁䖛⿟. བᵰᱫ物䋼粒子ϡᰃ㒱ᇍ〇ᅮⱘ, ᅗ䖬Ӯ㹄
ব, Ԛᇓੑϔ㠀䖰䭓Ѣᅛᅭ年啘. ᱫ物䋼ⱘ⑂♁៪㹄বৃ能Ӯѻ⫳ϔѯᷛޚ῵
ൟ粒子, བ䕏子、༌ܟ、⬉ᔅ㾘㣗⦏㡆子੠ Higgs 粒子ㄝ, ᑊ䖯ϔℹ䕤ᇘ、㹄ব
੠ᔎ子࣪Ў৘⾡〇ᅮ粒子, ↨བܝ子、中ᖂ子、ℷ䋳⬉子、ℷড䋼子ঞ᳈䞡ⱘ原
子核. 䖭ѯ粒子ࠄܹࡴ高能ԑ偀ᇘ㒓、高能ᅛᅭ㒓੠高能中ᖂ子П中, ᓩ䍋ৃ᥶
⌟ֵো, 䯈᥹᥶⌟ᅲ偠ⱘⳂᷛህᰃᡒࠄ䖭类ֵো.

೼ऩ位ᯊ䯈ऩ位ԧ⿃ݙ, ᱫ物䋼⑂♁ (Annihilation)៪㹄ব (Decay)ѻ⫳ᶤ
⾡〇ᅮ粒子೼ऩ位能䞣䯈䱨中ⱘ᭄ⳂЎ

Qann(x, E) =
⟨σannv⟩tot

2m2
χ

ρ2(x)
∑
i

Fi

(
dN

dE

)
i

, (2.61)

៪ Qdec(x, E) =
1

τχmχ

ρ(x)
∑
i

Bi

(
dN

dE

)
i

. (2.62)

݊中, ρ(x) ᰃ⑂♁៪㹄বথ⫳ഄ⚍ x ໘ᱫ物䋼ⱘ䋼䞣ᆚᑺ, (dN/dE)i Ў䗮䖛 i

⑂♁䘧 (㹄ব䘧) থ⫳ϔ⃵⑂♁ (㹄ব) 㗠ѻ⫳ⱘऩ位能䞣䯈䱨ݙ粒子᭄. ೼⑂
♁ⱘᚙᔶ中, ⟨σannv⟩tot =

∑
i

⟨σannv⟩i ᰃ能໳ѻ⫳䖭⾡粒子ⱘ所᳝⑂♁䘧៾䴶П

੠, Fi = ⟨σannv⟩i/⟨σannv⟩tot ᰃ i ⑂♁䘧所ऴ↨䞡. ᇍѢ (2.61) ᓣ, ᅲ䰙ϞᏆ㒣؛
ᅮᱫ物䋼ᰃℷড粒子ܼৠⱘ. 㢹ℷড粒子ϡৠᑊᄬ೼ℷড粒子ᇍ⿄ᗻ, ߭ℷ粒
子੠ড粒子ⱘ᭄ᆚᑺഛЎ ρ/(2mχ), 中ⱘ಴子↡ߚ 2 ᑨ⬅ 4 পҷ. ೼㹄বⱘᚙ
ᔶ中, τχ ᰃᱫ物䋼粒子ᇓੑ, 与݊ᆑᑺ Γχ ⱘ݇㋏Ў tχΓχ = 1, Bi = Γi/Γχ ᰃ i

㹄ব䘧ⱘᬃߚ↨.

೼ᅲ䰙ᑨ⫼中, Q(x, E) 㹿⿄Ў⑤ߑ᭄, ᅗձ䌪Ѣ⑤໘ᱫ物䋼ᆚᑺ. ಴㗠, 䯈
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᥹᥶⌟ᅲ偠Џ㽕ᇏᡒᴹ㞾ᱫ物䋼㘮䲚ऎඳⱘֵো, བ䫊⊇㋏中ᖗ、䫊⊇㋏ᱫ物
䋼ᰩ、䖥䚏ⷂ᯳㋏੠䖥䚏᯳㋏ಶㄝ. ֵোৃߚЎϝ类: ᅛᅭ㒓、ԑ偀ᇘ㒓੠中ᖂ
子.
Ԅㅫ䫊⊇㋏ᰩ中ᱫ物䋼⑂♁ᇍᅛᅭ㒓ⱘ䋵⤂ᑊϡㅔऩ. ⬅Ѣ䫊⊇㋏ݙ䚼໡

ᴖⱘ᯳䰙⦃๗, 㥋⬉ᅛᅭ㒓೼ࠄ䖒໾䰇㋏Пࠡ㽕㒣ग़कߚ᳆ᡬⱘӴ᪁䖛⿟, བ᯳
䰙⺕എᓩ䍋ⱘᠽᬷ、ᇍ⌕、䞡ࡴ䗳、能䞣ᤳ༅、⹢㺖੠㹄বㄝ. ಴ℸ, ᅛᅭ㒓粒
子㹿᥶⌟఼᥹ᬊࠄᯊ, Ꮖ㒣϶༅њ⑤ⱘᮍ৥ֵᙃ, 能䈅г与⑤໘៾✊ϡৠ. Ўњ
ᕫࠄড়理ⱘ乘ᳳ能䈅, 䳔㽕∖㾷Ӵ᪁ᮍ⿟, 㗠ᱫ物䋼⑂♁ⱘ䋵⤂作Ўᮍ⿟ⱘϔϾ
⑤乍.
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೒ 2.9: ᅛᅭ㒓ℷ⬉子↨՟能䈅ঞ݊ᱫ物䋼㾷䞞 (Ꮊ) [76]੠㛝ކ᯳㾷䞞 (ে) [77].

2008 年ҹᴹ, PAMELA [78] ੠ AMS-02 [79] ⌟䞣ߎᴹⱘᅛᅭ㒓ℷ⬉子↨՟
能䈅, ঞ ATIC [80] ੠ Fermi-LAT [81] ⌟䞣ߎᴹⱘℷ䋳⬉子ᘏ能䈅, ഛᰒ⼎ߎড
ᐌ䍙ߎ⦄䈵, ೼高能໘与䗮ᐌ໽ԧ物理䖛⿟Ԅ䅵ߎᴹⱘ能䈅ϡৠ. 䖭ѯডᐌ䍙
.ҹ⫼䫊⊇㋏ᰩ中ᱫ物䋼⑂♁ᴹ㾷䞞ৃߎ ೒ 2.9 ሩ⼎њᅛᅭ㒓ℷ⬉子↨՟能䈅
ঞ݊理䆎㾷䞞. PAMELA ੠ AMS-02 ⌟ᕫⱘ能䈅Ң ∼ 10 GeV ໘ᓔྟᯢᰒϞ
छ. ⫼ᱫ物䋼⑂♁ࠄ τ+τ− ৃҹᕜདഄᢳড়᭄᥂ [76], བᎺ೒所⼎. ϡ䖛, 䖭㽕∖
⑂♁៾䴶 ∼ O(10−24)−O(10−22) cm3 s−1, 䖰高Ѣᷛޚ៾䴶 (2.45), 䳔㽕ϔѯᴎ
,ᴹ㾷䞞ᔧҞ៾䴶ⳌᇍѢ䗔㗺ᯊᳳ៾䴶ⱘᦤछࠊ 㗠Ϩгফࠄϟ᭛中ԑ偀ᇘ㒓㾖
⌟ⱘᔎ⚜䰤ࠊ. ঺ϔᮍ䴶, 㗗㰥ϔϾ៪໮Ͼ䖥䚏㛝ކ᯳৥໪থᇘℷ䋳⬉子, гৃ
ҹ㾷䞞᭄᥂ [77], ҹ㛝ކ᯳ Geminga ⱘ䋵⤂ᴹᢳড়᭄᥂བে೒所⼎. Ⳃ᭄ࠡ᥂
ҡϡ能䇈ᯢાϔ⾡㾷䞞᳈Ўড়理.
ϡৠѢᅛᅭ㒓, ԑ偀ᇘ㒓⊓Ⳉ㒓Ӵ᪁, 能໳ֱ⬭⑤ⱘᮍ৥ֵᙃ, Ӵ᪁䖛⿟г
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೒ 2.10: Fermi-LAT 6 年ⷂ᯳㋏㾖⌟ᇍᱫ物䋼⑂♁ࠄ bb̄ (Ꮊ) ੠ τ+τ− (ে) ៾䴶
ⱘ䰤ࠊ [82].

↨䕗ㅔऩ. 䫊⊇㋏䰘䖥᳝ϔѯ㒩݊ᮟ䕀ⱘि᯳ⷂ᯳㋏, ᅗӀⱘᱫ物䋼৿䞣↨থ
,物䋼໮ᕫ໮ܝ ԑ偀ᇘ㒓㾖⌟∵ᶧ䕗ᇣ, 䴲ᐌ䗖ড়Ң中ᇏᡒᱫ物䋼⑂♁៪㹄বⱘ
ֵো. Fermi-LAT ᇍ 15 Ͼⷂ᯳㋏䖯㸠њ 6 年㾖⌟, ≵᳝থ⦄䖭ḋⱘֵো, ಴㗠
ᇍᱫ物䋼⑂♁៾䴶㒭ߎњ䰤ࠊ, བ೒ 2.10 中咥㡆ᅲ㒓所⼎. Ꮊ೒੠ে೒ߚ别ᇍ
ᑨѢᱫ物䋼⑂♁ࠄ bb̄ ੠ τ+τ−. ♄㡆㰮㒓ᰃҢ䘫⬭ᆚᑺ᥼⌟ߎᴹⱘ៾䴶ؐ, ৃ
ҹⳟࠄ, mχ ≲ 100 GeV 䚼ߚᏆ㹿᭄᥂ᥦ䰸.

与ԑ偀ᇘ㒓ϔḋ, 中ᖂ子г⊓Ⳉ㒓Ӵ᪁, 㗠Ϩ, ⬅ѢⳌѦ作⫼ᕜᔅ, ᅗӀ能
໳Ң物䋼ᆚ䲚ⱘᱫ物䋼⑂♁⑤ऎ䕏ᵒ䗗ߎ. ফᓩ࢓࡯作⫼, ᱫ物䋼粒子ৃ能㘮
䲚೼໾䰇中ᖗ੠ഄ⧗中ᖗ, 䖭ѯ粒子ⱘ⑂♁ѻ物中, া᳝中ᖂ子能໳䗗䘌ߎᴹ,
䖯ܹ高能中ᖂ子ᳯ䖰䬰ⱘ㾚䞢 [83]. ໾䰇中ᱫ物䋼粒子᭄ⱘᯊ䯈ব࣪⥛Ў [5]

dNχ

dt
= C⊙(σχp, σχHe)− A⊙(σann)N

2
χ, (2.63)

݊中, ᤩᤝ⥛ C⊙ ձ䌪Ѣᱫ物䋼粒子与໾䰇ݙ䚼䋼子੠⇺核ⱘᬷᇘ៾䴶, ⑂♁⥛
A⊙ ߭与ᱫ物䋼⑂♁៾䴶Ⳍ݇, ৃ㸼⼎៤ A⊙ = ⟨σannv⟩ /Veff, Veff Ў໾䰇核ᖗⱘ

᳝效ԧ⿃. ໾䰇年啘㑺Ў 46 ғ年, ᇍѢ䆌໮ WIMP ῵ൟᴹ䇈, 䖭М䭓ⱘᯊ䯈䎇
ҹՓᤩᤝ੠⑂♁䖛⿟䖒ࠄᑇ㸵, 䅽粒子᭄ϡ䱣ᯊ䯈ব࣪. ℸᯊ⑂♁⥛᳔໻, Ϩㄝ
Ѣᤩᤝ⥛. ಴ℸ, ᇍ⑂♁៾䴶ⱘᅲ偠⌟䞣៪䰤ৃࠊҹ䕀ᤶᬷࠄᇘ៾䴶Ϟ.

फᵕ中ᖂ子ᅲ偠 IceCube ᧰ᇏњᴹ㞾໾䰇中ᖗⱘ µ 子中ᖂ子, ≵᳝থ⦄䍙
,໻⇨中ᖂ子㚠᱃ⱘֵোߎ Ўᱫ物䋼⑂♁ࠄ bb̄ ੠ W+W− ⱘ៾䴶䆒㕂њϞ䰤,
䕀ᤶࠄᱫ物䋼粒子与䋼子ⱘ㞾ᮟⳌ݇ᬷᇘ៾䴶Ϟ [84], བ೒ 2.8ⱘᎺ೒中㋿㡆㰮
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㒓所⼎. ৃҹⳟߎ, ᇍѢ 100 GeV ≲ mχ ≲ 10 TeV, 䖭ѯ䰤ࠊ㽕ᔎѢⳂࠡⳈ᥹᥶
⌟ᅲ偠㒭ߎⱘ䰤ࠊ.

2.4.3 ೼᳝ᬜㅫヺḚᶊϟ↨䕗Ⳉ᥹੠䯈᥹᥶⌟ᅲ偠♉ᬣᑺ

བᵰᱫ物䋼粒子䗮䖛ϔѯ中ҟ粒子与ᷛޚ῵ൟ䌍㉇子ⳌѦ作⫼, ᔧ中ҟ粒
子䋼䞣䖰໻Ѣডᑨ䖛⿟ࡼ䞣䕀⿏ᯊ, ৃҹ೼᳝效എ䆎 (Effective Field Theory,
EFT) Ḛᶊϟ⫼᳝效᥹㾺ㅫヺᴹᦣ䗄 4 ⚍ⳌѦ作⫼, 类ԐѢ⫼䌍㉇ⳌѦ作⫼ᴹ
ᦣ䗄Ԣ能ᔅ作⫼䖛⿟. ៥Ӏ؛䆒ᱫ物䋼粒子ᰃᷛޚ῵ൟ㾘㣗ⳌѦ作⫼ऩᗕ, 与
䌍㉇子ⱘⳌѦ作⫼᳝݋ C ᇍ⿄ᗻ੠ P ᇍ⿄ᗻ1, 㢹ᱫ物䋼粒子ᰃ⢘ᢝܟ䌍㉇子,
ৃҹߚ别䗮䖛ϟ߫ㅫヺ与ᷛޚ῵ൟ䌍㉇子 (f) থ⫳ⳌѦ作⫼:

OFS =
1

Λ3

∑
f

mf χ̄χf̄f , (2.64)

OFP =
1

Λ3

∑
f

mf χ̄γ5χf̄γ5f, (2.65)

OFV =
1

Λ2

∑
f

χ̄γµχf̄γµf, (2.66)

OFA =
1

Λ2

∑
f

χ̄γµγ5χf̄γµγ5f, (2.67)

݊中, Λ ᰃ៾ᮁ能ᷛ, ⬅ᅠᭈ῵ൟ中ⱘ中ҟ粒子䋼䞣੠㗺ড়㋏᭄㒭ߎ, ᅗއᅮњ
ⳌѦ作⫼ⱘᔎᔅ. Ўㅔऩ䍋㾕, 䖭䞠া⫼ৠϔ៾ᮁ能ᷛᴹᦣ䗄与ϡৠ䌍㉇子ⱘ
ⳌѦ作⫼. 㢹ᱫ物䋼粒子ᰃ໡ᷛ䞣粒子, ߭ৃҹ᳝ϟ߫ㅫヺ:

OSS =
1

Λ2

∑
f

mfχ
∗χf̄f, (2.68)

OSV =
1

Λ2

∑
f

(χ∗i
←→
∂µχ)f̄γ

µf. (2.69)

݊中, χ∗i←→∂µχ ≡ iχ∗∂µχ− i(∂µχ∗)χ.

߽⫼䖭ѯㅫヺ, ৃҹᕜᆍᯧഄᇚⳈ᥹᥶⌟Ⳍ݇ⱘᬷᇘ៾䴶、䯈᥹᥶⌟Ⳍ݇
ⱘ⑂♁៾䴶੠䘫⬭ᆚᑺ㘨㋏䍋ᴹ, 㗠Ϩ理䆎খ᭄া᳝ mχ ੠ Λ. ೒ 2.11 㓐ড়њ

1ϔѯㅫヺⱘ P , T , C বᤶᗻ䋼㾕䰘ᔩ A.
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೒ 2.11: ೼᳝效ㅫヺḚᶊϟ, Ⳉ᥹੠䯈᥹᥶⌟ᅲ偠ᥦ䰸䰤ঞ䘫⬭ᆚᑺ⌟䞣ؐᇍ
ᑨⱘⳌѦ作⫼ᔎᑺ [85, 86]. ᇍѢ OFS (a) ੠ OFP (b) ㅫヺ, 㒉䕈Ў

√
2 GeV/Λ3;

ᇍѢ OFV (c), OFA (d) ੠ OSV (f) ㅫヺ, 㒉䕈Ў
√
2/Λ2; ᇍѢ OSS ㅫヺ (e), 㒉

䕈Ў
√
2 GeV/Λ2.
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Ⳉ᥹੠䯈᥹᥶⌟ᅲ偠ᥦ䰸䰤ঞ䘫⬭ᆚᑺ⌟䞣ؐᇍᑨⱘⳌѦ作⫼ᔎᑺ [85, 86]. 红
㡆ᅲ㒓ᇍᑨѢ䘫⬭ᆚᑺ⌟䞣ؐ [87], ݊Ϟᮍऎඳ乘㿔ⱘ䘫⬭ᆚᑺأ໻, ϟᮍऎඳ
乘㿔ⱘ䘫⬭ᆚᑺأᇣ2. ⎵咘㡆ᷛ⼎ߎᖂᡄ䆎ϡ䗖⫼ᴵӊ㒭ߎⱘ᳝效ㅫヺ༅效ऎ
ඳ.

⬅Ѣᱫ物䋼粒子㞾ᮟ੠ⳌѦ作⫼ㅫヺ⋯ҥݍ㒧ᵘⱘϡৠ, ϡৠㅫヺᓩ䍋
ⱘᬷᇘ੠⑂♁䖛⿟ৃҹ᳝ᕜ໻Ꮒᓖ3. OFS, OFV, OSS ੠ OSV ㅫヺ䛑Ӯ导㟈

ᱫ物䋼与原子核ⱘ㞾ᮟ᮴݇ᬷᇘ, ಴ℸ, ᴹ㞾Ⳉ᥹᥶⌟ᅲ偠 CDMS II [88] ੠
XENON100 [89, 90]ⱘ䰤ࠊ䴲ᐌᔎ,ᥦ䰸њ䘫⬭ᆚᑺ⌟䞣ؐܕ䆌ⱘᕜ໻ϔ䚼ߚऎ
ඳ. ঺ϔᮍ䴶, OFA ㅫヺা能ᓩ䍋㞾ᮟⳌ݇ᬷᇘ, CDMS [91] ੠ XENON10 [92]
ᅲ偠ᇍⳌѦ作⫼ᔎᑺⱘ䰤ࠊ↨䕗ᔅ. 㗠 OFP ㅫヺᓩ䍋ⱘᬷᇘ៾䴶೼䳊ࡼ䞣䕀⿏

ᵕ䰤ϟЎ䳊, Ⳉ᥹᥶⌟ᅲ偠޴Тϡ能㒭ߎ䰤ࠊ.

PAMELA⌟ᕫⱘ p̄/p↨՟能䈅 Ўᱫ物䋼⑂♁៾䴶,ߎᓖᐌ䍙⦃ߎ᳝≴[93]
䆒㕂њϞ䰤, བ೒中㪱㡆⚍㒓所⼎. ᇍѢ OFS ੠ OSV ㅫヺ, ⑂♁៾䴶乚༈䰊Ў
p 波៾䴶, 䫊⊇㋏中ⱘᱫ物䋼⑂♁ফࠄϹ䞡ⱘ䗳ᑺय़Ԣ, ಴㗠䰤ࠊ䴲ᐌᔅ. OFA

ㅫヺⱘ s 波⑂♁៾䴶ফࠄ㶎ᮟᑺय़Ԣ㗠ℷ↨Ѣ m2
f , 㱑✊䰤ࠊϡᔎ, ै೼ϔѯऎ

ඳҡ✊ᔎѢⳈ᥹᥶⌟ᅲ偠ᇍ㞾ᮟⳌ݇ᬷᇘⱘ䰤ࠊ. OFP, OFV ੠ OSS ㅫヺ㒭ߎ

ⱘ⑂♁៾䴶≵᳝ফࠄय़Ԣ, 能໳ᥦ䰸ϔᇣ䚼ߚ䘫⬭ᆚᑺ⌟䞣ؐܕ䆌ⱘऎඳ. 㗠
Ϩ, ᇍѢ OFP ㅫヺ, Ⳉ᥹᥶⌟ϡ能㒭ߎ䰤ࠊ, 䯈᥹᥶⌟㒧ᵰᰒᕫ↨䕗䞡㽕.

2བᵰ⬅Ϟ䗄᳝效ㅫヺᦣ䗄ⳌѦ作⫼ⱘᱫ物䋼াᰃܼ䚼ᱫ物䋼ⱘϔ䚼ߚ, ݊䘫⬭ᆚᑺأᇣᰃܕ䆌ⱘ.
3䰘ᔩ B.5 㡖߫ߎњᮟ䞣ঠ㒓ᗻൟⱘ㶎ᮟᗕ㸼䖒ᓣ, .Ѣ理㾷䖭ѯᏂᓖࡽ᳝
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ѠकϪ㑾ҹᴹ, ᇍᩲᴎᰃ研究粒子物理ⱘЏ㽕Ꮉ݋. ᇍᩲᴎᅲ偠থ⦄њ䆌
໮ᮄ粒子, Ҩ㒚ഄ⌟䞣њ粒子䯈ⱘⳌѦ作⫼, ՓҎ类њ㾷њᖂ㾖Ϫ⬠. ḍ᥂䖭ѯ
ᅲ偠ⱘ㒧ᵰ, 粒子物理ᷛޚ῵ൟ㹿ᓎゟ䍋ᴹ, ೼ᦣ䗄෎ᴀⳌѦ作⫼ᮍ䴶পᕫњᎼ
໻ⱘ៤ࡳ. ᇍᩲᴎ物理ᰃϔ䮼㊒⹂科学, ৘乍ܜ䖯ᡔᴃ೼ᅲ偠Ϟᕫࠄᑨ⫼੠ᓔ
থ, 高㊒ᑺ੠高䰊ⱘ理䆎䅵ㅫ能໳೼ᅲ偠中ᕫࠄẔ偠.

高能ᇍᩲᴎᰃϔ⾡໻ൟ㊒ᆚᅲ偠䆒ᮑ, Џ㽕⬅ࡴ䗳఼੠᥶⌟఼ϸ䚼ߚ㒘៤.
,䗳粒子ࡴ䗳఼ࡴ ᇚᅗӀ∛㘮៤ᴳ⌕, ᴳ⌕೼ϔϾ៪໮Ͼᇍᩲ⚍Ϟ⺄ᩲ. ᴳ⌕⾡
类ࣙᣀℷ䋳⬉子、ℷড䋼子੠䞡⾏子. г᳝Ҏᦤ䆂ᓎ䗴 µ 子ᇍᩲᴎ੠ܝ子ᇍᩲ

ᴎ, ϡ䖛Ⳃࠡᡔᴃ䖬ϡ໳៤❳. ⺄ᩲ䖛⿟ѻ⫳໻䞣粒子, ⾡类੠ѻ⫳ὖ⥛⬅ⳌѦ
作⫼ᗻ䋼އᅮ. ᥶⌟఼ᅝ㕂Ѣᇍᩲ⚍໘, ⌟䞣䖭ѯ粒子ⱘ能ࡼ䞣੠ⳌѦ作⫼乊
⚍位㕂, ᑊ䖯㸠粒子䡈别.

ᴀゴЎ高能ᇍᩲᴎ物理ὖ䗄, ᇍᩲᴎଃ䈵学ⱘ෎⸔ⶹ䆚খ㾕᭛⤂ [94].
3.1 㡖䯤䗄㸼ᕕᇍᩲᴎᗻ能ⱘЏ㽕খ᭄, ᑊҟ㒡ϔѯ高能ᇍᩲᴎ. 3.2 ᦣ䗄ᇍᩲ
ᴎϞⱘ物理䖛⿟ঞ݊៾䴶㸼䖒ᓣ. 3.3 㡖䇈ᯢ᥶⌟఼ⱘᵘ䗴、৘䚼ߚⱘ⫼䗨੠粒
子䞡ᓎ䖛⿟. 3.4 㡖䅼䆎Ў研究৘类物理䖛⿟㗠ᵘᓎⱘϔѯ䖤ࡼ学ব䞣. 3.5 㡖
ҟ㒡㩭⡍व⋯῵ᢳᮍ⊩੠ᐌ⫼ⱘ高能物理㩭⡍व⋯῵ᢳᎹ݋.

3.1 ᇍᩲᴎখ᭄

ᇍᩲϔ㠀指䖢༈⺄ᩲ, ेϸϾᴳ⌕ҢⳌডᮍ৥᥹䖥ᇍᩲ⚍, ✊ৢথ⫳⺄ᩲ.
与ℸϡৠ, ೼೎ᅮ䵊ᅲ偠中, া᳝ϔϾᴳ⌕, ᩲ৥ϔϾ೎ᅮⱘ䵊. থ⫳ᇍᩲⱘϸ
Ͼᴳ⌕粒子ⱘ䋼ᖗ能⿄Ўᇍᩲ能䞣, 䆄作

√
s. ᇍᩲথ⫳ᯊ, া᳝ᇥ䞣ᴳ⌕粒子

Ӯথ⫳ⳌѦ作⫼. Ўњ໮⃵߽⫼ᴳ⌕粒子, 䆌໮ࡴ䗳఼㹿䆒䅵៤⦃ᔶⱘ. ✊㗠,
⬅Ѣৠℹ䕤ᇘ, ⦃ᔶᵘ䗴䰤ࠊњᴳ⌕能䞣ⱘᦤ高. 䆒⦃ञᕘЎ R, ᴳ⌕ಲ䕀ϔ਼,
ৠℹ䕤ᇘ能䞣ᤳ༅ [95]

∆E ∝ 1

R

(
E

m

)4

, (3.1)
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݊中 E ᰃᴳ⌕能䞣, m ᰃᴳ⌕粒子䋼䞣. ಴ℸ, ⦃䍞໻, ᴳ⌕粒子䍞䞡, 能䞣ᤳ
༅䍞ᇥ. ৠḋⱘ⦃ञᕘ, ᔎ子ᇍᩲᴎৃҹ䖒ࠄⱘ能䞣↨ℷ䋳⬉子ᇍᩲᴎ高ᕫ໮.
Ⳉ㒓ࡴ䗳఼ৃҹ䙓ᓔৠℹ䕤ᇘ䯂乬, Ԛᴳ⌕ᇚব៤ϔ⃵ᗻⱘ.

೼ᇍᩲᴎϞ, ᶤϔϾ䖛⿟ⱘџ՟᭄ N ᰃℸ䖛⿟៾䴶 σ 与⿃ߚ҂ᑺⱘЬ⿃:

N = σ

∫
L (t)dt, (3.2)

݊中, L ᰃᴳ⌕ⱘⶀᯊ҂ᑺ. ᴳ⌕䗮ᐌ⬅ϔ㋏߫ᴳಶ (Bunch) 㒘៤. 䆒ᴳಶ乥
⥛Ў f (ेϸϾᴳಶⱘᯊ䯈䯈䱨Ў f−1), ϔϾᴳ⌕↣Ͼᴳಶࣙ৿ N1 Ͼ粒子, ঺
ϔϾᴳ⌕↣Ͼಶഫࣙ৿ N2 Ͼ粒子, ߭ⶀᯊ҂ᑺЎ [96]

L =
fN1N2

4πσxσy
. (3.3)

䖭䞠؛䆒ᴳಶ中粒子῾৥ߚᏗᰃѠ㓈高ᮃߚᏗ, 㗠 σx ੠ σy ᰃϸϾℷѸᮍ৥Ϟ

ᴳ⌕῾৥ሎᇌⱘഛᮍḍ. 䵊 (barn) ᰃ៾䴶ⱘᐌ⫼ऩ位, ᅗ与ᑇᮍ६㉇ⱘ݇㋏Ў

1 cm2 = 1024 barn = 1036 pb = 1039 fb = 1042 ab. (3.4)

ⶀᯊ҂ᑺⱘᐌ⫼ऩ位ᰃ cm−2 s−1, 㗠

1034 cm−2 s−1 ≃ 315 fb−1 year−1. (3.5)

ᅲ䰙䖤㸠ᯊ, ᇍᩲ能䞣ϡᰃᅠܼ೎ᅮⱘ. ⶀᯊ҂ᑺ᳝ϔϾ݇Ѣᅲ䰙ᇍᩲ能
䞣
√
ŝ ⱘߚᏗ (བ高ᮃߚᏗ), ೼

√
s ໘䖒ࠄዄؐ, ৃ㸼䖒Ў LL(ŝ), ݊中 L ᰃ

ዄؐⶀᯊ҂ᑺ, 㗠 L(ŝ) Ꮖ㹿ᔦϔ࣪,
∫
dŝL(ŝ) = 1. ডᑨ⥛㸼⼎៤ [94]

R(s) = L

∫
dŝL(ŝ)σ(ŝ). (3.6)

能䞣ᠽሩ (Energy Spread) ᅮНЎ

δE

E
=

∫
dŝL(ŝ)

√
ŝ−
√
s√

s
. (3.7)



㄀ϝゴ 高能ᇍᩲᴎ物理 37

ᇍѢᛳ݈䍷ⱘ䖛⿟, 㢹能䞣ᷛᑺ䖰໻Ѣ能䞣ᠽሩ, ߭ L(ŝ) ≃ δ(ŝ − s), ডᑨ⥛ৃ
ㅔऩ㸼⼎Ў R(s) = L σ(s). བᵰ研究ⱘ䖛⿟ᰃϔϾ݅ᤃ䖛⿟, Ϩ݅ᤃᗕᆑᑺᇣ
Ѣ能䞣ᠽሩ, ህ䳔㽕㗗㰥ⶀᯊ҂ᑺߚᏗⱘᕅડњ. 䖭⾡䯂乬೼ℷ䋳⬉子ᇍᩲᴎ
Ϟ㒣ᐌ䘛ࠄ.

㸼 3.1: ϔѯ高能ᇍᩲᴎⱘখ᭄. ϔѯ᭄ؐখ㗗᭛⤂ [96].

名⿄ ᯊ䯈 类ൟ
䭓ᑺ √

s
L δE/E

(km) (cm−2 s−1) (10−3)
LEP 1989-2000 e+e− 26.66 91− 209 GeV (2− 10)× 1031 0.7− 1.5

Tevatron 1987-2011 pp̄ 6.28 1.96 TeV 4.31× 1032 0.14
LHC 2009- pp 26.66 7− 14 TeV (1− 5)× 1034 ∼ 0.12

ILC / e+e− 31 500 GeV 1.5× 1034 1
CEPC / e+e− 50 240 GeV 1.8× 1034 ∼ 1

SppC / pp 50 50 TeV 2.15× 1035 /
TLEP / e+e− 100 240 GeV 5× 1034 3

VHE-LHC / pp 100 100 TeV 5× 1034 0.1
CLIC / e+e− 48 3 TeV 6× 1034 3.4

ᇍᩲᴎ研究物理䖛⿟ⱘ能࡯,Џ㽕পއѢ҂ᑺ੠ᇍᩲ能䞣. 物理䖛⿟ⱘ៾䴶
ᰃ⹂ᅮⱘ, ,҂ᑺ䍞高ߚ⿃ ᇣ៾䴶䖛⿟ⱘџ՟䍞໮, ⿃㌃ࠄϔᅮ᭄䞣ᠡ能䖯㸠研
究. ঺ϔᮍ䴶, ᮄ物理粒子ϔ㠀䋼䞣ᕜ໻, া᳝䎇໳高ⱘᇍᩲ能䞣ᠡ能ᇚᅗӀѻ
.ᴹߎ⫳ 㸼 3.1 .ϔѯ高能ᇍᩲᴎⱘᇍᩲ能䞣、ⶀᯊ҂ᑺ੠能䞣ᠽᬷㄝখ᭄ߎ߫
໻ൟℷ䋳⬉子ᇍᩲᴎ (Large Electron–Positron Collider, LEP) 位Ѣ⃻⌆核子中
ᖗ (CERN),⦃ᔶ,Ң 1989年䖤㸠㟇 2000年,᳝ 4Ͼ᥶⌟఼, ALEPH, DELPHI,
OPAL ੠ L3. ᅗ೼ Z ⦏㡆子ⱘ䋼䞣ᵕ⚍໘ᬊ䲚њ໻䞣᭄᥂, ᅠ៤њ䆌໮⬉ᔅ
㊒⹂⌟䞣. Tevatron ᰃ TeV 䞣㑻ⱘℷড䋼子⦃ᔶᇍᩲᴎ, 位Ѣ䌍㉇ᅲ偠ᅸ, Ң
1987 年䖤㸠㟇 2011 年, ᳝ 2 Ͼ᥶⌟఼, CDF ੠ DØ. 1995 年, Tevatron ᅲ偠থ
⦄乊༌ܟ. ໻ൟᔎ子ᇍᩲᴎ (Large Hadron Collider, LHC) Փ⫼原ᴀ LEP ⱘ䱻
䘧, 䖯㸠 pp ⺄ᩲ੠䞡⾏子⺄ᩲ, Ң 2009 年䖤㸠㟇Ҟ, ᳝ 4 Ͼ᥶⌟఼, ATLAS,
CMS, ALICE ੠ LHCb. 2012 年, LHC ᅲ偠থ⦄ Higgs ⦏㡆子.
㸼 3.1 䖬ࣙ৿޴Ͼ䆒ᛇ中ⱘ᳾ᴹᇍᩲᴎᅲ偠. 国䰙Ⳉ㒓ᇍᩲᴎ (Interna-
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tional Linear Collider, ILC) 㹿䆒䅵៤Ⳉ㒓ⱘℷ䋳⬉子ᇍᩲᴎ [97], ҹℸ㾘䙓ৠ
ℹ䕤ᇘ能ᤳ. 䆒䅵ⱘᇍᩲ能䞣ᰃ 500 GeV, Ԛгৃ能᳝ϔϾ 250 GeV ⱘ㄀ϔ䰊
↉, 㗠䖯ϔℹछ㑻能ᇚᇍᩲ能䞣ᦤ高ࠄ 1 TeV. ᳝ 2 Ͼ䆒䅵中ⱘ ILC ᥶⌟఼,
SiD ੠ ILD. ϡ䖛, ᅗӀϡ能ৠᯊՓ⫼, ಴ЎⳈ㒓ᇍᩲᴎা᳝ 1 Ͼᇍᩲ⚍.

2015 年߱, ៥国ⱘ⦃ᔶℷ䋳⬉子ᇍᩲᴎ (Circular Electron-Positron Col-
lider, CEPC) 䅵ߦᏆ㒣ᅠ៤߱ℹὖᗉ䆒䅵᡹ਞ. CEPC ᇚЏ㽕作ЎϔϾ Higgs
Ꮉॖ, 䱻䘧਼䭓 50− 70 km, ᇍᩲ能䞣 240− 250 GeV. 䅵ߦⱘ㄀Ѡ䰊↉, ৃҹᇚ
ᅗछ㑻Ў䍙㑻䋼子䋼子ᇍᩲᴎ (Super proton-proton Collider, SppC), ᇍᩲ能䞣
50− 70 TeV, 䖯㸠ᮄ物理粒子ⱘⳈ᥹᧰ᇏ.

CERNⱘ HiggsᎹॖ䅵ߦЎ TLEP⦃ᔶᇍᩲᴎ [98],䱻䘧਼䭓 80−100 km,
ᇍᩲ能䞣 90− 350 GeV, ৃҹᇍ Z ⦏㡆子、W ⦏㡆子、Higgs ⦏㡆子੠乊༌ܟ
䖯㸠㊒⹂⌟䞣. ᅗ೼㄀Ѡ䰊↉ৃछ㑻Ўᔎ子ᇍᩲᴎ VHE-LHC, ᇍᩲ能䞣䖒ࠄ
100 TeV. ㋻㟈Ⳉ㒓ᇍᩲᴎ (Compact Linear Collider, CLIC) ᰃ঺ϔϾ高能ℷ䋳
⬉子Ⳉ㒓ᇍᩲᴎ䅵ߦ [99], 乘ᳳ能໳ࡽ׳ᮄᡔᴃՓᇍᩲ能䞣䖒ࠄ 3 TeV.

3.2 䖛⿟੠៾䴶

೼ᇍᩲᴎϞ, ↨䕗䞡㽕ⱘ䖛⿟㒣ᐌࣙ৿䞡粒子. 䆌໮ᇓੑᕜⷁⱘ໻䋼䞣粒
子ѻ⫳Пৢ, Ӯ䖙䗳㹄ব. 㹄বѻ物中ҡৃ能᳝ⷁᇓੑ粒子, ᅗӀӮ䖯ϔℹ㹄ব,
᳔㒜া᳝Ⳍᇍ〇ᅮⱘ粒子能㹿᥶⌟఼᥹ᬊࠄ, བ e±, γ, µ±, p, n, π± ੠ K± ㄝ.
䅵ㅫ䞡粒子ѻ⫳៾䴶ᯊ, ϹḐᴹ䇈, 㽕ᇍ᳔㒜ѻ物䖯㸠᳿ᗕⳌぎ䯈⿃ߚ. ϡ䖛,
೼ᐌ㾕ᅲ䰙䖛⿟中, ᑨ⫼じᆑᑺ䖥Ԑ, ᇚ೼໇䞡粒子作Ў᳿ᗕ, ህ能ᕫࠄⳌᔧ㊒
⹂ⱘ㒧ᵰ.

೒ 3.1 ⱘᎺ೒⬏ߎњ e+e− ᇍᩲᴎϞ৘Ͼᷛޚ῵ൟ䖛⿟ⱘѻ⫳៾䴶. 䞡粒子
ѻ⫳䖛⿟ⱘ䯜能ᰃ䞡粒子䋼䞣П੠, བ೒中 ZZ, W+W−, tt̄ ੠ Zh 䖛⿟ⱘ៾䴶

ব࣪㸠Ў所⼎. ϔ㠀ᴹ䇈, 䯜能ᠧᓔৢ, ៾䴶䱣能䞣ᦤ高㗠๲໻, ೼ᶤϾ能䞣⚍
䖒ࠄዄؐ, ✊ৢ䱣能䞣ᦤ高㗠ޣᇣ.

ᔎ子ᇍᩲᴎⱘᚙމ㽕໡ᴖϔѯ, ಴Ўᔎ子ᰃ໡ড়粒子, ᔎ子中ⱘ䚼ߚ子ᠡᰃ
⹀ᬷᇘ䖛⿟ⱘ߱ᗕ. 䖭䞠, 䚼ߚ子指ᔎ子中ⱘ༌ܟ੠㛊子, 㗠⹀ᬷᇘ䖛⿟指ࡼ䞣
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೒ 3.1: e+e− ᇍᩲᴎ (Ꮊ) ੠ pp ᇍᩲᴎ (ে) Ϟⱘᷛޚ῵ൟ䖛⿟៾䴶 [94].

䕀⿏ᕜ໻ⱘ䖛⿟, བ䞡粒子ѻ⫳䖛⿟. ⹀䖛⿟ h1h2 → X ⱘ៾䴶ৃҹ㸼⼎Ў [96]

σ(h1h2 → X) =
∑
ij

∫
dx1dx2fi/h1(x1, µ

2
F )fj/h2(x2, µ

2
F )σ̂ij→X(x1x2s, µ

2
R, µ

2
F ).

(3.8)
݊中, σ̂ij→X 㸼⼎䚼ߚ子 i ੠ j ⺄ᩲѻ⫳᳿ᗕ X ⱘ៾䴶, ᰃ䚼ߚ子ሖ䴶 (Parton
Level) Ϟⱘ៾䴶. 䞡ᭈ࣪能ᷛ µR 䗮䖛ᔎⳌѦ作⫼䎥ࡼ㗺ড়ᐌ᭄ αs(µ

2
R) 䖯ܹ៾

䴶㸼䖒ᓣ, 㗺ড়ᐌ᭄ⱘ䎥ࡼ㸠Ў⬅䞡ᭈ࣪㕸ᮍ⿟ µ2
Rdαs/dµ

2
R = β(αs) ᦣ䗄. fi/h1

(fj/h2) ᰃ䚼ߚ子 i (j) ೼ᔎ子 h1 (h2) 中ⱘ䚼ߚ子ߚᏗߑ᭄ (Parton Distribution
Function, PDF), µF ᰃ಴子࣪能ᷛ.

PDF 䱣 µ2
F ⱘⓨ࣪⬅ DGLAP ᮍ⿟އᅮ [100–102]:

µ2
F

∂fi/h(x, µ
2
F )

∂µ2
F

=
∑
j

αs(µ
2
F )

2π

∫ 1

x

dz

z
Pi←j(z)fj/h

(x
z
, µ2

F

)
, (3.9)

݊中 Pi←j(z) ᰃ䚼ߚ子ߚ㺖ߑ᭄ (Splitting Function). PDF ᭄ؐ⬅䕏子与
ᔎ子ⱘ⏅ᑺ䴲ᔍᗻᬷᇘ੠ᔎ子ᇍᩲᴎⳌ݇䖛⿟ⱘᅲ偠⌟䞣᭄᥂⹂ᅮ. ᔧ
µ2
F = 10 GeV2 ੠ µ2

F = 104 GeV2 ᯊ, 䋼子 PDF བ೒ 3.2 所⼎. 䋼子中ⱘӋ༌
ᰃܟ 2 ϾϞ༌ܟ੠ 1 Ͼϟ༌ܟ, ಴㗠∫ 1

0

dx[fu/p(x)− fū/p(x)] = 2,

∫ 1

0

dx[fd/p(x)− fd̄/p(x)] = 1. (3.10)
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ᇍѢ⍋༌ܟ, ᳝ fs̄/p = fs/p, fc̄/p = fc/p, fb̄/p = fb/p. 䚼ߚ子ᨎᏺⱘࡼ䞣ᑨ㒘៤䋼
子ࡼ䞣, ᬙ PDF 䖬⒵䎇

∫ 1

0

dxx

[
fg/p(x) +

∑
i=q,q̄

fi/p(x)

]
= 1. (3.11)

བᵰϔϾ䖛⿟ⱘ᳿ᗕϡᏺ⬉㥋੠㡆㥋, ೼ pp̄ ᇍᩲᴎ (བ Tevatron) ϞЏ㽕䋵⤂
ᴹ㞾 qq̄ ⑂♁, ೼ pp ᇍᩲᴎ (བ LHC) ϞЏ㽕䋵⤂߭ᴹ㞾 gg ⺄ᩲ. ⬅Ѣ⍋༌ܟ
੠㛊子ⱘ PDF 䱣ⴔ಴子࣪能ᷛ µF ⱘᦤ高㗠๲໻, ᔎ子ᇍᩲᴎϞ䆌໮䖛⿟ (བ
ᇍѻ⫳੠ Higgs 粒子ѻ⫳) ⱘ៾䴶Ӯ䱣ⴔᇍᩲ能䞣ⱘᦤ高㗠๲໻, བ೒ 3.1 ⱘে
೒所⼎.
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೒ 3.2: 䋼子 PDF [96]. 㒉䕈Ў xf(x, µ2
F ), 㛊子ᇍᑨⱘ PDF Ꮖ㒣䰸ҹ 10. Ꮊ

(ে) ೒ᇍᑨѢ µ2
F = 10 GeV2 (µ2

F = 104 GeV2).

೒ 3.3 ਜ⦄њᔎ子ᇍᩲᴎϞⱘ⹀ᬷᇘ䖛⿟੠䕃䖛⿟. ೼ᔎ子ᇍᩲᴎϞ, ⹀
ᬷᇘ䖛⿟া⬅ϸϾ乚༈ⱘ䚼ߚ子䋵⤂, ݊ᅗ䚼ߚ子Ӯথ⫳ࡼ䞣䕀⿏䕗ᇣ (GeV
䞣㑻) ⱘᬷᇘ, ሲѢ䕃䖛⿟. 䖭ѯ䕃䖛⿟ᓩ䍋ⱘџ՟⿄Ўϟሖџ՟ (Underlying
Event). ঺໪ϸ类䕃䖛⿟ᰃ߱ᗕ䕤ᇘ੠᳿ᗕ䕤ᇘ. ᅗӀ೼ e+e− ᇍᩲᴎϞгᯊ᳝

থ⫳, ϡ䖛, 䙷䞠ⱘ߱ᗕ䕤ᇘা能ᰃܝ子䕤ᇘ. ೼ᔎ子ᇍᩲᴎϞ, ߱᳿ᗕ䕤ᇘ䖛
⿟䕤ᇘߎᴹⱘ粒子Џ㽕ᰃ䚼ߚ子.
⹀ᬷᇘ᳿ᗕ中ⱘ䚼ߚ子, ៪ᴹ㞾߱᳿ᗕ䕤ᇘⱘ䚼ߚ子, བᵰࡼ䞣䕗໻, Ӯߚ
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㺖៤ϸϾ䚼ߚ子, ᅗӀজৃ能Ӯݡᑺߚ㺖. ,㺖ӮϔⳈথ⫳ϟএߚ Ⳉߚࠄ㺖䖛⿟
能ᷛ䰡㟇 O(GeV), ೼ℸ能ᷛϞ, ᔎ子࣪䖛⿟থ⫳, 䚼ߚ子㹿⽕䯁೼ᔎ子中. 䖭⾡
䚼ߚ子ߚ㺖䖛⿟㹿⿄Ў䚼ߚ子㇛ᇘ (Parton Shower). ϡৠѢᔎ子࣪䖛⿟, 䚼ߚ
子㇛ᇘ䖛⿟ৃҹ⫼ᖂᡄ QCD ᦣ䗄.

೒ 3.3: ᔎ子ᇍᩲ䖛⿟⼎ᛣ೒.

3.3 ᥶⌟఼੠㉦ᄤ䞡ᓎ

〇ᅮ粒子೼ᇍᩲ⚍ѻ⫳Пৢ, ᔧ✊能໳ࠄ䖒᥶⌟఼. ঺ϔᮍ䴶, ᇍᩲѻ⫳ⱘ
ϡ〇ᅮ粒子能৺㹿᥶⌟఼Ⳉ᥹⌟䞣, ߭পއѢᅗӀⱘᇓੑ. ϡ〇ᅮ高能粒子೼
㹄বПࠡ䖤ࡼⱘ⡍ᕕ䎱⾏Ў

d = vt = βcγτ ≃ γcτ ≃ γ
( τ

10−12 s

)
300 µm, (3.12)

݊中 γ = E/m ᰃ⋯ҥݍ಴子, τ ᰃ粒子ᇓੑ. 10−12 s ᰃϔϾ݇䬂ⱘᯊ䯈ᷛᑺ.
ᇍ᥶⌟఼㗠㿔, τ < 10−12 s ⱘ粒子෎ᴀϞᰃⶀᯊ㹄বⱘ, া能䴴᥶⌟ᅗⱘ㹄ব
ѻ物ᇚᅗ䞡ᓎߎᴹ. 䖭ḋⱘ粒子ࣙᣀ π0, ρ0 ੠ ρ± ㄝ⬉⺕㹄ব៪ᔎ㹄বЎЏⱘ

粒子, ҹঞ Z0, W±, t ੠ h ㄝ䴲ᐌ䞡ⱘ粒子. 10−12 s < τ < 10−10 s ⱘ粒子, བ
B0, B±, D0, D±, τ± ੠ K0

S ㄝ, ৃҹ䖤ࡼϔ↉᥶⌟఼ৃߚ䕼ⱘ䎱⾏Пৢݡ㹄ব,
ᔶ៤与原߱ⳌѦ作⫼乊⚍ (Vertex) .⚍ᓔⱘ㄀Ѡ乊ߚ ㄀Ѡ乊⚍ⱘ⌟ᅮ᳝ࡽѢ䡈
别䖭类粒子. τ > 10−10 s ⱘ粒子ৃ䅸ЎᰃⳌᇍ〇ᅮⱘ, 䗮ᐌ能໳⏅ܹ᥶⌟఼, Џ
㽕ᰃᔅ㹄ব粒子, ࣙᣀ µ±, π±, K±, n, Λ ੠ K0

L ㄝ.

ᇍᩲᴎϞ粒子᥶⌟఼ⱘӏࡵᰃ⌟䞣粒子ⱘ能䞣 E ੠ࡼ䞣 p, 䖯㸠粒子䡈别,
Ң㗠研究ᅗӀⱘѻ⫳䖛⿟. 䗮ᐌ⿄ᑇ㸠Ѣᴳ⌕ⱘᮍ৥Ў㒉৥, ൖⳈѢᴳ⌕ⱘᮍ
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৥Ў῾৥. 粒子与ᴳ⌕ᮍ৥ⱘ།㾦ᅮНЎ θ, 㣗ೈЎ [0, π]. ϡ䖛, 㒣ᐌ⫼䌱ᖿᑺ
η ᴹҷ᳓ θ, ᅗӀП䯈ⱘ݇㋏Ў

η = − ln tan θ
2
, θ = 2 tan−1(e−η), (3.13)

㗠 −η ᇍᑨѢ π − θ. η ⱘϔѯᐌ⫼᭄ؐ与 θ ⱘᇍᑨ݇㋏߫Ѣ㸼 3.2 中. ೼῾৥
ᑇ䴶ϞপᅮϔϾখ㗗ᮍ৥, ৃҹᅮНᮍ位㾦 ϕ, 㣗ೈЎ [0, 2π) ៪ [−π, π). 粒子 i

੠粒子 j ೼㾦ᑺϞⱘ䎱⾏ৃ⫼ ∆Rij 㸼⼎, ᅗⱘᅮНᰃ

∆Rij =

√
(ηi − ηj)2 + (ϕi − ϕj)2. (3.14)

㸼 3.2: η 与 θ ⱘᇍᑨ݇㋏.

η 0 0.5 1 1.5 2 2.5 3 4 5 10
θ 90◦ 62.5◦ 40.4◦ 25.2◦ 15.4◦ 9.4◦ 5.7◦ 2.1◦ 0.77◦ 0.005◦

η 4.74 3.64 3.13 2.44 2.03 1.74 1.32 1.01 0.76 0.36
θ 1◦ 3◦ 5◦ 10◦ 15◦ 20◦ 30◦ 40◦ 50◦ 70◦

䗮ᐌᴹ䇈, ⹀ᬷᇘ䖛⿟ѻ⫳ⱘ粒子䲚中Ѣ θ ᥹䖥 π/2 ⱘऎඳ (中ᖗऎ), 㗠
䆌໮䕃䖛⿟ѻ⫳ⱘ粒子䲚中Ѣ θ ᥹䖥 0 ៪ π ⱘऎඳ (ᳱࠡऎ). བ೒ 3.4 所⼎,
ৃҹᇚ粒子ࡼ䞣 p ೼῾৥ᑇ䴶ϞⱘᡩᕅᅮНЎ pT, ݊῵Ў pT = |p| sin θ. pT 䕗

໻ⱘ粒子ᐌᐌᴹ㞾Ѣ⹀ᬷᇘ䖛⿟, ಴ℸ, ᐌ⫼ pT 㗠䴲 E ᴹЎ粒子ᥦᑣ. 粒子ⱘ
能ࡼ䞣ৃ⬅খ᭄䲚 {η, ϕ, pT,m} 㸼ᕕ.

᥶⌟఼ϔ㠀䆒䅵៤೚᷅ᔶ (ेṊ⢊), 中䕈㒓Ўᴳ⌕, ᇍᩲ⚍位Ѣ中ᖗ. 子᥶
⌟఼ϔሖሖᥦ߫,Ң䞠ࠄ໪,ϔ㠀ࣙᣀ乊⚍᥶⌟఼、ᕘ䗍᥶⌟఼ (Tracker)、⬉⺕䞣
能఼ (Electromagnetic Calorimeter, ECAL)、ᔎ子䞣能఼ (Hadron Calorimeter,
HCAL) ੠ µ 子᥶⌟఼. ᥶⌟఼Ϟ᳝ࡴ㒉৥⺕എ, ᏺ⬉粒子䖤ࡼᯊ೼῾৥Ϟথ⫳
,䕀أ ᦤկ乱໪ⱘֵᙃ.

৘子᥶⌟఼ⱘࡳ能བϟ. 乊⚍᥶⌟఼位Ѣ᳔䞠ሖ, ӏࡵᰃ⌟ᅮⳌѦ作⫼乊
⚍ⱘ位㕂, ࣙᣀ原߱乊⚍੠㄀Ѡ乊⚍. ᕘ䗍᥶⌟఼䋳䋷⌟䞣ᏺ⬉粒子೼⺕എ中
ⱘᕘ䗍੠ϔᅮⱘ⬉⺕能ᤳ, 䗮䖛ᕘ䗍ⱘ῾৥᳆⥛ञᕘৃҹᅮߎᏺ⬉粒子ⱘࡼ䞣.
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೒ 3.4: 粒子ࡼ䞣 p ⱘ῾৥ᡩᕅ੠㒉৥ᡩᕅ.

ᏺ⬉粒子೼⬉⺕䞣能఼䞠䴶ᓩথ⬉⺕㇛ᇘ, ⬅ℸ≝⿃ⱘ能䞣㹿⬉⺕䞣能఼⌟䞣
.ᴹߎ 䋼䞣ᇣⱘ粒子⬉⺕能ᤳ↨䕗໻, ⬉子੠⬉子ⱘ能䞣䗮ᐌӮᅠܼ≝⿃೼ܝ
⺕䞣能఼中, 㗠 µ 子≝⿃ⱘ能䞣ै䴲ᐌᇥ. ᔎ子䞣能఼能Փᔎ子Ң中ᓩথᔎ子
㇛ᇘ, ᇚᔎ子ⱘ能䞣ᅠܼ≝⿃ᑊ⌟䞣ߎᴹ. µ 子᥶⌟఼位Ѣ᳔໪ሖ, 䋳䋷㊒⹂⌟
䞣೼݊ᅗ᥶⌟఼中䛑⌟䞣ᕫϡ໳དⱘ µ 子.

䗮ᐌᴹ䇈, ⬅Ѣᴳ⌕位㕂੠ᵘ䗴ⱘ原಴, ᥶⌟఼ϡ能໳㽚Ⲫܼゟԧ㾦, 㗠
Ϩ೼Ṋ䚼与ッⲪ㸨᥹໘᥶⌟效⥛Ӯ䰡Ԣ. ᇍѢ LHC Ϟⱘ᥶⌟఼ ATLAS ੠
CMS, ೼㒉৥Ϟ, ᕘ䗍᥶⌟఼ⱘ㽚Ⲫ㣗ೈЎ |η| ≲ 2.5, ⬉⺕䞣能఼ⱘ㽚Ⲫ㣗ೈЎ
|η| ≲ 3, ᔎ子䞣能఼ⱘ㽚Ⲫ㣗ೈЎ |η| ≲ 5.

CMS ᥶⌟఼ⱘ῾៾䴶བ೒ 3.5 所⼎. ೒中䖬ᷛ⼎њ޴类粒子೼᥶⌟఼中ⱘ
㸠Ў. ⬉子೼ᕘ䗍᥶⌟఼中⬭ϟᕘ䗍, ✊ৢ೼⬉⺕䞣能఼中ᅠܼ≝⿃能䞣. 子ܝ
≵᳝ᕘ䗍, 能䞣ᅠܼ≝⿃೼⬉⺕䞣能఼䞠䴶. ᏺ⬉ᔎ子⬭ϟᕘ䗍, ೼⬉⺕䞣能఼
中⬭ϟ䚼ߚ能䞣, ೼ᔎ子䞣能఼中ᠡᇚ能䞣ᅠܼ≝⿃ϟᴹ. 中ᗻᔎ子≵᳝ᕘ䗍,
೼⬉⺕䞣能఼中ϡ≝⿃能䞣, ᇚ能䞣䛑⬭೼ᔎ子䞣能఼中. µ 子᳝ᕘ䗍, ೼⬉⺕
䞣能఼中≝⿃能䞣ᵕᇥ, 㽕䗮䖛᳔໪ሖⱘ µ 子᥶⌟఼ᠡ能ᇚᅗⱘ能ࡼ䞣⌟䞣ᕫ

䎇໳㊒⹂. ೼ CMS ⱘ µ 子᥶⌟఼໘, ⺕എ与ݙሖⳌড, ಴㗠 µ 子䔼䗍ⱘᔃ᳆ᮍ

৥гড䖛ᴹњ. ḍ᥂৘⾡粒子೼৘Ͼ子᥶⌟఼中ⱘϡৠડᑨ, ৃҹᅲ⦄粒子䡈
别. ᇍѢᶤѯ粒子, 䖭ѯ子᥶⌟఼ᇍ物理䞣ⱘ⌟䞣ᅲ䰙Ϟ᳝⚍䞡໡, 䖭ḋ㓐ড়䍋
ᴹৃҹ㦋ᕫ䕗高ⱘ㊒ᑺ.

བϞϔ㡖所䗄, ,子㇛ᇘߚ子Ӯᓩ䍋䚼ߚ䞣䕗໻ⱘ䚼ࡼ ᔎ子࣪Пৢᔶ៤ϔІ
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೒ 3.5: CMS ᥶⌟఼⼎ᛣ೒ [103] .

ᮍ৥޴ТⳌৠⱘ粒子, 㹿⿄Ў஋⊼ (Jet). 䖭ѯ粒子ⱘࡼ䞣П੠㹿ᅮНЎ஋⊼ⱘ
,䞣ࡼ ᅗӀⱘ䋼ᖗ能䞣⿄Ў஋⊼ⱘϡব䋼䞣. ೼ᅲ偠中, ᇚ஋⊼㾚作ऩ⣀ⱘ物ԧ,
ҹℸ῵ᢳ᳿ᗕ中ⱘϔϾϾ高能䚼ߚ子. ϡ䖛, ᮍ৥䴴䖥ⱘ䚼ߚ子ᓩথⱘ஋⊼ৃ
能೼ϔᅮ⿟ᑺϞ᳝所Ѹ঴, 㗠ϟሖџ՟гӮ∵ᶧ஋⊼. ℸ໪, ᥶⌟఼ᑊϡ能ᅠܼ
ֱ䆕ϔϾ㾺থџ՟াᴹ㞾Ѣϔ⃵⺄ᩲ, ᯊ䯈䯈䱨੠ぎ䯈䯈䱨᥹䖥ⱘ⺄ᩲгৃ能
Ӯ⏋ܹ݊中, ⿄Ў pile-up џ՟. ೼ LHC Ϟ, 䱣ⴔ҂ᑺᦤ高, pile-up џ՟বᕫ䍞
ᴹ䍞໮, ᳝ৃ能∵ᶧ஋⊼. ಴ℸ, ϔϾ஋⊼ᑊϡᅠܼᇍᑨѢϔϾ高能䚼ߚ子.

঺ϔᮍ䴶, ஋⊼䳔㽕⬅஋⊼㘮ಶㅫ⊩ (Jet Clustering Algorithm) ᴹᅮН,
ϡৠㅫ⊩㒭ߎⱘ஋⊼гϡϔḋ. ᳔ㅔऩᯢњⱘㅫ⊩ᰃ৘⾡೚䫹ㅫ⊩ (Cone
Algorithm) [104]. ᅗӀܜᅮН᳔ᇣ῾৥ࡼ䞣 pmin

T ੠೚䫹ᓴ㾦 R, ҢᶤϾ⾡子
(Seed) 粒子 i ᓔྟ, བᵰӏᛣ粒子 j 与粒子 i ⱘ㾦ᑺ䎱⾏ ∆Rij ᇣѢ R, ህᇚᅗ
Ӏ与 i ⱘࡼ䞣ড়ᑊ䍋ᴹ. ✊ৢ, ᇚᘏࡼ䞣ᮍ৥作Ўᮄⱘ⾡子ᮍ৥, ড়ᑊ㾦ᑺ䎱⾏
ᇣѢ R ⱘ粒子. 㒻㓁䖯㸠ϟএ, Ⳉࠄ೚䫹ݙⱘ粒子ϡݡব࣪. ℸᯊ, 㢹〇ᅮ೚䫹
䞣໻Ѣࡼ粒子ⱘᘏ῾৥ݙ pmin

T , ߭ᇚ䖭ѯ粒子㾚作ϔϾ஋⊼. 䖭ѯ೚䫹ㅫ⊩П
䯈ⱘϡৠ೼Ѣ⾡子ⱘ䗝ᢽ, ҹঞᔧϸϾ೚䫹Ѹ঴ᯊབԩއᅮϔϾ粒子ሲѢાϾ
஋⊼.

Ԛᰃ, Ң⾡子ߎথⱘ೚䫹ㅫ⊩䛑ᄬ೼ϔϾ䯂乬. 㢹াՓ⫼高ѢᶤϾࡼ䞣䯜
ؐⱘ粒子作Ў⾡子, ߭ㅫ⊩ᰃ݅㒓ϡ〇ᅮⱘ (Collinear Unsafe). བᵰϡᔎࡴ䖭
Ͼ䯜ؐᴵӊ, 䅽ӏᛣ粒子䛑能作Ў⾡子, 䙷М, ϡ能ֱ䆕ܹࡴϔϾࡼ䞣᮴かᇣⱘ
粒子ϡӮ导㟈ߎ⦄ϔϾᮄⱘ〇ᅮ೚䫹, ㅫ⊩ᰃ红໪ϡ〇ᅮⱘ (Infrared Unsafe).
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SISCone ㅫ⊩ [105] 㾷އњ䖭Ͼ䯂乬, ಴Ўᅗϡ䞛⫼⾡子.

঺ϔ类ㅫ⊩ᰃ৘⾡ձᑣ㒘ড়ㅫ⊩ (Sequential Recombination Algorithm).
ᅗӀᇚ (Ӿ) 粒子 i ੠ (Ӿ) 粒子 j П䯈ⱘ䎱⾏ᅮНЎ

dij = min
(
k2pt,i , k

2p
t,j

)(∆Rij

R

)2

, (3.15)

݊中 kt,i ᰃ i ⱘ῾৥ࡼ䞣, R ᰃㅫ⊩ⱘ㾦ᑺ䎱⾏খ᭄. ℸ໪, 䖬ᇚ i 与ᴳ⌕ⱘ䎱

⾏ᅮНЎ diB = k2pt,i . ✊ৢ, ೼所᳝ dij ੠ diB 中ᡒ᳔ߎᇣⱘ䙷ϔϾ. བᵰᅗᰃϔ
Ͼ dij, ህᇚ i ੠ j ড়ᑊ៤ϔϾӾ粒子; བᵰᅗᰃϔϾ diB, ህᇚ i 粒子㸼ᑊߎ⿏

䅸ЎᅗᰃϔϾ஋⊼. ϡᮁ᪡作, Ⳉࠄ所᳝粒子䛑㹿ড়៤೼஋⊼中. ᳔ৢ, া᳝῾
৥ࡼ䞣໻Ѣ pmin

T ⱘ஋⊼㹿⬭ϟᴹ. ೼ᖂᡄ䆎ӏᛣ䰊Ϟ, ৘⾡ձᑣ㒘ড়ㅫ⊩䛑ᰃ
红໪੠݅㒓〇ᅮⱘ.

ϡৠⱘձᑣ㒘ড়ㅫ⊩⬅খ᭄ p 㸼ᕕ. p = 1 ᇍᑨѢ kt ㅫ⊩ [106, 107], ᅗ
ᇚ䕃粒子ܜ㒘ড়䍋ᴹ; p = 0 ᇍᑨѢ Cambridge-Aachen ㅫ⊩ [108, 109], ᅗᇚ㾦
ᑺ䎱⾏䖥ⱘ粒子ܜ㒘ড়䍋ᴹ; p = −1 ᇍᑨѢ anti-kt ㅫ⊩ [110], ᅗᇚ⹀粒子ܜ
㒘ড়䍋ᴹ. ࠡϸ⾡ㅫ⊩, ࣙᣀ SISCone ㅫ⊩, ᕫߎⱘ஋⊼㒣ᐌ᳝݋ϡ㾘߭ⱘ䖍
⬠. া᳝ anti-kt ㅫ⊩ᕫߎⱘ஋⊼ᰃ೚䫹⢊ⱘ. ⬅Ѣ䖭ϾӬ࢓, anti-kt ㅫ⊩៤Ў
ᔧࠡ LHC ᅲ偠ⱘᷛޚㅫ⊩. ৘⾡஋⊼㘮ಶㅫ⊩ৃҹ䗮䖛⿟ᑣࣙ FastJet [111]
੠ SpartyJet [112] 䇗⫼.

Ⳍ↨Ѣ䕏༌ܟ੠㛊子ᓩ䍋ⱘ஋⊼, 䞡༌ܟᓩ䍋ⱘ஋⊼᳝݋ϔѯϡৠⱘ⡍ᕕ,
୘⫼䖭ѯ⡍ᕕৃҹᇍ䞡༌ܟ䖯㸠ᷛ䆄 (Tagging). ᇚ b ༌ܟᓩ䍋ⱘ஋⊼䕽䆚ߎᴹ

ⱘ䖛⿟⿄Ў b ᷛ䆄 (b-tagging), ᷛ䆄ߎᴹⱘ஋⊼⿄Ў b ஋⊼ (b-jet). ೼ LHC Ϟ,
b ᷛ䆄ᇍϔѯ䖛⿟ⱘߚᵤ㟇݇䞡㽕, བ h → bb̄ 䞣੠⌟↨ᬃߚ tt̄ ៾䴶⌟䞣ㄝ. b
஋⊼Џ㽕᳝ϸϾ⡍ᕕ᳝别Ѣ݊ᅗ஋⊼. ϔ、b ༌ܟᔎ子࣪ৢ⫳៤ B ҟ子, B ҟ
子㹄ব导㟈ߎ⦄㄀Ѡ乊⚍, 与原߱乊⚍ߚ䱨ϔ↉䎱⾏. Ѡ、b ஋⊼中ⱘ䕃⬉子੠
䕃 µ 子৿䞣↨݊ᅗ஋⊼໮. ᇍᩲ能䞣Ў 8 TeV ᯊ, ATLAS Ϟ b ᷛ䆄效⥛㑺Ў

60− 80% [113].

τ 䕏子ⱘᔎ子㹄বᬃߚ↨Ў 64.7%, ᔎ子㹄বѻ物䗮ᐌӮ㹿䅸ᅮ៤஋⊼. τ
ᷛ䆄 (τ -tagging) ⱘӏࡵᰃᇚᔎ子㹄বⱘ τ 子 (䆄Ў τh) Ң஋⊼中䕼䆚ߎᴹ. τh
ⱘ㹄ব῵ᓣЏ㽕᳝ϸ类, ㄀ϔ类ⱘѻ物中৿᳝ 1 Ͼᏺ⬉粒子 (1-prong ῵ᓣ), ㄀
Ѡ类ⱘѻ物中৿᳝ 3 Ͼᏺ⬉粒子 (3-prong ῵ᓣ), ಴㗠೼ᕘ䗍᥶⌟఼Ϟߚ别ᔶ
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៤ 1 ᴵ੠ 3 ᴵᕘ䗍. ߽⫼䖭⾡⡍ᕕ, ೼ ATLAS Ϟ䖯㸠䗖中 (ϹḐ) ⱘ τ ᷛ䆄,
效⥛㑺Ў 60% (40%) [114].

㓐Ϟ, 䗮䖛粒子᥶⌟఼ⱘ⌟䞣䞡ᓎߎᴹⱘ物ԧЏ㽕ᰃܝ子、ℷ䋳⬉子、ℷ
䋳 µ 子੠஋⊼. བᵰՓ⫼ᷛ䆄ᮍ⊩, 䖬ৃҹ䕼䆚ߎ b ஋⊼੠ τh. ℸ໪, ᇍѢᔎ子
㹄বⱘ t ༌ܟ, ৃҹՓ⫼ t ᷛ䆄ᮍ⊩䖯㸠䕼䆚 [115], ϡ䖛Ⳃࠡᇮ᳾᱂䘡ᑨ⫼.

3.4 䖤ࡼ学ব䞣

བϞϔ㡖所䗄, 䖯㸠粒子䞡ᓎПৢ, ৃկՓ⫼ⱘ物理䞣᳝ γ, e±, µ± ੠஋⊼
ⱘ η, ϕ ੠ pT. ߽⫼䖭ѯ物理䞣, ৃҹ㒘ড়ߎ᳈Ў໡ᴖⱘ䖤ࡼ学ব䞣, ೼ߚᵤ中
୘߽ࡴ⫼, 能໳ᕜདഄय़Ԣ㚠᱃, ᦤ高ֵোᰒ㨫ᗻ. ᥹ϟᴹҟ㒡ϔѯᐌ⫼ⱘ䖤ࡼ
学ব䞣.

(1) /ET

ᇍᩲᴎϞⱘ粒子᥶⌟఼≵᳝能࡯᥶⌟中ᖂ子੠ᱫ物䋼粒子, ಴㗠, བᵰϔϾ
џ՟中ࣙ৿䖭ѯ粒子, 䞡ᓎߎᴹПৢ, ᘏࡼ䞣П੠ᇚ与߱ᗕϡৠ. ೼ᔎ子ᇍᩲᴎ
Ϟ, খ与⹀ᬷᇘⱘϸϾ䚼ߚ子ᨎᏺⱘࡼ䞣ᰃϡ⹂ᅮⱘ, ᬙϡ能⹂ᅮϔϾџ՟ⱘ߱
ྟ㒉৥ࡼ䞣. Ѣᰃ, བᵰϔϾџ՟৿᳝中ᖂ子៪ᱫ物䋼粒子, 䞡ᓎߎᴹⱘᘏࡼ䞣
೼῾৥ᑇ䴶Ϟᰃϡᅜᘦⱘ. ᇍ所᳝䞡ᓎ粒子ⱘ῾৥ࡼ䞣 piT ∖੠, ᅮН

/pT ≡ −
∑
i

piT, /ET ≡ |/pT|, (3.16)

݊中, /ET ⿄Ў϶༅ⱘ῾৥能䞣 (Missing Transverse Energy), ᅗᅲ䰙Ϟᰃ϶༅ⱘ
῾৥ࡼ䞣 /pT ⱘ῵.

೼ϟ䴶ϸゴ中, ៥ӀᇚӮ߽⫼ /ET 作Ў䆚别ᱫ物䋼粒子ֵোⱘ䞡㽕ব䞣, 㗠
᳿ᗕ中৿᳝中ᖂ子ⱘᷛޚ῵ൟ䖛⿟߭ᰃЏ㽕㚠᱃. ೼ R ᅛ⿄ᅜᘦⱘ䍙ᇍ⿄῵ൟ

中, LSP (㒣ᐌᰃ χ̃0
1) ᰃᱫ物䋼׭䗝粒子, гӮᓩ䍋䕗໻ⱘ /ET. ϔᇍ䍙ᇍ⿄Ԉ子

೼ᇍᩲᴎϞѻ⫳Пৢ, ᳔㒜ᇚ㹄বߎϸϾ LSP. ಴ℸ, 䕗໻ⱘ /ET гᰃ䍙ᇍ⿄џ

՟ⱘ䞡㽕⡍ᕕ.

(2) ϡব䋼䞣 (Invariant Mass)

ϡ〇ᅮ粒子 P 㹄বПৢ, ⬅Ѣ能ࡼ䞣ᅜᘦ, ѻ物粒子ⱘϡব䋼䞣ᇚᇍᑨѢ



㄀ϝゴ 高能ᇍᩲᴎ物理 47

ᅗⱘ䋼䞣 mP . ⌟䞣ߎѻ物粒子ⱘ 4 㓈ࡼ䞣 pi, ᅗӀⱘϡব䋼䞣ᅮНЎ

minv =

√√√√(∑
i

pi

)2

. (3.17)

೼理ᛇᚙމϟ,ᕫߎⱘminv᳡Ң Breit–WignerߚᏗ, ∝ [(m2
inv −m2

P )
2 +m2

PΓ
2
P ]
−1.

⌟ᅮ䖭ϾߚᏗ, ህ能ᕫࠄ P ⱘ䋼䞣 mP ੠ᆑᑺ ΓP .

✊㗠, ೼ᅲ䰙⌟䞣中, ѻ物粒子ⱘࡼ䞣⌟䞣ϡৃ能㒱ᇍ㊒⹂, 㚠᱃џ՟гӮ
⏋ֵܹোџ՟中, 导㟈 minv ⾏أᏗߚ Breit–Wigner .Ꮧߚ ℸ໪, བᵰ⫼Ѣ䞡ᓎ
ⱘѻ物ࣙ৿஋⊼, minv .Ϲ䞡ࡴᏗⱘবᔶӮ᳈ߚ 䖭ϔᮍ䴶ᰃ಴Ў஋⊼与ᅗ῵ᢳ
ⱘ䚼ߚ子ϡᅠܼㄝৠ, ঺ϔᮍ䴶ᰃ಴Ў஋⊼ᐌᐌ㒣ग़䖛৿᳝中ᖂ子᳿ᗕⱘ㹄ব
䖛⿟, 导㟈஋⊼ⱘ 4 㓈ࡼ䞣⌟䞣ϡ໳㊒⹂. 䖭ѯᚙމӮᕅડ mP ੠ ΓP ⱘ䞡ᓎ㊒

ᑺ.

(3) ডކ䋼䞣 (Recoil Mass)

೼ e+e− ᇍᩲᴎϞ, ߱ᗕ⬉子੠ℷ⬉子ⱘ能ࡼ䞣䛑ᰃ⹂ᅮⱘ, ߽⫼䖭ϔ⚍ৃ
ҹᇍᶤѯ䖛⿟ᵘ䗴ডކ䋼䞣. ᇍѢ e+ + e− → 1 + 2 + · · ·+ n 䖛⿟, 粒子 1 ⱘড
䋼䞣ᅮНЎކ

m1, rec =

√√√√(pe+ + pe− −
n∑
i=2

pi

)2

. (3.18)

བℸ, 粒子 1 ⱘ⌟䞣ৃҹϡ䗮䖛ᅗⱘ㹄বѻ物, 㗠䗮䖛与ᅗԈ䱣ѻ⫳ⱘ݊ᅗ粒
子. ೼ᶤѯ䖛⿟中, 䖭⾡⌟䞣ৃ能Ӯ㦋ᕫ᳈དⱘ㊒ᑺ.

ϔϾ݌ൟ՟子བϟ. ᔧ
√
s ∼ 250 GeV ᯊ, e+e− ᇍᩲᴎϞ Higgs 粒子ⱘЏ

㽕ѻ⫳䖛⿟ᰃ e+e− → Zh. 䗮䖛 e+e− ੠ µ+µ− ϸϾ㹄ব䘧ৃҹᕜདഄ䞡ᓎ Z

⦏㡆子, 䖯㗠ᵘ䗴 Higgs 粒子ⱘডކ䋼䞣. 㱑✊ᴳ⌕能䞣ᠽሩӮᕅડডކ䋼䞣ዄ
ᆑᑺ, 䖭⾡⌟䞣䖬ᰃ能໳䴲ᐌ㊒⹂ഄ⹂ᅮ Higgs 粒子䋼䞣੠ Zh ѻ⫳៾䴶 [116].

(4) HT ੠ meff

ϔѯᮄ物理䖛⿟ⱘ᳿ᗕ৿᳝໮Ͼ高能஋⊼, བ䍙ᇍ⿄῵ൟ中ⱘ g̃g̃, g̃q̃ ੠ q̃q̃

ѻ⫳䖛⿟. 䖭ѯ஋⊼໻໮ᴹ㞾䞡粒子㹄ব, pT 䕗໻, Ўњ与ᷛޚ῵ൟ㚠᱃ऎߚ,
ᅮН

HT =
∑
i

pjiT, (3.19)
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݊中 pjiT 㸼⼎஋⊼ ji ⱘ῾৥ࡼ䞣. HT ᰃ所᳝஋⊼῾৥ࡼ䞣ⱘᷛ䞣੠, 䖭䞠ⱘ
“所᳝” ஋⊼ϔ㠀াࣙ৿ pT ໻Ѣᶤϔ䯜ؐⱘ஋⊼. 䖭类ᮄ物理䖛⿟ⱘ HT Ꮧߚ

Ӯ↨ᷛޚ῵ൟ㚠᱃᳈⹀1, Ң㗠, ᇍ HT 䆒㕂䯜ؐᴵӊৃҹᕜདഄय़Ԣ㚠᱃.

བᵰ㽕研究ⱘ䖛⿟᳿ᗕ中䖬ࣙ৿ᱫ物䋼׭䗝粒子, ᓩ䍋䕗໻ⱘ /ET, ህৃҹ
ᇚ /ET гࣙ৿䖯ᴹ, ᅮН

meff = /ET +HT. (3.20)

䖭Ͼব䞣೼ϔᅮ⿟ᑺϞড᯴њᮄ物理䖛⿟ⱘ䋼䞣ᷛᑺ, े “᳝效䋼䞣”. ߽⫼ᅗ
г能ᕜདഄऎߚ㚠᱃੠ֵো.

(5) mT

ᇍѢࣙ৿ϡৃ㾕粒子ⱘϸԧ㹄ব, བ W → ℓνℓ ੠ χ̃±1 → π±χ̃0
1, ῾৥䋼䞣

mT ᰃϔϾ᳝⫼ⱘব䞣. 㗗㰥㹄ব P → v + i, v Ўৃ㾕粒子, i Ўϡৃ㾕粒子,
mT ᅮНЎ

mT =
√
m2
v +m2

i + 2(Ev
TE

i
T − pvT · piT), (3.21)

݊中,
Ev

T ≡
√
m2
v + |pvT|2, Ei

T ≡
√
m2
i + |piT|2. (3.22)

ձℸᅮН, mT ≤ mP , ಴㗠 mP Ў mT .⬠Ꮧ䆒㕂њ䖍ߚ

೼ᅲ䰙Փ⫼中, v 粒子䋼䞣㒣ᐌᕜᇣ, i 粒子䋼䞣㽕МЎ䳊㽕Мϡ⹂ᅮ, 㗠݊
,䞣ᴹ᥼ᮁࡼ䞣া能䴴϶༅ⱘ῾৥ࡼ ᬙ mT ⱘᐌ⫼ᔶᓣᰃ

mT =
√
2(pvT /ET − pvT · /pT). (3.23)

ᇍѢࣙ৿ϔϾϡৃ㾕粒子ⱘϝԧ㹄ব, ⫼ϸϾৃ㾕粒子ⱘ῾৥ࡼ䞣ড়៤ pvT, Ϟ
䴶ⱘ㸼䖒ᓣৃ㒻㓁Փ⫼.

mT ব䞣೼䍙ᇍ⿄粒子᧰ᇏ中↨䕗᳝⫼. ᇍѢࣙ৿ W → ℓνℓ ੠ t→ bℓνℓ 㹄

বⱘᷛޚ῵ൟ㚠᱃, mT ࠄ别া能䖒ߚ⬠ᏗⱘϞ䖍ߚ mW ੠ mt 䰘䖥. 㗠䍙ᇍ⿄
粒子ϔ㠀↨䕗䞡, mT .ᏗӮᠽሩᕫ↨䕗ᆑߚ

ᇍѢ᳿ᗕ᳝ϸϾϡৃ㾕粒子ⱘ䖛⿟, mT ব䞣гৃҹՓ⫼, Ԛϡᰃᕜ᳝效.
䆌໮䖛⿟Ӯৠᯊѻ⫳ϔᇍℷড粒子, ᅗӀⱘ㹄বѻ物中৘ࣙ৿ϔϾϡৃ㾕粒

1ϔϾߚᏗ↨䕗 “⹀”, 指ⱘᰃߚᏗব䞣᭄ؐ䕗໻ⱘഄᮍџ՟Ⳍᇍ䕗໮, ↨བ, ℸ໘指 HT 䕗໻ⱘഄᮍџ
՟Ⳍᇍ䕗໮.
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子, ՟བᷛޚ῵ൟ䖛⿟ W+W− → ℓ+ℓ−νℓν̄ℓ ੠ tt̄ → bb̄ℓ+ℓ−νℓν̄ℓ, ҹঞ䍙ᇍ⿄䖛
⿟ b̃1b̃

∗
1 → bb̄χ̃0

1χ̃
0
1. ℸᯊ, mT ⱘϔѯব⾡䴲ᐌ᳝⫼, བ mCT ੠ mT2.

(6) mCT

ᇍѢࣙ৿ϸϾৃ㾕粒子 v1 与 v2 ੠ϸϾϡৃ㾕粒子 i1 与 i2 ⱘ䖛⿟

P1P2 → v1v2i1i2, “contransverse mass” mCT ᅮНЎ [117]

mCT =

√
(Ev1

T + Ev2
T )2 − (pv1T − pv2T )2 =

√
m2
v1
+m2

v2
+ 2(Ev1

T E
v2
T + pv1T · pv2T ),

(3.24)
݊中 Ev1

T ≡
√
m2
v1
+ |pv1T |2, Ev2

T ≡
√
m2
v2
+ |pv2T |2. mCT ᴀ䑿ᑊϡҷ㸼ᶤ⾡䋼䞣,

ԚᅗⱘߚᏗг᳝䖍⬠. བ؛ mv1 = mv2 = 0, P1 与 P2 ѦЎড粒子, 䋼䞣Ў mP ,
i1 与 i2 ѦЎড粒子, 䋼䞣Ў mi, ߭ᔧ v1 与 v2 ⱘ῾৥ࡼ䞣ᮍ৥Ⳍৠᯊ, mCT প

ᕫ᳔໻ؐ, Ў mmax
CT = (m2

P −m2
i )/mP . ಴ℸ, ᅗгৃҹ⫼ᴹऎֵߚো੠㚠᱃.
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೒ 3.6: ߽⫼ mT2 ব䞣⌟䞣 t ༌ܟ䋼䞣 [118]. Ꮊ೒Ўϡৠ mt ᇍᑨⱘ mT2 ῵ᢳ
,Ꮧߚ ে೒Ўᅲ偠᭄᥂.

(7) mT2

ᇍѢࣙ৿ϸϾৃ㾕粒子 v1 与 v2 ੠ϸϾϡৃ㾕粒子 i 与 ī ⱘ䖛⿟ PP̄ →
v1v2īi, “stransverse mass” mT2 ᅮНЎ [119–121]

mT2(µi) = min
p1

T+p2
T=/pT

{
max

[
mT(pv1T ,p1

T;mv1 , µi),mT(pv2T ,p2
T;mv2 , µi)

]}
, (3.25)

݊中 µi ᰃџܜ䆒ᅮⱘϡৃ㾕粒子䆩偠䋼䞣, ಴㗠 mT2 ᅲ䰙Ϟᰃ µi ⱘߑ᭄. p1
T

੠ p2
T ᇍᑨѢ /pT ⱘϔ⾡ߚ㾷. mT ⱘᅮН与 (3.21) ᓣⳌৠ. ᇍѢ↣ϔϾџ՟,
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mT2 ⱘ䅵ㅫ㽕䘡ग़ /pT ⱘ所᳝ߚ㾷ᮍᓣ, Ң中ᡒ᳔ߎᇣؐ. ᔧ䆩偠䋼䞣 µi ㄝѢ

i 粒子ⱘⳳᅲ䋼䞣 mi ᯊ, mT2 ᏗⱘϞ䖍⬠ᇚㄝѢ↡粒子䋼䞣ߚ mP . ಴ℸ, 䰸њ
⫼Ѣऎߚ㚠᱃੠ֵো, mT2 ব䞣г⫼Ѣ⌟䞣↡粒子䋼䞣.

Փ⫼
√
s = 7 TeV ⱘᅲ偠᭄᥂, ᑊ߽⫼ mT2 ব䞣, ATLAS ড়作㒘೼ eµ 䘧

⌟䞣њ t ༌ܟ䋼䞣 [118]. ⌟䞣原理བ೒ 3.6 中Ꮊ೒所⼎, ϡৠⱘ mt 㒭ߎⱘ mT2

,Ꮧᯢᰒϡৠߚ 䋼䞣䍞໻ߚᏗ䍞䴴ে. ে೒⬏ߎњᅲ偠᭄᥂⚍与῵ᢳߎᴹⱘ㚠
᱃੠ֵোߚᏗ. ᕫߎⱘ⌟䞣㒧ᵰЎ mt = 175.2± 1.6(stat.)+3.1

−2.8(syst.) GeV.

Ϟ䗄䖤ࡼ学ব䞣᳝ⱘᅮНㅔऩ, ᳝ⱘᅮН໡ᴖ, 㗠Ϩ⫼䗨ϡϔ. ϔ㠀ᴹ䇈,
䖤ࡼ学ব䞣ᖙ乏ᅮН㡃ད, 能໳䗤џ՟ᵘ䗴, ᳔ད䅵ㅫ效⥛↨䕗高. ೼ᅲ䰙ߚᵤ
䖛⿟中, 㽕ܜᇏᡒ㚠᱃੠ֵোⱘ⡍ᕕ, .学ব䞣ࡼ䗝⫼ড়䗖ⱘ䖤ݡ

3.5 㩭⡍व⋯῵ᢳ

㩭⡍व⋯ (Monte Carlo) ᮍ⊩ҹὖ⥛੠㒳䅵理䆎Ў指导, Փ⫼ (Ӿ) 䱣ᴎ᭄
ᴹ㾷އ໡ᴖⱘ䅵ㅫ䯂乬. ᇍᩲᴎϞⱘ物理䖛⿟ᕜ໮, ᖂߚ៾䴶ᔶᓣ໡ᴖ, ಴㗠㩭
⡍व⋯ᮍ⊩㹿ᑓ⊯⫼Ѣ⿃ߚ੠῵ᢳ. ঺ϔᮍ䴶, ᥶⌟఼ᗻ能研究, ᅲ偠᭄᥂与理
䆎䅵ㅫⱘ↨䕗, г䳔㽕⫼ࠄ㩭⡍व⋯῵ᢳ.

3.5.1 㩭⡍व⋯⿃ߚ੠῵ᢳ

᭄ߑ䆒؛ f ᅮН೼໮㓈ゟᮍԧ V Ϟ, Ң V 中ഛࣔഄ䱣ᴎᢑপ N Ͼ⚍ x1,
x2, · · · , xN , ߭㩭⡍व⋯⿃ߚᮍ⊩ᣝϟᓣԄㅫ V Ϟ f ⱘ⿃ߚ [122]:

∫
fdV ≃ V ⟨f⟩ ± V

√
⟨f 2⟩ − ⟨f⟩2

N
, (3.26)

݊中

⟨f⟩ = 1

N

N∑
i=1

f(xi),
⟨
f 2
⟩
=

1

N

N∑
i=1

f 2(xi), (3.27)

㗠 V
√(
⟨f 2⟩ − ⟨f⟩2

)
/N ᰃᇍ⿃ߚ㒧ᵰᷛأޚᏂⱘԄ䅵. ৃҹⳟࠄ, ᢑপⱘ⚍䍞

໮, .⹂䍞㊒ؐߚ⿃ ᳈䖯ϔℹ, Ўњᦤ高⿃ߚ㊒ᑺ੠䅵ㅫ效⥛, 䳔㽕ߚᵤ㹿⿃ߑ
᭄ⱘপؐ㣗ೈ੠ব࣪ᚙމ, 䖯㸠䞡⚍ᢑḋ (Importance Sampling) ੠ߚሖᢑḋ
(Stratified Sampling).
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ᢑপߎᴹⱘ䖭ѯ⚍⿄Ўࡴᴗџ՟ (Weighted Event), ↣Ͼџ՟ⱘᴗ䞡ᰃᅗ
ᇍᑨⱘߑ᭄ؐ. བᵰձ᥂ᴗ䞡ᴹ䱣ᴎ϶ᓗџ՟, ᴗ䞡䍞ᇣ, ϶ᓗⱘὖ⥛䍞໻, 䙷
М, ϶ᓗ᪡作㒧ᴳৢ࠽ϟⱘџ՟ህ⿄Ў᳾ࡴᴗџ՟ (Unweighted Event). ᳾ࡴᴗ
џ՟ড᯴њⳳᅲⱘߚᏗ, ᭄ߑे f ⱘߚᏗ. 㩭⡍व⋯῵ᢳ指ⱘᰃ⫼᳾ࡴᴗџ՟
ᴹᦣ䗄ⳳᅲ䖛⿟ⱘџ՟ߚᏗ.
ϟ䴶ҹϔϾ物理䖛⿟Ў՟䇈ᯢ㩭⡍व⋯⿃ߚ੠῵ᢳ. 䆒ᱫ物䋼粒子؛ χ ᰃ

⢘ᢝܟ䌍㉇子, ᅗ䗮䖛ҹϟ᳝效ㅫヺ与ܝ子ⳌѦ作⫼:

Oχχγγ =
1

Λ3
χ̄iγ5χFµνF

µν . (3.28)

Ң㗠, ೼ e+e− ᇍᩲᴎϞ, ᇍѢϔᇍᱫ物䋼粒子੠ϔϾܝ子ⱘѻ⫳䖛⿟ e−(p1) +

e+(p2)→ γ(k3) + χ(k4) + χ̄(k5), ៾䴶Ў

σ =
1

256π4βe

∫ (
√
s−mχ)

2
/s

m2
χ/s

dy35

∫ π

0

sin θ4dθ4
∫ π

0

sin θ3dθ3

×
∫ 2π

0

dϕ3
|k4||k3|2√
s(y35s−m2

χ)

1

4

∑
spins
|M|2, (3.29)

㗠

1

4

∑
spins
|M|2 = 128πα

Λ6
|k3|2(k4 · k5 +m2

χ)

(
1 + β2

ecos2θ3 +
4m2

e

s

)
. (3.30)

݊中, βe =
√

1− 4m2
e/s, y35 = s35/s, s35 = (k3 + k5)

2, 㗠

|k3| =
s35 −m2

χ

2[k035 + |k4|(sin θ4 sin θ3 cosϕ3 + cos θ4 cos θ3)]
, (3.31)

k035 =
s+ s35 −m2

χ

2
√
s

, k04 =
s+m2

χ − s35
2
√
s

, (3.32)

|k4| =
1

2
√
s

√[
s− (

√
s35 +mχ)

2
] [
s− (

√
s35 −mχ)

2
]
, (3.33)

k4 · k5 = k04k
0
5 + |k4|2 + |k4||k3|(sin θ4 sin θ3 cosϕ3 + cos θ4 cos θ3), (3.34)

k05 =
√
m2
χ + |k4|2 + |k3|2 + 2|k4||k3|(sin θ4 sin θ3 cosϕ3 + cos θ4 cos θ3). (3.35)
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ৃҹⳟࠄ, 䖭Ͼ៾䴶ⱘ㸼䖒ᓣ↨䕗໡ᴖ, 㗠Ϩ᳝ 4 䞡⿃ߚ, 䳔㽕䞛⫼᭄ؐ⿃
.ᮍ⊩ᴹ䅵ㅫߚ ᔧ⿃ߑߚ᭄ᔶᓣ໡ᴖϨ⿃ߚ䞡᭄䕗໮ᯊ, ৘⾡㩭⡍व⋯⿃ߚᮍ
⊩ⱘ效⥛↨݊ᅗ᭄ؐ⿃ߚᮍ⊩㽕高ᕜ໮. vegas ᰃϔϾ᳝݋䞡⚍ᢑḋ੠ߚሖᢑ
ḋࡳ能ⱘ㞾䗖ᑨ㩭⡍व⋯⿃ߚ⿟ᑣ [123]. ೼䖭䞠, ៥䞛⫼ vegas ⿟ᑣᴹ䖯㸠⿃
,ߚ ᑊᇚ⿃ߚᯊ䱣ᴎᢑপⱘⳌぎ䯈⚍ᣓߎᴹ, 㒘៤ࡴᴗџ՟ḋᴀ, ✊ৢձ᥂ᴗ䞡
䱣ᴎ϶ᓗџ՟, ᵘ៤᳾ࡴᴗџ՟ḋᴀ.

d
σ

 /
 E

γ 
  
(f

b
 /
 G

e
V

)

Eγ  (GeV)

e
+
e

−
 → χχ−γ ,  √s   = 3 TeV    ( Lint = Λ-3

 χ−iγ5χ Fµν F
µν

 )

MadGraph 5

My own MC (weighted)

My own MC (unweighted)
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೒ 3.7: ῵ᢳߎᴹⱘᖂߚ៾䴶䱣ܝ子能䞣ⱘߚᏗ.

ᇍѢ
√
s = 3 TeV, vegas 䅵ㅫߎᴹⱘ៾䴶Ў 27.107 fb. ঺໪, ៥г䗮

䖛高能物理㩭⡍व⋯Ꮉ݋ Madgraph 5 [124] 䅵ㅫњৠϔ䖛⿟, ៾䴶㒧ᵰЎ
27.108 fb, ϸ⾡ᮍ⊩ⱘ㒧ᵰᰃϔ㟈ⱘ. ῵ᢳߎᴹⱘᖂߚ៾䴶䱣ܝ子能䞣ⱘߚᏗབ
೒ 3.7 所⼎. 㓓㡆⚍ߦ㒓ᰃࡴᴗџ՟ⱘߚᏗ. 红㡆⚍㒓ᰃ᳾ࡴᴗџ՟ⱘߚᏗ, ᅗ
与 Madgraph 5 㒭ߎⱘߚᏗ (㪱㡆ᅲ㒓) ෎ᴀ䞡ড়.

3.5.2 催㛑⠽⧚㩭⡍व⋯Ꮉ݋

ϟ䴶ҟ㒡高能物理ଃ䈵学ϔѯᐌ⫼ⱘ㩭⡍व⋯Ꮉ݋. ᑨ⫼䖭ѯᎹ݋, ៥Ӏ
ህ能Ң理䆎῵ൟᢝ⇣䞣ߎথ, 䅵ㅫ৘⾡䖛⿟ⱘ៾䴶੠ߚᏗ, 㗗㰥䚼ߚ子㇛ᇘ੠ᔎ
子࣪䖛⿟, ড়៤஋⊼, 䖯㸠᥶⌟఼῵ᢳ. ᕫߎⱘ῵ᢳџ՟ৃҹᣓᴹ䎳ᅲ偠᭄᥂↨
䕗, гৃҹ⫼ᴹԄ䅵᳾ᴹᅲ偠ⱘֵোᰒ㨫ᗻ੠物理䞣⌟䞣㊒ᑺ.

FeynRules [125] ᰃϔϾ Mathematica ⿟ᑣࣙ. 䗮䖛ᅗ能໳ᓎゟ㞾ᅮНⱘ
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粒子῵ൟ, ,ᅮН῵ൟ中ⱘഎ、㾘㣗㕸੠খ᭄ܜ ,ϟᢝ⇣䞣ݭݡ ✊ৢ䕧ߎ៤৘⾡
㩭⡍व⋯ѻ⫳఼能໳䆚别ⱘ῵ൟ᭛ӊḐᓣ.

能໳䅵ㅫ៾䴶ᑊ㒭ߎ῵ᢳḋᴀⱘ㩭⡍व⋯ѻ⫳఼᳝ᕜ໮,བ MadGraph [124],
CalcHep/CompHep [126, 127], Sherpa [128], Whizard [129], PYTHIA [130, 131],
HERWIG [132, 133] ੠ ALPGEN [134] ㄝ. ݊中, MadGraph, CalcHep/CompHep,
Sherpa ੠ Whizard ሲѢ㞾ࡼⶽ䰉ܗ⫳៤఼, ᅗӀ೼໘理ᶤϾ䖛⿟ᯊ, ⬅ܜ
῵ൟ᭛ӊ㞾ࡼ⫳៤䌍᳐೒, .䅵ㅫ៾䴶ݡ ঺ϔᮍ䴶, PYTHIA, HERWIG ੠ Sherpa
ሲѢ䗮⫼⫳៤఼, ᅗӀ能໳⣀ゟᦣ䗄ܼ䖛⿟, ࣙ৿⹀ᬷᇘ、䚼ߚ子㇛ᇘ、ᔎ子࣪
੠ϟሖџ՟. া能ᦣ䗄⹀ᬷᇘⱘѻ⫳఼, 䗮ᐌӮ᥹Ϟ PYTHIA ៪ HERWIG ᴹᅠ៤
ܼ䖛⿟ᦣ䗄.

ϔ㠀ᴹ䇈, ⹀ᬷᇘ䖛⿟⬅ⶽ䰉ܗᮍ⊩䅵ㅫ. 䖭⾡ᮍ⊩೼೎ᅮ䰊䅵ㅫᯊᄬ೼
红໪থᬷ੠݅㒓থᬷⱘ䯂乬, 䳔㽕ᇍ᳿ᗕᮑࡴϔѯ䯜ؐᴵӊᠡ能䙓ܡথᬷ. ঺
ϔᮍ䴶, 䚼ߚ子㇛ᇘㅫ⊩ᰃձ᥂红໪੠݅㒓䖥Ԑᓎゟⱘ, ϡ能ℷ⹂ᦣ䗄⹀থᇘ
䖛⿟. ಴ℸ, 䳔㽕ᇚⶽ䰉ܗᮍ⊩੠䚼ߚ子㇛ᇘㅫ⊩㒧ড়䍋ᴹ, 䗖ᔧߚ䜡৘㞾䗖
⫼ⱘⳌぎ䯈ऎඳ, ᠡ能ℷ⹂ഄᦣ䗄⹀䖛⿟੠䕃䖛⿟. 䖭Ͼℹ偸㹿⿄Ўⶽ䰉ܗü
䚼ߚ子㇛ᇘऍ䜡 (ME+PS matching). ऍ䜡ᮍ⊩Џ㽕ࣙᣀ CKKW ᮍ⊩ [135]、
CKKW-L ᮍ⊩ [136] ੠ MLM ᮍ⊩ [137].

ᅲ偠ߚᵤ㽕䖯㸠ᅠᭈⱘ᥶⌟఼῵ᢳ, ℹ偸䕗໮, 㗫ᯊ䕗䭓. ᇍѢଃ䈵学研
究, Փ⫼খ᭄࣪ⱘᖿ䗳᥶⌟఼῵ᢳᎹ݋ህ䎇໳њ, 䖭ѯᎹࣙ݋ᣀ Delphes [138],
PGS [139] ੠ AcerDET [140]. ᅗӀӮ῵ᢳ᥶⌟఼৘䚼ߚⱘ᥹ᬊᑺ、效⥛੠能ࡼ䞣
⌟䞣䇃Ꮒㄝ. 䖯㸠῵ᢳᯊ, 䞣能఼ⱘ能䞣ߚ䕼㒣ᐌ㹿খ᭄࣪៤ [138]

∆E

E
=

a(η)√
E/GeV

⊕ b(η)

E/GeV ⊕ c(η) ≡

√
a(η)2

E/GeV +
b(η)2

(E/GeV)2
+ c(η)2, (3.36)

݊中, a, b ੠ c ,别ᇍᑨѢ䱣ᴎ乍、ాໄ乍੠ᐌ᭄乍ߚ ᅗӀᰃ䌱ᖿᑺ η ⱘߑ᭄.
ᇍѢ䖯ܹ䞣能఼ⱘ粒子੠஋⊼, 䖭ѯᎹ݋Ӯḍ᥂䖭Ͼ㸼䖒ᓣᬍবᅗӀⱘ能䞣, ҹ
ℸ῵ᢳ⌟䞣ⱘϡ⹂ᅮᗻ.





㄀ಯゴ ℷ䋳⬉ᄤᇍᩲᴎϞⱘᱫ⠽䋼᳝ᬜⳌѦ԰⫼ⷨお

Ⳍ↨Ѣᔎ子ᇍᩲᴎ, ℷ䋳⬉子ᇍᩲᴎϡӮফࠄ໻䞣ᔎ作⫼䖛⿟ⱘᕅડ, ᷛ
,ޔ῵ൟ㚠᱃↨䕗ᑆޚ 䗖ড়ᇍ物理䖛⿟䖯㸠㊒⹂⌟䞣. ϡ䖛, ᇍᩲ能䞣Ⳍᇍ
䕗Ԣ, ᥶⌟䋼䞣䕗໻ⱘ粒子Ӯ↨䕗ೄ䲒. 䆒ᛇ中ⱘ᳾ᴹ高能 e+e− ᇍᩲᴎᅲ

偠᳝ CEPC, TLEP, ILC ੠ CLIC, ᇍᩲ能䞣Ң 240 GeV ࠄ 3 TeV. 䗮䖛϶༅
能䞣 (Missing Energy, /E) ֵো, ৃҹ೼䖭ѯᇍᩲᴎϞ研究ᱫ物䋼粒子ѻ⫳䖛
⿟ [141–147]. ೼ᴀゴ中, ៥ӀᇚӮ㗗ᶹᅗӀᇍᱫ物䋼粒子ⱘ᧰ᇏ能࡯.

e+e− ᇍᩲᴎᇍᱫ物䋼与 e± ⱘⳌѦ作⫼੠ᱫ物䋼与⬉ᔅ㾘㣗⦏㡆子ⱘⳌѦ

作⫼↨䕗♉ᬣ. ៥Ӏ⫼᳝效ㅫヺᦣ䗄䖭ѯⳌѦ作⫼, 䗮䖛ऩܝ子 (monophoton)
੠ऩ Z (mono-Z) ϸϾ᧰ᇏ䘧研究ᇍᩲᴎ᥶⌟能࡯, 别ভ䗄೼ߚ 4.1 㡖੠ 4.2 㡖
П中.

4.1 Monophoton ᧰ᇏ䘧

೼ᷥ೒∈ᑇϞ, ϔ㠀䅸Ўᱫ物䋼粒子与ܝ子≵᳝Ⳉ᥹㗺ড়, ৺߭ᅗӀህᑨ
䆹ሲѢথܝ物䋼њ. ϡ䖛, ೼೜೒∈ᑇϞ, ϔᇍᱫ物䋼粒子᳝ৃ能⑂♁ࠄϔᇍܝ
子 [148–150]. ⬅Ѣ೜೒य़Ԣ, ⑂♁៾䴶↨䕗ᇣ, ϡӮ䖱㚠෎ᴀ㾖⌟џᅲ. ᔧҞ᯳
㋏中ⱘᱫ物䋼粒子ᰃ䴲Ⳍᇍ䆎ᗻⱘ, ಴㗠䖭⾡⑂♁Ӯѻ⫳޴Тऩ能ⱘܝ子, 能䞣
Ўᱫ物䋼粒子䋼䞣 mχ ⱘϔञ. Ң㾖⌟໽᭛学ⱘ㾦ᑺᴹⳟ, 䖭⾡ֵোᰃ㒓䈅ֵ
ো. ᱂䗮໽ԧ物理䖛⿟෎ᴀϞϡӮᓩ䍋 GeV 能䞣ҹϞⱘ㒓䈅থᇘ, ಴ℸ, 䖭类
ֵোབᵰ೼䯈᥹᥶⌟ᅲ偠中㹿㾖⌟ࠄ, ᇚᰃᱫ物䋼⑂♁ⱘއᅮᗻ䆕᥂.

2012 年, ϔѯ研究㒘೼ߚᵤ Fermi-LAT ԑ偀ᇘ㒓᭄᥂ᯊথ⦄, 䫊ᖗऎඳৃ
能ᄬ೼能䞣 ∼ 130 GeV ⱘ㒓䈅ֵো [151–155], ሔඳᰒ㨫ᗻ䖒ࠄ 3− 4σ, བᵰ⫼
ᱫ物䋼⑂♁ᴹ㾷䞞, ⑂♁៾䴶Ў ⟨σannv⟩ ∼ 10−27 cm3 s−1. ֵোⱘ能䈅੠ぎ䯈ߚ
Ꮧབ೒ 4.1 所⼎. ೼Ꮊ೒中, ᅲ偠᭄᥂⚍㸼⼎Ў咥㡆, 㓓㡆ᴵᔶᰃϡܹࡴᱫ物䋼
⑂♁䋵⤂ᯊⱘ᳔Շᢳড়, 红㡆ᴵᔶᰃܹࡴᱫ物䋼䋵⤂ৢⱘ᳔Շᢳড়, 㗠㪱㡆⚍㒓
ऩ⣀ᷛ⼎ߎᱫ物䋼ᓩ䍋ⱘ㒓䈅ߚ䞣. ৃҹⳟࠄ, ∼ 130 GeV ໘ⱘ㒓䈅ֵো↨䕗
ᯢᰒ. ে೒ᰃޣ䰸㚠᱃Пৢ 120− 140 GeV 㣗ೈݙⱘܝ子ぎ䯈ߚᏗ, 子ᯢᰒ㘮ܝ
䲚೼䫊ᖗऎඳ (೒ⱘ中ᖗ) 䰘䖥.
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೒ 4.1: 䫊ᖗ⭥Ԑ㒓䈅ֵোⱘ能䈅 (Ꮊ) [152] ੠ぎ䯈ߚᏗ (ে) [155].

ৢᴹ, Fermi-LAT ড়作㒘ᴀ䑿ߚᵤ⿃㌃њ 3.7 年ⱘ᭄᥂, ҪӀথ⦄, 㱑✊㒓
䈅ֵোⱘሔඳᰒ㨫ᗻ೼ 133 GeV ໘䖒ࠄ 3.3σ, 䕀ᤶЎܼሔᰒ㨫ᗻैা᳝ 1.6σ.
ҪӀ䅸Ўϡ能⹂䆕䖭Ͼֵো, ಴㗠Ўᱫ物䋼⑂♁䆒㕂њ៾䴶Ϟ䰤 [156] . ϔѯ研
究㸼ᯢ, ℸ㒓䈅ֵোгৃ能⑤Ѣ㋏㒳䇃Ꮒ [157], ៪者݊ᅗ໽ԧ物理⑤ [158].

γ

e
−

e
+

χ̄ (χ∗)

χ

γ

೒ 4.2: e+e− ᇍᩲᴎϞ monophoton 䖛⿟ e+e− → χχγ ⱘ䌍᳐೒.

঺ϔᮍ䴶, བᵰᱫ物䋼能໳䗮䖛 χχ → γγ 䖛⿟䗴៤㒓䈅ֵো, ೼ e+e− ᇍ

ᩲᴎϞህӮᓩ䍋 e+e− → χχγ 䖛⿟, བ೒ 4.2 所⼎. ⬅Ѣᱫ物䋼粒子ϡ能㹿᥶
⌟఼⌟䞣ߎᴹ, 䖭Ͼ䖛⿟Ӯ㸼⦄Ў϶༅能䞣੠ऩܝ子᳿ᗕ, े monophoton ֵো
(γ + /E). Ѣᰃ, ೼᳾ᴹ e+e− ᇍᩲᴎϞ᳝ৃ能䗮䖛䖭Ͼ䖛⿟ᴹ偠䆕⭥Ԑ㒓䈅ֵ

ো. ᥹ϟᴹ, ៥Ӏ研究䗮䖛 monophoton ᧰ᇏ䘧᥶⌟ᱫ物䋼粒子ⱘ♉ᬣᑺ.
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4.1.1 ᅲ偠♉ᬣᑺ

៥Ӏ⫼᳝效ㅫヺᴹᦣ䗄ᱫ物䋼粒子与ܝ子ⱘⳌѦ作⫼. བᵰᱫ物䋼粒子ᰃ
⢘ᢝܟ䌍㉇子, ⳌѦ作⫼ৃ䗮䖛ㅫヺ

OF =
1

Λ3
χ̄iγ5χFµνF̃

µν (4.1)

থ⫳. བᵰᱫ物䋼粒子ᰃ໡ᷛ䞣粒子, ߭㗗㰥ㅫヺ

OS =
1

Λ2
χ∗χFµνF

µν . (4.2)

݊中, Λ ᰃ៾ᮁ能ᷛ, .ᅮⳌѦ作⫼ⱘᔎᔅއ 䖭ϸϾㅫヺ⒵䎇ҹϟᴵӊ: (1) ᱫ
物䋼粒子ᰃᷛޚ῵ൟ㾘㣗㕸ऩᗕ; (2) ⳌѦ作⫼⒵䎇 U(1) ⬉⺕㾘㣗ϡবᗻ; (3)
ⳌѦ作⫼中 CP ᅜᘦ. ϔϾᅠᭈ῵ൟབᵰࣙ৿ϔϾ㗺ড়ࠄᱫ物䋼粒子ⱘᏺ⬉䞡
粒子, ህৃҹ㞾✊ഄ导ߎ䖭ḋⱘㅫヺ. ᇍѢ䌍㉇子ᱫ物䋼, ঺ϔϾৃ能ⱘㅫヺᰃ
χ̄χFµνF

µν , Ԛᅗᓩ䍋 p 波⑂♁, ফࠄϹ䞡ⱘ䗳ᑺय़Ԣ, ϡ䗖ড়㾷䞞㒓䈅ֵো.
ᇍѢ䫊⊇㋏中䴲Ⳍᇍ䆎ᗻⱘᱫ物䋼粒子, ㅫヺ OF ੠ OS ᓩ䍋ⱘ⑂♁៾䴶

别Ўߚ

⟨σannv⟩χχ̄→2γ ≃
4m4

χ

πΛ6
= 10−27 cm3 s−1

( mχ

130 GeV

)4(1272 GeV
Λ

)6

, (4.3)

⟨σannv⟩χχ∗→2γ ≃
2m2

χ

πΛ4
= 10−27 cm3 s−1

( mχ

130 GeV

)2(3348 GeV
Λ

)4

. (4.4)

ḍ᥂䞣㒆ߚᵤ,䋼䞣䞣㒆Ў nⱘㅫヺᓩ䍋ⱘ s波⑂♁៾䴶ℷ↨Ѣm
2(n−5)
χ Λ−2(n−4).

OF 䞣㒆Ў 7, OS 䞣㒆Ў 6, ಴ℸ, OF ᓩ䍋ⱘ⑂♁ফ៾ᮁ能ᷛय़Ԣ᳈ЎϹ䞡. ᇍ
Ѣ೎ᅮⱘ mχ, ЎњᕫࠄⳌৠⱘ៾䴶ؐ, OF 中ⱘ Λ ᳈ᇣ, ᛣੇⴔ㗺ড়᳈ᔎ.
೼ γ + /E ᧰ᇏ䘧中, ῵ൟ䖛⿟ޚᷛ e+e− → νν̄γ ᰃϡৃ㑺㚠᱃ [159], ಴Ў

中ᖂ子与ᱫ物䋼粒子ϔḋϡ能㹿᥶⌟఼⌟ߎᴹ. བ೒ 4.3 所⼎, 䖭Ͼ㚠᱃ࣙᣀ
ϸ类䖛⿟, ϔ类৿᳝ s 䘧 Z Ӵ᪁子 (े e+e− → Z(→ νν̄)γ 䖛⿟), ঺ϔ类৿᳝ t

䘧 W Ӵ᪁子. ঺ϔϾ↨䕗䞡㽕ⱘ㚠᱃ᰃ e+e− → e+e−γ. ᔧ᳿ᗕℷ䋳⬉子᳾㹿
᥶⌟ࠄᯊ, 䖭Ͼ㚠᱃⏋ֵܹোП中. 䖭ৃ能ᰃ಴Ў᳿ᗕℷ䋳⬉子能䞣໾Ԣ, гৃ
能಴ЎᅗӀϡ೼᥶⌟఼᥹ᬊ㣗ೈݙ.
ЎњԄ䅵ᱫ物䋼ֵো e+e− → χχγ ⱘ᥶⌟♉ᬣᑺ, ៥Ӏ䖯㸠њ㩭⡍व
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೒ 4.3: ῵ൟ䖛⿟ޚᷛ e+e− → νν̄γ 䌍᳐೒⼎՟.

⋯῵ᢳ. 㗗㰥 4 Ͼᇍᩲ能䞣⚍,
√
s = 250 GeV, 500 GeV, 1 TeV ੠ 3 TeV,

别ᇍᑨѢߚ Higgs Ꮉॖ (CEPC ៪ TLEP)、݌ൟⱘ ILC、छ㑻ৢⱘ ILC ੠
CLIC.䗮䖛 FeynRules [125] ೼ᷛޚ῵ൟⱘ෎⸔Ϟ⏏ࡴᱫ物䋼粒子੠㗺ড়, ⬅ݡ
MadGraph 5 [124] ⫳៤῵ᢳḋᴀ, ✊ৢ䕧ܹ PGS 4 [139] 䖯㸠ᖿ䗳᥶⌟఼῵ᢳ.
῵ᢳᯊ, ᇚ⬉⺕䞣能఼ⱘ能䞣ߚ䕼؛䆒Ў

∆E

E
=

16.6%√
E/GeV

⊕ 1.1%. (4.5)

䖭ϔ؛䆒খ㗗њ ILD ᥶⌟఼ⱘ䆒䅵 [160].

Ўњय़Ԣᷛޚ῵ൟ㚠᱃, ៥Ӏᇍ῵ᢳḋᴀᑨ⫼ҹϟџ՟ㄯ䗝ᴵӊ.

Cut 1: 㽕∖᳿ᗕࣙ৿ 1 Ͼܝ子 (γ), Ϩ⒵䎇 Eγ > 10 GeV ੠ 10◦ < θγ <

170◦; 㢹џ՟中ࣙ৿݊ᅗ粒子, ⒵䎇 E > 10 GeV ੠ 10◦ < θ < 170◦, ៪者⒵䎇
E > 50 GeV ੠ 3◦ ≤ θ ≤ 177◦, .䰸䖭Ͼџ՟ࠨ߭

䖭Ͼᴵӊᣥ䗝њ所䇧ⱘ γ + /E џ՟. Ўњৃ䴴ഄ䆚别 1 Ͼܝ子, 㽕∖ᅗ能
䞣䎇໳高, Ϩϡ᥹䖥Ѣᴳ⌕. ᥦ䰸݊ᅗ粒子ⱘ᪡作ৃҹ᳝效䙓ᓔ e+e−γ ঞ݊ᅗ

㚠᱃ⱘᑆᡄ. ҹ
√
s = 500 GeV Ў՟, ៥ӀՓ⫼䗮䖛 Cut 1 ⱘ㚠᱃੠ֵোџ՟,

Ѣ݇ߎ⬏ Eγ, pγT, θγ ੠ mmiss ⱘᖂߚ៾䴶ߚᏗ, བ೒ 4.4 所⼎. 䖭䞠, “϶༅䋼䞣
(Missing Mass)” mmiss ᅮНЎ

mmiss =
√

(pe− + pe+ − pγ)2, (4.6)

݊中 pe− (pe+) ᰃᴳ⌕⬉子 (ℷ⬉子) ⱘ 4 㓈ࡼ䞣. mmiss ᅲ䰙ϞᰃⳌᇍѢܝ子ⱘ

ডކ䋼䞣. ᇍѢ೒中䌍㉇子 (ᷛ䞣) ᱫ物䋼ⱘֵোߚᏗ, Ꮖ؛䆒 Λ = 200 GeV ੠
mχ = 100 (50) GeV.
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೒ 4.4:
√
s = 500 GeV ᯊ, γ + /E ᧰ᇏ䘧中㚠᱃੠ֵো೼৘Ͼ䖤ࡼ学ব䞣Ϟⱘᖂ

Ꮧߚ៾䴶ߚ [161].

Cut 2: ᔧ
√
s = 250 (500) GeVᯊ,ࠨ䰸 70 (50) GeV < mmiss < 110 (130) GeV

ⱘџ՟. ᔧ
√
s = 1 (3) TeV ᯊ, 䰸ࠨ mmiss < 200 (500) GeV ⱘџ՟.

Ң೒ 4.4(a) ੠ 4.4(d) 中ৃҹⳟࠄ, νν̄γ 㚠᱃ⱘ Eγ ੠ mmiss 别ߚᏗߚ

೼ 240 GeV ੠ 100 GeV 䰘䖥ᄬ೼ϔϾዄ. 䖭ϸϾዄᰃⳌ݇ⱘ. ᇍѢᴹ㞾
e+e− → Z(→ νν̄)γ 䖛⿟ⱘџ՟, Eγ ≃ (s −m2

Z)/(2
√
s), 㗠 mmiss ≃ mZ . ಴ℸ,

Cut 2 ᥦ䰸њᴹ㞾 Z(→ νν̄)γ ⱘ㚠᱃. ᔧᇍᩲ能䞣ᦤछᯊ, ফܝ子能䞣⌟䞣䇃Ꮒ
ᕅડ, mmiss ,ᏗⱘዄӮবᆑߚ ಴㗠៥Ӏᠽ໻њᥦ䰸㣗ೈ.

⬅Ѣ Z(→ νν̄)γ 䖛⿟ࣙ৿ s 䘧 Z Ӵ᪁子, 䱣ⴔ
√
s ⱘᦤ高, ៾䴶ϟ䰡ᕫᕜ

ᖿ. ᇍѢ
√
s = 1 TeV ੠ 3 TeV, 䖭䚼ߚ㚠᱃ⱘ䋵⤂Ꮖ㒣ৃҹᗑ⬹њ, Џ㽕㚠᱃

ᰃࣙ৿ t 䘧 W Ӵ᪁子ⱘ䖛⿟. ϡ䖛, ೼ϟϔᇣ㡖中, ៥ӀӮ㗗㰥⫼ᵕ࣪ᴳ⌕ᴹ
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य़Ԣ t 䘧 W Ӵ᪁子䌍᳐೒ⱘ䋵⤂, 䖭ᯊ Z(→ νν̄)γ 䖛⿟ⱘߚ䞣ব䞡, Cut 2 ҡ
✊↨䕗᳝效.

Cut 3: 㽕∖ܝ子⒵䎇 30◦ < θγ < 150◦.
Cut 4: 㽕∖ܝ子⒵䎇 pγT >

√
s/10.

೼ νν̄γ ੠ e+e−γ 㚠᱃中, ,子Џ㽕ᴹ㞾Ѣ߱ᗕ䕤ᇘܝ ಴㗠能䞣Ⳍᇍ䕗Ԣ, Ϩ
ؒ৥Ѣᴳ⌕ᮍ৥, བ೒ 4.4(a), 4.4(b) ੠ 4.4(c) 中ߚᏗ所⼎. ঺ϔᮍ䴶, ֵো中
ⱘܝ子能䞣↨䕗高, θγ .Ꮧг䕗Ўᑇഺߚ Ң㗠, Cut 3 ੠ Cut 4 ೼ᥦ䰸њ໻䚼ߚ
νν̄γ џ՟੠㒱໻໮᭄ e+e−γ џ՟ⱘৠᯊ, ≵᳝ᤳ༅໾໮ֵোџ՟.
ᑨ⫼䖭ѯㄯ䗝ᴵӊПৢ, 㚠᱃ফ᳝ࠄ效य़Ԣ. ೼㸼 4.1 中, ៥Ӏ؛䆒⿃ߚ

҂ᑺЎ 1 fb−1, .৘⃵џ՟ㄯ䗝䖛ৢ㚠᱃੠ֵোⱘ៾䴶ঞֵোᰒ㨫ᗻߎ߫ 䖭䞠,
ֵোᰒ㨫ᗻᅮНЎ S/

√
B, ݊中 S Ўֵোџ՟᭄, B Ўᘏⱘ㚠᱃џ՟᭄. ৃ㾕,

Cut 2, Cut 3 ੠ Cut 4 Փ νν̄γ 㚠᱃䰡Ԣњ 1 Ͼ䞣㑻, e+e−γ 㚠᱃䰡Ԣњ 2 Ͼ䞣
㑻, 㗠ֵোⱘᤳ༅↨䕗ᇥ, ᰒ㨫ᗻᯢᰒᦤछ.

㸼 4.1:
√
s = 500 GeV ᯊ, ৘⃵џ՟ㄯ䗝䖛ৢ㚠᱃੠ֵোⱘ៾䴶 σ ঞֵোᰒ㨫

ᗻ S/
√
B.

νν̄γ e+e−γ 䌍㉇子ᱫ物䋼 ᷛ䞣ᱫ物䋼

σ (fb) σ (fb) σ (fb) S/
√
B σ (fb) S/

√
B

Cut 1 2415.2 173.0 646.8 12.7 321.4 6.3
Cut 2 2102.5 168.6 646.8 13.6 308.2 6.5
Cut 3 1161.1 16.8 538.0 15.7 255.9 7.5
Cut 4 254.5 1.9 520.7 32.5 253.9 15.8

೒ 4.5 㒭ߎњ mχ-Λ ᑇ䴶Ϟⱘ 3σ ♉ᬣᑺ᳆㒓, ݊中Ꮊ೒੠ে೒ߚ别ᇍᑨ
Ѣ䌍㉇子ᱫ物䋼੠ᷛ䞣ᱫ物䋼. ᅲ㒓 (㒓ߦ⚍) ᰃ؛䆒⿃ߚ҂ᑺЎ 100 fb−1

(1000 fb−1) ᯊᕫࠄⱘ♉ᬣᑺ. ᅲᖗ㧅ᔶ㸼⼎ Fermi-LAT ⭥Ԑ㒓䈅ֵোᇍᑨⱘ
খ᭄⚍. ৃҹⳟࠄ, ᇍѢ䌍㉇子ᱫ物䋼㗠㿔, ೼

√
s = 1 TeV ⱘᇍᩲᴎϞ䞛䲚

1000 fb−1 ᭄᥂䖬ϡ䎇ҹ᥶⌟ࠄ㒓䈅ֵোᇍᑨখ᭄⚍, 㗠೼
√
s = 3 TeV ⱘᇍᩲ

ᴎϞ䞛䲚 100 fb−1 ᭄᥂ህ能ᕜ䕏ᯧഄ᥶⌟ࠄњ. ᇍѢᷛ䞣ᱫ物䋼, ⬅Ѣ㒓䈅ֵ
োᇍᑨⱘ៾ᮁ能ᷛ↨䕗高, ೼

√
s = 3 TeV ⱘᇍᩲᴎϞ䞛䲚 1000 fb−1 ᭄᥂, 㽕

Ẕ偠ࠄ䖭Ͼখ᭄⚍䖬↨䕗ೄ䲒.
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೒ 4.5: mχ-Λ ᑇ䴶Ϟⱘ 3σ ♉ᬣᑺ᳆㒓 [161].

ᇚ 3σ ♉ᬣᑺ᳆㒓䕀ᤶࠄ mχ-⟨σannv⟩ ᑇ䴶Ϟ, བ೒ 4.6 所⼎. ৠḋ, Ꮊ೒
ᇍᑨ䌍㉇子ᱫ物䋼, ে೒ᇍᑨᷛ䞣ᱫ物䋼. ᅲ㒓、⚍ߦ㒓੠ᅲᖗ㧅ᔶⱘᛣН与
೒ 4.5 Ⳍৠ. ೒中䖬⫼㓓㡆㰮㒓⬏ߎ Fermi-LAT 㾖⌟Ў⑂♁៾䴶䆒㕂ⱘϞ䰤
(95% 㕂ֵᑺ) [156]. Fermi-LAT ড়作㒘೼ߚᵤ᭄᥂ᯊ؛ᅮᱫ物䋼ᰃℷড粒子ܼ
ৠⱘ, 㗗㰥ࠄ䖭䞠ᱫ物䋼ℷড粒子ϡৠⱘᚙމ, ៥Ӏᇚ䖭ϾϞ䰤Ьҹ 2 ೒ܹ⬏ݡ
中. ↨䕗ϔϟৃҹথ⦄, ᇍѢ䌍㉇子ᱫ物䋼ᴹ䇈, e+e− ᇍᩲᴎⱘ᥶⌟能࡯೼Ԣ䋼
䞣໘能໳䕏ᯧ䍙䍞 Fermi-LAT, Ԛᇍᷛ䞣ᱫ物䋼ህ↨䕗ೄ䲒њ.
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೒ 4.6: mχ-⟨σannv⟩ ᑇ䴶Ϟⱘ 3σ ♉ᬣᑺ᳆㒓 [161].

4.1.2 ᵕ࣪ᴳ⌕

೼᳾ᴹ e+e− ᇍᩲᴎ (བ ILC) Ϟ, ᳝ৃ能䞛⫼ᵕ࣪ᴳ⌕. ῵ൟⱘ⬉ᔅޚᷛ
䚼᳝݋ߚ᠟ᕕᗻ, 䞛⫼䗖ᔧⱘᴳ⌕ᵕ᳝࣪ࡽѢय़Ԣᷛޚ῵ൟ㚠᱃. ᇍѢ䖭䞠䅼
䆎ⱘᚙމ, ᵕ࣪ᴳ⌕能໳⫼Ѣय़Ԣ νν̄γ 㚠᱃ [162].



62 ೼高能ᇍᩲᴎϞ研究ᱫ物䋼ᗻ䋼

䞛⫼ᵕ࣪ᴳ⌕Пৢ, e+e− ᇍᩲᴎϞᶤϾ䖛⿟ⱘ៾䴶ৃ㸼䖒Ў [163]

σ(Pe− , Pe+) =
1

4

[
(1 + Pe−)(1 + Pe+)σRR + (1− Pe−)(1− Pe+)σLL

+(1 + Pe−)(1− Pe+)σRL + (1− Pe−)(1 + Pe+)σLR
]
, (4.7)

݊中, Pe± ᰃ e± ᴳ⌕ᵕ࣪ᑺ. Pe± > 0 (Pe± < 0) 㸼ᯢে (Ꮊ) ᠟ᵕ࣪ЎЏ. σRL

ᰃᅠܼে᠟ᵕ࣪ⱘ e− ᴳ⌕ (Pe− = +1) ੠ᅠܼᎺ᠟ᵕ࣪ⱘ e+ ᴳ⌕ (Pe+ = −1)
ᇍᑨⱘ៾䴶. σLR, σRR ੠ σLL ⱘᅮН类Ԑ.
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೒ 4.7:
√
s = 500 GeV ᯊ, 㚠᱃੠ֵোⱘᵕ࣪៾䴶ㄝؐ㒓 [161].
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೼೒ 4.7中,៥Ӏ⬏ߎњ
√
s = 500 GeVᯊЏ㽕㚠᱃ e+e− → νν̄γ,䌍㉇子ᱫ

物䋼ѻ⫳䖛⿟ e+e− → χχ̄γ ੠ᷛ䞣ᱫ物䋼ѻ⫳䖛⿟ e+e− → χχ∗γ ⱘᵕ࣪៾䴶

ㄝؐ㒓, ऩ位Ў fb, 䅵ㅫᯊ㽕∖᳿ᗕܝ子⒵䎇 Eγ > 10 GeV ੠ 10◦ < θγ < 170◦.

ᇍѢ νν̄γ 䖛⿟, ৿᳝ t 䘧 W Ӵ᪁子ⱘ䌍᳐೒ᇍ σRL, σRR ੠ σLL ≵᳝

䋵⤂, ಴Ў W ⦏㡆子᮶ϡ能㗺ড়ࠄে᠟ e−, гϡ能㗺ড়ࠄᎺ᠟ e+. ঺ϔᮍ
䴶, Z ⦏㡆子与 e−Re

+
R ៪ e−L e

+
L ≵᳝㗺ড়, 与 e−L e

+
R ⱘ㗺ড়ᔎѢ与 e−Re

+
L ⱘ㗺

ড়, ಴ℸ, ৿᳝ s 䘧 Z Ӵ᪁子ⱘ䌍᳐೒ᇍ σLR ⱘ䋵⤂໻Ѣᇍ σRL ⱘ䋵⤂. 㒧
ᵰ, (Pe− , Pe+) = (+1,+1) ੠ (Pe− , Pe+) = (−1,−1) ᇍᑨⱘ νν̄γ ៾䴶Ў䳊, 㗠
σLR(νν̄γ) ↨ σRL(νν̄γ) ໻њ㑺 20 .ס

ᇍѢϸ⾡ᱫ物䋼ѻ⫳䖛⿟, σRR ੠ σLL 䛑ᰃ䳊, ಴ЎᅗӀᇍᑨⱘ䖛⿟ϡ能ֱ
ᣕ㾦ࡼ䞣ᅜᘦ. e−Re+R ੠ e−L e

+
L ㋏㒳ⱘ㾦ࡼ䞣ഛЎ 0, 㗠作Ў s 䘧Ӵ᪁子ⱘܝ子㞾

ᮟЎ 1. ℸ໪, ⬅Ѣ σLR = σRL, 䴲ᵕ࣪៾䴶ᰃ σLR ៪ σRL ⱘϔञ.

㒣䖛ҹϞߚᵤৃⶹ, ᴳ⌕ᵕ࣪ᑺЎ (Pe− , Pe+) = (+1,−1) ᯊ, ֵোᰒ㨫ᗻ
᳔高. ✊㗠, 100% ᵕ࣪ᑺ೼ᡔᴃϞ䖬᳾能ᅲ⦄. ↨䕗⦄ᅲⱘᚙމᰃ, e− ᴳ
⌕ᵕ࣪ᑺ能䖒ࠄ 80%, e+ ᴳ⌕ᵕ࣪ᑺ能䖒ࠄ 30% [97]. ೼䖭䞠, ៥Ӏ㗗㰥
(Pe− , Pe+) = (0.8,−0.3) ⱘᴳ⌕ᵕ࣪ᑺ, བ೒ 4.7 中ᅲᖗϝ㾦ᔶ所⼎. Ѣᰃ, νν̄γ
䖛⿟ⱘᵕ࣪៾䴶া᳝䴲ᵕ࣪៾䴶ⱘ ∼ 25%, 㗠ϸ⾡ᱫ物䋼ѻ⫳䖛⿟ⱘ៾䴶䛑Ӯ
ᦤ高 1.24 .ס ಴ℸ, 䖭ḋⱘᵕ࣪ᴳ⌕ৃҹ೼๲ᔎֵোⱘৠᯊ᳝效ഄय़Ԣ㚠᱃.
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೒ 4.8: mχ-⟨σannv⟩ ᑇ䴶Ϟⱘ 3σ ♉ᬣᑺ᳆㒓೼䞛⫼ᵕ࣪ᴳ⌕ৢ与᳾䞛⫼ᵕ࣪ᴳ
⌕ᯊⱘ↨䕗 [161].

៥Ӏᑨ⫼与Ϟϔ㡖Ⳍৠⱘџ՟ㄯ䗝ᴵӊ, Ԅㅫњ䞛⫼ᵕ࣪ᴳ⌕ৢⱘ᥶⌟♉
ᬣᑺ, བ೒ 4.8 所⼎. ݊中, Ꮊ೒ᇍᑨѢ䌍㉇子ᱫ物䋼Ϩ

√
s = 1 TeV, ে೒ᇍᑨ
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Ѣᷛ䞣ᱫ物䋼Ϩ
√
s = 3 TeV. ⚍㒓ᰃᵕ࣪ᴳ⌕ⱘ♉ᬣᑺ᳆㒓, Ўњ֓Ѣ↨䕗,

г⫼ᅲ㒓⬏ߎ䴲ᵕ࣪ᴳ⌕ⱘ♉ᬣᑺ᳆㒓. 㪱㡆㒓ᴵⱘ⿃ߚ҂ᑺ↨红㡆㒓ᴵ高 10
.ס ৃҹⳟࠄ, ᵕ࣪ᴳ⌕ⱘ作⫼໻㑺ⳌᔧѢ⿃ߚ҂ᑺᦤ高 1 Ͼ䞣㑻. 䞛⫼ᵕ࣪
ᴳ⌕Пৢ, ᇍѢ䌍㉇子 (ᷛ䞣) ᱫ物䋼, ᔧ

√
s = 1 (3) TeV ᯊ, 䞛䲚 2000 fb−1

(1000 fb−1) ᭄᥂䞣ህ䎇ҹẔ偠 Fermi-LAT ⭥Ԑ㒓䈅ֵো.

4.1.3 ᱫ⠽䋼Ϣℷ䋳⬉ᄤⱘⳌѦ԰⫼

䗮䖛 γ + /E ᧰ᇏ䘧гৃҹ᥶㋶ᱫ物䋼与 e± ⱘⳌѦ作⫼. 䆒ᱫ物䋼粒子؛
ᰃ⢘ᢝܟ䌍㉇子, ᅗ与 e± ⱘⳌѦ作⫼⬅䞣㒆Ў 6 ⱘㅫヺᦣ䗄:

Oe =
1

Λ2
χ̄ΓχχēΓee, (4.8)

݊中 Γχ,Γe ∈ {1, iγ5, γµ, γµγ5}. ೼ e+e− ᇍᩲᴎϞ, 䗮䖛䖭⾡ⳌѦ作⫼, ᱫ物䋼
粒子ৃҹ㒣⬅ e+e− → χχ̄ 䖛⿟ѻ⫳, Ԛ䖭ḋⱘ᳿ᗕϡӮ㹿᥶⌟఼⌟䞣ߎᴹ, ᬙ
ϡ能㾺থֵো. ಴ℸ, 䖭䞠ᑨ䆹㽕∖᳝ϔϾᴹ㞾߱ᗕ䕤ᇘⱘܝ子, བ೒ 4.9 所⼎,
ֵোгህ与ࠡϸᇣ㡖ϔḋ, ᰃ γ + /E ֵো.
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e
−

e
+

χ̄

χ

γ

೒ 4.9: ᱫ物䋼与 e± ⳌѦ作⫼ᓩ䍋ⱘ e+e− → χχ̄γ 䖛⿟.

៥Ӏৃҹ⊓⫼ࠡ䴶ⱘ㚠᱃ḋᴀ, া䳔乱໪⫳៤䳔㽕ⱘֵোḋᴀ. ᴀᇣ㡖所
䗄Ꮉ作ᰃ CEPC 乘研ⱘϔ䚼ߚ, ಴㗠া㗗㰥

√
s = 250 GeV ⱘᚙމ. ֵো中

ⱘܝ子ᴹ㞾߱ᗕ䕤ᇘ, 能䞣أԢ, 㗠Ϩؒ৥Ѣᴳ⌕ᮍ৥. 䖭䞠ҡ✊䞛⫼ Cut 1
੠ Cut 2, ϡ䖛, Ўњ䖒ࠄ᳈དⱘֵোᰒ㨫ᗻ, ᇚ Cut 3 ᬍЎ㽕∖ܝ子⒵䎇
15◦ < θγ < 165◦, ϡ䞛⫼ Cut 4.

ᕫߎⱘ 3σ ♉ᬣᑺ᳆㒓བ೒ 4.10 所⼎. Ꮊ೒ᰃ mχ-Λ ᑇ䴶Ϟⱘ㒧ᵰ, 㗗㰥
њ 4 ⾡ㅫヺ, ᅲ㒓 (㰮㒓) ᇍᑨⱘ⿃ߚ҂ᑺЎ 100 fb−1 (1000 fb−1). བ䞛䲚؛
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೒ 4.10:
√
s = 250 GeV ᯊ, ᇍѢᱫ物䋼与 e± ⱘⳌѦ作⫼, mχ-Λ ᑇ䴶 (Ꮊ) ੠

mχ-⟨σannv⟩ ᑇ䴶 (ে) Ϟⱘ 3σ ♉ᬣᑺ᳆㒓.

1000 fb−1 ᭄᥂, ᇍѢ䕏ᱫ物䋼, ♉ᬣᑺ᳆㒓ৃҹ㾺ঞ Λ ∼ 1.4 TeV. ে೒߭ᇚ
㒧ᵰ䕀ᤶࠄ mχ-⟨σannv⟩ ᑇ䴶Ϟ, ݊中 ⟨σannv⟩ ᰃ χχ̄ → e+e− ⑂♁៾䴶, া⬏
ߎ Γχ = Γe = γµ ⱘᚙމ. ೒中䖬ᷛߎњᷛޚ⑂♁៾䴶 3 × 10−26 cm3 s−1 (ঠ
,(㒓ߦ⚍ Fermi-LAT 㾖⌟ⷂ᯳㋏㒭ߎⱘ 95% 㕂ֵᑺ៾䴶Ϟ䰤 [164], ҹঞ؛䆒
AMS-02 ℷ⬉子↨՟能䈅⬅䴲ᱫ物䋼䖛⿟ᓩ䍋㗠导ߎⱘ៾䴶Ϟ䰤 [165]. ৃҹⳟ
ᇍѢmχ,ࠄ ≲ 100 GeV, CEPC᧰ᇏ能໳᥶㋶ࠄ ⟨σannv⟩ ∼ 10−30−10−26 cm3 s−1

ⱘഄᮍ. 䖭↨ Fermi-LAT 㾖⌟♉ᬣᑺ㽕ᔎ޴Ͼ䞣㑻, 与Ң AMS-02 ℷ⬉子↨՟
䈅᥼ᮁⱘ៾䴶Ϟ䰤Ꮒϡ໮. ℸ໪, བᵰ Γχ = Γe = 1 ៪ Γχ = Γe = γµγ5, ফࠄ p

波⑂♁៪㶎ᮟᑺय़Ԣⱘᕅડ, 䯈᥹᥶⌟ᅲ偠෎ᴀϞ≵᳝᥶⌟能࡯, Ԛ CEPC ᧰
ᇏҡ✊᳝效.

4.2 Mono-Z ᧰ᇏ䘧

೼Ϟϔ㡖 monophoton ֵোⱘ᳿ᗕ中, 䰸њ /E, া᳝ 1 Ͼܝ子, ೼ᴀ㡖中៥
Ӏᇚᅗ᳓ᤶ៤ Z ⦏㡆子, 䅼䆎᳾ᴹ高能 e+e− ᇍᩲᴎϞⱘ mono-Z + /E ֵো. ೼
LHC Ϟ, mono-Z + /ET ֵোг䗖⫼Ѣᱫ物䋼᧰ᇏ [166, 167], ᅲ偠㒘Ꮖ㒣݀Ꮧњ
√
s = 8 TeV ᯊߚᵤ 20.3 fb−1 ᭄᥂ᕫࠄⱘ᧰ᇏ㒧ᵰ [168], Ўᱫ物䋼ⳌѦ作⫼䆒
㕂њ䰤ࠊ.

e+e− ᇍᩲᴎϞⱘ mono-Z + /E ֵোৃ⫼Ѣ᧰ᇏᱫ物䋼ѻ⫳䖛⿟ e+e− →
χχ̄Z. 䖭⾡䖛⿟ৃ能⑤㞾ϸ类ᱫ物䋼ⳌѦ作⫼: (1) ᱫ物䋼与 ZZ/Zγ ⳌѦ作⫼,
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(b) ⬅ᱫ物䋼与 e± ⳌѦ作⫼ᓩ䍋

೒ 4.11: ᱫ物䋼ѻ⫳䖛⿟ e+e− → χχ̄Z ⱘϸ⾡ᔶᓣ.

བ೒ 4.11(a) 所⼎; (2) ᱫ物䋼与 e± ⳌѦ作⫼, ᳿ᗕ Z ⦏㡆子ᴹ㞾߱ᗕ䕤ᇘ, བ
೒ 4.11(b) 所⼎.

4.2.1 ᳝ᬜㅫヺ੠῵ᢳ䆒ᅮ

,䌍㉇子ܟ䆒ᱫ物䋼粒子ᰃ⢘ᢝ؛ 㗠Ϩᰃᷛޚ῵ൟ㾘㣗ⳌѦ作⫼ऩᗕ. ᱫ
物䋼与⬉ᔅ㾘㣗എঞ Higgs എⱘ৘类᳝效ⳌѦ作⫼খ㾕᭛⤂ [169, 170]. ֱᣕ
SU(2)L × U(1)Y 㾘㣗ϡবᗻ੠ CP ᅜᘦ, ᱫ物䋼ৃ䗮䖛ҹϟϸ⾡䞣㒆Ў 7 ⱘ᳝
效ㅫヺ与⬉ᔅ㾘㣗എⳌѦ作⫼:

OF1 =
1

Λ3
1

χ̄χBµνB
µν +

1

Λ3
2

χ̄χW a
µνW

aµν , (4.9)

OF2 =
1

Λ3
1

χ̄iγ5χBµνB̃
µν +

1

Λ3
2

χ̄iγ5χW
a
µνW̃

aµν , (4.10)

݊中 Bµν ੠ W a
µν 别ᰃߚ U(1)Y ੠ SU(2)L 㾘㣗എⱘഎᔎᓴ䞣. 䕀ᤶࠄ物理എ

Ϟ, ᳝

OF1 ⊃ GZZχ̄χZµνZ
µν +GAZχ̄χAµνZ

µν , (4.11)

OF2 ⊃ GZZχ̄iγ5χZµνZ̃
µν +GAZχ̄iγ5χAµνZ̃

µν , (4.12)

݊中,

GZZ ≡
sin2 θW
Λ3

1

+
cos2 θW

Λ3
2

, GAZ ≡ 2 sin θW cos θW
(

1

Λ3
2

− 1

Λ3
1

)
. (4.13)
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䖭䞠, θW ᰃ Weinberg 㾦, 㗠 Aµν ≡ ∂µAν − ∂νAµ (Zµν ≡ ∂µZν − ∂νZµ) ᰃܝ子
(Z ⦏㡆子) ⱘഎᔎᓴ䞣. 䗮䖛 OF1 ៪ OF2 ㅫヺ, ᱫ物䋼粒子ϔ㠀Ӯৠᯊ㗺ড়ࠄ
ZZ ੠ Zγ. ϡ䖛, ᔧ Λ1 = Λ2 ᯊ, GAZ = 0, ᱫ物䋼与 Zγ ≵᳝㗺ড়.

ᱫ物䋼与 ZZ ⱘ㗺ড়гৃҹᴹ㞾঺ϔϾ䞣㒆Ў 7 ⱘㅫヺ:

OFH =
1

Λ3
χ̄χ(DµH)†DµH, (4.14)

݊中, H ᰃ Higgs Ѡ䞡ᗕ. Higgs എ㦋ᕫⳳぎᳳᕙؐПৢ, 䖭Ͼㅫヺ导㟈ϔϾ䞣
㒆Ў 5 ⱘㅫヺ

m2
Z

2Λ3
χ̄χZµZ

µ. (4.15)

ᇍѢ s ≫ m2
Z ⱘ高能ᇍᩲᴎ, ℸㅫヺᓩ䍋ⱘᱫ物䋼ѻ⫳៾䴶ফࠄϔϾ࡯ࡼ学಴

子 m4
Z/s

2 ⱘय़Ԣ. ಴ℸ, ៥Ӏ乘ᳳ♉ᬣᑺӮ↨䕗Ꮒ. ೼䖭䞠, ៥Ӏձ✊ᡞᅗ㗗㰥
䖯ᴹ, ⫼Ѣ与 OF1 ੠ OF2 䖯㸠↨䕗.

བϞϔ㡖所䗄, ᱫ物䋼与 e± ⱘ᳝效ⳌѦ作⫼ৃҹ⫼䆌໮⾡䞣㒆Ў 6 ⱘㅫ
ヺᦣ䗄, 䖭䞠៥Ӏ㗗㰥݊中ⱘϸ⾡作Ў՟子:

OFP =
1

Λ2
χ̄γ5χēγ5e, (4.16)

OFA =
1

Λ2
χ̄γµγ5χēγµγ5e. (4.17)

೼䞣㒆ߚᵤ中, ᅗӀ≵᳝ҔМϡৠ. ϡ䖛, ೼ϟ᭛中ᇚӮⳟࠄ, 㗗㰥ᵕ࣪ᴳ⌕П
ৢ, ᅗӀⱘ㸠Ў᳝ѯᏂ别.

ḍ᥂ Z ⦏㡆子ⱘ㹄ব῵ᓣ, ៥Ӏᇚ᧰ᇏ䘧ߚЎᏺ⬉䕏子䘧੠ᔎ子䘧, 别ߚ
ᇍᑨѢ Z ⦏㡆子㹄বࠄϸϾℷডᏺ⬉䕏子੠ϸϾ஋⊼. 㚠᱃੠ֵোⱘ῵ᢳḋᴀ
⬅ MadGraph 5 [124] ⫳៤, 㗠ᱫ物理粒子੠᳝效㗺ড়䗮䖛 FeynRules [125] ⏏
.䖯ᴹࡴ Փ⫼ PYTHIA 6 [130] ᴹ䋳䋷䚼ߚ子㇛ᇘ、ᔎ子࣪੠㹄ব䖛⿟. ᖿ䗳᥶
⌟఼῵ᢳ⬅ PGS 4 [139] ᠻ㸠. ஋⊼䗮䖛 anti-kt ㅫ⊩ [110] 䞡ᓎ, 㾦ᑺ䎱⾏খ᭄
পЎ R = 0.4. খ㗗 ILC ⱘ᥶⌟఼䆒䅵 [171], 䕼Ўߚ䆒⬉⺕䞣能఼能䞣؛

∆E

E
=

17%√
E/GeV

⊕ 1%, (4.18)
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ᔎ子䞣能఼能䞣ߚ䕼Ў
∆E

E
=

30%√
E/GeV

. (4.19)

៥Ӏ㗗㰥 3 Ͼᇍᩲ能䞣⚍,
√
s = 250 GeV, 500 GeV ੠ 1 TeV. ೼ϟ䴶ϸᇣ

㡖中, ҹ
√
s = 500 GeV Ў՟ভ䗄ᏺ⬉䕏子䘧੠ᔎ子䘧ⱘџ՟ߚᏗ੠ㄯ䗝ᴵӊ.

ᇍѢֵো, ෎ޚ⚍ (Benchmark Point) খ᭄ⱘ䗝পབ㸼 4.2 所⼎, ⬏೼џ՟ߚᏗ
೒中ⱘֵোḋᴀᣝ䖭ѯখ᭄⫳៤.

㸼 4.2:
√
s = 500 GeV ᯊ, ৘Ͼ᳝效ㅫヺⱘ෎ޚ⚍খ᭄. ᇍѢ OF1 ੠ OF2, 䆒؛

Λ = Λ1 = Λ2. σ Ў e+e− → χχ̄Z 䖛⿟៾䴶.

Λ (GeV) mχ (GeV) σ (fb)
OF1 280 50 48.4
OF2 250 80 53.4
OFH 100 5 45.0
OFP 400 120 58.6
OFA 280 150 50.2

4.2.2 ᏺ⬉䕏ᄤ䘧

೼ᏺ⬉䕏子䘧 (ℓℓ + /E) 中1, Џ㽕ⱘᷛޚ῵ൟ㚠᱃ᰃ e+e− → ℓ+ℓ−ν̄ν, ᅗࣙ
৿থ⫳䕏子㹄বⱘϸԧѻ⫳䖛⿟ e+e− → W+W− ੠ e+e− → ZZ, ҹঞ݊ᅗ䖛
⿟. ⃵㽕㚠᱃᳝ e+e− → τ+τ− ੠ e+e− → τ+τ−ν̄ν. ៥Ӏ䗝পⱘџ՟ㄯ䗝ᴵӊ߫
Ѣ㸼 4.3 中. ϟ䴶ҹ

√
s = 500 GeV Ў՟ҟ㒡䖭ѯㄯ䗝ᴵӊ.

Cut 1: 㽕∖᳝ 2 Ͼৠੇᓖো (Opposite-Sign Same-Flavor, OSSF) ⱘ⬉子
៪ µ 子, ⒵䎇 pT > 10 GeV ੠ |η| < 3; ϡ能᳝݊ᅗ⒵䎇 pT > 10 GeV ੠ |η| < 3

ⱘ䕏子、τh、ܝ子៪஋⊼.

Cut 1 ᰃ෎ᴀㄯ䗝ᴵӊ, ᣥ䗝ৃߎ能৿᳝ Z ⦏㡆子䕏子㹄বⱘџ՟. 䖭䞠
≵᳝ᣥ䗝ᔎ子㹄বⱘ τ 子, ϡ䖛, 䕏子㹄বⱘ τ 子Ӯ㹿ࣙ৿䖯ᴹ. ៥Ӏ䗮䖛῵
ᢳḋᴀᕫⶹ, ϡᇥ τ+τ− ੠ τ+τ−ν̄ν 㚠᱃џ՟ৃҹ䗮䖛 Cut 1. ϡ能᳝乱໪粒子

1䖭䞠ᏺ⬉䕏子ҙҙ指ҷℷ䋳⬉子੠ℷ䋳 µ 子, े ℓ = e, µ.
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㸼 4.3: ᏺ⬉䕏子䘧ⱘџ՟ㄯ䗝ᴵӊ.

√
s 250 GeV 500 GeV 1 TeV

Cut 1
㽕∖᳝ 2 Ͼৠੇᓖো䕏子, ⒵䎇 pT > 10 GeV ੠ |η| < 3

ϡ能᳝݊ᅗ⒵䎇 pT > 10 GeV ੠ |η| < 3 ⱘ粒子៪஋⊼

Cut 2 /pT > 15 GeV /pT > 30 GeV /pT > 40 GeV
Cut 3 |mℓℓ −mZ | < 5 GeV
Cut 4 mrec ≥ 100 GeV mrec ≥ 140 GeV mrec ≥ 200 GeV
Cut 5 / 25◦ < θℓℓ < 155◦

੠஋⊼ⱘ㽕∖ৃҹᥦ䰸䆌໮᳾㹿៥Ӏ῵ᢳⱘ㚠᱃, བ e+e− → ℓℓγ, e+e− → ℓℓττ

੠ e+e− → ττττ ㄝ. ಴ℸ, ೼䖭ϾᎹ作中, ៥Ӏৃҹᗑ⬹䖭ѯ㚠᱃.

Cut 2: 㽕∖϶༅ⱘ῾৥ࡼ䞣 /pT > 30 GeV.

೼Փ⫼ Cut 2 Пࠡ, ᔦϔ࣪ⱘ /pT Ꮧབ೒ߚ 4.12(a) 所⼎. τ+τ− ੠ τ+τ−ν̄ν

㚠᱃ⱘ᳿ᗕ䞠中ᖂ子᭄Ⳃᅲ䰙ϞϡᇥѢ 4Ͼ,ᅗӀᇍ /pT ⱘ䋵⤂೼ϔᅮ⿟ᑺϞӮ

ⳌѦᢉ⍜, ಴㗠ؒ৥Ѣ㒭ߎ䕗ᇣⱘ /pT. 所ҹ, Cut 2 ⱘՓ⫼ৃҹय़Ԣ䖭ϸϾ㚠᱃.

Cut 3: 㽕∖ϸϾ䕏子ⱘϡব䋼䞣 mℓℓ ⒵䎇 |mℓℓ −mZ | < 5 GeV.

೒ 4.12(b) ሩ⼎њՓ⫼ Cut 3 Пࠡⱘ mℓℓ .Ꮧߚ ᮴䆎ᰃֵো䖬ᰃϡৃ㑺㚠
᱃ ℓ+ℓ−ν̄ν, Z ⦏㡆子ⱘ݅ᤃዄ䛑䴲ᐌᯢᰒ. ᇍѢֵোᴹ䇈, mℓℓ ∼ 40 GeV 䰘
䖥䖬᳝ϔѯᇣ哧ࣙ, 䖭ᰃ⬅ Z → τ+τ− 㹄বߎᴹⱘ τ± ৢ㓁㹄ব៤ e± ៪ µ±

ᓩ䍋ⱘ. Cut 3 ᣥ䗝ߎ䕏子㹄বⱘ೼໇ Z ⦏㡆子, ৠᯊࠨ䰸њ໻䚼ߚ τ+τ− ੠

τ+τ−ν̄ν 㚠᱃, ҹঞ໻䚼ߚᴹ㞾 e+e− → W+W− 䖛⿟ⱘ ℓ+ℓ−ν̄ν 㚠᱃.

Cut 4: 䰸ࠨ mrec < 140 GeV ⱘџ՟.

ℸ໘, ডކ䋼䞣 mrec ⳌᇍѢ䞡ᓎߎᴹⱘ Z ⦏㡆子㗠㿔, ᅮНЎ mrec ≡√
(pe+ + pe− − pℓ1 − pℓ2)2, ݊中 pe+ (pe−) ᰃᴳ⌕ℷ⬉子 (⬉子) ⱘ 4 㓈ࡼ䞣, 㗠

pℓ1 ੠ pℓ2 别ᰃϸϾ䕏子ⱘߚ 4 㓈ࡼ䞣. ℓ+ℓ−ν̄ν ࣙ৿ e+e− → ZZ 䖛⿟ⱘ䋵⤂.
བᵰ೼䖭ϸϾ೼໇ Z ⦏㡆子中, ϔϾ㹄ব៤䕏子ᇍ, ϔϾ㹄ব៤中ᖂ子ᇍ, ህӮ
೼ mrec ,ᏗϞᔶ៤ϔϾዄߚ 位㕂೼ mZ 䰘䖥, བ೒ 4.12(c) 所⼎. Cut 4 ⱘ作⫼
ᰃ⿏䰸ᵘ៤䖭Ͼዄⱘџ՟. 㒣䖛 Cut 1 ⱘㄯ䗝Пৢ, џ՟中ⱘৃ㾕物ԧা᳝ϸ
Ͼ䕏子, ಴㗠 mrec ᅲ䰙Ϟᰃ所᳝ϡৃ㾕物ԧ (ࣙᣀ中ᖂ子੠ᱫ物䋼粒子) ⱘϡ
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(d) Փ⫼ Cut 5 Пࠡ, ᔦϔ࣪ⱘ θℓℓ Ꮧߚ

೒ 4.12:
√
s = 500 GeV ᯊ, ℓℓ+ /E ᧰ᇏ䘧中㚠᱃੠ֵো೼৘Ͼ䖤ࡼ学ব䞣Ϟⱘ

Ꮧߚ [172]. 咥㡆⚍ߦ㒓ᷛ⼎ⱘ位㕂ᰃㄯ䗝ᴵӊ䯜ؐ.

ব䋼䞣. ⬅Ѣ䖤ࡼ学䯜ؐᴵӊ, ֵোⱘ mrec ᏗҢߚ mrec = 2mχ ᓔྟ. བᵰ೼
ᅲ偠中能໳থ⦄໻䞣ⱘֵোџ՟, 䖭Ͼ⡍ᕕህৃҹ⫼ᴹއᅮᱫ物䋼粒子ⱘ䋼䞣.
⬅Ѣ៥Ӏ೼ Cut 3 中㽕∖ϸϾ䕏子ⱘϡব䋼䞣 mℓℓ ≃ mZ , 䖭䞠所᳝㚠᱃੠ֵো
mrec ᏗⱘϞ䖍⬠䛑位Ѣߚ mrec ≃

√
s−mZ .

Cut 5: 㽕∖ 25◦ < θℓℓ < 155◦.

䖭䞠, θℓℓ 㹿ᅮН៤ϸϾ䕏子ᘏࡼ䞣ᮍ৥与ᴳ⌕ᮍ৥ⱘ།㾦. ᇍѢ ℓ+ℓ−ν̄ν

㚠᱃, 䞡ᓎߎᴹⱘ Z ⦏㡆子᳝ৃ能ᴹ㞾߱ᗕ䕤ᇘ, ಴㗠䴴䖥ᴳ⌕ᮍ৥, བ
೒ 4.12(d) 所⼎. ঺ϔᮍ䴶, ᇍѢֵোᴹ䇈, Z ⦏㡆子᳈ؒ৥Ѣ中ᖗऎ. Ѣᰃ,
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Cut 5ৃҹ೼ϔᅮ⿟ᑺϞय़Ԣ ℓ+ℓ−ν̄ν 㚠᱃. ϡ䖛, Ўњ㓈ᣕ䕗໮ⱘֵোџ՟, ៥
Ӏ≵᳝䞛⫼᳈Ϲ㢯ⱘᴵӊ.

㸼 4.4:
√
s = 500 GeV ᯊ, ೼ᏺ⬉䕏子䘧中, ৘⃵џ՟ㄯ䗝䖛ৢ㚠᱃੠ֵোⱘ៾

䴶 σ (ऩ位Ў fb) ঞֵোᰒ㨫ᗻ S.

ℓ+ℓ−ν̄ν τ+τ− τ+τ−ν̄ν OF1 OF2 OFH OFP OFA

σ σ σ σ S σ S σ S σ S σ S
Cut 1 306 20.4 2.85 2.65 1.5 2.94 1.6 2.47 1.4 3.24 1.8 2.86 1.6
Cut 2 235 11.8 1.29 2.52 1.6 2.82 1.8 2.39 1.5 3.19 2.0 2.19 1.4
Cut 3 23.9 0.410 0.0495 2.41 4.7 2.70 5.2 2.29 4.4 3.06 5.8 2.09 4.1
Cut 4 16.0 0.410 0.0495 2.39 5.5 2.70 6.2 2.19 5.1 3.06 6.9 2.09 4.9
Cut 5 12.1 0.410 0.0471 2.19 5.7 2.42 6.2 2.11 5.5 2.95 7.5 2.01 5.3

೼㸼 4.4 中, ៥Ӏ߫ߎ৘⃵џ՟ㄯ䗝䖛ৢ㚠᱃੠ֵোⱘ៾䴶, ҹঞֵো෎ޚ
⚍ⱘᰒ㨫ᗻ S. ݊中, ֵোᰒ㨫ᗻᅮНЎ S = S/

√
S +B, B ᰃᘏⱘ㚠᱃џ՟

᭄, S ᰃֵোџ՟᭄. 䅵ㅫ㸼中 S ᯊ, ҂ᑺЎߚ⿃䆒؛ 100 fb−1. Փ⫼ Cut 2 㟇
Cut 5 Пৢ, া᳝ 2% 㟇 4% ⱘ㚠᱃⬭ϟᴹ. 䗮䖛䖭Ͼ㸼Ḑ, ៥Ӏৃҹ⏙Ἦഄⳟ
.⫼䖭ѯџ՟ㄯ䗝ᴵӊᇍᦤ高ֵোᰒ㨫ᗻ所䍋ⱘ作ߎ

4.2.3 ᔎᄤ䘧

೼ᔎ子䘧 (jj + /E) 中, Џ㽕ⱘ㚠᱃ᰃ e+e− → jjνν̄ ੠ e+e− → jjℓν, ᅗӀ
别ࣙ৿থ⫳ञ䕏子㹄বⱘϸԧѻ⫳䖛⿟ߚ e+e− → ZZ ੠ e+e− → W+W−. ℸ
໪, e+e− → tt̄ ᰃϔϾ⃵㽕㚠᱃. 㸼 4.5 .៥Ӏ䗝পⱘџ՟ㄯ䗝ᴵӊߎ߫ ᥹ϟᴹ,
ৠḋҹ

√
s = 500 GeV Ў՟ҟ㒡䖭ѯᴵӊ.

Cut 1: 㽕∖᳝ 2 Ͼ஋⊼, ⒵䎇 pT > 10 GeV ੠ |η| < 3; ϡ能᳝݊ᅗ⒵䎇
pT > 10 GeV ੠ |η| < 3 ⱘ䕏子、τh、ܝ子៪஋⊼.

䖭Ͼ෎ᴀㄯ䗝ᴵӊᣥ䗝ⱘ 2 Ͼ஋⊼ᇚ⫼ᴹ䞡ᓎᔎ子㹄বⱘ Z ⦏㡆子. jjνν̄
ᰃϡৃ㑺㚠᱃, ᕜᆍᯧ䗮䖛 Cut 1. ϡᇥ jjℓν 㚠᱃гӮ⬭ϟᴹ, ಴Ў᳿ᗕ中ⱘ䕏
子 ℓ ৃ能㹿ࣙ৿ࠄᶤϾ஋⊼П中, гৃ能⬅Ѣ pT ໾ᇣ᳾㹿䞡ᓎߎᴹ, 䖬ৃ能໘
Ѣϡৃ᥶⌟ऎඳ, བᴳ⌕䰘䖥. ঺ϔᮍ䴶, tt̄ 㚠᱃ؒ৥Ѣ⫳៤䆌໮Ͼ஋⊼៪䍙䖛
1 Ͼ高能䕏子, ಴㗠ϡᆍᯧ䗮䖛 Cut 1, ᰒᕫϡᗢМ䞡㽕.
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㸼 4.5: ᔎ子䘧ⱘџ՟ㄯ䗝ᴵӊ.

√
s 250 GeV 500 GeV 1 TeV

Cut 1
㽕∖᳝ 2 Ͼ஋⊼, ⒵䎇 pT > 10 GeV ੠ |η| < 3

ϡ能᳝݊ᅗ⒵䎇 pT > 10 GeV ੠ |η| < 3 ⱘ粒子៪஋⊼

Cut 2 /pT > 15 GeV /pT > 30 GeV /pT > 40 GeV
Cut 3 50 GeV < mjj < 95 GeV 40 GeV < mjj < 95 GeV
Cut 4 mrec ≥ 120 GeV mrec ≥ 200 GeV mrec ≥ 300 GeV
Cut 5 30◦ < θjj < 150◦ 25◦ < θjj < 155◦

Cut 2: 㽕∖ /pT > 30 GeV.

䖭Ͼᴵӊ⫼Ѣय़Ԣ jjνν̄ ੠ jjℓν 㚠᱃, བ೒ 4.13(a) 所⼎.

Cut 3: 㽕∖ϸϾ஋⊼ⱘϡব䋼䞣 mjj ⒵䎇 40 GeV < mjj < 95 GeV.

೒ 4.13(b) ሩ⼎њՓ⫼ Cut 3 Пࠡⱘ mjj .Ꮧߚ ᇍѢֵো੠ jjνν̄ 㚠᱃, Z
⦏㡆子ⱘዄ㹿䞡ᓎ೼ ∼ 85 GeV 䰘䖥. ᇍѢ jjℓν 㚠᱃, ߭೼ ∼ 75 GeV 䰘䖥䞡
ᓎߎϔϾ W ⦏㡆子ⱘዄ. ঺໪, jjνν̄ 㚠᱃೼ ∼ 115 GeV 䰘䖥䖬᳝㄀ѠϾዄ, ᴹ
㞾 Higgs ⦏㡆子ⱘᔎ子㹄ব. ᔎ子㑻㘨㹄ব中ᐌᐌӮѻ⫳中ᖂ子, 导㟈⌟䞣ߎᴹ
ⱘ஋⊼能ࡼ䞣᱂䘡ԢѢᓩ䍋ᅗⱘ䚼ߚ子, ಴㗠䖭ѯዄⱘ位㕂䛑↨Ⳍᑨ⦏㡆子ⱘ
䋼䞣Ԣ. Ўњֱ⬭໻䚼ֵߚোџ՟, Cut 3 中 mjj ⱘ㣗ೈপᕫ↨䕗ᆑ. ϡ䖛, 䖭
г导㟈 jjℓν 㚠᱃ W ⦏㡆子ዄ䰘䖥ⱘ໻䚼ߚџ՟⬭њϟᴹ.

Cut 4: 䰸ࠨ mrec < 200 GeV ⱘџ՟.

䖭䞠ডކ䋼䞣ᅮНЎ mrec ≡
√
(pe+ + pe− − pj1 − pj2)2, ݊中 pj1 ੠ pj2 ᰃ

ϸϾ஋⊼ⱘ 4 㓈ࡼ䞣. བ೒ 4.13(c) 所⼎, jjνν̄ ੠ jjℓν 㚠᱃ⱘ mrec Ꮧ೼ߚ

∼ 140 GeV 䰘䖥ഛ᳝ϔϾ↨䕗ᆑⱘዄ, ಴㗠 Cut 4 ৃҹय़Ԣ䖭ϸϾ㚠᱃.

Cut 5: 㽕∖ 25◦ < θjj < 155◦.

ℸ໘ θjj ᅮНЎϸϾ஋⊼ⱘᘏࡼ䞣ᮍ৥与ᴳ⌕ᮍ৥ⱘ།㾦. Ң೒ 4.13(d) 中
ৃҹⳟߎ, 䖭Ͼㄯ䗝ᴵӊᇍय़Ԣ jjℓν 㚠᱃䴲ᐌ᳝效. ঺ϔᮍ䴶, jjνν̄ 㚠᱃ⱘ θjj

,Ꮧ↨䕗ᑇഺߚ ֵোⱘ θjj .Ꮧؒ৥Ѣ中ᖗऎߚ

៥Ӏ೼㸼 4.6 中߫ߎ৘⃵џ՟ㄯ䗝䖛ৢ㚠᱃੠ֵোⱘ៾䴶, ҹঞ 100 fb−1

᭄᥂ᇍᑨⱘֵোᰒ㨫ᗻ. ᑨ⫼ Cut 2 㟇 Cut 5, ᳝ 62% ⱘ jjνν̄ 㚠᱃џ՟㹿ࠨ䰸
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೒ 4.13:
√
s = 500 GeV ᯊ, jj + /E ᧰ᇏ䘧中㚠᱃੠ֵো೼৘Ͼ䖤ࡼ学ব䞣Ϟⱘ

Ꮧߚ [172]. 咥㡆⚍ߦ㒓ᷛ⼎ⱘ位㕂ᰃㄯ䗝ᴵӊ䯜ؐ.

њ, 㗠 jjℓν 㚠᱃中া᳝ 2% ⱘџ՟ֱ⬭ϟᴹ. ⳌᇍѢ Z ⱘ䕏子㹄ব῵ᓣ, ᔎ子
㹄ব῵ᓣⱘᬃߚ↨᳈໻, ಴㗠, ᇍѢⳌৠⱘ⿃ߚ҂ᑺ, ೼ jj + /E ᧰ᇏ䘧中ㄯ䗝ߎ

ᴹⱘֵোџ՟᳈໮. 䖭ᯢᰒഄԧ⦄೼㸼 4.6 与㸼 4.4 ⱘֵো៾䴶੠ᰒ㨫ᗻП中.

4.2.4 ᅲ偠♉ᬣᑺ

ϟ䴶䅼䆎 mono-Z ᧰ᇏ䘧ⱘᅲ偠♉ᬣᑺ.

҂ᑺЎߚ⿃䆒؛ 1000 fb−1, ᇍᩲ能䞣Ў 250 GeV, 500 GeV ੠ 1 TeV, ᑨ⫼
Ϟ䗄ᏺ⬉䕏子䘧੠ᔎ子䘧ⱘџ՟ㄯ䗝ᴵӊ, ៥Ӏৃҹᕫߎ mχ-Λ ᑇ䴶Ϟⱘ 3σ
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㸼 4.6:
√
s = 500 GeV ᯊ, ೼ᔎ子䘧中, ৘⃵џ՟ㄯ䗝䖛ৢ㚠᱃੠ֵোⱘ៾䴶 σ

(ऩ位Ў fb) ঞֵোᰒ㨫ᗻ S.

jjνν̄ jjℓν tt̄ OF1 OF2 OFH OFP OFA

σ σ σ σ S σ S σ S σ S σ S
Cut 1 245 131 1.74 18.9 9.47 20.9 10.4 17.8 8.94 22.1 11.1 18.4 9.24
Cut 2 207 93.2 1.56 18.0 10.0 20.0 11.2 17.2 9.64 21.8 12.1 13.9 7.84
Cut 3 160 56.6 0.270 17.2 11.2 19.2 12.5 16.6 10.8 20.7 13.5 13.3 8.76
Cut 4 115 14.9 0.264 16.3 13.4 18.7 15.3 14.6 12.1 20.7 16.9 13.3 11.1
Cut 5 92.6 2.91 0.253 15.1 14.3 17.1 16.1 14.1 13.5 20.1 18.7 12.9 12.3

乘ᳳ♉ᬣᑺ᳆㒓, བ೒ 4.14 所⼎. ೒中⚍ߦ㒓 (ᅲ㒓) ᇍᑨѢᏺ⬉䕏子䘧 (ᔎ子
䘧). Ў֓Ѣ䅼䆎, ᇍѢ OF1 ੠ OF2 ㅫヺ, Ꮖ㒣؛䆒 Λ = Λ1 = Λ2.

བࠡ所㿔, ᔎ子䘧↨ᏺ⬉䕏子䘧᳈Ў♉ᬣ, ೼೒ 4.14 中ԧ⦄ᕫ䴲ᐌᯢᰒ. 䱣
ⴔ mχ ⱘ๲໻, ᅲ偠♉ᬣᑺϔᓔྟ޴Тϡব, 䱣ৢ䖙䗳ϟ䰡. ᔧ

√
s = 1 TeV ᯊ,

བᵰ mχ 䕗ᇣ, ᇍ OF1 ੠ OF2 ㅫヺৃҹ᥶㋶ࠄ Λ ∼ 700 GeV; ⬅Ѣѻ⫳៾䴶㹿
य़Ԣ, ᇍ OFH া能䖒ࠄ Λ ∼ 190 GeV; 㗠ᇍ OFP ੠ OFA ㅫヺ߭能໳ߚ别᧰ᇏ

ࠄ Λ ∼ 2.3 TeV ੠ Λ ∼ 1.6 TeV.

ᇍѢ OFP ੠ OFA ㅫヺ, 与೒ 4.10 ↨䕗Ӯথ⦄, ᔧ
√
s = 250 GeV ᯊ,

mono-Z ᧰ᇏ䘧ⱘ♉ᬣᑺ䖰䖰↨ϡϞ monophoton ᧰ᇏ䘧ⱘ♉ᬣᑺ, 䖭ᰃ಴Ў߱
ᗕ䕤ᇘߎᴹⱘ Z ⦏㡆子䋼䞣Ⳍᇍ䕗໻, .ᇣњᱫ物䋼ѻ⫳䖛⿟ⱘⳌぎ䯈ޣ བᵰ
ᇍᩲ能䞣ᦤ高ࠄ 1 TeV, Z ⦏㡆子䋼䞣ህᰒᕫᕜϡ䞡㽕њ, 䖭ϸϾ᧰ᇏ䘧ⱘ㒧ᵰ
Ӯ↨䕗᥹䖥. ᇍѢ OFA ㅫヺ, ↨䕗䖭䞠ⱘ㒧ᵰৠ᭛⤂ [144] 中ⱘ㒧ᵰ, ৃҹⳟߎ
䖭Ͼ㒧䆎.

䗮䖛ᱫ物䋼䯈᥹᥶⌟, г能໳研究ᱫ物䋼与 ZZ ੠ e+e− ⱘⳌѦ作⫼. ḍ᥂
ᇍ 15 Ͼⷂ᯳㋏ԑ偀ᇘ㒓ⱘ 4 年㾖⌟᭄᥂, Fermi-LAT Ўᱫ物䋼⑂♁ࠄ W+W−

੠ e+e− ⱘ៾䴶䆒㕂њ 95% 㕂ֵᑺⱘϞ䰤 [164]. ⬅Ѣ ZZ ⑂♁䘧㒭ߎⱘԑ偀ᇘ

㒓能䈅与 W+W− ⑂♁䘧䴲ᐌⳌԐ, ᔧ䖤ࡼ学ᴵӊ⒵䎇ᯊ, ៥Ӏ䅸Ў Fermi-LAT
ᇍ W+W− 䘧ⱘϞ䰤г䗖⫼Ѣ ZZ 䘧. ᥹ϟᴹ↨䕗 Fermi-LAT ⱘ䰤ࠊ与 e+e−

ᇍᩲᴎⱘ♉ᬣᑺ.
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೒ 4.14: mχ-Λ ᑇ䴶Ϟⱘ 3σ ♉ᬣᑺ᳆㒓 [172].
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(b) OFP ㅫヺ, ᱫ物䋼⑂♁ࠄ e+e−.

೒ 4.15: mχ-⟨σannv⟩ ᑇ䴶Ϟⱘ 3σ ♉ᬣᑺ᳆㒓 [172].

೼䴲Ⳍᇍ䆎ᵕ䰤ϟ, OF2 ㅫヺᓩ䍋ⱘᱫ物䋼ࠄ ZZ ⑂♁៾䴶Ў

⟨σannv⟩χχ̄→ZZ ≃
4m4

χG
2
ZZ

π

(
1− m2

Z

m2
χ

)3/2

, (4.20)

㗠 OFP ㅫヺᓩ䍋ⱘᱫ物䋼ࠄ e+e− ⑂♁៾䴶Ў

⟨σannv⟩χχ̄→e+e− ≃
m2
χ

2πΛ4

√
1− m2

e

m2
χ

. (4.21)

߽⫼䖭ѯ㸼䖒ᓣ, ៥Ӏৃҹᇚ mχ-Λ ᑇ䴶Ϟⱘ♉ᬣᑺ᳆㒓䕀ᤶࠄ mχ-⟨σannv⟩ ᑇ
䴶Ϟ, བ೒ 4.15 所⼎. ೒中г⬏ߎњ Fermi-LAT 㒭ߎⱘϞ䰤2.

೼ mχ-⟨σannv⟩ ᑇ䴶Ϟ, 与 Fermi-LAT ⱘ䯈᥹᥶⌟Ⳍ↨, ᇍᩲᴎ᧰ᇏᇍᱫ物
䋼粒子䋼䞣᳈Ўᬣᛳ. ᔧ

√
s = 1 TeV ᯊ, ᇍѢ OF2 ㅫヺ, e+e− ᇍᩲᴎⱘ♉ᬣ

ᑺ೼ mχ ≲ 200 GeV ໘㽕དѢ Fermi-LAT; ᇍѢ OFP ㅫヺ, ೼ mχ ≲ 400 GeV
໘ᇍᩲᴎ♉ᬣᑺৃҹ䍙䖛 Fermi-LAT ᥦ䰸䰤ད޴Ͼ䞣㑻.

঺ϔᮍ䴶, OF1, OFH ੠ OFA ㅫヺᓩ䍋ⱘᱫ物䋼⑂♁䖛⿟㽕М㹿 p 波य़Ԣ,
㽕М㹿㶎ᮟᑺय़Ԣ [170, 173], ෎Ѣ䴲Ⳍᇍ䆎ᗻᱫ物䋼ⱘ䯈᥹᥶⌟ᅲ偠≵᳝能࡯
研究ᅗӀ. ✊㗠, ⫼ e+e− ᇍᩲᴎᴹ研究䖭ѯⳌѦ作⫼≵᳝ӏԩ䯂乬.

2与೒ 4.6 ϔḋ, 䖭ѯϞ䰤гܜ㹿Ьҹ 2 .೒中ܹ⬏ݡ
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೒ 4.16:
√
s = 500 GeV ᯊ, Λ1 与 Λ2 ⱘϡৠ݇㋏ᇍ mχ-Λ ᑇ䴶Ϟᔎ子䘧♉ᬣᑺ

ⱘᕅડ [172].

ᇍѢ OF1 ੠ OF2 ㅫヺᴹ䇈, བ (4.13) 中ϸᓣ所⼎, ᱫ物䋼与 ZZ ੠ Zγ

ⱘ㗺ড়ձ䌪ѢϸϾ៾ᮁ能ᷛ, Λ1 ੠ Λ2. ಴ℸ, Λ1 与 Λ2 ⱘⳌᇍ݇㋏Ӯᕅડ

χχZZ ੠ χχZγ 㗺ড়ᇍᱫ物䋼ѻ⫳䖛⿟ e+e− → χχ̄Z ⱘⳌᇍ䋵⤂. ҹᔎ子䘧
Ў՟, ᔧ

√
s = 500 GeV ᯊ, Λ1 与 Λ2 ⱘϡৠ݇㋏ᇍ mχ-Λ ᑇ䴶Ϟ♉ᬣᑺⱘᕅ

ડབ೒ 4.16 所⼎. Ꮊ (ে) ೒ᰃ OF1 ㅫヺ (OF2 ㅫヺ) ⱘ㒧ᵰ. 咥㡆ᅲ㒓ᇍᑨ
Ѣ Λ = Λ1 = Λ2, 红㡆⚍ߦ㒓ᇍᑨѢ Λ = Λ1 = −Λ2, 㪱㡆㰮㒓ᇍᑨѢ Λ = Λ1

Ϩ Λ2 → ∞, 㓓㡆⚍㒓ᇍᑨѢ Λ = Λ2 Ϩ Λ1 → ∞. བࠡ所䗄, Λ1 = Λ2 Ӯ⽕

៦ χχZγ 㗺ড়. 㢹 Λ1 = −Λ2 ៪ Λ2 → ∞, ߭ χχZγ 㗺ড়㒭ߎЏ㽕䋵⤂. 㢹
Λ1 →∞, ߭ϸ⾡㗺ড়ⱘ䋵⤂Ꮒϡ໮.

4.2.5 ᵕ࣪ᴳ⌕

类ԐѢ monophoton ᧰ᇏ䘧, ᴳ⌕ᵕ࣪г᳝ࡽѢᦤ高 mono-Z ᧰ᇏ䘧ⱘᅲ
偠♉ᬣᑺ. 与 monophoton ᧰ᇏ䘧ϔḋ, ៥Ӏ؛䆒⬉子ᴳ⌕能䖒ࠄⱘ᳔໻ᵕ࣪ᑺ
Ў 80%, ℷ⬉子ᴳ⌕ⱘ᳔໻ᵕ࣪ᑺЎ 30%. ϟ䴶ҹ

√
s = 500 GeV Ў՟䇈ᯢᵕ

࣪ᴳ⌕ⱘӬ࢓.

೼㸼 4.7 中, ៥Ӏ߫ߎᏺ⬉䕏子䘧੠ᔎ子䘧中Џ㽕㚠᱃੠ֵো೼ϡৠᴳ⌕
ᵕ࣪ᵘൟϟⱘ៾䴶. 㚠᱃ⱘᵕ࣪៾䴶Џ㽕⬅ e± 与 W ⦏㡆子ⱘ㗺ড়੠ e± 与 Z

⦏㡆子ⱘ㗺ড়އᅮ. ೼ᷛޚ῵ൟ中, 与 W± 㗺ড়ⱘ e− ᖙ乏ᰃᎺ᠟ⱘ, 㗠与 W±
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㸼 4.7:
√
s = 500 GeV ᯊ, ϡৠᴳ⌕ᵕ࣪ᵘൟϟ, Џ㽕㚠᱃੠ֵোⱘ៾䴶, ऩ位

Ў fb.

ᏺ⬉䕏子䘧, Ꮖᑨ⫼ Cut 1 㟇 Cut 5

(Pe− , Pe+) ℓ+ℓ−ν̄ν OF1 OF2 OFH OFP OFA

(0, 0) 12.1 2.19 2.42 2.11 2.95 2.01
(+0.8,−0.3) 2.02 2.19 2.43 2.08 2.24 1.97
(+0.8,+0.3) 3.48 1.42 1.56 1.40 3.63 1.30
(−0.8,−0.3) 15.2 1.89 2.09 1.82 3.63 1.75
(−0.8,+0.3) 27.6 3.24 3.59 3.13 2.24 3.02

ᔎ子䘧, Ꮖᑨ⫼ Cut 1 㟇 Cut 5

(Pe− , Pe+) jjνν̄ jjℓν OF1 OF2 OFH OFP OFA

(0, 0) 92.6 2.91 15.1 17.1 14.1 20.1 12.9
(+0.8,−0.3) 17.4 0.776 15.0 17.0 14.2 15.2 12.8
(+0.8,+0.3) 26.2 1.07 9.77 11.2 9.17 24.9 8.40
(−0.8,−0.3) 115 3.85 13.1 14.8 12.2 24.9 11.2
(−0.8,+0.3) 212 6.05 22.3 25.3 20.9 15.2 19.0

㸼 4.8:
√
s = 500 GeV ᯊ, 䞛⫼᳔Ӭᵕ࣪ᴳ⌕ৢⱘֵোᰒ㨫ᗻ与ϡ䞛⫼ᵕ࣪ᴳ

⌕ᯊⱘᇍ↨.

ᏺ⬉䕏子䘧

Sunpol Spol Spol/Sunpol

OF1 5.69 10.1 1.78
OF2 6.24 10.9 1.75
OFH 5.50 9.70 1.76
OFP 7.47 13.4 1.79
OFA 5.25 9.29 1.77

ᔎ子䘧

Sunpol Spol Spol/Sunpol

OF1 14.3 26.0 1.82
OF2 16.1 28.6 1.78
OFH 13.5 24.8 1.84
OFP 18.7 34.4 1.84
OFA 12.3 23.0 1.87
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㗺ড়ⱘ e+ ᖙ乏ᰃে᠟ⱘ. ঺ϔᮍ䴶, Z0 与 e± ⱘ㗺ড়ᔶᓣЎ

g

2 cos θW
(gLēLγ

µeL + gRēRγ
µeR)Zµ, (4.22)

݊中 gL = −1 + 2 sin2 θW ≃ −0.56, gR = 2 sin2 θ ≃ 0.44. ಴ℸ, Ꮊ᠟ e− (ে᠟
e+) 与 Z0 ⱘ㗺ড়↨ে᠟ e− (Ꮊ᠟ e+) ᔎ. Ң㗠, ೼㸼 4.7 中߫ߎⱘᵕ࣪ᵘൟ䞠
䴶, (Pe− , Pe+) = (+0.8,−0.3)੠ (+0.8,+0.3)ᇍ ℓ+ℓ−ν̄ν, jjνν̄ ੠ jjℓν 㚠᱃ⱘय़

Ԣ᳔᳝效.

ᇍѢ OF1, OF2, OFH ੠ OFA ㅫヺ, ⬅Ѣⶶ䞣⌕੠䕈ⶶ䞣⌕ⳌѦ作⫼ⱘ㽕∖,
ᅠܼᵕ࣪៾䴶 σLL ੠ σRR ഛЎ䳊, 㗠 Z0 与Ꮊ᠟ e− ⱘ㗺ড়↨ে᠟ e− ᔎ߭导㟈

σLR ໻Ѣ σRL. ϡ䖛, (Pe− , Pe+) = (−0.8,+0.3) ᯊ㚠᱃ⱘ៾䴶䴲ᐌ໻, ᳔Ӭ࣪ⱘ
ᵕ࣪ᵘൟᰃ (Pe− , Pe+) = (+0.8,−0.3).

঺ϔᮍ䴶, ᇍѢ OFP ㅫヺ, σLR ੠ σRL ഛЎ䳊, ಴Ў䌱ᷛ䞣ⳌѦ作⫼㽕∖ℷ
䋳⬉子᳝݋Ⳍৠⱘ㶎ᮟᑺ. 㗠 σLL 与 σRR Ⳍㄝ. Ўњ䙓ᓔᑲ໻ⱘ㚠᱃, ᳔Ӭ࣪
ⱘᵕ࣪ᵘൟᰃ (Pe− , Pe+) = (+0.8,+0.3).

೼㸼 4.8 中, ៥Ӏ߫ߎՓ⫼᳔Ӭᵕ࣪ᴳ⌕ᯊⱘֵোᰒ㨫ᗻ Spol ੠Փ⫼䴲ᵕ

࣪ᴳ⌕ᯊⱘֵোᰒ㨫ᗻ Sunpol, 䆒؛
√
s = 500 GeV Ϩ⿃ߚ҂ᑺЎ 100 fb−1. ೼

ᏺ⬉䕏子䘧੠ᔎ子䘧中, ৘ϾㅫヺⳌᑨⱘ Spol/Sunpol ৃ䖒ࠄ 1.7 − 1.9. ⬅Ѣֵ
োᰒ㨫ᗻ෎ᴀϞℷ↨Ѣ⿃ߚ҂ᑺⱘᑇᮍḍ, Փ⫼᳔Ӭᵕ࣪ᴳ⌕ⳌᔧѢ䞛䲚䍙䖛
3 .ⱘ᭄᥂䞣ס

҂ᑺЎߚ⿃䆒؛ 1000 fb−1, ೼೒ 4.17 中, ៥Ӏሩ⼎њ mχ-Λ ᑇ䴶ϞՓ⫼ᵕ
࣪ᴳ⌕ࠡৢⱘ 3σ ♉ᬣᑺ᳆㒓. ݊中, 㪱㒓ᇍᑨѢ䴲ᵕ࣪ᴳ⌕, 红㒓ᇍᑨѢᵕ࣪
ᴳ⌕. ৃҹᯢᰒⳟߎᵕ࣪ᴳ⌕ᇍᅲ偠♉ᬣᑺⱘᦤछ作⫼.
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(b) OF2 ㅫヺ, Λ = Λ1 = Λ2.
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(c) OFH ㅫヺ.
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(d) OFP ㅫヺ.
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(e) OFA ㅫヺ.

೒ 4.17:
√
s = 500 GeV ᯊ, Փ⫼ᵕ࣪ᴳ⌕ࠡৢ, mχ-Λ ᑇ䴶Ϟⱘ 3σ ♉ᬣᑺ᳆

㒓 [172].



㄀Ѩゴ ᔎᄤᇍᩲᴎϞⱘᱫ⠽䋼ㅔ࣪῵ൟⷨお

与ℷ䋳⬉子ᇍᩲᴎⳌ↨, ᔎ子ᇍᩲᴎৃ䖒ࠄⱘᇍᩲ能䞣㽕高ᕫ໮, ᳝ᴎӮѻ
⫳䴲ᐌ䞡ⱘ粒子, 䗖ড়作Ў “থ⦄ᴎ఼”. ϡ䖛, ᔎ作⫼䖛⿟ᓩ䍋ⱘ㚠᱃䕗Ўᑲ໻
੠໡ᴖ, ಴㗠೼ᔎ子ᇍᩲᴎϞ䖯㸠㊒⹂⌟䞣᳝ϔᅮ䲒ᑺ. Ⳃࠡ能䞣᳔高ⱘᔎ子
ᇍᩲᴎ LHC ᇮ᳾থ⦄ӏԩ䍙ޚᷛߎ῵ൟⱘᮄ粒子. ҎӀᇍᅗϟϔ䰊↉ᅲ偠ᆘ
ќ८ᳯⱘৠᯊ, гᓔྟ䆒䅵᳈高能䞣ⱘ᳾ᴹᔎ子ᇍᩲᴎ.

೼ᴀゴ中, ៥Ӏᇚ⫼ㅔ࣪῵ൟ (Simplified Model) ᴹᦣ䗄ᱫ物䋼ⳌѦ作⫼,
䅼䆎 pp ᇍᩲᴎ⦄᭄᳝᥂ᇍᱫ物䋼ᗻ䋼ⱘ䰤ࠊ੠᳾ᴹᅲ偠♉ᬣᑺ. Ⳍ↨Ѣ UV
ᅠᭈ῵ൟ, 䖭䞠所䇈ⱘㅔ࣪῵ൟϡ䳔㽕ࣙ৿ᅠᭈⱘ粒子䈅, 㗠ᇚ与⡍ᅮଃ䈵学研
究Ⳍ݇ⱘ粒子ऩ⣀ᢑপߎᴹ䅼䆎, 䖒ࠄㅔ࣪ⱘⳂⱘ, г᳈䌈䖥Ѣᇍᩲᴎᅲ偠ⱘ⡍
ᅮ᧰ᇏ䘧. ঺ϔᮍ䴶, ϡৠѢ高䞣㒆᳝效ㅫヺ, ㅔ࣪῵ൟ中ⱘⳌѦ作⫼ϔ㠀⬅ৃ
䞡ᭈⱘԢ䞣㒆ㅫヺᦣ䗄, ಴㗠㗗㰥њ䕗䕏Ӵ᪁子ⱘ效ᑨ, 乘㿔ߎᴹⱘ䖛⿟᳝݋᳈
.Ꮧߚড়理ⱘ៾䴶੠ࡴ

೼ 5.1 㡖中, ៥Ӏ෎Ѣㅔ࣪ⱘ䍙ᇍ⿄῵ൟ, 㗗㰥ᱫ物䋼݅⑂♁效ᑨᇍ LHC
᧰ᇏᷛ䞣乊༌ܟⱘᕅડ. 5.2 㡖研究 LHC ᥶⌟ᱫ物䋼与 τ 子㗺ড়ⱘ♉ᬣᑺ.
5.3 㡖೼ monojet ᧰ᇏ䘧中䅼䆎᳾ᴹ pp ᇍᩲᴎᇍ Z ′ portal ᱫ物䋼ㅔ࣪῵ൟⱘ
♉ᬣᑺ.

5.1 䍙ᇍ⿄῵ൟ݅⑂♁೒ڣϢᷛ䞣乊༌ܟ᧰ᇏ

2.3.1 ᇣ㡖ᦤࠄ, ೼䍙ᇍ⿄῵ൟ中, བᵰ᳔䕏ⱘ neutralino (χ̃0
1) ᰃ LSP, ᅗህ

ৃҹ作Ўᱫ物䋼׭䗝粒子. ϡ䖛, ᅗⱘ⑂♁៾䴶㒣ᐌ↨䕗ᇣ, ᕫߎⱘᱫ物䋼䘫⬭
ᆚᑺϔ㠀أ໻, 㗠能໳㒭ߎℷ⹂䘫⬭ᆚᑺⱘখ᭄ऎඳ㒣ᐌᇍᑨⴔᶤ⾡⡍⅞ᴎࠊ.
೼ focus point ऎඳ੠ sfermion ݅⑂♁ऎඳ中, ᳝效⑂♁៾䴶ഛ䗮䖛݅⑂♁ᴎ
ࠊ [174, 175] ᴹ๲໻. ,ᰃމൟⱘᚙ݌ 与 χ̃0

1 থ⫳݅⑂♁ⱘ粒子ᰃ⃵᳔䕏䍙ᇍ⿄

粒子 (Next-to-Lightest Supersymmetric Particle, NLSP), ↨བ᳔䕏ⱘᷛ䞣 τ 子

(τ̃1) [176] ៪᳔䕏ⱘ chargino (χ̃±1 ) [175, 177].

བᵰথ⫳݅⑂♁ⱘ NLSP ᏺ᳝㡆㥋, བ gluino (g̃) [178], ᳔䕏ⱘᷛ䞣乊༌ܟ
(t̃1) [179] ៪᳔䕏ⱘᷛ䞣ᑩ༌ܟ (b̃1) [180], QCD ⳌѦ作⫼ৃҹ᳈ᰒ㨫ഄ๲໻᳝
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效⑂♁៾䴶. ঺ϔᮍ䴶, ݅⑂♁效ᑨ㽕∖ NLSP 与 LSP ⱘ䋼䞣↨䕗᥹䖥, 䖭ᛣ
ੇⴔ䖭⾡ᏺ㡆ⱘ NLSP ↨䕗䕏, LHC Ϟ NLSP ⱘᇍѻ⫳៾䴶ᇚ↨䕗໻, ᳈ᆍᯧ
೼ᅲ偠中㹿থ⦄ [181–188].

Փ⫼
√
s = 7 TeV ᯊⱘ᭄᥂, LHC ᇍ䍙ᇍ⿄粒子ⱘⳈ᥹᧰ᇏᅲ偠ᇍ gluino

੠ࠡϸҷᷛ䞣༌ܟ䆒㕂њ↨䕗Ϲ㢯ⱘ䰤ࠊ [189, 190]. ✊㗠, བᏺ㡆ⱘ؛ NLSP
与 LSP ⱘ䋼䞣޴Тㅔᑊ, NLSP ⱘৃ㾕㹄বѻ物Ӯ↨䕗䕃, 䞡ᓎߎᴹⱘ /ET г

.ᇣأ 䖭ḋⱘֵোᆍᯧ⏍≵೼㚠᱃中, ಴ℸ, Ϟ䗄 LHC 䰤ৃࠊҹ㹿ᬒᆑ, 㗠䕗䕏
ⱘ g̃, t̃1 ੠ b̃1 ҡ✊᳝ৃ能ϡ䖱㚠 LHC ᅲ偠㒧ᵰ [181–188].

ᇍѢ䖭ḋⱘᚙމ, བᵰ᳝ϔϾᴹ㞾߱᳿ᗕ䕤ᇘⱘ高能஋⊼, ᅗⱘডކ作⫼ৃ
ҹ๲໻ /ET [191, 192]. ሑㅵ䖭ḋⱘ㽕∖ޣᇣњѻ⫳៾䴶, 䕗໻ⱘ /ET Ӯ䴲ᐌ᳝效

ഄय़Ԣᷛޚ῵ൟ㚠᱃, ⡍别ᰃ QCD 㚠᱃, Փᕫֵো↨䕗ᰒ㨫. ಴ℸ, 䖭ᇍ᧰ᇏ݅
⑂♁೒ڣ (Coannihilation Scenario) 中ⱘ䍙ᇍ⿄粒子ᕜ᳝ᐂࡽ [183, 185].

೼䖭ϔ㡖中, ៥ӀЏ㽕݇⊼与䕗䕏ⱘ t̃1 ᳝݇ⱘ݅⑂♁೒ڣ. ⬅Ѣ䕗໻
ⱘ Yukawa 㗺ড়, ೼䆌໮䍙ᇍ⿄῵ൟ中, t̃1 ᐌᐌᰃ᳔䕏ⱘᏺ㡆䍙ᇍ⿄粒子. 㗠
Ϩ, 䕗䕏ⱘ t̃1 能໳↨䕗㞾✊ഄ㾷އ㾘㣗ㄝ㑻䯂乬 [193]. ℸ໪, ⬉ᔅ䞡子䍋⑤
(Electroweak Baryogenesis) 理䆎ⱘᔎϔ䰊Ⳍবৃҹ⬅䕏 t̃1 ᅲ⦄ [194].

LHC ᇍᷛ䞣乊༌ܟⱘ߱ℹ᧰ᇏЏ㽕෎Ѣ t̃1 → tχ̃0
1 㹄ব῵ᓣ, 㒭ߎњ↨䕗

ᔎⱘ䰤ࠊ [195]. ✊㗠, 㗗㰥ࠄ৘⾡݅⑂♁೒ڣ, t̃1 ৃҹ᳝ϡϔḋⱘЏ㽕㹄ব
῵ᓣ, LHC 䰤ࠊᕜৃ能Ӯবᔅ. ೼䖭䞠, ៥Ӏ㗗㰥 3 ⾡݅⑂♁೒ڣ: (1) t̃1-χ̃0

1

݅⑂♁, mχ̃0
1
∼ mt̃1 ; (2) χ̃±1 -χ̃0

1 ݅⑂♁, mχ̃0
1
∼ mχ̃±

1
< mt̃1 ; (3) τ̃1-χ̃0

1 ݅⑂♁,
mχ̃0

1
∼ mτ̃1 < mt̃1 . Ўㅔऩ䍋㾕, ៥Ӏ؛䆒݊ᅗ䍙ᇍ⿄粒子↨䕗䞡, 与ℸ໘ଃ䈵学

᮴݇.

ᇍѢ㄀ϔ⾡೒ڣ, ៥Ӏ⫼ monojet + /ET ᧰ᇏ䘧ⱘ㒧ᵰᴹ䰤݊ࠊখ᭄ぎ䯈.
ᇍѢৢϸ⾡೒ڣ [196–198], ៥Ӏߚ别㗗㰥ѻ⫳䖛⿟ pp → t̃1t̃

∗
1 → bb̄χ̃+

1 χ̃
−
1 ੠

pp → t̃1t̃
∗
1 → bb̄ντ ν̄τ τ̃

+
1 τ̃
−
1 . ⬉ᔅ䍙ᇍ⿄粒子ⱘⳈ᥹ѻ⫳៾䴶 (བ pp → χ̃0

2χ̃
±
1 ੠

pp→ τ̃+1 τ̃
−
1 ) ,ᇣأ ೼ LHC Ϟϡᆍᯧ᥶⌟. ಴ℸ, ⫼ t̃1 ᇍѻ⫳䖛⿟ pp→ t̃1t̃

∗
1 ᳈

ᆍᯧ᥶㋶䖭ϸ⾡೒ڣ. ⬅Ѣ䖭䞠 χ̃±1 ៪ τ̃1 ⱘ䋼䞣与 χ̃0
1 ,Тㅔᑊ޴ 㹄বߎᴹⱘ粒

子໾䕃,ϡᆍᯧ䞡ᓎߎᴹ. ಴ℸ,᳿ᗕ中ⱘ b༌ܟ↨䕗䞡㽕,ৃҹ߽⫼ b-jets+ /ET

᧰ᇏ㒧ᵰᴹ䰤ࠊ䖭ϸ⾡೒ڣⱘখ᭄ぎ䯈.
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5.1.1 t̃1-χ̃0
1 ݅⑂♁೒ڣ

೼ t̃1-χ̃0
1 ݅⑂♁೒ڣ中, ៥Ӏ؛䆒 t̃1 ᰃ NLSP. 㽕ᅲ⦄݅⑂♁, t̃1 䋼䞣া

能⬹䞡Ѣ χ̃0
1 䋼䞣, ↨བ (mt̃1 − mχ̃0

1
)/mχ̃0

1
≲ 20% [199]. 䖭ḋⱘ䆱, 㹄ব῵ᓣ

t̃1 → tχ̃0
1 ੠ t̃1 → bWχ̃0

1 ᕜৃ能೼䖤ࡼ学Ϟ㹿⽕䯁. Ң㗠, ೜೒ᓩ䍋ⱘੇ䘧
ᬍব中ᗻ⌕ (Flavor Changing Neutral Current, FCNC) 㹄ব t̃1 → cχ̃0

1 ᇚ៤

ЎЏ㽕῵ᓣ, ಴Ў㹄ব῵ᓣ t̃1 → ff ′bχ̃0
1 㹿 4 ԧⳌぎ䯈Ϲ䞡य़Ԣ. Ѣᰃ, ೼

mχ̃0
1
+mc ≤ mt̃1 < mχ̃0

1
+mb +mW খ᭄ऎඳ中, ៥Ӏㅔ࣪ഄ؛䆒 t̃1 → cχ̃0

1 ⱘ㹄

বᬃߚ↨Ў 100%. ℸᯊ, ᴹ㞾 t̃1 㹄বⱘ஋⊼ᇚ䴲ᐌ䕃, ϡᆍᯧ䞡ᓎ, ៥Ӏ㗗㰥
᳝ϔϾᴹ㞾߱᳿ᗕ䕤ᇘⱘ乱໪⹀஋⊼Ԉ䱣ⴔ t̃1t̃

∗
1 ѻ⫳, བ೒ 5.1 所⼎, 䖭ḋⱘ᳿

ᗕᰃ monojet + /ET.

t̃1
t̃∗
1

p

p

c (soft)

χ̃0

1

χ̃0

1

q/g

c̄ (soft)

೒ 5.1: t̃1-χ̃0
1 ݅⑂♁೒ڣ中ⱘ t̃1t̃

∗
1 ѻ⫳䖛⿟.

೼ LHCϞ, monojet+ /ET ᳿ᗕৃ⫼Ѣ᥶㋶乱໪㓈῵ൟঞᱫ物䋼与䚼ߚ子ⱘ

᳝效ⳌѦ作⫼, ATLAS [200]੠ CMS [201]ᅲ偠㒘ߚ别⫼ 4.7 fb−1 ੠ 5.0 fb−1 ⱘ
7 TeV LHC ᭄᥂䖯㸠њ䖭ḋⱘ᧰ᇏ, 䞛⫼ⱘЏ㽕џ՟ㄯ䗝ᴵӊᘏ㒧೼㸼 5.1 中.
monojet + /ET ᧰ᇏ䘧中ⱘџ՟᳝݋䕗໻ⱘ /ET ੠ϔϾ高能஋⊼. Ўњֱ⬭᳈໮
ⱘֵোџ՟, ㄀ 2 Ͼ஋⊼ᰃܕ䆌ⱘ, pT > 30GeV ⱘ஋⊼䍙䖛 2 Ͼህϡ㸠њ. ℸ
໪, гϡ能᳝ᄸゟⱘ䕏子. ∆ϕ(⃗j2, /⃗ET) > 0.5 ੠ ∆ϕ(⃗j1, j⃗2) < 2.5 䖭ϸϾᴵӊ߭⫼

ᴹय़Ԣ QCD ໮஋⊼㚠᱃. ೼䖭⾡㚠᱃中, 䕗໻ⱘ /ET ৃ能ᴹ㞾Ѣ஋⊼能ࡼ䞣ⱘ

⌟䞣䇃Ꮒ. ATLAS ᭄᥂ߚᵤ中ᅮНњ 4 Ͼֵোऎඳ, ᇍᑨⴔ䯜ؐϡৠⱘㄯ䗝ᴵ
ӊ. CMS ᭄᥂ߚᵤᅲ䰙Ϟг᳝ 4 Ͼֵোऎඳ, Ԛ≵᳝ੑ名.

ᇍ᭄᥂ᑨ⫼䖭ѯㄯ䗝ᴵӊПৢ, ϸϾᅲ偠㒘ᇍ䍙ޚᷛߎ῵ൟⱘৃ㾕៾
䴶 (Visible Cross Section) σBSM

vis њߎ别㒭ߚ 95% 㕂ֵᑺⱘ㾖⌟Ϟ䰤, г߫೼
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㸼 5.1: monojet + /ET ᧰ᇏ䘧中, ATLAS [200] ੠ CMS [201] ⱘ 7 TeV ᭄᥂ߚᵤ
䞛⫼ⱘџ՟ㄯ䗝ᴵӊ.

ATLAS 7TeV, 4.7 fb−1 CMS 7TeV, 5.0 fb−1

ֵোऎඳ名⿄ SR1/SR2/SR3/SR4
/ET [GeV] > 120/220/350/500 250/300/350/400
pj1T [GeV] > 120/220/350/500 (|η| < 2) 110 (|η| < 2.4)
pj3T [GeV] < 30 30

∆ϕ(⃗j2, /⃗ET) > 0.5 ∆ϕ(⃗j1, j⃗2) < 2.5

≵᳝ᄸゟ䕏子

σBSM
vis [fb] < 1920/170/30/6.9 (95% CL) 120/73.6/31.6/19 (95% CL)

㸼 5.1 中. σBSM
vis ⱘᅮНᰃ

σBSM
vis ≡ σ · A · ϵ, (5.1)

݊中, σ ᰃᮄ物理䖛⿟ⱘѻ⫳៾䴶, A ੠ ϵ 别ᰃㄯ䗝ᴵӊⱘ᥹ᬊᑺߚ (Accep-
tance) ੠效⥛. ᥹ϟᴹ, ៥Ӏ῵ᢳ㚠᱃੠ֵো, ᇚϞ䗄ᅲ偠㒧ᵰᑨ⫼ࠄ t̃1-χ̃0

1 ݅

⑂♁೒ڣ中, ᇍখ᭄ぎ䯈㒭ߎ䰤ࠊ.

೼៥Ӏⱘ῵ᢳ中, 䍙ᇍ⿄䖛⿟ pp→ t̃1t̃
∗
1 + jets ੠ᷛޚ῵ൟ㚠᱃೼䚼ߚ子∈

ᑇϞⱘḋᴀ⬅ MadGraph 5 [124] ⫳៤. PYTHIA 6 [130] 㹿⫼Ѣᠻ㸠䚼ߚ子㇛ᇘ、
粒子㹄ব੠ᔎ子࣪䖛⿟. ⶽ䰉ܗü䚼ߚ子㇛ᇘऍ䜡䞛⫼ MLM ᮍ⊩ [137]. ᖿ䗳
᥶⌟఼῵ᢳ⬅ PGS 4 [139]ᅠ៤. ஋⊼䗮䖛 anti-kt ㅫ⊩ [110]䞡ᓎ,ᇍѢ ATLAS
(CMS) ᥶⌟఼, 㾦ᑺ䎱⾏খ᭄পЎ R = 0.4 (0.5). ࣙ৿⃵乚༈䰊ׂℷⱘ t̃1t̃

∗
1 ᇍ

ѻ⫳䖛⿟៾䴶⬅ Prospino2 [202] 䅵ㅫ. ᇍѢ tt̄ 㚠᱃, ⫼ MCFM [203] 䅵ㅫ K ಴

子1.

೼ monojet + /ET ᧰ᇏ䘧中, Џ㽕ⱘᷛޚ῵ൟ㚠᱃ᰃ Z(→ νν̄) + jets ੠
W (→ ℓν) + jets. ᇍѢ W (→ ℓν) + jets 㚠᱃, ℓ ᳝ৃ能⬅Ѣ㹿ড়ᑊࠄ஋⊼中៪໘
೼ϡৃ᥶⌟ऎඳ, 㗠≵᳝㹿䞡ᓎ៤ᄸゟ䕏子. Z(→ νν̄) + jets ᰃϡৃ㑺㚠᱃, ↨
䕗䞡㽕. Ўњׂℷ῵ᢳ㒧ᵰ, ៥Ӏᇚ㒣䖛ㄯ䗝ৢⱘ㚠᱃џ՟᭄ЬϞϔϾׂℷ಴
子, Փ݊与ᅲ偠㒘㒭ߎⱘ㒧ᵰϔ㟈. ✊ৢᇚ䖭Ͼ಴子Ь೼ t̃1t̃

∗
1 + jets ֵোџ՟᭄

1K ಴子ᰃ⃵乚༈䰊៾䴶与乚༈䰊៾䴶П↨.
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Ϟ,ҹℸ䰡Ԣ῵ᢳⱘ㋏㒳䇃Ꮒ. ᇍѢ ATLASߚᵤ中ⱘ SR1, SR2, SR3੠ SR4ֵ
োऎඳ, ׂℷ಴子ߚ别Ў 1.05, 0.97, 0.92 ੠ 0.86. ᇍѢ CMS ᵤ中ߚ /ET > 250,
300, 350 ੠ 400 GeV ⱘֵোऎඳ, ׂℷ಴子ߚ别Ў 0.98, 0.91, 0.96 ੠ 0.97. ৃ
㾕, 㱑✊೼ᖿ䗳᥶⌟఼῵ᢳ中ᗑ⬹њ䆌໮ᅲ䰙಴㋴, 䖭ѯ᥹䖥Ѣ 1 ⱘׂℷ಴子䇈
ᯢ៥Ӏⱘ῵ᢳ㒧ᵰᰃᅲ偠㒧ᵰⱘ㡃ད䖥Ԑ.

m
∼ χ

10
  
(G

e
V

)

m∼
t1
  (GeV)

ATLAS  7 TeV, 4.7 fb
-1

, 95% CL

CMS  7 TeV, 5.0 fb
-1

, 95% CL

LHC  8 TeV, 20 fb
-1

, S/√ B   = 5

LHC  8 TeV, 20 fb
-1

, S/√ B   = 3

 50

 100

 150

 200

 250

 300

 350

 50  100  150  200  250  300  350

m
∼t 1

 = m
∼χ 1

0 +
 m c

m
∼t 1

 = m
∼χ 1

0 +
 m W

 + m b

m∼t 1
 = 1.2 m

∼χ 1
0

CDF  2
.6 fb

-1

LEP

೒ 5.2: t̃1-χ̃0
1 ݅⑂♁೒ڣ中, mt̃1-mχ̃0

1
ᑇ䴶Ϟⱘᅲ偠䰤ࠊ੠乘ᳳ♉ᬣᑺ [204].

㒣䖛Ϟ䗄῵ᢳ䖛⿟, ៥Ӏᇚᅲ偠㒘㒭ߎⱘ䰤ࠊᑨ⫼ࠄ t̃1-χ̃0
1 ݅⑂♁೒ڣⱘখ

᭄ぎ䯈中, བ೒ 5.2 所⼎. ㋿㡆ᅲ㒓੠㪱㡆⚍ߦ㒓ߚ别ᷛ⼎ߎ ATLAS ੠ CMS
㒧ᵰⱘ 95% 㕂ֵᑺᥦ䰸䰤, ᅗӀߚ别㓐ড়њϸϾߚᵤ中ⱘ޴Ͼֵোऎඳ. ℸ໪,
៥Ӏ䖬⫼咘㡆੠㓓㡆ߚ别ҷ㸼ҹࠡ LEP ੠ CDF ᅲ偠ᥦ䰸ⱘऎඳ [205].

ᔧ䋼䞣Ꮒ mt̃1 −mχ̃0
1
ব໻ᯊ, ᴹ㞾 t̃1 㹄বⱘ c ༌ܟ能䞣ব高, ᓩ䍋ⱘ஋⊼

ব⹀. ℸᯊ, ᳿ᗕ中᳝ 3 Ͼ஋⊼ⱘὖ⥛ব໻, ᳈䲒ҹ䗮䖛ㄯ䗝ᴵӊ. ಴ℸ, ᇍѢ
೎ᅮⱘ mt̃1 , 䍞ᇣⱘ mt̃1 −mχ̃0

1
㒭ߎⱘѻ⫳䖛⿟䍞ᆍᯧ㹿 monojet + /ET ᧰ᇏ䘧

᥶⌟ࠄ. 䖭㾷䞞њ ATLAS ੠ CMS ᥦ䰸䰤ⱘ㸠Ў. ೼ᷛ⼎ⴔ “mt̃1 = mχ̃0
1
+mc”

੠ “mt̃1 = 1.2mχ̃0
1
” ⱘϸᴵ咥㡆ᅲ㒓П䯈ⱘऎඳ, ህᰃ所䇧ⱘ “݅⑂♁ऎඳ”. ৃ

ҹⳟࠄ, mt̃1 ≲ 150− 220 GeV ⱘ݅⑂♁ऎඳᏆ㹿 LHC ᅲ偠ᥦ䰸.
᥹ϟᴹ, ៥Ӏ䗮䖛῵ᢳԄㅫ೼

√
s = 8 TeV ⱘ LHC Ϟ䞛䲚 20 fb−1 ᭄᥂2ᇍ

t̃1-χ̃0
1 ݅⑂♁೒ڣⱘᅲ偠♉ᬣᑺ. খ㗗 CMS ,ᵤߚ ៥Ӏᇚㄯ䗝ᴵӊপЎ

• /ET > 300 GeV;
2៥Ӏᅠ៤䖭ϾᎹ作ᯊ, LHC ⱘ 8 TeV ᭄᥂ߚᵤ㒧ᵰᇮ᳾݀Ꮧ.
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• 乚༈஋⊼⒵䎇 pT > 150 GeV ੠ |η| < 2.4;

• pT > 50 GeV ⱘ஋⊼ϡ能䍙䖛 2 Ͼ;

• ∆ϕ(⃗j1, j⃗2) < 2.5;

• ≵᳝ᄸゟ䕏子.

㒣䖛ㄯ䗝ৢ, ῵ᢳߎᴹⱘ Z(→ νν̄) + jets 㚠᱃џ՟᭄Ў 13939, W (→ ℓν) + jets
㚠᱃џ՟᭄Ў 9005, ಴㗠ᘏ㚠᱃џ՟᭄ B = 22944. 䆒؛ S Ўֵোџ՟

᭄, ᇚֵোᰒ㨫ᗻᅮНЎ S/
√
B, ߭ 3σ (5σ) ♉ᬣᑺᇍᑨⱘ BSM ৃ㾕៾䴶Ў

σBSM
vis = 22.7 fb (37.9 fb).
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೒ 5.3: t̃1-χ̃0
1 ݅⑂♁೒ڣ中,

√
s = 8 TeV ᯊ㚠᱃੠ֵোⱘ /ET (Ꮊ) ੠乚༈஋⊼

pT (ে) Ꮧߚ [204].

೼೒ 5.3中, ៥Ӏሩ⼎њ㚠᱃੠ֵোⱘ /ET ੠乚༈஋⊼ pT .Ꮧߚ ݊中, ֵো
෎ޚ⚍পЎ (mt̃1 ,mχ̃0

1
) = (180 GeV, 178 GeV)੠ (mt̃1 ,mχ̃0

1
) = (170 GeV, 95 GeV),

.މ㺖䕗໻ϸ⾡ᚙ࡜Тㅔᑊ੠䋼䞣޴别ᇍᑨѢ䋼䞣ߚ 㚠᱃੠ֵোⱘ乚༈஋⊼ pT

Ꮧ೼ߚ ∼ 300 GeV ໘ഛ᳝ϔϾዄ, 䖭ᰃ಴Ў೼໻໮᭄џ՟中, /ET ᥹䖥Ѣ䯜ؐ

300 GeV, 㗠 pj1T ТㄝѢ޴ /pT. ℸ໪, 䋼䞣޴Тㅔᑊⱘֵো෎ޚ⚍ᇍᑨⱘϸϾߚ
Ꮧ䛑↨㚠᱃᳈⹀, 㗠঺ϔϾ෎ޚ⚍ⱘߚᏗവᑺ߭与㚠᱃᥹䖥. ಴ℸ, ᦤ高ㄯ䗝ᴵ
ӊⱘ䯜ؐᇍ᥶⌟ࠡϔϾ෎ޚ⚍᳈᳝߽.
ᑨ⫼Ϟ䗄ㄯ䗝ᴵӊПৢ, ៥Ӏৃҹᕫߎ mt̃1-mχ̃0

1
ᑇ䴶Ϟⱘ t̃1t̃

∗
1 乘ᳳৃ㾕៾

䴶, བ೒ 5.4 所⼎. ݊中, ⷁ㰮㒓੠䭓㰮㒓ߚ别ᰃ 3σ ੠ 5σ ♉ᬣᑺ᳆㒓, Ўњ与
7 TeV ᭄᥂ⱘᥦ䰸䰤↨䕗, ᅗӀг㹿⬏೼೒ 5.2 中. ᇍѢ “݅⑂♁ऎඳ”, 3σ (5σ)
ᅲ偠♉ᬣᑺৃҹ᥶㋶ࠄ mt̃1 ≃ 270− 340 GeV (240− 300 GeV) ⱘഄᮍ.
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0 + m c
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0 + m W
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೒ 5.4: t̃1-χ̃0
1 ݅⑂♁೒ڣ中,

√
s = 8 TeV ᯊ mt̃1-mχ̃0

1
ᑇ䴶Ϟⱘ t̃1t̃

∗
1 乘ᳳৃ㾕៾

䴶 (ᔽ㡆) [204].

5.1.2 χ̃±1 -χ̃0
1 ݅⑂♁೒ڣ

೼ χ̃±1 -χ̃0
1 ݅⑂♁೒ڣ中, χ̃±1 ᰃ NLSP, ᅗⱘ䋼䞣与 χ̃0

1 䖥Тㅔᑊ. ៥Ӏ㗗
㰥ᇍѻ⫳ⱘ t̃1 㹄বࠄ bχ̃+

1 ⱘ䖛⿟. ೼䖭ḋⱘ೒ڣ中, χ̃±1 ⱘϸԧ㹄ব䘧, བ
χ̃+
1 → W+χ̃0

1 ੠ χ̃+
1 → ντ τ̃1 ㄝ, ೼䖤ࡼ学Ϟ㹿⽕ℶ; χ̃±1 Џ㽕䗮䖛 3 ԧ䖛⿟㹄ব

ࠄ χ̃0
1 ঞϸϾ䕏子៪༌ܟ. Ѣᰃ, ℸ೒ڣ中ⱘ t̃1t̃

∗
1 ѻ⫳䖛⿟བ೒ 5.5 所⼎. ℸᯊ,

䋼䞣Ꮒ mχ̃±
1
−mχ̃0

1
ⱘ݋ԧ᭄ؐᑊϡ䞡㽕, ಴Ў䖭ѯ䕃䕏子੠䕃஋⊼ϡᆍᯧ䞡ᓎ

.ᴹߎ Ўޣᇥখ᭄, ៥Ӏᇚ (mχ̃±
1
−mχ̃0

1
)/mχ̃0

1
೎ᅮЎ 10%, 作Ў݅⑂♁೒ڣⱘ݌

ൟᚙމ. ᳈䖯ϔℹ, 䆒೼؛ mb +mχ̃±
1
≤ mt̃1 ≤ mχ̃0

1
+mt ऎඳ中 t̃1 → bχ̃+

1 ⱘߚ

ᬃ↨Ў 100%.

χ̃0
1

χ̃0
1

t̃1

t̃∗1

p

p

χ̃+
1

b

χ̃−

1

b̄

f1 (soft)

f2 (soft)

f3 (soft)

f4 (soft)

೒ 5.5: χ̃±1 -χ̃0
1 ݅⑂♁೒ڣ中ⱘ t̃1t̃

∗
1 ѻ⫳䖛⿟.
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㱑✊ χ̃+
1 ⱘৃ㾕㹄বѻ物↨䕗䕃, t̃1 㹄বߎᴹⱘ b ༌ৃ᳝ैܟ能↨䕗⹀,

ᔶ៤ৃ㹿ᷛ䆄ߎᴹⱘ b ஋⊼. 㗠Ϩ, b ᷛ䆄ᡔᴃ᳝ࡽѢय़Ԣᷛޚ῵ൟ㚠᱃. ಴
ℸ, ೼ℸ೒ڣ中, ៥Ӏ㗗㰥 b-jets + /ET ᧰ᇏ䘧. Џ㽕ⱘ㚠᱃ᰃ tt̄ + jets, single t,
Z(→ νν̄) + hf ੠ W (→ ℓν) + hf. 䖭䞠, single t 䖛⿟ࣙᣀ tW + jets ੠ t + jets,
㗠㓽ݭ hf 指 heavy flavor, ࣙ৿ b ༌ܟ੠ c ༌3ܟ.

㸼 5.2:
√
s = 7 TeV ᯊ, ҂ᑺЎߚ⿃ 2.05 fb−1 [206] ੠ 4.7 fb−1 [207] ⱘ ATLAS

2b-jets + /ET ᭄᥂ߚᵤ䞛⫼ⱘџ՟ㄯ䗝ᴵӊ, ҹঞᇍ σBSM
vis ⱘ䰤ࠊ.

ATLAS 7TeV, 2.05 fb−1 ATLAS 7TeV, 4.7 fb−1

ֵোऎඳ名⿄ SR2 SR3a
/ET [GeV] > 130 200 150
乚༈஋⊼ pT > 130GeV, b ᷛ䆄 pT > 60GeV, b ᷛ䆄 pT > 130GeV
⃵乚༈஋⊼ pT > 50GeV, b ᷛ䆄 pT > 60GeV, b ᷛ䆄 pT > 30GeV, b ᷛ䆄
㄀ 3 乚༈஋⊼ pT < 50GeV pT < 50GeV pT > 30GeV, b ᷛ䆄

mCT > 100GeV ∆ϕ(⃗j1, /⃗ET) > 2.5

∆ϕ(⃗j1,2, /⃗ET) > 0.4 ∆ϕ(⃗j2,3, /⃗ET) > 0.4

/ET/meff > 0.25, ≵᳝ᄸゟ䕏子
σBSM

vis [fb] < 13.4 (95% CL) 2.29 (95% CL) 7.83 (95% CL)

ḍ᥂ LHC೼
√
s = 7 TeVᯊⱘ䖤㸠᭄᥂, ATLASড়作㒘݀Ꮧњ 2b-jets+/ET

᧰ᇏ䘧中⿃ߚ҂ᑺߚ别Ў 2.05 fb−1 ੠ 4.7 fb−1 ⱘϸϾߚᵤ㒧ᵰ [206, 207]; CMS
ড়作㒘г݀Ꮧњ᭄᥂䞣Ў 4.98 fb−1 ⱘ b-jets + /ET ᧰ᇏ䘧ߚᵤ㒧ᵰ [208]. 䖭ѯ
ᵤ䞛⫼ⱘϔѯџ՟ㄯ䗝ᴵӊ߫Ѣ㸼ߚ 5.2 ੠ 5.3 中.

᳝ѯᅲ偠ߚᵤ≵᳝㒭ߎᇍ σBSM
vis ⱘ䰤ࠊ. ៥Ӏৃ⫼ҹϟᮍ⿟ᴹԄ䅵ᇍ䍙ߎ

῵ൟџ՟᭄ޚᷛ NBSM ⱘ 95% 㕂ֵᑺϞ䰤 [192]:

χ2 =
(Nobs −NSM −NBSM)2

NSM + σ2
SM +NBSM

= 3.841, (5.2)

݊中, Nobs ᰃᅲ䰙㾖⌟ࠄⱘџ՟᭄, NSM ᰃᅲ偠㒘Ԅ䅵ⱘᷛޚ῵ൟ㚠᱃џ՟᭄,
㗠 σSM ᰃ NSM ⱘϡ⹂ᅮᑺ, ࣙᣀ㒳䅵ϡ⹂ᅮᑺ੠㋏㒳ϡ⹂ᅮᑺ. ᕫߎ NBSM ⱘ

3c ༌ܟᔶ៤ⱘ஋⊼᳝ ∼ 10% ⱘὖ⥛㹿䫭䇃ഄᷛ䆄៤ b ஋⊼.
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㸼 5.3:
√
s = 7 TeV ᯊ CMS b-jets + /ET ᭄᥂ߚᵤ [208] 䞛⫼ⱘџ՟ㄯ䗝ᴵӊ,

ҹঞ៥Ӏ؛䆒
√
s = 8TeV ੠ 20 fb−1 ᭄᥂䞣䖯㸠 b-jets + /ET ῵ᢳߚᵤᯊ䞛⫼

ⱘџ՟ㄯ䗝ᴵӊ.

CMS 7TeV, 4.98 fb−1 LHC 8TeV, 20 fb−1

ֵোऎඳ名⿄ 1BL
/ET [GeV] > 250 200

Njet(pT > 50GeV) ≥ 3 Njet(pT > 60GeV) ≥ 3

HT [GeV] > 400 300
∆ϕ̂min > 4.0 ∆ϕ(⃗j1,2,3, /⃗ET) > 0.4

㟇ᇥ᳝ 1 Ͼ pT > 30GeV ⱘ஋⊼㹿ᷛ䆄៤ b ஋⊼

≵᳝ᄸゟ䕏子

/ mjjj /∈ (130, 200)GeV
σBSM

vis [fb] < 20.6 (95% CL) 8.4 (14.0) (S/
√
B < 3 (5))

Ϟ䰤Пৢ, 䰸ҹ⿃ߚ҂ᑺህᕫࠄ σBSM
vis ⱘϞ䰤. 䖭ѯϞ䰤г߫೼㸼 5.2 ੠ 5.3 中.

䗮䖛ᇍֵোⱘ῵ᢳ, ៥Ӏᡞ䖭ѯ䰤ࠊᑨ⫼ࠄ χ̃±1 -χ̃0
1 ݅⑂♁೒ڣ中, ᅗӀ೼ mt̃1-

mχ̃±
1
ᑇ䴶Ϟⱘᥦ䰸ऎඳབ೒ 5.6 所⼎. ݊中, ㋿㡆、㪱㡆੠㓓㡆ऎඳ㹿 ATLAS

,ᵤ㒧ᵰᥦ䰸ߚ 㗠‭㡆ऎඳ㹿 CMS .ᵤ㒧ᵰᥦ䰸ߚ ᥹ϟᴹ, 䅽៥ӀҨ㒚ഄ䅼䆎
䖭ѯ䰤ࠊ与ㄯ䗝ᴵӊⱘ݇㋏.

m
∼ χ

1±  
 (

G
e
V

)

m∼
t1
  (GeV)

CMS  7 TeV, b-jets + E ⁄ T, 4.98 fb
-1

, 1BL, 95% CL

ATLAS  7 TeV, 2 b-jets + E ⁄ T, 2.05 fb
-1

, mCT > 100 GeV, 95% CL

ATLAS  7 TeV, 2 b-jets + E ⁄ T, 4.7 fb
-1

, SR3a, 95% CL

ATLAS  7 TeV, 2 b-jets + E ⁄ T, 4.7 fb
-1

, SR2, 95% CL

LHC  8 TeV, 20 fb
-1

, ≥1 b-jets + E ⁄ T, S/√ B   = 5

LHC  8 TeV, 20 fb
-1

, ≥1 b-jets + E ⁄ T, S/√ B   = 3
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± = 1.1 m∼χ1

0

೒ 5.6: χ̃±1 -χ̃0
1 ݅⑂♁೒ڣ中, mt̃1-mχ̃±

1
ᑇ䴶Ϟⱘᅲ偠䰤ࠊ੠乘ᳳ♉ᬣᑺ [204].
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ATLAS ⱘ㄀ 1 Ͼߚᵤ੠㄀ 2 Ͼߚᵤⱘ SR2 ֵোऎඳഛ㽕∖ᖙ乏᳝ 2 Ͼ⹀
ⱘ b ஋⊼ (pT > 50− 60GeV), t̃1 与 χ̃±1 П䯈ⱘ䋼䞣࡜㺖㽕䎇໳໻ᠡ能⒵䎇䖭ḋ

ⱘᴵӊ. ℸ໪,ᅗӀ䖬㽕∖ϸϾ b஋⊼ⱘ mCT (ᅮН㾕 3.24ᓣ)㽕໻Ѣ 100 GeV,
Ң㗠ࠨ䰸њ䆌໮ tt̄+ jets 㚠᱃џ՟. ᇍѢ pp→ t̃1t̃

∗
1 → bb̄χ̃+

1 χ̃
−
1 䖛⿟, mCT Ꮧߚ

ⱘϞ䖍⬠位Ѣ mmax
CT = (m2

t̃1
−m2

χ̃±
1

)/mt̃1 . ಴ℸ, 㢹 t̃1 与 χ̃±1 ⱘ䋼䞣↨䕗᥹䖥, ߭
mCT > 100 GeV ⱘᴵӊϡᯧ⒵䎇.

ATLAS  7 TeV, 2 b-jets + E ⁄ T, 4.7 fb
-1

  (m∼
χ1

± = 1.1 m∼
χ1

0)

SR2, 2.29 fb (95% CL)

 150  200  250  300  350  400

m∼
t1
  (GeV)

 100

 150

 200

 250

 300

 350

 400

m
∼ χ

1±
  

(G
e

V
)

 0.02

 0.05

 0.2

 0.5

 2

 5

 20

 0.01

 0.1

 1

 10

E
x
p
e
c
te

d
 v

is
ib

le
 c

ro
s
s
 s

e
c
ti
o

n
  

σ
 ⋅
 A

 ⋅
 ε

  
(f

b
)

m
∼t 1

 = m
∼χ 1

± +
 m b

m
∼t 1

 =
 m

∼χ 1
0 +

 m t

೒ 5.7: χ̃±1 -χ̃0
1 ݅⑂♁೒ڣ中, ೼ mt̃1-mχ̃±

1
ᑇ䴶Ϟ,

√
s = 7 TeV ᯊ 4.7 fb−1

ATLAS ᭄᥂ߚᵤ SR2 ֵোऎඳ䞠ⱘ t̃1t̃
∗
1 乘ᳳৃ㾕៾䴶 (ᔽ㡆೚⚍) [204].

೒ 5.7 ሩ⼎њ 4.7 fb−1 ATLAS ᭄᥂ߚᵤ SR2 ֵোऎඳ中ⱘ t̃1t̃
∗
1 乘ᳳৃ㾕

៾䴶. ৃҹᯢᰒഄⳟࠄ, བᵰ೎ᅮ mt̃1 ⱘؐ, mt̃1 −mχ̃±
1
䍞໻, σBSM

vis ህ䍞໻. 䖭
Ͼֵোऎඳᆍᯧㄯ䗝ߎ mt̃1 −mχ̃±

1
≳ 100 GeV ⱘֵোџ՟. ೒中㋿㡆ᅲ㒓ᇍᑨ

Ѣ 95% 㕂ֵᑺϞ䰤, ᇍѢ mt̃1 = mχ̃0
1
+mt, ℸϞ䰤ᥦ䰸њ mt̃1 ≲ 380 GeV ⱘ䋼

䞣㣗ೈ.
ATLAS ᭄᥂ߚᵤⱘ SR3a ֵোऎඳ㽕∖᳝ 1 Ͼ高能᱂䗮஋⊼, 㗠ϸϾ b

஋⊼ৃҹ䕃ϔѯ. ᇍѢ t̃1t̃
∗
1 + jets 䖛⿟, 䖭⾡ᴵӊؒ৥Ѣᣥߎ৿᳝ 1 Ͼ߱ᗕ䕤

ᇘ⹀஋⊼ⱘџ՟. 䖭Ͼ⹀஋⊼ᇍ t̃1t̃
∗
1 ㋏㒳᳝݋ডކ作⫼, ᅗⱘᮍ৥与 /⃗ET ޴

ТⳌড, ಴㗠 ∆ϕ(⃗j1, /⃗ET) > 2.5 ⱘᴵӊ೼य़Ԣ㚠᱃ⱘৠᯊϡӮᤳ༅໾໮ֵো

џ՟. Ѣᰃ, 㹿ᣥ䗝ߎᴹⱘ䍙ᇍ⿄ֵোџ՟᭄Џ㽕⬅ѻ⫳៾䴶އᅮ, ᇍ䋼䞣Ꮒ
mt̃1 −mχ̃±

1
ᑊϡᬣᛳ. Ң೒ 5.6 中ৃҹⳟࠄ, SR3a ֵোऎඳⱘᅲ偠᭄᥂ᥦ䰸њ

mt̃1 ≲ 240 GeV ⱘ໻䚼ߚऎඳ.
CMS ᭄᥂ߚᵤⱘ 1BL ֵোऎඳⴔ䞡Ѣ㟇ᇥࣙ৿ 1 Ͼ b ஋⊼ⱘџ՟, ᅗ㽕
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CMS  7 TeV, b-jets + E ⁄ T, 4.98 fb
-1

  (m∼
χ1

± = 1.1 m∼
χ1

0)

1BL, 20.6 fb (95% CL)
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೒ 5.8: χ̃±1 -χ̃0
1 ݅⑂♁೒ڣ中, ೼ mt̃1-mχ̃±

1
ᑇ䴶Ϟ,

√
s = 7 TeV ᯊ 4.98 fb−1

CMS ᭄᥂ߚᵤ 1BL ֵোऎඳ䞠ⱘ t̃1t̃
∗
1 乘ᳳৃ㾕៾䴶 (ᔽ㡆೚⚍) [204].

∖㟇ᇥ᳝ 3 Ͼ pT > 50 GeV ⱘ஋⊼, 㗠݊ pT П੠ HT ᑨ໻Ѣ 400 GeV. ಴ℸ,
Ԉ䱣᳝߱᳿ᗕ䕤ᇘ஋⊼ⱘ t̃1t̃

∗
1 џ՟᳈ᆍᯧ㹿ᣥ䗝ߎᴹ. 䖭䞠ᇍ b ஋⊼ⱘ㽕∖↨

䕗ᵒ, া䳔㽕᳝ 1 Ͼ pT > 30 GeV ⱘ b ஋⊼. ᳔ৢ㒧ᵰᰃ, mt̃1 ≲ 200 GeV ⱘऎ
ඳ໻䚼ߚ㹿ᥦ䰸,ेՓ mχ̃±

1
↨䕗᥹䖥Ѣ mt̃1 ⱘᚙމгϡ՟໪,བ೒ 5.8੠ 5.6所

⼎.

៥Ӏ῵ᢳњ
√
s = 8 TeV ᯊ⿃ߚ҂ᑺЎ 20 fb−1 ⱘᚙމ, 䞛⫼ⱘㄯ䗝ᴵӊ㾕

㸼 5.3 中㄀ 3 ߫, 䖭ѯᴵӊ类ԐѢ CMS ᵤⱘߚ 1BL ֵোऎඳ. ៥Ӏ䰡Ԣњ /ET

੠ HT ⱘ䯜ؐ, ҹᣥߎ᳈໮ⱘֵোџ՟. Ўњ䖯ϔℹय़Ԣ tt̄ + jets 㚠᱃, ៥Ӏ䖬
߽⫼䖤ࡼ学ব䞣 mjjj 䖯㸠ㄯ䗝. ೼ ATLAS ⱘϔϾ᭄᥂ߚᵤ中, 䖭Ͼব䞣㹿⫼
Ѣᣥ䗝ᅠܼᔎ子㹄বⱘ t ༌ܟ [195], 㗠ℸ໘ै㹿៥Ӏ⫼Ѣࠨ䰸 t ༌ܟ.

mjjj ⱘ䞡ᓎᮍ⊩བϟ. ϡব䋼䞣ߎᣥܜ mjj > 60 GeV Ϩᮍ৥᳔᥹䖥ⱘϔ
ᇍ஋⊼, ᇚᅗӀⱘࡼ䞣ড়ᑊ䍋ᴹ, 䅸Ў䖭ḋ䞡ᓎߎњϔϾᔎ子㹄বⱘ W ⦏㡆子.
ᴹⱘߎ与䞡ᓎߎ䗝ݡ W ⦏㡆子ᮍ৥᳔᥹䖥㄀ 3 Ͼ஋⊼. mjjj ֓ᰃ䖭 3 Ͼ஋⊼
ⱘϡব䋼䞣. བᵰ䖭 3 Ͼ஋⊼⹂ᅲᴹ㞾ѢϔϾᅠܼᔎ子㹄বⱘ t ༌ܟ, mjjj ህ

Ӯ᥹䖥Ѣ mt ≃ 173 GeV.

೒ 5.9 中Ꮊ೒⬏ߎњᑨ⫼ mjjj ㄯ䗝ᴵӊПࠡ㚠᱃੠ֵোⱘ mjjj ,Ꮧߚ ϸ
Ͼֵো෎ޚ⚍পЎ (mt̃1 ,mχ̃±

1
) = (260 GeV, 100 GeV) ੠ (250 GeV, 245 GeV).

ᯧ㾕, tt̄ + jets ੠ single t 㚠᱃೼ mt 䰘䖥ഛ᳝ϔϾዄ. ಴ℸ, ⿏䰸 mjjj ∈
(130, 200) GeV ⱘџ՟ৃҹ᳝效य़Ԣ䖭ϸϾ㚠᱃. 䖭Ͼㄯ䗝ᴵӊӮࠨ䰸 47%



92 ೼高能ᇍᩲᴎϞ研究ᱫ物䋼ᗻ䋼

d
N

/d
m

jjj
  

(E
v
e

n
ts

 /
 G

e
V

)

mjjj (GeV)

LHC  √s   = 8 TeV,  ≥1 b-jets + E ⁄ T, 20 fb
-1

  (m∼χ1
± = 1.1 m∼χ1

0)

top pair

Z

W

single top
(m~

t1
, m~χ1

±) = (260, 100)

(m~
t1

, m~χ1
±) = (250, 245)

10
-2

10
-1

10
0

10
1

10
2

 0  200  400  600  800  1000

d
N

/d
E ⁄ 

T
  

(E
v
e

n
ts

 /
 G

e
V

)

E ⁄ T (GeV)

LHC  √s   = 8 TeV,  ≥1 b-jets + E ⁄ T, 20 fb
-1

  (m∼χ1
± = 1.1 m∼χ1

0)

top pair

Z

W

single top
(m~

t1
, m~χ1

±) = (260, 100)

(m~
t1

, m~χ1
±) = (250, 245)

10
-2

10
-1

10
0

10
1

10
2

 200  300  400  500  600  700  800

೒ 5.9: χ̃±1 -χ̃0
1 ݅⑂♁೒ڣ中,

√
s = 8 TeVᯊ㚠᱃੠ֵোⱘ mjjj (Ꮊ)੠ /ET (ে)

Ꮧߚ [204].

(31%) ⱘ tt̄+ jets (single t) џ՟, 㗠ϸϾֵো෎ޚ⚍ⱘџ՟中ߚ别া᳝ 20% ੠
21% 㹿⿏䰸. ೼೒ 5.9 ⱘে೒中, ៥Ӏ⬏ߎњ㚠᱃੠ֵোⱘ /ET .Ꮧߚ

ᑨ⫼所᳝ㄯ䗝ᴵӊПৢ, ῵ൟ㚠᱃џ՟᭄ޚᷛ B = 3132, ݊中ࣙ৿ 2269 Ͼ
tt̄ + jets џ՟、390 Ͼ Z(→ νν̄) + hf џ՟、353 Ͼ W (→ ℓν) + hf џ՟੠ 120
Ͼ single t џ՟. ಴ℸ S/

√
B = 3 (5) ᇍᑨⱘ BSM ৃ㾕៾䴶Ў σBSM

vis = 8.4 fb
(14.0 fb). ೒ 5.10 ⫼ᔽ㡆೚⚍ሩ⼎њ mt̃1-mχ̃±

1
ᑇ䴶Ϟⱘ t̃1t̃

∗
1 乘ᳳৃ㾕៾䴶, г

⫼㪱㡆ᅲ㒓ᷛ⼎ߎ 3σ ੠ 5σ ᅲ偠♉ᬣᑺ᳆㒓. Ўњ↨䕗, 䖭ϸᴵ♉ᬣᑺ᳆㒓г
⬏೼೒ 5.6 中.

LHC  √s   = 8 TeV, ≥1 b-jets + E ⁄ T, 20 fb
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೒ 5.10: χ̃±1 -χ̃0
1 ݅⑂♁೒ڣ中,

√
s = 8 TeV ᯊ mt̃1-mχ̃±

1
ᑇ䴶Ϟⱘ t̃1t̃

∗
1 乘ᳳৃ㾕

៾䴶 (ᔽ㡆೚⚍) [204].
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♉ᬣᑺ᳆㒓೼ mt̃1-mχ̃±
1
ᑇ䴶Ϟ޴Тᰃ∈ᑇⱘ, 原಴བϟ. ϔ㠀ᴹ䇈, ᔧ

mt̃1 ೎ᅮᯊ, mt̃1 − mχ̃±
1
䕗໻ⱘ t̃1t̃

∗
1 џ՟᳈ᆍᯧᔶ៤⹀஋⊼㗠䗮䖛ㄯ䗝ᴵӊ.

ᔧ mt̃1 − mχ̃±
1
↨䕗ᇣᯊ, ߭䳔㽕䕗ᇣⱘ mt̃1 ᴹᦤկ䕗໻ⱘѻ⫳៾䴶, ᠡ能㦋

ᕫ᳈໮䗮䖛ㄯ䗝ᴵӊⱘџ՟, 䖒ࠄ᳈高ⱘֵোᰒ㨫ᗻ. 䖭ϸϾ效ᑨ㓐ড়䍋ᴹ
ᕫߎ䖭ḋ䖥Т∈ᑇⱘ♉ᬣᑺ᳆㒓. Ѣᰃ, S/

√
B > 3 (5) ⱘऎඳ޴Т㽚Ⲫњ

mχ̃±
1
≲ 280 (240)GeV ⱘ㒱໻䚼ߚখ᭄ぎ䯈.

5.1.3 τ̃1-χ̃0
1 ݅⑂♁೒ڣ

᳔ৢ, ៥Ӏ䅼䆎 τ̃1-χ̃0
1 ݅⑂♁೒ڣ. ⬅Ѣ τ̃1 ϡখ与ᔎⳌѦ作⫼, ᅗ೼ LHC

ϞⱘⳈ᥹ѻ⫳៾䴶Ⳍᇍ䕗ᇣ. τ̃1 ⱘ㹄বѻ物Џ㽕ᰃ τ 子, བᵰ τ 子ࡼ䞣↨䕗໻,
೼ᅲ偠Ϟህ↨䕗ᆍᯧ䞡ᓎ. ✊㗠, ೼ τ̃1-χ̃0

1 ݅⑂♁೒ڣ中, τ̃1 ᰃ NLSP, Ϩ与 χ̃0
1

೼䋼䞣Ϟ޴Тㅔᑊ. 䖭ḋ, 㹄বߎᴹⱘ τ 子ᐌᐌᕜ䕃, ϡᯧ㾺থ᥶⌟఼. ೼䖭䞠,
៥Ӏᇚ τ̃1੠ χ̃0

1ⱘ䋼䞣݇㋏೎ᅮЎmτ̃1 = 1.1mχ̃0
1
,೼mb+mτ̃1 ≤ mt̃1 ≤ mχ̃0

1
+mt

ऎඳ中؛䆒 t̃1 → bτ̃+1 ντ 㹄বᬃߚ↨Ў 100%,✊ৢ研究 pp→ t̃1t̃
∗
1 → bb̄ντ ν̄τ τ̃

+
1 τ̃
−
1

䖛⿟ⱘ LHC ᅲ偠䰤ࠊ੠᥶⌟能࡯. 䖭Ͼ䖛⿟ⱘ䌍᳐೒བ೒ 5.11 所⼎.

χ̃0
1

χ̃0
1

t̃1

t̃∗1

p

p

τ̃+1

b

τ̃−1

b̄

ντ

ν̄τ

τ+ (soft)

τ− (soft)

೒ 5.11: τ̃1-χ̃0
1 ݅⑂♁೒ڣ中ⱘ t̃1t̃

∗
1 ѻ⫳䖛⿟.

䖭䞠ⱘᚙމ类ԐѢ χ̃±1 -χ̃0
1 ݅⑂♁೒ڣ中ⱘᚙމ, ៥Ӏ⊓⫼Ⳍৠⱘᅲ偠ߚᵤ

੠῵ᢳㄯ䗝ᴵӊᴹ研究. Ԛᰃ, t̃1 ⱘ㹄বᰃ 3 ԧ㹄ব, 㹄বߎᴹ b ༌أܟ䕃, ᔶ
៤ⱘ஋⊼ϡᆍᯧᷛ䆄. 㗠Ϩ, /ET ⱘᴹ⑤㟇ᇥ᳝ 4 Ͼ粒子, ϸϾ中ᖂ子੠ϸϾ χ̃0

1,
ᅗӀⱘ῾৥ࡼ䞣ӮⳌѦᢉ⍜, Փᕫ /ET .ᇣأ

⬅Ѣ䖭ϸϾ原಴, ೼ χ̃±1 -χ̃0
1 ݅⑂♁೒ڣ中⫼ࠄⱘ 7 TeV ATLAS ੠ CMS

᭄᥂ߚᵤ㒧ᵰ೼䖭䞠㒭ߎⱘ䰤ࠊ↨䕗ᔅ, ៥Ӏ῵ᢳߎᴹⱘ 8 TeV 20 fb−1 ᭄᥂
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䞣乘ᳳ♉ᬣᑺг↨䕗Ԣ, བ೒ 5.12 所⼎. ೼ mt̃1-mτ̃1 ᑇ䴶Ϟ, ATLAS ੠ CMS
ⱘ 7 TeV ᧰ᇏᥦ䰸њ mt̃1 ≲ 220GeV ⱘϔ䚼ߚऎඳ. ೼ 8 TeV LHC Ϟ, 㢹䞛
䲚 20 fb−1 ᭄᥂, 3σ (5σ) ᅲ偠♉ᬣᑺ㟇໮ৃҹ㾺ঞࠄ mτ̃1 ≃ 240 (200) GeV ੠
mt̃1 ≃ 370 (330) GeV.

m
∼ τ 1

  
(G

e
V

)

m∼
t1
  (GeV)

CMS  7 TeV, b-jets + E ⁄ T, 4.98 fb
-1

, 1BL, 95% CL

ATLAS  7 TeV, 2 b-jets + E ⁄ T, 4.7 fb
-1

, SR3a, 95% CL

LHC  8 TeV, 20 fb
-1

, ≥1 b-jets + E ⁄ T, S/√ B   = 5

LHC  8 TeV, 20 fb
-1

, ≥1 b-jets + E ⁄ T, S/√ B   = 3

 100

 150

 200

 250

 300

 350

 400

 150  200  250  300  350  400

m
∼t 1

 = m
∼τ 1

 + m b

m
∼t 1

 = m
∼χ 1

0 +
 m t

m∼τ1
 = 1.1 m∼χ1

0

೒ 5.12: τ̃1-χ̃0
1 ݅⑂♁೒ڣ中, mt̃1-mτ̃1 ᑇ䴶Ϟⱘᅲ偠䰤ࠊ੠乘ᳳ♉ᬣᑺ [204].

5.2 τ portal ᱫ⠽䋼ㅔ࣪῵ൟ

೼䫊⊇㋏中ᖗ䰘䖥, ᱫ物䋼ᆚᑺᕜ໻, ಴㗠䫊ᖗऎඳϔⳈফࠄ䯈᥹᥶⌟ᅲ偠
ⱘ䞡⚍݇⊼. ϡ䖛, 䫊ᖗ䰘䖥ⱘ໽ԧ物理⦃๗↨䕗໡ᴖ, ԑ偀ᇘ㒓⑤↨䕗໮, 䗮
䖛ԑ偀ᇘ㒓䖲㓁䈅ᴹᇏᡒᱫ物䋼ֵোᑊϡᆍᯧ. ϔѯ研究㒘㞾 2009 年ҹᴹথ
⦄, ೼䫊ᖗऎඳⱘ Fermi-LAT ԑ偀ᇘ㒓᭄᥂中, ᠷ䰸Ꮖⶹ໽ԧ物理㚠᱃Пৢ, ᄬ
೼ⴔᰒ㨫ᗻᕜ高ⱘ䖲㓁䈅䍙ֵߎো [209–219], ዄؐ೼ GeV 䰘䖥. 䖭ϾֵোϔⳈ
Ң䫊ᖗᠽሩࠄ⾏䫊ᖗ㑺 10◦ ⱘഄᮍ, 㗠Ϩᅗⱘぎ䯈ߚᏗ与 NFW ᆚᑺߚᏗ [24]
ⱘᑇᮍ类Ԑ.

ϔѯᎹ作㸼ᯢ, ᅗ᳝ৃ能䍋⑤Ѣ೼㚠᱃ߚᵤ中᳾ࣙ৿ⱘᶤѯ໽ԧ物理䖛⿟,
བ↿⾦㛝ކ᯳ⱘ䋵⤂ [220, 221]、䍙ᮄ᯳䘫䗍䕧ߎᅛᅭ㒓ⱘ䋵⤂ [222] ੠ O(106)
年ҹࠡ䕧ߎ高能⬉子ⱘ⟚থџӊ [223] ㄝ. ϡ䖛, 䖭ѯ໽ԧ物理⑤能৺ৠᯊ㾷䞞
⌕ᔎ、能䈅੠ぎ䯈ߚᏗ, ҡᰃѝ䆂中ⱘ䯂乬 [221, 224, 225].

䖭Ͼֵোⱘ঺ϔ类㾷䞞ᰃᱫ物䋼⑂♁,↨བᱫ物䋼粒子⑂♁ࠄ༌ܟ、ᏺ⬉䕏
子 [209, 210, 212, 216] ៪ϔѯᮄⱘ䕏粒子 [226–228]. བᵰ⫼ᱫ物䋼⑂♁ࠄ bb̄ ᴹ
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㾷䞞, া㽕؛䆒ᱫ物䋼粒子䋼䞣 mχ ≃ 30− 40 GeV, ⑂♁៾䴶 ∼ 10−26 cm3 s−1,
ህৃҹᕜདഄᢳড়᭄᥂. 㗠Ϩ, 䖭ḋⱘ⑂♁៾䴶᭄ؐ߮དᰃ㾷䞞ᱫ物䋼䘫⬭ᆚ
ᑺ所䳔㽕ⱘ.

ᱫ物䋼粒子བᵰ೼ᷥ೒䰊Ϟ㗺ড়ࠄ b ༌ܟ, ህৃҹ䗮䖛೜೒与核子㗺ড়, ѻ
⫳೼Ⳉ᥹᥶⌟ᅲ偠中ৃҹ᧰ᇏⱘ核ডֵކো, 㗠䖭类ᅲ偠ℷདᇍ mχ ∼ 40 GeV
ⱘᱫ物䋼粒子䴲ᐌ♉ᬣ [229, 230], ᳝Ꮰᳯ೼ϡ䖰ⱘ᳾ᴹẔ偠䖭⾡㾷䞞. ঺ϔᮍ
䴶, 䫊ᰩ中ᱫ物䋼⑂♁ࠄ bb̄ Ӯѻ⫳乱໪ⱘড䋼子, 㗠 PAMELA ⱘᅛᅭ㒓ড䋼
子⌟䞣≵᳝থ⦄ᓖᐌ䍙ߎ, ᇍ䖭⾡㾷䞞䆒㕂њᕜᔎⱘ䰤ࠊ [231, 232]. ϡ䖛, ⬅
Ѣᅛᅭ㒓Ӵ᪁੠໾䰇䇗ࠊ效ᑨⱘϡ⹂ᅮᑺ, .⹂⿟ᑺᑊϡᅠܼᯢࠊԧⱘ䰤݋ ℸ
໪, བᵰᱫ物䋼与 b ༌ܟⱘ㗺ড়⬅ϔϾ中ҟ粒子ᴹ㘨㋏, 中ҟ粒子ⱘ䋼䞣ᑨ䆹೼
O(102) GeV 䰘䖥. ೼ LHC Ϟ᳝ৃ能ᇚ中ҟ粒子Ⳉ᥹ѻ⫳ߎᴹ, ಴㗠䖭⾡㾷䞞
г能೼ LHC Ϟ䖯㸠Ẕ偠 [229, 230, 233–236].

೼ᴀ㡖中, ៥Ӏ研究ϔ类 τ portal ᱫ物䋼ㅔ࣪῵ൟ, 䆒ᱫ物䋼粒子Џ㽕与؛
τ 子㗺ড়, ⫼ᱫ物䋼⑂♁ࠄ τ+τ− ᴹ㾷䞞䖭Ͼ䫊ᖗ GeV 䍙ֵߎো, ✊ৢ䅼䆎೼
LHC Ϟབԩ偠䆕䖭Ͼ㾷䞞. ℸ᳝ࠡϔѯᎹ作研究䖛ϔ㠀ⱘ҆䕏子 (leptophilic)
ᱫ物䋼῵ൟ೼ᇍᩲᴎϞⱘଃ䈵学 [237–239], ϡ䖛, Џ㽕݇⊼⚍೼Ѣᱫ物䋼与ࠡ
ϸҷᏺ⬉䕏子ⱘ㗺ড়.

ऩ⫼ᱫ物䋼⑂♁ࠄ τ+τ− ᴹ㾷䞞䖭Ͼֵো, 㽕∖ mχ ∼ 9 GeV, ⑂♁៾䴶
∼ 5× 10−27 cm3 s−1. ៥ӀᇚӮ䞛⫼ϔϾ研究㒘ᢳড়ߎᴹⱘབϟ݋ԧ᭄ؐ [215]:

mχ = 9.43 (+0.63
−0.52 stat.) (±1.2 sys.) GeV, (5.3)

⟨σannv⟩ = (0.51± 0.24)× 10−26 cm3 s−1. (5.4)

ℸᯊ, ᱫ物䋼粒子г能䗮䖛೜೒与原子核থ⫳ᬷᇘ [237, 238, 240, 241], ϡ䖛Ⳉ
᥹᥶⌟ᅲ偠೼ mχ ∼ 9 GeV ໘ⱘ♉ᬣᑺ䖰ԢѢ mχ ∼ 40 GeV ໘ⱘ♉ᬣᑺ. ৠ
ᯊ, 与ᱫ物䋼⑂♁ࠄ e+e− ៪ µ+µ− Ⳍ↨, ࠄ♁⑂ τ+τ− 㗠ѻ⫳ⱘᅛᅭ㒓 e± 能

䈅↨䕗䕃, ᆍᯧ㾘䙓ᴹ㞾ᅛᅭ㒓 e± ⌟䞣ⱘ䰤ࠊ [165].

5.2.1 ῵ൟᦣ䗄

៥Ӏ䅼䆎䖭ḋϔ类ㅔ࣪῵ൟ. ᳝ 2 Ͼᮄ粒子, ᅗӀ೼ϔϾ Z2 ᇍ⿄ᗻϟഛЎ

༛. τ 子与䖭ϸϾᮄ粒子Ⳉ᥹㗺ড়, ೼ℸ Z2 ᇍ⿄ᗻϟЎي. 䖭ḋϔᴹ, 䕗䕏ⱘ䙷
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Ͼᮄ粒子ϡ能㹄ব, ៥Ӏ؛䆒ᅗᰃ中ᗻⱘ, 䆄作 χ, ᰃ῵ൟ中ⱘᱫ物䋼׭䗝粒子.
䕗䞡ⱘ粒子߭ᰃ㘨㋏ χ 与 τ 子ⱘ中ҟ粒子.

䖭䞠㗗㰥ϸ⾡ᚙᔶ: (1) ᱫ物䋼粒子 χ ᰃ㞾ᮟЎ 1/2 ⱘ䌍㉇子, 中ҟ粒子ᰃ
㞾ᮟЎ 0ⱘᷛ䞣粒子, 䆄作 ϕ; (2) χᰃ㞾ᮟЎ 0ⱘᷛ䞣粒子, 中ҟ粒子ᰃ㞾ᮟЎ
1/2 ⱘ䌍㉇子, 䆄作 ψ. ೼䖭ϸ⾡ᚙᔶ中, ៥Ӏ䛑؛䆒 χ ᰃᷛޚ῵ൟ㾘㣗ⳌѦ作

⫼ऩᗕ.

ᇍѢ䌍㉇子ᱫ物䋼ⱘᚙᔶ, ៥Ӏ㗗㰥ϸϾ῵ൟ DFDM (Dirac Fermionic
Dark Matter) ੠ MFDM (Majorana Fermionic Dark Matter), ݊中 χ 别Ў⢘ߚ

ᢝܟ䌍㉇子੠ Majorana 䌍㉇子. χ ੠ᷛ䞣中ҟ粒子 ϕ 䗮䖛ৃ䞡ᭈⱘ Yukawa
㗺ড়与ে᠟ τ 子থ⫳ⳌѦ作⫼:

Lϕ = λϕτ̄RχL + h.c. . (5.5)

⬅Ѣ χ ᰃऩᗕ, ϕ ⱘⳌࡴᗻ䞣子᭄ᑨ与ে᠟ τ 子Ⳍৠ, ಴㗠ᏺ᳝ᔅ䍙㥋 −1, ⬉
㥋 −1, τ 䕏子᭄ +1. Ѣᰃ, ϕ г㗺ড়ܝࠄ子੠ Z ⦏㡆子. 䖭ḋⱘ ϕ ೼䍙ᇍ⿄῵

ൟ中ᇍᑨⴔে᠟ᷛ䞣 τ 子, ⫼ ∼ 10 GeV 䋼䞣ⱘ neutraino ੠䕗䕏ⱘᷛ䞣 τ 子

ᴹ㾷䞞䫊ᖗ GeV 䍙ֵߎোⱘخ⊩খ㾕᭛⤂ [242].

ᇍѢᷛ䞣ᱫ物䋼ⱘᚙᔶ, ៥Ӏৠḋ㗗㰥ϸϾ῵ൟ CSDM (Complex Scalar
Dark Matter) ੠ RSDM (Real Scalar Dark Matter), ݊中 χ 别Ў໡ᷛ䞣粒子ߚ

੠ᅲᷛ䞣粒子. χ ੠䌍㉇子中ҟ粒子 ψ г䗮䖛ৃ䞡ᭈⱘ Yukawa 㗺ড়与ে᠟ τ

子থ⫳ⳌѦ作⫼:
Lψ = κχτ̄RψL + h.c. . (5.6)

ৠ理, ψ Ѻᏺ᳝ᔅ䍙㥋 −1, ⬉㥋 −1, τ 䕏子᭄ +1.

Ўㅔऩ䍋㾕, ៥ӀϡӮ؛䆒Ꮊ᠟ τ 子与ϸϾᮄ粒子Ⳉ᥹㗺ড়. ৺߭, Ўњֱ
ᣕ㾘㣗ϡবᗻ, 䳔㽕ᇚ中ҟ粒子ᠽܙ៤ϔϾ SU(2)L Ѡ䞡ᗕ, ๲ࡴᮄⱘ㞾⬅ᑺ,
Փ䯂乬໡ᴖ࣪. ℸ໪, ៥Ӏгϡ؛䆒᳝݊ᅗ中ҟ粒子ᇚᱫ物䋼粒子㘨㋏ࠄ⬉子
៪ µ 子. བᵰ䖭⾡中ҟ粒子↨䕗䕏, ህӮ䗮䖛೜೒ᇍ⬉子៪ µ 子⺕يᵕⶽ䋵⤂

䕗໻, ᑊᓩ䍋䕏子ੇ⸈ണ㹄ব. ℸᮍ䴶研究খ㾕᭛⤂ [237, 238, 241, 243].

೼䖭 4Ͼㅔ࣪῵ൟ中,ᱫ物䋼粒子䛑Ӯ䗮䖛Ѹᤶ t䘧中ҟ粒子⑂♁ࠄ τ+τ−.
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೼Ԣ䗳ᵕ䰤ϟ, Ң῵ൟ∖ᕫⱘ⑂♁៾䴶Ў

DFDM ῵ൟ: 1

2
⟨σannv⟩ =

λ4m2
χβτ

64π(m2
ϕ +m2

χ −m2
τ )

2

≃ 5× 10−27 cm3 s−1
( mχ

9.4 GeV

)2( λ

mϕ/179 GeV

)4

,

(5.7)

MFDM ῵ൟ: ⟨σannv⟩ =
λ4m2

τβτ
32π(m2

ϕ +m2
χ −m2

τ )
2

≃ 5× 10−27 cm3 s−1
(

λ

mϕ/93 GeV

)4

, (5.8)

CSDM ῵ൟ: 1

2
⟨σannv⟩ =

κ4m2
τβ

3
τ

32π(m2
ψ +m2

χ −m2
τ )

2

≃ 5× 10−27 cm3 s−1
(

κ

mψ/93 GeV

)4

, (5.9)

RSDM ῵ൟ: ⟨σannv⟩ =
κ4m2

τβ
3
τ

4π(m2
ψ +m2

χ −m2
τ )

2

≃ 5× 10−27 cm3 s−1
(

κ

mψ/156 GeV

)4

. (5.10)

݊中, βτ ≡
√
1−m2

τ/m
2
χ, 㗠䖥Ԑ㒧ᵰᇍᑨѢ mτ ≪ mχ ≪ mϕ,mψ. ᇍѢ䴲㞾݅

䕁ᱫ物䋼, ೼(5.7)੠(5.9)ᓣ中ᓩܹњϔϾ 1/2಴子, ҹℸᓹ㸹与㞾݅䕁ᱫ物䋼ⱘ
Ꮒ别, Ң㗠, 䖭ѯ㒧ᵰৃҹⳈ᥹㘨㋏(5.4)ᓣ.

೼ MFDM, CSDM ੠ RSDM ῵ൟ中, s 波⑂♁៾䴶ℷ↨Ѣ m2
τ . ℷབ೼䖥

Ԑ㸼䖒ᓣ中ᰒ⼎ߎᴹⱘ, Ўњᕫߎ㾷䞞䫊ᖗ䍙ֵߎো䳔㽕ⱘ៾䴶ؐ, 中ҟ粒子ᑨ
䆹↨䕗䕏, 䋼䞣೼ O(102) GeV 䰘䖥, 䖭М䕏ⱘ粒子᳝Ꮰᳯ೼ᇍᩲᴎ᧰ᇏ中থ⦄.

೒ 5.13 ሩ⼎њ৘Ͼ τ portal ᱫ物䋼ㅔ࣪῵ൟⱘখ᭄ぎ䯈, mχ 㹿೎ᅮ೼

9.43 GeV ໘. ݊中, 㓓㡆ᏺ子ᇍᑨⴔ⑂♁៾䴶 (5.4) ᓣⱘ 1σ 㣗ೈ, ⼎㒓㸼ߦ⚍
中ᖗؐ. ᅲ䰙Ϟ, ೒ 5.13 ᰃ䖭ϾᎹ作ⱘᘏ㒧, 䞠䴶䖬⬏ߎњⳈ᥹᥶⌟ᅲ偠ⱘᥦ䰸
䰤、LEP ᅲ偠ⱘᥦ䰸ऎඳ੠ LHC ᅲ偠ⱘ᧰ᇏ♉ᬣᑺ, 䖭ѯ䯂乬ᇚ೼᥹ϟᴹⱘ
ϸϾᇣ㡖中䅼䆎.
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(c) CSDM ῵ൟ
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(d) RSDM ῵ൟ

೒ 5.13: ৘Ͼ τ portal ᱫ物䋼ㅔ࣪῵ൟⱘখ᭄ぎ䯈 [244].

5.2.2 Ⳉ᥹᥶⌟

೼䖭ѯㅔ࣪῵ൟ中, ሑㅵᱫ物䋼粒子≵᳝Ⳉ᥹㗺ড়ࠄ༌ܟ៪㛊子, ᅗҡ✊ৃ
ҹ䗮䖛೜೒∈ᑇϞⱘ⬉⺕ᔶ⢊಴子与原子核ⳌѦ作⫼, Ң㗠ᓩ䍋ৃ㾕ⱘⳈ᥹᥶
⌟ֵো. ೼ DFDM, MFDM ੠ CSDM ῵ൟ中, ᱫ物䋼粒子ৃ䗮䖛೼ऩ೜∈ᑇϞ
ѸᤶϔϾ㰮ܝ子与原子核ᬷᇘ, བ೒ 5.14 所⼎. ϡ䖛, ᇍѢ Majorana ᱫ物䋼粒
子ᴹ䇈, 乚༈䰊䋵⤂ᇍᑨѢϔϾ anapole moment ㅫヺ, 导㟈ᬷᇘ៾䴶໾ᇣ, ϡ
ৃ能㹿ⳂࠡⱘⳈ᥹᥶⌟ᅲ偠থ⦄ [237]. ঺ϔᮍ䴶, ೼ RSDM ῵ൟ中, ᱫ物䋼粒
子㽕೼ঠ೜∈ᑇϞѸᤶϸϾ㰮ܝ子ᠡ能与原子核ᬷᇘ, ೼Ⳉ᥹᥶⌟ᅲ偠中ህ᳈
䲒থ⦄њ [238].
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೒ 5.14: ऩ೜∈ᑇϞ䌍㉇子ᱫ物䋼与原子核ᬷᇘ⼎ᛣ೒. ᇍѢ໡ᷛ䞣ᱫ物䋼, 䌍
᳐೒ᰃ类Ԑⱘ, া䳔ᇚ ϕ Ӵ᪁子᳓ᤶ៤ ψ Ӵ᪁子.

ᔧࠡ㞾ᮟ᮴݇Ⳉ᥹᥶⌟ᅲ偠 (བ LUX [62]) ⱘ䳊ֵো㒧ᵰৃҹ䰤ࠊ DFDM
੠ CSDM ῵ൟ. ೼ DFDM ῵ൟ中, ᱫ物䋼粒子与核子ⱘ㞾ᮟ᮴݇ᑇഛᬷᇘ៾
䴶ৃҹ㸼⼎Ў [237, 245]

σχN =
Z2e2B2µ2

χN

πA2
, (5.11)

݊中, µχN ≡ mχmN/(mχ +mN) ᰃᱫ物䋼与核子ⱘ㑺࣪䋼䞣, A (Z) ᰃ䵊原子
核ⱘ䋼䞣᭄ (原子ᑣ᭄), 㗠

B ≃ − λ2e

64π2m2
ϕ

[
1

2
+

2

3
ln
(
m2
τ

m2
ϕ

)]
(5.12)

ᰃϔϾᔶ⢊಴子, ऍ䜡ⴔᱫ物䋼与ܝ子ⱘ᳝效ㅫヺ [χ̄γµ(1 − γ5)∂νχ + h.c.]Fµν .
೼ CSDM ῵ൟ中, ᱫ物䋼与核子ⱘ㞾ᮟ᮴݇ᑇഛᬷᇘ៾䴶Ў [237]

σχN =
Z2e2C2µ2

χN

8πA2
, (5.13)

݊中,

C ≃ − κ2e

16π2m2
ψ

[
1 +

2

3
ln
(
m2
τ

m2
ψ

)]
(5.14)

ᰃऍ䜡ⴔ᳝效ㅫヺ (∂µχ)(∂νχ∗)Fµν ⱘᔶ⢊಴子.

ᇍѢ mχ = 9.43 GeV, LUX ᅲ偠೼ 90% 㕂ֵ∈ᑇϞᥦ䰸њ σχN ≳ 2 ×
1044 cm2 ⱘᬷᇘ៾䴶. ៥Ӏᇚ䖭Ͼ䰤ࠊᑨ⫼ࠄ DFDM ੠ CSDM ῵ൟ中, བ
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೒ 5.13(a) ੠ 5.13(c) 中红㡆ᅲ㒓所⼎. ৃҹⳟࠄ, ೼ CSDM ῵ൟ中与䫊ᖗ GeV
䍙ֵߎোⳌ݇ⱘখ᭄ऎඳ (㓓㡆ᏺ子) Ꮖ㹿 LUX ᅲ偠ᥦ䰸. ೼ DFDM ῵ൟ中,
LUX ⱘ㒧ᵰгᥦ䰸њ mϕ ≳ 200 GeV ᯊ㓓㡆ᏺ子ⱘϔ䚼ߚ, 㗠࠽余䚼ߚᕜৃ能
೼Ჱܝ䞣᳈໻ⱘ᳾ᴹⳈ᥹᥶⌟ᅲ偠中ফࠄẔ偠.

5.2.3 ᇍᩲᴎ᧰ᇏ

⬅Ѣ ϕ ੠ ψ ᏺ᳝ᔅ䍙㥋੠⬉㥋, ᅗӀৃҹ䗮䖛 Drell-Yan 䖛⿟, ेѸᤶ s

䘧 γ/Z ⱘ䖛⿟, ೼ᇍᩲᴎϞ៤ᇍѻ⫳. ೼ e+e− ᇍᩲᴎϞ, DFDM ੠ MFDM ῵
ൟ中ⱘ ϕϕ∗ ᇍѻ⫳ֵোᅲ䋼Ϟ与䍙ᇍ⿄῵ൟ中ⱘে᠟ᷛ䞣 τ 子ᇍѻ⫳ֵোⳌ

ৠ. ಴ℸ, LEP ᧰ᇏ [246] ᇍে᠟ᷛ䞣 τ 子ⱘ䰤ৃࠊҹ✻ᨀ䖛ᴹ. LEP ⱘᇍᩲ
能䞣㟇໮䖒ࠄ

√
s = 208 GeV, ᥦ䰸њ mϕ ≲ 84 GeV ⱘখ᭄ऎඳ. ঺ϔᮍ䴶, ᔧ

mψ = mϕ ᯊ, ψψ̄ ᇍѻ⫳៾䴶↨ ϕϕ∗ ៾䴶໻њ 1 Ͼ䞣㑻. Ѣᰃ, ៥Ӏ䅸Ў LEP
᧰ᇏᇍ mψ ⱘ䰤ৃࠊҹ䖒ࠄ᥹䖥䖤ࡼ学䯜ؐⱘഄᮍ, ेᥦ䰸њ CSDM੠ RSDM
῵ൟ中 mψ ≲ 100 GeV ⱘখ᭄ऎඳ. ೼೒ 5.13 中, 䖭ѯ䰤ࠊ⫼咘㡆ऎඳ㸼⼎.

᥹ϟᴹ研究 LHC ᇍ ϕ ੠ ψ ᇍѻ⫳䖛⿟ⱘ᥶⌟能࡯. ᔧ
√
s = 8 TeV ੠

14 TeV ᯊ, LHC Ϟ pp → ϕϕ∗/ψψ̄ + jets 䖛⿟ⱘѻ⫳៾䴶བ೒ 5.15 所⼎. ৃҹ
থ⦄, ᔧ mψ = mϕ ᯊ, ψψ̄ ៾䴶㽕↨ ϕϕ∗ ៾䴶໻ 1 Ͼ䞣㑻, 䖭ϔᮍ䴶ᰃ಴Ў ψ

ⱘݙ䚼㞾⬅ᑺ᳈໮, ϔᮍ䴶ᰃ಴Ў ϕϕ∗ ѻ⫳䖛⿟೼㾦ߚᏗϞᄬ೼䖤ࡼ学य़Ԣ.
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೒ 5.15:
√
s = 8 TeV ੠ 14 TeV ᯊ, LHC Ϟ pp→ ϕϕ∗/ψψ̄ + jets 䖛⿟ⱘѻ⫳៾

䴶 [244].
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ѻ⫳ߎᴹПৢ, ϕ ੠ ψ ෎ᴀϞҹ 100% ⱘᬃߚ↨㹄বࠄ 1 Ͼ τ 子੠ 1 Ͼ
ᱫ物䋼粒子. τ 子ⱘ䕏子㹄ব῵ᓣ eνeντ ੠ µνµντ ᳝݋别ߚ 17.9% ੠ 17.4% ⱘ
,↨ᬃߚ ݊余῵ᓣ䛑ᰃᔎ子㹄ব, Ў↨ᬃߚ 64.7%. ᔎ子㹄বⱘ τ 子ᔶ៤஋⊼,
೼ LHC Ϟৃҹ䗮䖛 τ ᷛ䆄ᡔᴃᇚᅗ䞡ᓎߎᴹ. ঺ϔᮍ䴶, ᱫ物䋼粒子੠Ң τ

子㹄বߎᴹⱘ中ᖂ子Ӯᓩ䍋䕗໻ⱘ /ET. Ѣᰃ, 中ҟ粒子ⱘ᧰ᇏ䘧ৃߚЎϝ类:
2τh + /ET, τℓτh + /ET ੠ 2τℓ + /ET, ݊中 τh (τℓ) 㸼⼎ᔎ子 (䕏子) 㹄বⱘ τ 子.

៥Ӏ⫼ FeynRules [125] ߯ᓎњ䖭ѯ τ portal ῵ൟ, ✊ৢ䖯㸠㩭⡍व⋯῵
ᢳ. 㚠᱃੠ֵোⱘḋᴀ䗮䖛 MadGraph 5 [124] ѻ⫳. ៥Ӏ⫼ PYTHIA 6 [130] ᴹ
໘理䚼ߚ子㇛ᇘ、粒子㹄ব੠ᔎ子࣪䖛⿟, ᅗ೼໘理 τ 子㹄বᯊᅲ䰙Ϟ䇗⫼њ

TAUOLA ⿟ᑣ [247], ҹᳳ㦋ᕫ᳈㊒⹂ⱘ㒧ᵰ. MLM ᮍ⊩ [137] 㹿⫼Ѣऍ䜡ⶽ䰉
.子㇛ᇘ䅵ㅫߚ੠䚼ܗ ᖿ䗳᥶⌟఼῵ᢳ䗮䖛 Delphes 3 [138] 䖯㸠. ៥Ӏ೼῵ᢳ
中䞛⫼њϔ㒘ᇍᑨѢ ATLAS ᥶⌟఼ⱘখ᭄.

೼ LHC Ϟ, ϕ ੠ ψ ѻ⫳䖛⿟ⱘ᳿ᗕ类ԐѢϔѯ䍙ᇍ⿄粒子ⱘ⬉ᔅѻ⫳䖛

⿟, བ χ̃+
1 χ̃
−
1 , τ̃+τ̃− ੠ ℓ̃+ℓ̃− ѻ⫳. ߽⫼

√
s = 8 TeV ᯊ ∼ 20 fb−1 ⱘ᭄᥂, ᅲ偠

㒘Ҩ㒚ഄ研究䖛䖭ѯ䍙ᇍ⿄䖛⿟ (བ᭛⤂ [248–250]). ᅲ偠㒘ⱘ䖭ѯ᭄᥂ߚᵤ㒧
ᵰг䗖ড়Ѣ᧰ᇏ中ҟ粒子 ϕ ੠ ψ. ៥Ӏ⫳៤њ 8 TeV ᯊⱘ pp→ ϕϕ∗/ψψ̄ + jets
ֵোḋᴀ, ᑨ⫼䖭ѯᅲ偠᭄᥂ߚᵤ中Փ⫼ⱘџ՟ㄯ䗝ᴵӊ, থ⦄ᅲ偠᭄᥂ᇍ
BSM џ՟᭄ⱘ 95% 㕂ֵᑺϞ䰤໻Ѣ䖭䞠ⱘֵোџ՟᭄, े֓೼᳔དⱘᴵӊϟ
г㽕໻ 2 .ҹϞס ಴ℸ, ៥Ӏ䅸Ў 8 TeV LHC ᭄᥂䖬ϡ能䰤ࠊ䖭ѯ τ portal ῵
ൟ. ϟ䴶៥Ӏ䅼䆎 14 TeV LHC ⱘᚙމ.

2τh+ /ET ੠ τℓτh+ /ET ᧰ᇏ䘧ⱘֵোᰒ㨫ᗻձ䌪Ѣ τ ᷛ䆄ᡔᴃ.
√
s = 8 TeV

ᯊ,೼ ATLAS᥶⌟఼Ϟ,ϸ⾡ τ ᷛ䆄ᮍ⊩ (Boosted Decision Trees੠ Projective
Likelihood) 㒭ߎᏂϡ໮ⱘ效⥛ [114]. ᇍѢ䗖中 (ϹḐ) ⱘ τ ᷛ䆄, ℷ⹂ᷛ䆄ⱘ效
⥛㑺Ў 60% (40%), 㗠 QCD ஋⊼ⱘ䇃߸⥛㑺Ў 5% (2%). 㱑✊䗖中ⱘ τ ᷛ䆄ৃ

ҹᡒࠄ᳈໮ⱘⳳᅲ τh, ᅗⱘ䇃߸⥛г↨䕗໻, 导㟈ࣙ৿ QCD ஋⊼ⱘᑲ໻㚠᱃ϡ
ᆍᯧফࠄ᥻ࠊ. ಴ℸ, ೼῵ᢳ 14 TeV LHC ⱘ䖛⿟中, ៥Ӏ؛䆒ℷ⹂ᷛ䆄效⥛Ў
40%, QCD ஋⊼䇃߸⥛Ў 2%.

៥Ӏ㽕᧰ᇏⱘֵোࣙ৿ 1 ᇍ䕗䞡ⱘℷড粒子, 别㹄ব៤ߚ 1 Ͼৃ㾕粒子੠
1 Ͼϡৃ㾕粒子. ᇍѢ䖭ḋⱘֵো⡍ᕕ, mT2 ব䞣 [119–121] ো੠ֵߚѢऎࡽ᳝
㚠᱃. mT2 ⱘᅮН⬅ (3.25) ᓣ㒭ߎ, ೼䖭䞠៥Ӏᇚ µi, mv1 ੠ mv2 পЎ 0. ᇍѢ
2τh + /ET, 2τℓ + /ET ੠ τℓτh + /ET ᧰ᇏ䘧, ᵘ䗴 mT2 ᯊՓ⫼ⱘৃ㾕粒子ߚ别ᰃ 2
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Ͼ τh, 2 Ͼ ℓ, ҹঞ 1 Ͼ ℓ ੠ 1 Ͼ τh. mT2 ᏗⱘϞ䖍⬠与↡粒子੠ϡৃ㾕粒子ߚ

ⱘ䋼䞣Ⳍ݇. ᔧ中ҟ粒子与ᱫ物䋼粒子䋼䞣Ꮒ↨䕗໻ᯊ, ֵোⱘ mT2 ↨Ꮧᇚߚ

㚠᱃ᠽሩᕫ᳈䖰.

5.2.3.1 2τh + /ET ᧰ᇏ䘧

೼ 2τh + /ET ᧰ᇏ䘧中, ৿᳝ τ 子੠中ᖂ子ⱘᷛޚ῵ൟ䖛⿟ᰃЏ㽕㚠᱃, ࣙ
৿ V V + jets (े WW/WZ/ZZ + jets), tt̄+ jets ੠ W + jets. བᵰ᳿ᗕ中᳝ 1
Ͼ஋⊼㹿䫭䇃ഄᷛ䆄៤ τh, W + jets 㚠᱃ህ᳝ৃ能䗮䖛ㄯ䗝ᴵӊ.

Ўњ᳝效ഄय़Ԣ㚠᱃, ៥Ӏ䞛⫼ϟ߫џ՟ㄯ䗝ᴵӊ.

• Basic cuts: /ET > 100 GeV; ᳝ 2 ϾヺোⳌডⱘ τh, ⒵䎇 pT > 30 GeV ੠
|η| < 2.5;≵᳝ᄸゟ⬉子 (pT > 10 GeVϨ |η| < 2.47)៪ µ子 (pT > 10 GeV
Ϩ |η| < 2.4).

• Jet veto: ≵᳝ӏԩ中ᖗऎ஋⊼ (pT > 30 GeV Ϩ |η| < 2.5) ៪ᳱࠡऎ஋
⊼ (pT > 40 GeV Ϩ 2.5 ≤ |η| < 4.5).

• mT2 cut: mT2 > 90 GeV.

೼㸼 5.4 中, ៥Ӏ߫ߎњ৘⃵џ՟ㄯ䗝䖛ৢ㚠᱃与ֵোⱘ៾䴶੠ֵো
ᰒ㨫ᗻ. 䖭䞠, ֵোᰒ㨫ᗻᇍᑨѢ⿃ߚ҂ᑺЎ 3000 fb−1 ⱘᚙމ, ᅮНЎ
S = S/

√
B + S, ݊中 S (B)ᰃֵো (ᘏ㚠᱃)џ՟᭄. ᇍѢ DFDM (MFDM)῵

ൟ, ֵো෎ޚ⚍পЎ mϕ = 225 (250) GeV; ᇍѢ CSDM (RSDM) ῵ൟ, ߭পЎ
mψ = 300 (200) GeV.

ᑨ⫼ basic cuts Пৢ, tt̄ + jets ੠ W + jets ᰃЏ㽕㚠᱃. Jet veto ᇍय़Ԣ
tt̄ + jets 䴲ᐌ᳝效, ಴Ўᴹ㞾 t ༌ܟ㹄বⱘ↣Ͼ b ༌ܟϔ㠀䛑Ӯᔶ៤ৃ㾕஋⊼.
ϸϾ τh ᵘ䗴ߎᴹⱘ mT2 Ꮧབ೒ߚ 5.16(a) 所⼎. W + jets 㚠᱃䱣ⴔ mT2 ⱘ๲

໻㗠䖙䗳ϟ䰡, mT2 cut 能໳ࠨ䰸䖭Ͼ㚠᱃中 80% ⱘџ՟. ϡ䖛, ⬅Ѣ τh 䇃߸,
ҹঞ τ 㹄বߎᴹⱘ中ᖂ子ᓩ䍋ⱘϡᅠܼ能䞣⌟䞣, ֵোⱘ mT2 Ꮧ与ߚ tt̄ + jets
੠ V V + jets 㚠᱃ߚᕫϡ໳ᓔ. ಴ℸ, ៥Ӏгϡ能Փ⫼᳈高ⱘ mT2 䯜ؐ, ৺߭Ӯ
ᤳ༅໾໮ֵোџ՟.
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㸼 5.4: 3 Ͼ᧰ᇏ䘧中৘⃵џ՟ㄯ䗝䖛ৢ㚠᱃੠ֵোⱘ៾䴶 σ (ऩ位Ў fb) ੠ֵ
োᰒ㨫ᗻ S.

2τh + /ET ᧰ᇏ䘧

V V tt̄ W DFDM MFDM CSDM RSDM
σ σ σ σ S σ S σ S σ S

Basic cuts 10.3 171 182 0.0853 0.24 0.0658 0.19 0.410 1.2 0.945 2.7
Jet veto 1.22 3.97 46.3 0.0453 0.35 0.0349 0.27 0.220 1.7 0.499 3.8
mT2 cut 0.591 1.68 9.06 0.0261 0.42 0.0214 0.35 0.167 2.7 0.336 5.4

τℓτh + /ET ᧰ᇏ䘧

V V tt̄ W DFDM MFDM CSDM RSDM
σ σ σ σ S σ S σ S σ S

Basic cuts 84.3 1190 1310 0.163 0.18 0.130 0.14 0.796 0.86 1.65 1.8
Jet veto 10.6 31.0 361 0.0835 0.23 0.0674 0.18 0.424 1.2 0.811 2.2
mT2 cut 3.19 10.3 2.50 0.0319 0.44 0.0293 0.40 0.263 3.6 0.372 5.0

2τℓ + /ET ᧰ᇏ䘧

V V tt̄ DFDM MFDM CSDM RSDM
σ σ σ S σ S σ S σ S

Basic cuts 918 5660 0.115 0.078 0.0884 0.060 0.526 0.36 1.29 0.87
Jet veto 354 204 0.0629 0.15 0.0483 0.11 0.291 0.67 0.698 1.6
Z veto 281 190 0.0598 0.15 0.0462 0.12 0.275 0.69 0.655 1.7
mT2 cut 0.500 0.388 0.00593 0.34 0.00649 0.38 0.0681 3.8 0.0549 3.1

5.2.3.2 τℓτh + /ET ᧰ᇏ䘧

೼ τℓτh + /ET ᧰ᇏ䘧中, Џ㽕㚠᱃与 2τh + /ET ᧰ᇏ䘧ϔḋ. ៥Ӏ䞛⫼ҹϟ
џ՟ㄯ䗝ᴵӊ.

• Basic cuts: /ET > 100 GeV;᳝ 1Ͼ τh (pT > 30 GeVϨ |η| < 2.5)੠ 1Ͼ
ℓ [ᅗབᵰᰃ⬉子 (µ 子), ᑨ⒵䎇 pT > 20 GeV ੠ |η| < 2.47 (pT > 20 GeV
੠ |η| < 2.4)], ϸ者ヺোⳌড.
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೒ 5.16: 3 Ͼ᧰ᇏ䘧中㚠᱃੠ֵোⱘᔦϔ࣪ mT2 Ꮧߚ [244]. 咥㡆⚍ߦ㒓ᷛ⼎ⱘ
位㕂ᰃㄯ䗝ᴵӊ䯜ؐ.

• Jet veto: ≵᳝ӏԩ中ᖗऎ஋⊼ (pT > 30 GeV Ϩ |η| < 2.5) ៪ᳱࠡऎ஋
⊼ (pT > 40 GeV Ϩ 2.5 ≤ |η| < 4.5).

• mT2 cut: mT2 > 90 GeV.

㚠᱃੠ֵোⱘ៾䴶ঞֵোᰒ㨫ᗻৠḋ߫Ѣ㸼 5.4 中. 㒣䖛 basic cuts ੠ jet
veto ⱘㄯ䗝, W + jets ៤ЎЏ㽕㚠᱃. ៥Ӏ⫼ τh ੠ ℓ ᵘ䗴 mT2 ব䞣, Ꮧབߚ
೒ 5.16(b) 所⼎. W + jets ⱘ mT2 ࠄᏗᅲ䋼Ϟা能ᓊሩߚ W 䋼䞣໘, ℸᯊ mT2

ব䞣ⱘ作⫼݊ᅲ与䗮ᐌⱘ mT ব䞣Ꮒϡ໮. ᑨ⫼ mT2 cutПৢ, W + jets㹿य़Ԣ
њ 2 Ͼ䞣㑻, 䖬ϡབ tt̄+ jets 㚠᱃䞡㽕.
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5.2.3.3 2τℓ + /ET ᧰ᇏ䘧

೼ 2τℓ + /ET ᧰ᇏ䘧中, Џ㽕㚠᱃ᰃ V V + jets ੠ tt̄+ jets. ៥Ӏ䞛⫼བϟџ
՟ㄯ䗝ᴵӊ.

• Basic cuts: /ET > 60 GeV; ᳝ 2 ϾヺোⳌডⱘ ℓ [བᵰ ℓ ᰃ⬉子 (µ 子),
ᑨ⒵䎇 pT > 20 GeV ੠ |η| < 2.47 (pT > 20 GeV ੠ |η| < 2.4)]; ≵᳝ τh

(pT > 30 GeV Ϩ |η| < 2.5).

• Jet veto: ≵᳝ӏԩ中ᖗऎ஋⊼ (pT > 30 GeV Ϩ |η| < 2.5) ៪ᳱࠡऎ஋
⊼ (pT > 40 GeV Ϩ 2.5 ≤ |η| < 4.5).

• Z veto: བᵰϸϾ ℓ ੇ䘧Ⳍৠ, ᅗӀⱘϡব䋼䞣ᖙ乏⒵䎇 |mℓℓ − mZ | >
10 GeV.

• mT2 cut: mT2 > 100 GeV.

㸼 5.4 中г᳝߫ℸ᧰ᇏ䘧䞠㚠᱃੠ֵোⱘ៾䴶, ҹঞֵোᰒ㨫ᗻ. ᇍѢֵো
ᴹ䇈, 㱑✊ 2τℓ+ /ET 䖭Ͼ᧰ᇏ䘧ⱘᬃߚ↨ᕜᇣ, ᑨ⫼ basic cuts Пৢ⬭ϟⱘџ՟
ै↨ 2τh + /ET ᧰ᇏ䘧䖬⬹໮ϔѯ. tt̄ + jets ձ✊䗮䖛 jet veto ᳝效य़Ԣ. ೼ϸ
Ͼৠੇ ℓ ⱘϡব䋼䞣ߚᏗ中, V V + jets 㚠᱃೼ Z ⦏㡆子䋼䞣໘᳝݋ϔϾᰒ㨫

ⱘዄ, ᅗ㹿 Z veto ᴵӊᥦ䰸. ೒ 5.16(c) ሩ⼎њϸϾ ℓ ᵘ䗴ⱘ mT2 .Ꮧߚ ৃҹ
ⳟࠄ, 㚠᱃ⱘߚᏗ೼ W 䋼䞣໘᳝ᯢᰒⱘϞ䖍⬠, 㗠ֵোߚᏗᓊԌᕫ᳈䖰. ಴ℸ,
mT2 cut ᇍय़Ԣ㚠᱃ᵕ᳝݊效.

೼೒ 5.17 中, ៥Ӏሩ⼎њᑨ⫼所᳝џ՟ㄯ䗝ᴵӊПৢⱘֵোৃ㾕៾䴶, ῾
䕈Ў中ҟ粒子䋼䞣 mϕ ៪ mψ. ⬅ѢⳌৠⱘѻ⫳៾䴶੠џ՟ߚᏗ, MFDM ੠
RSDM ῵ൟⱘ㒧ᵰߚ别与 DFDM ੠ CSDM ῵ൟⱘ㒧ᵰⳌৠ. ೒中ਜ⦄ߎᴹⱘ
䕏ᖂᏂ别ᰃ῵ᢳḋᴀⱘ㒳䅵⍼㨑ᓩ䍋ⱘ. 3 Ͼ᧰ᇏ䘧ⱘ♉ᬣᑺⳌԐ, ԚᑊϡⳌ
ৠ. 2τℓ + /ET ᧰ᇏ䘧能໳㽚Ⲫ᳈ᆑⱘ中ҟ粒子䋼䞣㣗ೈ, 2τh + /ET ᧰ᇏ䘧೼᳔

♉ᬣⱘഄᮍৃҹ䖒ࠄ᳈高ⱘֵোᰒ㨫ᗻ, τℓτh + /ET ᧰ᇏ䘧ⱘ♉ᬣᑺ߭໘Ѣࠡϸ

Ͼ᧰ᇏ䘧П䯈.

៥Ӏ䖬೼೒ 5.17中⫼⚍ߦ㒓ᷛ⼎ߎϸᴵ乘ᳳⱘ 95%㕂ֵᑺᥦ䰸䰤,ߚ别ᇍ
ᑨѢ⿃ߚ҂ᑺЎ 300 fb−1 ੠ 3000 fb−1. 䞛䲚 300 fb−1 ⱘ᭄᥂ⳟ䍋ᴹ䖬ϡ䎇ҹẔ
偠䖭ѯ῵ൟ. LHC ⱘৢᳳ䅵ߦ, 高҂ᑺ LHC (HL-LHC) ᇚ能໳䞛䲚 3000 fb−1
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(c) 2τℓ + /ET ᧰ᇏ䘧

೒ 5.17: ೼ 3 Ͼ᧰ᇏ䘧中, ᑨ⫼所᳝џ՟ㄯ䗝ᴵӊПৢⱘֵোৃ㾕៾䴶 [244].

ⱘ᭄᥂, 䙷ᯊህ᳝能࡯᥶㋶ CSDM ੠ RSDM ῵ൟ. བࠡ所䗄, 㢹 mϕ = mψ,
DFDM ੠ MFDM ῵ൟ中ⱘ中ҟ粒子ѻ⫳៾䴶↨ CSDM ੠ RSDM ῵ൟ中ⱘ៾
䴶ᇣњ 1 Ͼ䞣㑻, 䖭Ⳉ᥹ড᯴೼೒ 5.17 中. ಴ℸ, HL-LHC ԐТ䖬≵᳝能࡯᥶
㋶䖭ϸϾ῵ൟ.

៥Ӏᇚ 3 Ͼ᧰ᇏ䘧ᇍ CSDM ੠ RSDM ῵ൟⱘ᥶⌟能࡯ড়ᑊ䍋ᴹ. ೼
೒ 5.13(c) ੠ 5.13(d)中, ⎵㪱㡆੠⏅㪱㡆ऎඳߚ别ᇍᑨѢ䞛䲚 3000 fb−1 ᭄᥂ⱘ
HL-LHC 乘ᳳ能໳㒭ߎⱘ 95% 㕂ֵᑺᥦ䰸ऎඳ੠ 5σ ᰒ㨫ᗻऎඳ, ᅗӀߚ别㽚
Ⲫњ 120 GeV ≲ mψ ≲ 450 GeV ੠ 160 GeV ≲ mψ ≲ 210 GeV ⱘ㣗ೈ.
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5.3 Z ′ portal ᱫ⠽䋼ㅔ࣪῵ൟ

೼ᔎ子ᇍᩲᴎϞ研究ᱫ物䋼ᗻ䋼, ↨䕗ㅔऩⱘᮍᓣᰃ೼᳝效എ䆎Ḛᶊ
ϟ, ⫼高䞣㒆ϡৃ䞡ᭈ᳝效ㅫヺᴹᦣ䗄ᱫ物䋼粒子与ᷛޚ῵ൟ粒子ⱘⳌѦ
作⫼ [167, 192, 251–262]. 䖭ᰃϔ⾡ϡ݇⊼῵ൟ㒚㡖ⱘخ⊩, ⳌᔧѢ؛䆒中
ҟ粒子ᕜ䞡, ݊效ᑨ能ҹ៾ᮁ能ᷛҷ᳓. ೼䖭⾡ᚙމϟ, ᱫ物䋼粒子೼ᔎ子
ᇍᩲᴎϞ៤ᇍѻ⫳ⱘৠᯊ, 䖬䳔㽕᳝ϔϾ៪໮Ͼᴹ㞾߱ᗕ䕤ᇘⱘ粒子与П
Ԉ䱣ѻ⫳, ৺߭ϡ能䞡ᓎߎ /ET ֵো. ḍ᥂Ԉ䱣粒子ⱘ⾡类, ৃҹᇚᱫ物䋼
᧰ᇏ䘧ߚЎ monojet + /ET [192, 251–257, 259], monophoton + /ET [192, 251,
261], mono-W + /ET [262, 263], mono-Z + /ET [167], mono-b + /ET [260], ⫮㟇
mono-Higgs + /ET [251, 258] ㄝ.

೼᳝效ㅫヺḚᶊϟ, ৃҹᕜᮍ֓ഄ↨䕗ᇍᩲᴎⱘ᧰ᇏ㒧ᵰ与Ⳉ᥹੠䯈᥹᥶
⌟ᅲ偠ⱘ㒧ᵰ. CMS ᅲ偠㒘೼ monojet + /ET ᧰ᇏ䘧中ߚᵤњ 7 TeV ੠ 8 TeV
LHC 䖤㸠᭄᥂ [264], ᇚᕫߎⱘᥦ䰸䰤䕀ᤶࠄᱫ物䋼与原子核ⱘᬷᇘ៾䴶Ϟ, བ
೒ 5.18 所⼎. ೒中䖬⬏ߎ䆌໮Ⳉ᥹᥶⌟ᅲ偠ⱘ㒧ᵰ. Ꮊ೒ᇍᑨѢ㞾ᮟ᮴݇ᬷᇘ
៾䴶, ᇍѢᱫ物䋼与༌ܟⱘⶶ䞣⌕᳝效ㅫヺ χ̄γµχq̄γ

µq, LHC ⱘᥦ䰸能࡯া᳝೼
mχ ᇣѢ޴Ͼ GeV ᯊᠡ能໳㚰䖛Ⳉ᥹᥶⌟ᅲ偠. ⬅Ѣ䯜能原಴, Ⳉ᥹᥶⌟ᅲ偠
೼䖭Ͼऎඳ♉ᬣᑺϟ䰡њᕜ໮. ে೒ᇍᑨѢ㞾ᮟⳌ݇ᬷᇘ៾䴶,Ⳉ᥹᥶⌟ᅲ偠೼
䖭ᮍ䴶ⱘ♉ᬣᑺ↨䕗Ԣ. ᇍѢᱫ物䋼与༌ܟⱘ䕈ⶶ䞣⌕᳝效ㅫヺ χ̄γµγ5χq̄γ

µγ5q,
LHC ⱘᥦ䰸能࡯㽕↨Ⳉ᥹᥶⌟ᅲ偠ᔎᕫ໮.
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೒ 5.18: monojet + /ET ᧰ᇏ䘧中, CMS ᅲ偠㒘㒭ߎⱘᥦ䰸䰤䕀ᤶࠄᱫ物䋼与原
子核ᬷᇘ៾䴶Ϟⱘ㒧ᵰ [264].
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ϡ䖛, ᳝效എ䆎ⱘ䗖⫼㣗ೈ᳝䰤. ᔧⳌѦ作⫼䖛⿟ⱘࡼ䞣䕀⿏䎇໳໻, ৃ与
中ҟ粒子䋼䞣↨ᢳ, ⫮㟇䍙䖛中ҟ粒子䋼䞣ᯊ, ᳝效എ䆎ህ༅效њ. Ўℸ, ᳈ড়
理㗠জㅔऩⱘᮍᓣᰃ研究ㅔ࣪῵ൟ, ↨བ៥Ӏ೼ 5.2 㡖中䅼䆎ⱘ䙷ѯ τ portal
῵ൟ. 䖭类῵ൟϔ㠀াᓩܹ 1 Ͼᮄⱘ中ҟ粒子, ⫼ᅗ㘨㋏ᱫ物䋼粒子੠ᷛޚ῵
ൟ粒子. ೼中ҟ粒子↨䕗䞡ⱘᚙމϟ, ㅔ࣪῵ൟӮಲᔦ᳝ࠄ效ㅫヺḚᶊ. ঺ϔᮍ
䴶, ㅔ࣪῵ൟг能໳作Ўϔѯ UV ᅠᭈ῵ൟⱘ⡍⅞ᚙމ, ↨བ៥Ӏ೼ 5.1 㡖中䅼
䆎ⱘ䙷ѯ݅⑂♁೒ڣ, 䖭ϔ⚍೼䍙ᇍ⿄研究中ᕫࠄњ᱂䘡ⱘᑨ⫼ [265–267]. ೼
⡍ᅮⱘᱫ物䋼ㅔ࣪῵ൟ中, ៥Ӏгৃҹᕜᆍᯧഄ↨䕗ᇍᩲᴎ᧰ᇏ、Ⳉ᥹᥶⌟੠
䯈᥹᥶⌟䖭ϝ⾡ᅲ偠ᮍ⊩ⱘ㒧ᵰ [234, 268–275].

೼ᴀ㡖中, ៥Ӏ䅼䆎ϔ类 Z ′ portal ᱫ物䋼ㅔ࣪῵ൟ, 䆒中ҟ粒子ᰃ㞾ᮟ؛
Ў 1 ⱘ中ᗻ粒子 Z ′. 7 TeV ੠ 8 TeV ⱘ LHC 㒧ᵰᏆ㒣㹿⫼Ѣ䰤ࠊ䖭类῵ൟⱘ
খ᭄ぎ䯈 [270, 272]. ೼᳾ᴹ޴年中, 13− 14 TeV ⱘ LHC ᅲ偠гӮ䖯ϔℹ᥶㋶
䖭类῵ൟ. ✊㗠, ៥Ӏ䖭䞠ⱘᎹ作ᰃ SppC 乘研ⱘϔ䚼ߚ, ಴㗠䅼䆎ⱘᇍᩲ能䞣
᳈高, Ў 33 TeV, 50 TeV ੠ 100 TeV, ᇍᑨѢ SppC ੠ VHE-LHC ⱘ能䞣. 㗗㰥
䖭М高ᇍᩲ能䞣ⱘϔѯᇍᩲᴎ研究, ৃҹখ㾕᭛⤂ [276–280]. ϟ䴶, ៥Ӏᇚ೼
monojet+ /ET ᧰ᇏ䘧中䅼䆎᳾ᴹ ppᇍᩲᴎᇍ Z ′ portalᱫ物䋼ㅔ࣪῵ൟⱘ᥶⌟
能࡯.

5.3.1 ῵ൟὖ䗄

䆒ᱫ物䋼粒子؛ χ ᰃᷛޚ῵ൟ㾘㣗ⳌѦ作⫼ϟⱘऩᗕ, া与㞾ᮟЎ 1 ⱘ中
ҟ粒子 Z ′ 㗺ড়. ঺ϔᮍ䴶, Z ′ г㗺ড়ࠄ༌ܟ, 作Ўᱫ物䋼与༌ܟⳌѦ作⫼ⱘၦ
ҟ. ೼䖭䞠, ៥Ӏϡᠧㅫかሑ所᳝ৃ能ⱘ粒子㞾ᮟ੠⋯ҥݍ㒧ᵘ, া݇⊼ϸ⾡ᚙ
ᔶ, χ ᰃ⢘ᢝܟ䌍㉇子੠ χ ᰃ໡ᷛ䞣粒子.

ᇍѢ䌍㉇子ᱫ物䋼ⱘᚙᔶ, ៥Ӏ㗗㰥ᱫ物䋼粒子੠༌ܟ与 Z ′ 䗮䖛ⶶ䞣⌕៪

䕈ⶶ䞣⌕㗺ড়, ⳌѦ作⫼ᢝ⇣䞣Ў

LFV =
∑
q

gqZ
′
µq̄γ

µq + gχZ
′
µχ̄γ

µχ, (5.15)

LFA =
∑
q

gqZ
′
µq̄γ

µγ5q + gχZ
′
µχ̄γ

µγ5χ. (5.16)

݊中, ∖੠䘡ঞ 6 ੇ༌ܟ. ᇍѢᷛ䞣ᱫ物䋼ⱘᚙᔶ, ϡ能Ўᱫ物䋼粒子ᵘ䗴䕈ⶶ
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䞣⌕, ಴㗠া㗗㰥བϟⶶ䞣⌕㗺ড়,

LSV =
∑
q

gqZ
′
µq̄γ

µq + igχZ
′
µ[χ
∗∂µχ− (∂µχ∗)χ]. (5.17)

ϟᷛ FV ੠ FA ,别ҷ㸼থ⫳ⶶ䞣⌕੠䕈ⶶ䞣⌕ⳌѦ作⫼ⱘ䌍㉇子ᱫ物䋼῵ൟߚ
㗠 SV ҷ㸼থ⫳ⶶ䞣⌕ⳌѦ作⫼ⱘᷛ䞣ᱫ物䋼῵ൟ. ೼䖭 3 ⾡ㅔ࣪῵ൟ中, ៥Ӏ
Ꮖ㒣؛䆒ⳌѦ作⫼ৃ᳝݋䞡ᭈ䞣㒆੠ CP ϡবᗻ.

䖭ѯ῵ൟ中ⱘ㞾⬅খ᭄ᰃ mχ, mZ′ , gχ ੠ gq. ϔ㠀㗠㿔, Z ′ 与༌ܟⱘ㗺ড়
gq ᰃੇձ䌪ⱘ, ᑨ䆹⬅ UV ᅠᭈ῵ൟⱘ㒚㡖އᅮ. Ўㅔऩ䍋㾕, ៥Ӏ؛䆒 gq ᇍ

6 ੇ༌ܟᴹ䇈ᰃⳌৠⱘ, ҹℸ作ЎϔϾ᳝ਃথᛣНⱘ՟子.

䗮䖛 monojet + /ET ᧰ᇏ䘧, ৃҹ研究ᱫ物䋼ѻ⫳䖛⿟ pp → Z ′(∗)(→
χχ̄/χχ∗) + jets. 䖭Ͼ䖛⿟ⱘ៾䴶ձ䌪Ѣ gχ ੠ gq 䖭ϸϾ㗺ড়㋏᭄. ঺ϔᮍ䴶, gq
ⱘ໻ᇣӮফࠄᔎ子ᇍᩲᴎϞ dijet ݅ᤃᗕ (qq̄ → Z ′ → qq̄ 䖛⿟) ᧰ᇏⱘ乱໪䰤
ࠊ [281, 282]. 㗠Ϩ, 能䞣᳈高ⱘ᳾ᴹ pp ᇍᩲᴎ᳈᳝Ꮰᳯথ⦄䖭⾡ dijet ݅ᤃᗕ.
བᵰ㓐ড় dijet ݅ᤃᗕ੠ monojet + /ET ⱘ᧰ᇏ㒧ᵰ, ህৃҹᇍ gχ ੠ gq ᓔ㒭ߚ

.ࠊ䞣៪䰤⌟ߎ

೼ϟ᭛中, ៥Ӏা݇⊼ monojet + /ET ᧰ᇏ䘧, ᑊ؛䆒 gq = gχ ҹޣᇥ㞾⬅

খ᭄. 䰸њ Z ′ ೼໇ѻ⫳ⱘᚙᔶ, ᱫ物䋼ѻ⫳䖛⿟ⱘ៾䴶ℷ↨Ѣ g2q ੠ g2χ ⱘЬ⿃,
ℸᯊ, 䆒؛ gq = gχ ᕫߎⱘ㒧ᵰৃҹᕜᆍᯧഄᠽሩࠄ gq ̸= gχ ⱘᚙމ.

Z ′ ⱘᆑᑺ ΓZ′ ৃҹ㸼⼎Ў

ΓZ′ = Γ(Z ′ → χχ̄/χχ∗)θ(mZ′ − 2mχ) +
∑
q

cqΓ(Z
′ → qq̄)θ(mZ′ − 2mq). (5.18)

݊中, 买㡆಴子 cq = 3, 㗠䰊ẃߑ᭄㸼ᯢ⡍ᅮ㹄ব䘧া᳝೼䖤ࡼ学ܕ䆌ⱘᴵӊϟ
ᠡӮᠧᓔ. ৃ㾕, ΓZ′ 别ℷ↨Ѣߚ⬅ g2q ੠ g2χ ⱘ৘乍П੠∖ᕫ. ಴ℸ, ΓZ′ ੠ g2qg

2
χ

ৃҹৠᯊ作Ў⣀ゟⱘ㞾⬅খ᭄, পҷ gq ੠ gχ ⱘ位㕂. ೼ᱫ物䋼᧰ᇏ中, ݇Ѣ
ΓZ′ 效ᑨ੠ gq ̸= gχ ⱘ䅼䆎ৃҹখ㾕᭛⤂ [192, 268, 281, 283]. ೼ FV, FA ੠ SV
῵ൟ中, ৘Ͼ㹄ব䘧ⱘߚᆑᑺЎ

ΓFV(Z
′ → qq̄) =

mZ′

12π
g2qξq

(
1 +

2m2
q

m2
Z′

)
, ΓFV(Z

′ → χχ̄) =
mZ′

12π
g2χξχ

(
1 +

2m2
χ

m2
Z′

)
;

(5.19)
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ΓFA(Z
′ → qq̄) =

mZ′

12π
g2qξ

3
q , ΓFA(Z

′ → χχ̄) =
mZ′

12π
g2χξ

3
χ; (5.20)

ΓSV(Z
′ → qq̄) = ΓFV(Z

′ → q̄q), ΓSV(Z
′ → χχ∗) =

mZ′

12π

g2χ
4
ξ3χ. (5.21)

݊中, ξf ≡
√

1− 4m2
f/m

2
Z′ (f = q, χ), ᰃ Z ′ 䴭ℶ㋏中粒子 f ⱘ䖤ࡼ䗳ᑺ.
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೒ 5.19: Z ′ 粒子ⱘᆑᑺ ΓZ′ 䱣㗺ড়㋏᭄੠䋼䞣ⱘব࣪݇㋏.

ᔧ mχ = 300 GeV ᯊ, Z ′ 粒子ⱘᆑᑺ ΓZ′ 䱣㗺ড়㋏᭄੠䋼䞣ⱘব࣪݇㋏བ

೒ 5.19 所⼎, ݊中㪱㡆ᅲ㒓 (红㡆⚍㒓) ᇍᑨѢ FV (FA) ῵ൟ. Ꮊ೒῾䕈Ў㗺
ড়㋏᭄ gq, Ꮖ؛䆒 gχ = gq ੠ mZ′ = 1 TeV. ৃҹⳟࠄ, ᔧ㗺ড়㋏᭄䖒ࠄ 1 ᯊ,
ᆑᑺ ΓZ′ Ꮖ㒣ᓔྟ᥹䖥 mZ′ . ে೒῾䕈Ў mZ′ , 㗺ড়㋏᭄೎ᅮЎ gχ = gq = 0.2.

བ؛ Z ′ ᆑᑺ↨ᅗⱘ䋼䞣䖬໻, ᇚ Z ′ ⳟ作ϔϾ粒子ህ᳝䯂乬њ. ಴ℸ, ϔ㠀
ϡᏠᳯ gχ ੠ gq ໾໻. ᇍѢ FV ੠ FA ῵ൟ, ⬅ ξq < 1 ੠ ξq(1 + 2m2

q/m
2
Z′) < 1,

ৃᕫ

ΓZ′ <
mZ′

12π

(
g2χ +

∑
q

cqg
2
q

)
. (5.22)

Ѣᰃ, ΓZ′ < mZ′ ⱘ㽕∖㒭ߎ

g2χ +
∑
q

cqg
2
q < 12π. (5.23)

䆒؛ gχ = gq ᯊ, ᇍ㗺ড়㋏᭄ⱘ䰤ࠊᴵӊЎ gq < 1.4. ೼ SV ῵ൟ中, 䰤ࠊᴵӊᰃ
类Ԑⱘ. ℸ໪, ᖂᡄ䆎г㽕∖㗺ড়㋏᭄ϡ能໾໻. 䡈Ѣ䖭ѯ原಴, ៥Ӏ೼ϟ䴶ⱘ
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䅼䆎中া㗗㰥 gq (gχ) ≤ 1 ⱘখ᭄ぎ䯈.

5.3.2 Monojet ᧰ᇏ䘧

೼ᴀᇣ㡖中, ៥Ӏ䗮䖛㩭⡍व⋯῵ᢳ, 研究᳾ᴹ pp ᇍᩲᴎϞ monojet + /ET

᧰ᇏ䘧ᇍᱫ物䋼ѻ⫳䖛⿟ pp → Z ′(∗)(→ χχ̄/χχ∗) + jets ⱘ᥶⌟能࡯. Џ㽕ⱘᷛ
῵ൟ㚠᱃ᰃޚ Z(→ νν̄) + jets ੠ W (→ lν) + jets. ៥Ӏ⫼ FeynRules [125] ᓎ
ゟ 3 ⾡ Z ′ portal ᱫ物䋼ㅔ࣪῵ൟ, ᇚᅗӀ䕧ܹࠄ MadGraph 5 [124] 中, ✊ৢѻ
⫳㚠᱃੠ֵোⱘḋᴀ. ᥹ⴔ⫼ PYTHIA 6 [130] ໘理粒子㹄ব、䚼ߚ子㇛ᇘ੠
ᔎ子࣪䖛⿟. ⶽ䰉ܗ੠䚼ߚ子㇛ᇘ䅵ㅫП䯈ⱘऍ䜡䗮䖛 MLM ᮍ⊩ [137] ᅠ៤.
Delphes 3 [138] 㹿⫼Ѣᠻ㸠ᖿ䗳᥶⌟఼῵ᢳ, 䞛⫼њϔ㒘ᇍᑨѢ ATLAS ᥶⌟
఼ⱘ῵ᢳখ᭄. ஋⊼⬅ anti-kt ㅫ⊩ [110] 䞡ᓎ, 㾦ᑺ䎱⾏খ᭄পЎ R = 0.4.

ㄯ䗝џ՟ᯊ, 㽕∖᳿ᗕ中㟇ᇥ᳝ 1 Ͼ高能஋⊼. ᇍѢ
√
s = 33/50/100 TeV,

㽕∖乚༈஋⊼ j1 ⒵䎇 |η(j1)| < 2.4 ੠ pT(j1) > 1.6/1.8/2.6 TeV. 㢹џ՟中ࣙ৿
䍙䖛 2Ͼ pT > 100 GeVϨ |η| < 4ⱘ஋⊼,߭ࠨ䰸䆹џ՟. Ўњ⬭ϟ᳈໮ⱘֵো
џ՟,㄀ 2Ͼ஋⊼ j2 ᰃܕ䆌ⱘ,া㽕ᅗ⒵䎇 ∆ϕ(j1, j2) < 2.5. ᇍ multijet㚠᱃中
ᶤϾ஋⊼ⱘϡ㊒⹂⌟䞣ৃ能Ӯ导㟈↨䕗໻ⱘ /ET, ݇Ѣ ∆ϕ(j1, j2) ⱘ䖭Ͼㄯ䗝ᴵ

ӊৃҹ㾘䙓䖭ḋⱘ㚠᱃. ᳈䖯ϔℹ, Ўњय़Ԣ W (→ lν) + jets, Z(→ ℓ+ℓ−) + jets
੠ tt̄ + jets ㄝ㚠᱃, џ՟中ϡ能৿᳝ pT > 20 GeV Ϩ |η| < 2.5 ⱘᄸゟ⬉子、µ

子、τh ੠ܝ子.

݇Ѣ /ET ⱘㄯ䗝ᴵӊᇍᱫ物䋼᧰ᇏ↨䕗䞡㽕. ೼೒ 5.20 中, ៥Ӏሩ⼎њ
√
s = 33, 50, 100 TeV ᯊ㚠᱃੠ֵোⱘᔦϔ࣪ /ET ,Ꮧߚ 䆒؛ gq = gχ = 0.1,

mχ = 1 TeV ੠ mZ′ = 5 TeV. 䖭ѯߚᏗ䱣ⴔᇍᩲ能䞣छ高㗠ব⹀, 㗠Ⳍᇍവᑺ
Џ㽕পއѢ物理䖛⿟中ࣙ৿ⱘ䋼䞣ᷛᑺ. ⬅Ѣ䖭䞠Ꮖ㒣؛䆒 mZ′ ੠ mχ 䖰໻Ѣ

mZ ੠ mW , ֵোߚᏗᘏᰃ↨㚠᱃ߚᏗ᳈⹀. 3 ⾡ᱫ物䋼ㅔ࣪῵ൟⱘߚᏗ䴲ᐌⳌ
Ԑ, 㸼ᯢ೼高能ᇍᩲ中㞾ᮟ੠⋯ҥݍ㒧ᵘⱘ݋ԧᔶᓣᕅડᕜᇣ. Ўњᦤ高ֵো
ᰒ㨫ᗻ, ᇍѢ

√
s = 33/50/100 TeV, ៥Ӏ䞛⫼ /ET > 1.6/1.8/2.6 TeV ⱘㄯ䗝ᴵ

ӊ.

ᑨ⫼џ՟ㄯ䗝ᴵӊПৢ, Z(→ νν̄) + jets ੠ W (→ lν) + jets 㚠᱃ҹঞֵো
ⱘৃ㾕៾䴶߫Ѣ㸼 5.5 中. ᇍѢ 3 ⾡῵ൟ中ⱘֵো, ഛᏆ؛䆒 gq = gχ = 0.1,
mχ = 1 TeV ੠ mZ′ = 5 TeV. ಴Ў៥Ӏ೼᳈高ᇍᩲ能䞣໘䞛⫼᳈Ϲ㢯ⱘㄯ䗝ᴵ
ӊ, 㚠᱃ⱘৃ㾕៾䴶䱣ⴔ

√
s ⱘᦤ高ড㗠ޣᇣ. FV ੠ FA ῵ൟ中ⱘᱫ物䋼ѻ⫳
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೒ 5.20: 㚠᱃੠ֵোⱘᔦϔ࣪ /ET Ꮧߚ [284]. 咥㡆⚍ߦ㒓ᷛ⼎ⱘ位㕂ᰃㄯ䗝ᴵ
ӊ䯜ؐ.

㸼 5.5: ᑨ⫼џ՟ㄯ䗝ᴵӊПৢ, 㚠᱃੠ֵোⱘৃ㾕៾䴶, ҹ fb Ўऩ位.

√
s W + jets Z + jets FV FA SV

33 TeV 8.179× 101 1.948× 102 3.043× 10−2 2.399× 10−2 6.133× 10−3

50 TeV 6.991× 101 1.816× 102 9.037× 10−2 7.054× 10−2 1.824× 10−2

100 TeV 3.475× 101 1.062× 102 2.340× 10−1 1.851× 10−1 4.735× 10−2
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೒ 5.21: mχ-gq ᑇ䴶Ϟⱘᇍᩲᴎ 90% 㕂ֵᑺ乘ᳳᥦ䰸䰤 [284].

⥛ᰃ类Ԑⱘ, 䇈ᯢϡৠ⋯ҥݍ㒧ᵘ೼高能ᯊᏂ别ϡ໻. ↨䕗䍋ᴹ, SV ῵ൟⱘᱫ
物䋼ѻ⫳៾䴶㽕ᇣᕜ໮, 䖭ᰃ಴Ўᷛ䞣粒子ݙ䚼㞾⬅ᑺᇥ, 㗠ϨᅗӀⱘѻ⫳䖛⿟
೼㾦ߚᏗϞফࠄ䖤ࡼ学य़Ԣ.

㒣䖛῵ᢳ੠ㄯ䗝, ៥ӀԄㅫߚ⿃ߎ҂ᑺЎ 3 ab−1 ᯊ mχ-gq ᑇ䴶Ϟⱘ 90%
㕂ֵᑺ乘ᳳᥦ䰸䰤, བ೒ 5.21 所⼎. ᅲ㒓੠㰮㒓ߚ别ᇍᑨѢ mZ′ = 1 TeV ੠
5 TeV, 㗠㪱㡆/㋿㡆/红㡆㒓ᴵᇍᑨѢ

√
s = 33/50/100 TeV. Ԅㅫᯊ, ᇚֵোᰒ

㨫ᗻᅮНЎ S/
√
B + S, ݊中 S (B) ᰃֵো (ᘏ㚠᱃) џ՟᭄.

中ҟ粒子 Z ′ ᰃ৺೼໇ѻ⫳ᇍᱫ物䋼ѻ⫳៾䴶ⱘᕅડᕜ໻. ᔧ mχ < mZ′/2

ᯊ, Z ′ 能໳೼໇ѻ⫳, ✊ৢ㹄ব៤ϔᇍᱫ物䋼粒子. ℸᯊᱫ物䋼ѻ⫳៾䴶ফ݅ࠄ
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ᤃ๲ᔎ, ೼じᆑᑺ䖥Ԑϟℷ↨Ѣ g2qBr(Z ′ → χχ), ݊中 Br(Z ′ → χχ) ᰃ Z ′ 㹄ব

.↨ᬃߚᱫ物䋼粒子ᇍⱘࠄ ᇍѢ mZ′ ≫ 2mχ, Br(Z ′ → χχ) ,Тᰃᐌ᭄޴ ೼ FV,
FA ੠ SV ῵ൟ中ⱘؐ㑺Ў 1/19, 1/19 ੠ 1/73. ℸᴵӊϟᱫ物䋼ѻ⫳៾䴶෎ᴀ
Ϟ与 mχ ϡⳌ݇. 䖭㾷䞞њ೒ 5.21 中 mχ < mZ′/2 ໘ᥦ䰸䰤ⱘ㸠Ў. ⬅Ѣ FV
੠ FA ῵ൟ中ⱘ Br(Z ′ → χχ) ,ТⳌㄝ޴ 䖭ϸϾ῵ൟⱘᥦ䰸䰤г䴲ᐌ类Ԑ. 㗠
SV ῵ൟ中ⱘ Br(Z ′ → χχ) Ꮒϡ໮া᳝ࠡϸϾ῵ൟ中᭄ؐⱘ 1/4, ಴㗠ᇍ gq ⱘ

ᥦ䰸䰤㽕ᔅ 2 .Ꮊেס

ᔧ mχ > mZ′/2 ᯊ, Z ′ ϡ೼໇, ᅲ偠♉ᬣᑺϟ䰡њᕜ໮. ೼䖭⾡ᚙމϟ, ᱫ
物䋼ѻ⫳៾䴶ℷ↨Ѣ [gqgχ/(Q

2 −m2
Z′)]2, ݊中 Q2 ᰃ䕀⿏ࠄᱫ物䋼粒子ᇍⱘࡼ

䞣ᑇᮍ. 㒧ᵰ, ᇍᩲᴎ᧰ᇏᇍѢ䞡ⱘ೼໇ Z ′ ৃ能Ӯ↨䕏ⱘϡ೼໇ Z ′ 䖬㽕♉ᬣ,
Ң೒ 5.21 中ৃҹⳟߎᴹ.

ᔧ Z ′ ϡ೼໇Ϩ m2
Z′ ≪ Q2 ᯊ, ᱫ物䋼ѻ⫳៾䴶෎ᴀϞℷ↨Ѣ (gqgχ/Q

2)2,
与 mZ′ ᮴݇. ಴ℸ, ೼೒ 5.21 中, ᔧ mχ ๲໻ࠄϔᅮ⿟ᑺᯊ, ϡৠ mZ′ ᇍᑨⱘᥦ

䰸䰤বᕫⳌѦ᥹䖥. ড䖛ᴹ, བᵰ Z ′ ϡ೼໇Ϩ m2
Z′ ≫ Q2, ᱫ物䋼ѻ⫳៾䴶ᇚ޴

Тℷ↨Ѣ (gqgχ/m
2
Z′)2. ℸᯊৃҹᇚᅗऍ䜡᳝ࠄ效ㅫヺᦣ䗄Ϟ, Ⳍᑨⱘ៾ᮁ能ᷛ

Ў Λeff = mZ′/
√
gqgχ.

5.3.3 ϡৠ㉏ൟᅲ偠♉ᬣᑺ↨䕗

ҢϞϔᇣ㡖ⱘ㒧ᵰৃҹⳟߎ, ϡৠㅔ࣪῵ൟ中ⱘᱫ物䋼ᇍᩲᴎֵো↨䕗Ⳍ
Ԑ. ϡ䖛, ೼݊ᅗᱫ物䋼᥶⌟ᅲ偠中, ֵোৃ能䴲ᐌϡৠ. ೼Ⳉ᥹᥶⌟ᅲ偠中,
FV ੠ SV ῵ൟӮᓩ䍋ᱫ物䋼与䵊核ⱘ㞾ᮟ᮴݇ᬷᇘ, 㗠 FA ῵ൟ߭ᓩ䍋㞾ᮟⳌ
݇ᬷᇘ. བࠡ所䗄, Ⳃࠡᅲ偠ᇍ㞾ᮟ᮴݇ᬷᇘⱘ᥶⌟能࡯㽕↨㞾ᮟⳌ݇ᬷᇘᔎ
ᕫ໮, ಴㗠ᇍϡৠ῵ൟⱘ䰤ࠊгϡϔḋ.

Ⳉ᥹᥶⌟ᅲ偠中ᱫ物䋼与䵊核ᬷᇘⱘࡼ䞣䕀⿏䴲ᐌԢ, ৃҹ䞛⫼䳊ࡼ䞣ᵕ
䰤. ℸᯊ, ৃҹ⫼᳝效ᢝ⇣䞣ᴹᦣ䗄 3 ⾡ㅔ࣪῵ൟ, བϟ:

Leff
FV = −

∑
q

Gχqχ̄γ
µχq̄γµq, (5.24)

Leff
FA = −

∑
q

Gχqχ̄γ
µγ5χq̄γµγ5q, (5.25)

Leff
SV = −

∑
q

Gχq[χ
∗∂µχ− (∂µχ∗)χ]q̄γµq, (5.26)
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݊中, Gχq ≡ gqgχ/m
2
Z′ ᰃᱫ物䋼粒子与༌ܟⱘ᳝效㗺ড়. ᱫ物䋼与༌ܟⱘ㗺ড়

ᓩ䍋与核子ⱘ㗺ড়, 䖯㗠ᓩ䍋与原子核ⱘ㗺ড়. ೼ FV ੠ SV ῵ൟ中, ᱫ物䋼与
䵊原子核ⱘᬷᇘ៾䴶Ў

σSI, χA =
µ2
χA

π
[ZGV, χp + (A− Z)GV, χn]

2 . (5.27)

೼ FA ῵ൟ中, ᬷᇘ៾䴶߭ᰃ

σSD, χA =
3µ2

χA

π

(
SAp GA, χp + SAnGA, χn

)2
. (5.28)

೼䖭䞠, µχA ᰃᱫ物䋼粒子与原子核ⱘ㑺࣪䋼䞣, A (Z) ᰃ原子核ⱘ䋼䞣᭄ (原
子ᑣ᭄), SAp (SAn ) ᰃ䋼子 (中子) ᇍ原子核㞾ᮟⱘᑇഛ䋵⤂, 㗠ᱫ物䋼与䋼子੠
中子ⱘ᳝效㗺ড়ৃ㸼⼎Ў

GV, χp = 2Gχu +Gχd, GV, χn = Gχu + 2Gχd; (5.29)

GA, χp =
∑

q=u,d,s

Gχq∆
p
q, GA, χn =

∑
q=u,d,s

Gχq∆
n
q . (5.30)

݊中, 䕈ⶶ䞣⌕ⳌѦ作⫼ⱘ核子ᔶ⢊಴子ৃপЎ ∆n
d = ∆p

u = 0.842 ± 0.012,
∆n
u = ∆p

d = −0.427± 0.013 ੠ ∆n
s = ∆p

s = −0.085± 0.018 [285].
Ўњ↨䕗ᇍᩲᴎ᧰ᇏ与Ⳉ᥹᥶⌟ⱘ♉ᬣᑺ, ៥Ӏ߽⫼Ϟ䗄㸼䖒ᓣᇚϞϔ

ᇣ㡖中ⱘ乘ᳳᥦ䰸䰤䕀ᤶࠄ mχ-σχN ᑇ䴶Ϟ, བ೒ 5.22 所⼎, ݊中 σχN ᰃᱫ

物䋼与核子ⱘᬷᇘ៾䴶. ᇍᩲᴎ᧰ᇏ乘ᳳᥦ䰸䰤ⱘ㒓ൟ৿Н与೒ 5.21 ϔ㟈.
೒中䖬⬏ߎᔧࠡⳈ᥹᥶⌟ᅲ偠 XENON100 [61], LUX [62], SuperCDMS [286],
SIMPLE [63], PICASSO [74] ੠ COUPP [64] ⱘᥦ䰸䰤, 中ᖂ子᥶⌟ᅲ偠 Ice-
Cube [287] ੠ Super-K [288] ⱘᥦ䰸䰤, ҹঞ XENON1T [289] ⱘ᳾ᴹ᥶⌟♉ᬣ
ᑺ. ᇍѢⶶ䞣⌕ⳌѦ作⫼, ⳂࠡⱘⳈ᥹᥶⌟ᅲ偠䆒㕂ⱘ䰤ࠊᕜϹ, ᇍᩲᴎ᧰ᇏ♉
ᬣᑺা೼ mχ ≲ 10 GeV ໘能໳䍙䍞䖭ѯ䰤ࠊ. ᇍѢ䕈ⶶ䞣ⳌѦ作⫼, ᴹ㞾Ⳉ᥹
᥶⌟ᅲ偠ⱘ䰤ࠊ䴲ᐌᔅ, ᇍᩲᴎ᧰ᇏ♉ᬣᑺ能໳㚰䖛ᅗӀད޴Ͼ䞣㑻.
೼䯈᥹᥶⌟੠䘫⬭ᆚᑺ䅵ㅫ中, ᱫ物䋼⑂♁៾䴶↨䕗䞡㽕. ೼䖭 3 ⾡ㅔ࣪

῵ൟ中,া㽕䖤ࡼ学ᴵӊᕫࠄ⒵䎇,ᱫ物䋼ৃҹ⑂♁ࠄ 1ᇍ༌ܟ៪ 1ᇍ Z ′. ᇍѢ
SV ῵ൟ, ៥Ӏ䖬㗗㰥њᴹ㞾ⳌѦ作⫼乍 g2χχ

∗χZ ′µZ
′µ ⱘ䋵⤂, 䖭ϔ乍Ӯ೼ᇚ SV

῵ൟᠽሩ៤ U(1) 㾘㣗ϡবᔶᓣᯊߎ⦄. ⑂♁៾䴶ৃҹᣝߚ波ሩᓔ៤ (2.31) ᓣ
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೒ 5.22: mχ-σχN ᑇ䴶Ϟⱘᇍᩲᴎ 90% 㕂ֵᑺ乘ᳳᥦ䰸䰤 [284].

ⱘᔶᓣ.

೼ FV ῵ൟ中, s 波੠ p 波⑂♁ⱘ㋏᭄Ў

aFV =
g4χ(1−m2

Z′/m2
χ)

3/2

4π(m2
Z′ − 2m2

χ)
2
m2
χ +

∑
q

cqg
2
qg

2
χ

√
1−m2

q/m
2
χ

2π[(m2
Z′ − 4m2

χ)
2 +m2

Z′Γ2
Z′ ]

(2m2
χ +m2

q),

(5.31)

bFV =
g4χ

√
1−m2

Z′/m2
χ

96π(m2
Z′ − 2m2

χ)
4
(23m6

Z′ − 66m2
χm

4
Z′ + 76m4

χm
2
Z′)
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+
∑
q

cqg
2
qg

2
χ

48πm2
χ

√
1−m2

q/m
2
χ[(m

2
Z′ − 4m2

χ)
2 +m2

Z′Γ2
Z′ ]2

×{m2
Z′Γ2

Z′(2m2
qm

2
χ + 11m4

q − 4m2
χ)

+
(
m2
Z′ − 4m2

χ

)
[−4m4

χ(14m
2
q +m2

Z′) + 2m2
qm

2
χ(m

2
Z′ − 46m2

q)

+11m4
qm

2
Z′ + 112m6

χ]}.

(5.32)

݊中, ㄀ 1 乍ᴹ㞾Ѣᱫ物䋼⑂♁ࠄ Z ′Z ′, ㄀ 2 乍ᴹ㞾Ѣᱫ物䋼⑂♁ࠄ qq̄, ϟৠ.
FA ῵ൟⱘߚ波㋏᭄߭ᰃ

aFA =
g4χ(1−m2

Z′/m2
χ)

3/2

4π(m2
Z′ − 2m2

χ)
2
m2
χ

+
∑
q

cqg
2
qg

2
χ

√
1−m2

q/m
2
χ

2π[(m2
Z′ − 4m2

χ)
2 +m2

Z′Γ2
Z′ ]
m2
q

(
1−

4m2
χ

m2
Z′

)2

, (5.33)

bFA =
g4χ

√
1−m2

Z′/m2
χ

96πm4
Z′(m2

Z′ − 2m2
χ)

4

×(23m10
Z′ − 118m2

χm
8
Z′ + 172m4

χm
6
Z′ + 32m6

χm
4
Z′ − 192m8

χm
2
Z′ + 128m10

χ )

+
∑
q

cqg
2
qg

2
χ

48πm2
χm

2
Z′

√
1−m2

q/m
2
χ[(m

2
Z′ − 4m2

χ)
2 +m2

Z′Γ2
Z′ ]2

×{m2
Z′Γ2

Z′ [−4m2
qm

2
χm

2
Z′(18m2

q + 7m2
Z′)

+8m4
χ(6m

2
qm

2
Z′ + 6m4

q +m4
Z′) + 23m4

qm
4
Z′ ]

+
(
m2
Z′ − 4m2

χ

)2
[m4

q(240m
4
χ − 120m2

χm
2
Z′ + 23m4

Z′)

− 4m2
q(48m

6
χ − 24m4

χm
2
Z′ + 7m2

χm
4
Z′) + 8m4

χm
4
Z′ ]}. (5.34)

ᱫ物䋼⑂♁ࠄ qq̄ ᇍ aFA ⱘ䋵⤂ℷ↨Ѣ m2
q, 㸼ᯢ s 波⑂♁㹿㶎ᮟᑺय़Ԣ. ೼ SV

῵ൟ中, 波㋏᭄Ўߚ

aSV =
g4χ

√
1−m2

Z′/m2
χ

16π(m2
Z′ − 2m2

χ)
2
(8m4

χ − 8m2
χm

2
Z′ + 3m4

Z′), (5.35)
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bSV =
g4χ

384π(m2
Z′ − 2m2

χ)
4
√
1−m2

Z′/m2
χ

(−640m10
χ + 1888m8

χm
2
Z′

−2224m6
χm

4
Z′ + 1332m4

χm
6
Z′ − 392m2

χm
8
Z′ + 45m10

Z′)

+
∑
q

cqg
2
qg

2
χ

√
1−m2

q/m
2
χ

12π[(m2
Z′ − 4m2

χ)
2 +m2

Z′Γ2
Z′ ]

(2m2
χ +m2

q). (5.36)

ᱫ物䋼⑂♁ࠄ qq̄ ⱘ乚༈䰊䋵⤂ᴹ㞾 p 波, 䖭ᰃ಴Ўϔᇍᷛ䞣粒子೼≵᳝䔼䘧㾦
.ϟϡ能ᔶ៤ϔϾⶶ䞣ᗕމ䞣ⱘᚙࡼ

〈σ
a

n
n
v

〉 
 f
o
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 χ
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೒ 5.23: ೼ FV ῵ൟ中, mχ-⟨σannv⟩ ᑇ䴶Ϟⱘᇍᩲᴎ 90% 㕂ֵᑺ乘ᳳᥦ䰸
䰤 [284].

߽⫼䖭ѯ㸼䖒ᓣ, ៥Ӏৃҹᇚᇍᩲᴎ᧰ᇏ乘ᳳᥦ䰸䰤䕀ᤶࠄᱫ物䋼⑂♁
៤ qq̄ ⱘ៾䴶Ϟ, ೼ FV ῵ൟ中ⱘ㒧ᵰབ೒ 5.23 所⼎. ᇍᩲᴎ乘ᳳᥦ䰸䰤ⱘ
㒓ൟ৿Н与೒ 5.21 ϔ㟈. Ўњ↨䕗, ೒中䖬⬏ߎ䯈᥹᥶⌟ᅲ偠ⱘᥦ䰸䰤੠♉
ᬣᑺ, ࣙᣀ Fermi-LAT 㾖⌟ⷂ᯳㋏㒭ߎⱘᥦ䰸䰤 [164], AMS-02 ⌟䞣ড䋼子能
䈅 20 年ⱘ乘ᳳ♉ᬣᑺ, ҹঞ CTA ⫼ 100 ᇣᯊⱘ᳝效ᯊ䯈㾖⌟ⷂ᯳㋏ Segue 1
ⱘ乘ᳳ♉ᬣᑺ [290]. ∈ᑇ咥㡆ᅲ㒓ᷛ⼎ߎ⛁ᑇ㸵ѻ⫳ᱫ物䋼ⱘᷛޚ⑂♁៾䴶
3× 10−26 cm3/s. ৃҹⳟࠄ, ᇍѢ mχ ≲ mZ′/2, ᳾ᴹᇍᩲᴎ᧰ᇏⱘ♉ᬣᑺৃҹ↨
䯈᥹᥶⌟ᅲ偠ᔎ޴Ͼ䞣㑻. ঺ϔᮍ䴶, ೼ FA ῵ൟ中, ᱫ物䋼ࠄ qq̄ ⱘ s 波⑂♁

៾䴶ফࠄ㶎ᮟᑺय़Ԣ, 㗠 SV ῵ൟⱘ⑂♁៾䴶乚༈䰊ᰃ p 波ⱘ. ⬅ѢᔧҞᅛᅭ中
ⱘᱫ物䋼ᰃ䴲Ⳍᇍ䆎ᗻⱘ, 䯈᥹᥶⌟ᅲ偠䗮䖛 qq̄ ⑂♁䘧ᕜ䲒᥶㋶䖭ϸϾ῵ൟ.
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೒ 5.24:
√
s = 50 TeV ᯊ, mZ′-mχ ᑇ䴶Ϟⱘᇍᩲᴎ 90% 㕂ֵᑺ乘ᳳᥦ䰸䰤与

Ⳉ᥹᥶⌟ᅲ偠ᥦ䰸䰤 [284].

㱑✊བℸ, ᔧ mχ > mZ′ ᯊ, ᱫ物䋼粒子能໳⑂♁ࠄ Z ′Z ′, 㗠 Z ′ ᇚ䖯ϔℹ㹄ব

,Ϟܟ༌ࠄ ᓩ䍋ৃ᥶⌟ⱘԑ偀ᇘ㒓੠ᅛᅭ㒓ֵো.

೼Ϟ䴶ⱘ研究中, ៥Ӏ೎ᅮњ mZ′ ⱘؐ, ᥹ϟᴹ䅼䆎 mZ′ ᇍᱫ物䋼᧰ᇏⱘ

ᕅડ. ៥Ӏ؛䆒
√
s = 50 TeV ੠ 3 ab−1 ,҂ᑺߚ⿃ ᇚ gq ⱘؐ೎ᅮПৢ, ৃҹ೼

mZ′-mχ ᑇ䴶Ϟ⬏ߎ᳾ᴹ pp ᇍᩲᴎⱘ 90% 㕂ֵᑺ乘ᳳᥦ䰸䰤, བ೒ 5.24 所⼎.
㪱㡆/㋿㡆/㓓㡆/红㡆㰮㒓ᇍᑨѢ gq = gχ = 0.1/0.3/0.5/1.0 ᯊⱘᇍᩲᴎ乘ᳳᥦ

䰸䰤. mZ′-mχ ᑇ䴶ৃߚ៤ mχ < mZ′/2 ੠ mχ > mZ′/2 䖭ϸϾऎඳᴹ䅼䆎. ೼
mχ > mZ′/2 ⱘऎඳ中, ࠡ䴶Ꮖᦤࠄ, ᱫ物䋼ѻ⫳៾䴶⬅ [gqgχ/(Q

2 −m2
Z′)]2 ಴
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子᥻ࠊ. 㢹 mχ ≫ mZ′ , ߭ Q2 ≫ m2
Z′ , ѻ⫳⥛与 mZ′ ᮴݇. 䖭ϔ⚍㾷䞞њ乘ᳳ

ᥦ䰸䰤ⱘ䙷ѯ޴Т∈ᑇⱘ㒓↉, 䰸њ FA ῵ൟ೼ mZ′ ≲ 50 GeV ໘ⱘᥦ䰸䰤, ℸ
໘ⱘ䯂乬ᇚ೼ϟ䴶ⱘ↉㨑中䅼䆎. ᇍѢڣ gq = gχ = 0.1 䖭ḋⱘᔅ㗺ড়, Z ′ ϡ೼
໇ᯊᱫ物䋼ѻ⫳⥛ᅲ೼໾Ԣ, ಴㗠ᥦ䰸䰤㹿䰤ࠊ೼ mχ = mZ′/2 䰘䖥ⱘऎඳ. ঺
ϔᮍ䴶, ೼ mχ < mZ′/2 ⱘऎඳ中, Z ′ ೼໇ѻ⫳, ᥦ䰸䰤೼䖭䞠෎ᴀϞᰃオⳈⱘ.
ℸᯊ乘䅵能ᥦ䰸ࠄⱘ mZ′ ᳔໻ؐձ䌪Ѣᇍᩲ能䞣, 与 mχ .Т᮴݇޴

೼೒ 5.24 中, ៥Ӏ䖬ᇚⳈ᥹᥶⌟ᅲ偠ⱘᥦ䰸䰤੠♉ᬣᑺ᳆㒓᯴ᇘ䖛ᴹ. ೼
᯴ᇘᯊ, ៥Ӏ؛䆒 gq = gχ = 0.5, ಴ℸ㒧ᵰᑨ与㓓㡆㰮㒓↨䕗. ᇍѢ FV ੠ SV
῵ൟ, ⳟ䍋ᴹ䰸њ mχ ≲ 10 GeV ⱘऎඳ, ᇍᩲᴎ᧰ᇏ䖬ϡ能与Ⳉ᥹᥶⌟ᅲ偠ゲ
ѝ. ೼ FA ῵ൟ中, 㢹 mχ ≲ 1 TeV, ߭ᇍᩲᴎ᧰ᇏⱘ♉ᬣᑺ↨Ⳉ᥹᥶⌟ᅲ偠高.

೼ FA ῵ൟ中, 䞡ⶶ䞣എ Z ′ 㗺ড়ࠄ䕈ⶶ䞣⌕, 㗠䖭ѯ䕈ⶶ䞣⌕⬅᳝䋼䞣ⱘ
䌍㉇子എᵘ៤, ᰃ䴲ᅜᘦ⌕, ಴ℸӮᓩ䍋ॅ䰽ⱘ UV 㸠Ў. ᔧ mZ′ 䍟Ѣ䳊ᯊ, ᱫ
物䋼ѻ⫳䖛⿟ⱘ៾䴶ᅲ䋼Ϟℷ↨Ѣ g2qg

2
χm

2
qm

2
χ/(m

4
Z′Q2), ೼ mZ′ = 0 ໘থᬷ. Ѣ

ᰃ, Ң೒ 5.24(b) 中ৃҹⳟࠄ, ᔧ mZ′ ≲ 50 GeV ᯊ, gq = gχ ≥ 0.3 ⱘᇍᩲᴎ♉ᬣ

ᑺߎ⦄њϡℷᐌⱘᦤछ. ᅲ䰙Ϟ, ㅔ࣪῵ൟ೼䖭⾡ᴵӊϟᰃ༅效ⱘ. ℆㾷އ䖭Ͼ
䯂乬, 䳔㽕ᇚㅔ࣪῵ൟᠽܙЎ UV ᅠᭈ῵ൟ, ᓩܹ᳈໮ⱘ㞾⬅ᑺ, 䅽 mZ′ ϡݡᰃ

ϔϾ㞾⬅খ᭄, 㗠ᴹ㞾Ѣᶤѯ物理ᴎࠊ, ↨བ㞾থᇍ⿄ᗻ⸈㔎.

ᔧ mZ′ → 0 ᯊ, FA ῵ൟⱘᱫ物䋼ѻ⫳䖛⿟Ӯ⸈ണᬷᇘⶽ䰉ᑎℷᗻ. ЎњԄ
䅵䖭Ͼ῵ൟⱘ༅效ऎඳ, ៥ӀҢ䚼ߚ子∈ᑇϞⱘ qq̄ → χχ̄ 䖛⿟导ߎϔϾᑎℷᗻ

㑺ᴳ. 2 ԧ䴲ᔍᗻᬷᇘ䖛⿟ⱘᑎℷᗻᴵӊৃҹ㸼⼎៤

|ainel
j (ŝ)| ≤ 1

2
√
β(ŝ,min)β(ŝ,mout)

, (5.37)

݊中 β(ŝ,m) ≡
√
1− 4m2/ŝ, 㗠 min (mout) ᰃᶤϔϾܹᇘ (ᇘߎ) 粒子ⱘ䋼䞣, ŝ

ᰃ㋏㒳ⱘ䋼ᖗ能. ainel
j (ŝ) ᰃϡবᤃᐙMinel ⱘ㄀ j 䰊ߚ波㋏᭄:

ainel
j (ŝ) =

1

32π

∫ π

0

dθ sin θPj(cos θ)Minel(ŝ, cos θ), (5.38)

݊中 Pj(x) ᰃ㄀ j 䰊ࢦ䅽ᖋ໮乍ᓣ. ೼ FA ῵ൟ中, q−q̄− → χ−χ̄− (䋳ো㸼⼎㶎
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ᮟᑺЎ䋳) 䖛⿟ⱘ㄀ 0 䰊ߚ波㋏᭄Ў

ainel
0 (ŝ) =

gqgχ
4π

mqmχ

ŝ−m2
Z′ + imZ′ΓZ′

(
1− ŝ

m2
Z′

)
. (5.39)

ᰒ✊, ᔧ mZ′ ≪
√
ŝ ᯊ, 䖭Ͼ䖛⿟⸈ണᑎℷᗻ.

೼ᔎ子ᇍᩲᴎϞЎᱫ物䋼ѻ⫳䖛⿟䆒㕂ᑎℷᗻ䰤᳝ࠊϔϾ䯂乬, ेབԩ⹂
ᅮ ŝ, ಴Ў৘Ͼџ՟中ᱫ物䋼粒子ᇍⱘϡব䋼䞣ᰃϡ⹂ᅮⱘ, ফࠄԈ䱣ѻ⫳ⱘ
஋⊼੠ PDF ⱘᕅડ. ᭛⤂中᳝ϔѯԄ䅵 ŝ ⱘࡲ⊩, བᇚᅗপЎᇍᩲᴎᇍᩲ能
䞣 [291], পЎ

√
4m2

χ + p2T [268, 270], ៪者পЎ໮ѢᶤϾ⹂ᅮߚ᭄ⱘџ՟中ᱫ物
䋼粒子ᇍⱘ᳔ᇣϡব䋼䞣 [292]. ೼䖭䞠, ៥Ӏ䞛⫼᭛⤂ [293] ⱘᮍ⊩, ᇚ ŝ পЎ

ҹ PDF :⿏䞣䕀ࡼᴗⱘᑇഛࡴ

ŝ =
⟨
Q2
⟩
=

∑
q

∫
dx1dx2[fq(x1)fq̄(x2) + fq(x2)fq̄(x1)]θ(Q− 2mχ)Q

2∑
q

∫
dx1dx2[fq(x1)fq̄(x2) + fq(x2)fq̄(x1)]θ(Q− 2mχ)

, (5.40)

݊中, Q2 = (pq + pq̄ − pj)2 = x1x2s −
√
spT(x1e

−η + x2e
η) ᰃ qq̄ → χχ̄j 䖛⿟中

䕀⿏ࠄᱫ物䋼粒子ᇍⱘࡼ䞣ᑇᮍ, 㗠 pT ੠ η 子ߚ别ᰃ䚼ߚ j ⱘ῾৥ࡼ䞣੠䌱

ᖿᑺ. 䅵ㅫᯊ, PDF 䞛⫼ CTEQ6L1 [294].

ᇍѢ gq = gχ = 1, ៥Ӏ䗮䖛 b−b̄− → χ−χ̄− 䖛⿟导ߎᑎℷᗻ㑺ᴳ. ೼䅵ㅫ
中, ៥Ӏপ η = 0, ᑊᇚ pT 䆒Ўㄯ䗝ᴵӊ中乚༈஋⊼ⱘ῾৥ࡼ䞣䯜ؐ, ҹℸᕫࠄ
ϔϾ↨䕗ֱᅜⱘ㑺ᴳ. ೒ 5.24(b) 中ⱘ⎵红㡆ऎඳህᰃ⸈ണᑎℷᗻⱘऎඳ. ೼ℸ
ऎඳݙ, FA ㅔ࣪῵ൟ༅效, ಴㗠ᕫߎⱘᇍᩲᴎ᧰ᇏ乘ᳳᥦ䰸䰤гᰃ᮴ᛣНⱘ.

᳔ৢ, ៥Ӏ䅼䆎ᇍᩲᴎ᧰ᇏ与ᱫ物䋼䘫⬭ᆚᑺⱘ㘨㋏. Planck ড়作㒘㒭ߎ
ⱘᱫ物䋼䘫⬭ᆚᑺ㾖⌟ؐЎ Ωχh

2 = 0.1173 ± 0.0031 [295]. 䆒ᱫ物䋼ᰃ⛁ᑇ؛
㸵ѻ⫳ⱘ, 理䆎῵ൟⱘϔϾখ᭄ऎඳབᵰ乘㿔ⱘ䘫⬭ᆚᑺأ໻, Ӯ㹿㾖⌟ؐᥦ
䰸. ঺ϔᮍ䴶, བᵰ乘㿔ⱘᱫ物䋼䘫⬭ᆚᑺأᇣ, ህৃҹ೼ϔᅮᴵӊϟ៤ゟ, ↨
བ, 䖬ᄬ೼݊ᅗᱫ物䋼៤ߚ, ៪者᳝ϔ䚼ߚᱫ物䋼ᰃ䴲⛁ᑇ㸵ѻ⫳ⱘ.

ᇍѢ৘Ͼㅔ࣪῵ൟ, ៥ӀᇚϞ᭛߫ߎⱘᱫ物䋼⑂♁៾䴶ߚ波㋏᭄ҷܹ
ࠄ (2.37)ᓣ中, ,῵ൟ乘㿔ⱘᱫ物䋼䘫⬭ᆚᑺߎ∖ བ೒ 5.25所⼎. 红㡆/㓓㡆/㪱
㡆㒓ᴵᇍᑨѢ gq = gχ = 0.1/0.3/0.5. ᅲ㒓Ϟⱘ䋼䞣খ᭄能໳㒭ߎ䘫⬭ᆚᑺ㾖⌟
ؐ, 㹿ᅗࣙⴔⱘऎඳ㒭ߎⱘ䘫⬭ᆚᑺ߭أᇣ. 㰮㒓ᰃ

√
s = 50 TeV ᯊᇍᩲᴎ᧰

ᇏⱘ乘ᳳᥦ䰸䰤. ৃҹⳟࠄ, ೼ FV ῵ൟ中, ᇍᩲᴎ᳝能࡯᥶㋶ gq = gχ = 0.3 ੠
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(b) FA ῵ൟ
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(c) SV ῵ൟ

೒ 5.25:
√
s = 50 TeV ᯊ, mZ′-mχ ᑇ䴶Ϟⱘᇍᩲᴎ 90% 㕂ֵᑺ乘ᳳᥦ䰸䰤与

ᱫ物䋼䘫⬭ᆚᑺ [284].

gq = gχ = 0.5 ⱘ໻䚼ߚ䘫⬭ᆚᑺܕ䆌ऎඳ. ೼ FA ῵ൟ中, mχ > mt ໘ⱘϔѯ䘫

⬭ᆚᑺܕ䆌ऎඳϡ能㹿ᇍᩲᴎẔ偠. ᇍѢ gq = gχ = 0.5, ᇍᩲᴎ᧰ᇏ能໳ᅠܼ
㽚Ⲫ SV ῵ൟⱘ䘫⬭ᆚᑺܕ䆌ऎඳ.

,བ䖬᳝݊ᅗᱫ物䋼ⳌѦ作⫼≵᳝㹿ࣙ৿೼៥Ӏⱘㅔ࣪῵ൟ中؛ ᱫ物䋼⑂
♁Ӯ㹿๲ᔎ, Ң㗠ޣᇣ䘫⬭ᆚᑺ. ↨ᮍ䇈, Z ′ 与䕏子ⱘ㗺ড়ህӮ๲ᔎᱫ物䋼⑂
♁. জ↨ᮍ䇈, ᇚㅔ࣪῵ൟᠽܙЎ UV ᅠᭈ῵ൟᯊ, Z ′ ੠ χ ⱘ䋼䞣䗮䖛ᶤϾ㞾

থᇍ⿄ᗻ⸈㔎ᴎࠊ㦋ᕫ, ৃ能Ӯᄬ೼乱໪ⱘ Higgs 粒子 h′, ᓩ䍋乱໪ⱘ⑂♁䖛⿟
χχ̄→ h′ → Z ′Z ′. ೼䖭ѯᚙމϟ, ᇍᩲᴎ monojet + /ET ᧰ᇏ㒧ᵰৃ能ϡӮᬍব,
Ԛ䘫⬭ᆚᑺ㾖⌟ؐܕ䆌ⱘऎඳӮᠽ໻.



㄀݁ゴ ᘏ㒧

ᇍᩲᴎ᧰ᇏᰃᱫ物䋼᥶⌟ⱘ䞡㽕᠟↉, ೼ᶤѯᚙމϟ, ᅗⱘ♉ᬣᑺৃ能↨Ⳉ
᥹੠䯈᥹᥶⌟ᅲ偠㽕高. ೼᳝效ㅫヺ੠ㅔ࣪῵ൟḚᶊϟ, ៥Ӏ䗮䖛Ҩ㒚ⱘ㩭⡍
व⋯῵ᢳ, 㒭ߎᔧࠡ与᳾ᴹⱘ䕏子੠ᔎ子ᇍᩲᴎᇍᱫ物䋼粒子ⱘ᧰ᇏᥦ䰸䰤੠
乘ᳳ♉ᬣᑺ, ᑊᇚ㒧ᵰ与Ⳉ᥹᥶⌟、䯈᥹᥶⌟੠䘫⬭ᆚᑺ㾖⌟ؐ↨䕗. ৠᯊ, г
研究њᇍᩲᴎᇍϔѯ⭥ԐֵোⱘẔ偠能࡯.

ϟ䴶ᰃ៥ᇍ৘Ͼ݋ԧᎹ作ঞ݊Џ㽕㒧䆎ⱘᘏ㒧.

1. Fermi-LAT ԑ偀ᇘ㒓㾖⌟᭄᥂中ᄬ೼ ∼ 130 GeV 㒓䈅⭥Ԑֵো, ৃ能⬅
ᱫ物䋼⑂♁ࠄঠܝ子ⱘ䖛⿟ᓩ䍋. བᵰᰃⳳⱘ, 䖭Ͼ䖛⿟гӮ೼ e+e− ᇍ

ᩲᴎϞ导㟈ৃ᥶⌟ֵো. ,⫼子䗮䖛᳝效ㅫヺⳌѦ作ܝ䆒ᱫ物䋼与؛ ៥Ӏ
೼ monophoton ᧰ᇏ䘧中研究њ᳾ᴹ e+e− ᇍᩲᴎᇍ䖭ϾֵোⱘẔ偠能

.࡯ བᵰ䞛⫼᱂䗮ⱘ䴲ᵕ࣪ᴳ⌕,
√
s = 3 TeV ⱘ e+e− ᇍᩲᴎৃҹᕜᆍᯧ

ഄẔ偠䌍㉇子ᱫ物䋼ᓩ䍋ⱘֵো, ै䲒ҹẔ偠ᷛ䞣ᱫ物䋼ᓩ䍋ⱘֵো. བ
ᵰ䞛⫼䗖ᔧⱘᵕ࣪ᴳ⌕,ৃҹ᳝效ഄᦤ高♉ᬣᑺ,ℸᯊ,

√
s = 1 (3) TeVⱘ

ᇍᩲᴎ䞛䲚 2000 fb−1 (1000 fb−1) ⱘ᭄᥂, ህ䎇ҹẔ偠䌍㉇子 (ᷛ䞣) ᱫ物
䋼ᓩ䍋ⱘֵো.

2. 作ЎᇍϞϔϾᎹ作ⱘᠽሩ,៥Ӏ研究њ೼᳾ᴹ e+e−ᇍᩲᴎϞ䗮䖛 mono-Z
᧰ᇏ䘧᥶⌟ᱫ物䋼ⱘ♉ᬣᑺ. 䖭Ͼ᧰ᇏ䘧ᇍᱫ物䋼与⬉ᔅ㾘㣗⦏㡆子ঞ
e± ⱘⳌѦ作⫼↨䕗ᬣᛳ, ៥Ӏ⫼᳝效ㅫヺᦣ䗄䖭ѯⳌѦ作⫼. ձ᥂ Z ⦏

㡆子ⱘ㹄ব᳿ᗕ, ᇚℸ᧰ᇏ䘧䖯ϔℹߚЎᏺ⬉䕏子䘧੠ᔎ子䘧. ៥Ӏথ⦄,
ᔎ子䘧ⱘ♉ᬣᑺᘏᰃ↨ᏺ⬉䕏子䘧高. ೼ϔѯㅫヺ中, ᇍᩲᴎ᧰ᇏ♉ᬣᑺ
೼ϔᅮ㣗ೈݙ㽕高Ѣ䯈᥹᥶⌟♉ᬣᑺ. ঺ϔᮍ䴶, 䯈᥹᥶⌟ᇍ঺ϔѯㅫヺ
᮴能Ў࡯, ᇍᩲᴎ᧰ᇏै≵᳝䯂乬. ℸ໪, 䞛⫼䗖ᔧⱘᵕ࣪ᴳ⌕, ৃҹⳌᔧ
Ѣ䞛䲚䍙䖛 3 .ⱘ᭄᥂䞣ס

3. ೼䍙ᇍ⿄῵ൟ中, ᱫ物䋼׭䗝粒子 χ̃0
1 ⱘ⑂♁៾䴶䗮ᐌأᇣ㗠ϡ能㒭ߎℷ

⹂ⱘᱫ物䋼䘫⬭ᆚᑺ. 㾷އ䖭Ͼ䯂乬ⱘϔϾᮍḜᰃ㽕∖ϔѯ粒子与 χ̃0
1 䋼

䞣᥹䖥, ೼ χ̃0
1 䗔㗺ᯊথ⫳݅⑂♁㗠ᦤ高᳝效⑂♁៾䴶. ៥Ӏ㗗㰥њ 3 ⾡
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䖭ḋⱘ݅⑂♁೒ڣ, ᑊ研究ᅗӀᇍ LHC ᧰ᇏᷛ䞣乊༌ܟ t̃1 ⱘᕅડ. ៥Ӏ
থ⦄, ೼䖭 3 ⾡݅⑂♁೒ڣ中, 7 TeV LHC ⱘ ∼ 5 fb−1 ᅲ偠᭄᥂㟇໮ᇚ t̃1

䋼䞣ߚ别ᥦ䰸㟇 220, 380 ੠ 220 GeV; བᵰ೼ 8 TeV LHC Ϟ䞛䲚 20 fb−1

᭄᥂, ߭㟇໮ৃҹᇚ t̃1 䋼䞣ߚ别ᥦ䰸㟇 340, 430 ੠ 370 GeV.

4. ೼䫊ᖗᮍ৥中, Fermi-LAT 㾖⌟᭄᥂中ᄬ೼ GeV 䖲㓁䈅⭥Ԑֵো, 䖭Ͼֵ
োৃ⫼ᱫ物䋼⑂♁ࠄ τ+τ− ᴹ㾷䞞. ៥Ӏ⫼ϔ类 τ portal ᱫ物䋼ㅔ࣪῵ൟ
ᴹᅲ⦄䖭Ͼ㾷䞞. ೼ LHC Ϟ, ৃҹ䗮䖛 2τh + /ET, τℓτh + /ET ੠ 2τℓ + /ET

䖭 3 Ͼ᧰ᇏ䘧, ᴹᇏᡒ῵ൟ䞠中ҟ粒子ⱘѻ⫳䖛⿟. ៥Ӏথ⦄, ᇍѢϸ⾡
ҹ䌍㉇子Ў中ҟ粒子ⱘ῵ൟ, 14 TeV ⱘ LHC 䞛䲚 3000 fb−1 ᭄᥂ৃҹ᥶
㋶ 120− 450 GeV ⱘ中ҟ粒子䋼䞣㣗ೈ.

5. ៥Ӏ؛䆒ᱫ物䋼೼ FV, FA ੠ SV 䖭 3 Ͼ Z ′ portal ㅔ࣪῵ൟ中与༌ܟⳌ
Ѧ作⫼, ✊ৢ೼ monojet + /ET ᧰ᇏ䘧中研究᳾ᴹ pp ᇍᩲᴎᇍ䖭ѯ῵ൟⱘ

᥶⌟能࡯, ᇍᩲ能䞣পЎ 33, 50 ੠ 100 TeV. ῵ᢳ㒧ᵰ㸼ᯢ, ೼ FA ῵ൟ中,
ᇍᩲᴎ♉ᬣᑺ೼໻䚼ߚখ᭄ऎඳ中䖰㚰ѢⳈ᥹᥶⌟ᅲ偠; ೼ FV ῵ൟ中,
㢹㗺ড়㋏᭄Ў 0.3 ៪ 0.5, ᇍᩲᴎ᳝能࡯᥶㋶໻䚼ߚ䘫⬭ᆚᑺܕ䆌ⱘऎඳ;
೼ SV ῵ൟ中, 㢹㗺ড়㋏᭄Ў 0.5, ᇍᩲᴎ᧰ᇏৃҹᅠܼ㽚Ⲫ䘫⬭ᆚᑺܕ䆌
ⱘऎඳ.

ҢϞ䗄৘乍Ꮉ作ⱘ㒧ᵰ中, ៥Ӏথ⦄, ᇍᩲᴎ能໳᥶㋶䆌໮Ⳉ᥹੠䯈᥹᥶⌟
ᅲ偠᮴能Ў࡯ⱘখ᭄ऎඳ, Ԛ೼ϔѯᚙމϟ♉ᬣᑺϡབ݊ᅗᅲ偠. 䖭䇈ᯢϝ⾡
ᱫ物䋼᥶⌟䗨ᕘ৘᳝Ӭ࢓, Ϩ೼ϔᅮ⿟ᑺϞⳌѦ㸹䎇.

೼Ϟ䗄研究中, Ўњㅔ࣪䅼䆎, ៥ӀҢ᧰ᇏ䘧⡍ᕕߎথ, 㽕М䞛⫼᳝效ㅫヺ
Ḛᶊ, 㽕М䞛⫼ㅔ࣪῵ൟ. 䖭⾡خ⊩能໳㒭ߎⱘ㒧䆎᳝݋ϔ㠀ᗻ, Ԛгৃ能䙓ᓔ
њϔѯଃ䈵学䰤ࠊ. ಴Ў೼ⳳℷⱘ UV ᅠᭈ῵ൟ中, ᐌᐌᄬ೼䆌໮ϡᰃᱫ物䋼
.䗝者ⱘᮄ粒子׭ ᅗӀ੠ᱫ物䋼粒子ⱘ䋼䞣੠㗺ড়ϡᰃⳌѦ⣀ゟⱘ, ᆍᯧফࠄ
Ⳉ᥹᧰ᇏ、ੇ物理੠⿔᳝㹄বㄝ䆌໮ᅲ偠ⱘ䰤ࠊ. 㗠Ϩ, 䖭ѯ粒子ⱘᄬ೼гৃ能
Ӯᕅડᱫ物䋼粒子ⱘᬷᇘ、⑂♁੠ѻ⫳䖛⿟, Ң㗠ᕅડ৘类ᱫ物䋼᥶⌟ᅲ偠ⱘ
ᥦ䰸䰤੠♉ᬣᑺ. ϡ䖛, ᘏⱘᴹ䇈, ៥ӀⱘᎹ作೼ϔᅮ⿟ᑺϞ能໳ড᯴ᔧࠡ੠᳾
ᴹᇍᩲᴎᇍᱫ物䋼ⱘ᥶⌟能࡯.



䰘ᔩ A ⾏ᬷᇍ⿄ᗻ P , T , C

೼ᴀ䰘ᔩ中, ៥ᘏ㒧њ⬅ᷛ䞣എ、ᮟ䞣എ੠ⶶ䞣എ㒘៤ⱘϔѯㅫヺ೼ P , T
੠ C বᤶϟⱘᗻ䋼. ᷛ䞣എ与ᮟ䞣എ䚼ߚЏ㽕খ㗗᭛⤂ [296].

೎᳝ Lorentz 㕸বᤶᇍᯊぎതᷛⱘ作⫼Ў

xµ = Λµνx
ν , (A.1)

݊中 Λµν ⒵䎇

gµνΛ
µ
ρΛ

ν
σ = gρσ, ΛρµΛ

σ
νg

µν = gρσ, (Λ−1)ρν = Λν
ρ. (A.2)

ᅛ⿄বᤶ

Pµν = (P−1)µν = Pν
µ = diag(+1,−1,−1,−1) (A.3)

੠ᯊ䯈ডⓨবᤶ

T µν = (T −1)µν = Tν
µ = diag(−1,+1,+1,+1) (A.4)

ϡሲѢ೎᳝⋯ҥݍ㕸.

A.1 ᷛ䞣എ

೎᳝ Lorentz 㕸বᤶ Λµν Ⳍᑨᑎℷㅫヺ U(Λ) ᇍᷛ䞣എ ϕ(x) ⱘ作⫼Ў

U(Λ)−1ϕ(x)U(Λ) = ϕ(Λ−1x). (A.5)

⬅Ѣᅛ⿄বᤶ੠ᯊ䯈ডⓨবᤶഛЎ㞾䑿ⱘ䗚বᤶ, 作⫼ϸ⃵ϡӮᬍবৃ㾖⌟䞣.
ᷛ䞣എ ϕ(x) ೼原理ϞᰃϔϾৃ㾖⌟䞣. 䆄 P ≡ U(P), T ≡ U(T ), ߭ᇍᷛ䞣എ
᳝

P−2ϕ(x)P 2 = ϕ(x), T−2ϕ(x)T 2 = ϕ(x). (A.6)
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Ң㗠, ᷛ䞣എⱘ P বᤶৃҹ᳝ϸ⾡ᔶᓣ:

ᇍѢᷛ䞣എ, P−1ϕ(x)P = +ϕ(Px); (A.7)

ᇍѢ䌱ᷛ䞣എ, P−1ϕ(x)P = −ϕ(Px). (A.8)

ᷛ䞣എⱘ T বᤶг᳝ϸ⾡ᔶᓣ:

T−1ϕ(x)T = +ϕ(T x); (A.9)

T−1ϕ(x)T = −ϕ(T x). (A.10)

㢹ᢝ⇣䞣⒵䎇 P−1L(x)P = +L(Px) ੠ T−1L(x)T = +L(T x), ߭ᇍ d4x ⿃

㗠ᕫⱘ作⫼䞣ߚ S ᇍ P বᤶ੠ T বᤶгᰃϡবⱘ, ℸᯊᅛ⿄੠ᯊ䯈ডⓨᅜᘦ.

೼೎᳝⋯ҥݍবᤶϟ, ⬅എᵘ䗴ߎᴹⱘ能ࡼ䞣ⶶ䞣 P µ = (H,P i) ⱘবᤶЎ

U(Λ)−1P µU(Λ) = ΛµνP
ν . (A.11)

བᵰજᆚ乓䞣 H ೼ P বᤶ੠ T বᤶϟϡব, े P−1HP = +H ੠ T−1HT =

+H, ߭ᑨ㽕∖

P−1P µP = PµνP ν , T−1P µT = −T µνP ν . (A.12)

ؐᕫ⊼ᛣⱘᰃ, ᯊ䯈ডⓨㅫヺ T ᰃডᑎℷⱘ, े T−1iT = −i.

㗗㰥໡ᷛ䞣എ ϕ = (φ1 + iφ2)/
√
2 ੠ᢝ⇣䞣

L = ∂µϕ†∂µϕ−m2ϕ†ϕ− 1

4
λ(ϕ†ϕ)2

=
1

2
∂µφ1∂µφ1 +

1

2
∂µφ2∂µφ2 −

1

2
m2(φ2

1 + φ2
2)−

1

16
λ(φ2

1 + φ2
2)

2, (A.13)

L 䰸њ᳝݋ U(1) ᇍ⿄ᗻ (ᇍϸϾᅲᷛ䞣എ㗠㿔ᰃ SO(2) ᇍ⿄ᗻ)

ϕ(x)→ e−iαϕ(x),

(
φ1(x)

φ2(x)

)
→

(
cosα sinα
− sinα cosα

)(
φ1(x)

φ2(x)

)
(A.14)
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П໪, 䖬᳝݋⾏ᬷᇍ⿄ᗻ

ϕ(x)→ ϕ†(x),

(
φ1(x)

φ2(x)

)
→

(
+1

−1

)(
φ1(x)

φ2(x)

)
. (A.15)

ℸ⾏ᬷᇍ⿄ᗻ㹿⿄Ў⬉㥋݅䕁ᇍ⿄ᗻ, ᅗᘏᰃԈ䱣 U(1) 䖲㓁ᇍ⿄ᗻ㗠ᴹ.

ৃҹᇚᷛ䞣എⱘ⬉㥋݅䕁ㅫヺ C ᅮНЎ

C−1ϕ(x)C = ϕ†(x), (A.16)

Ѻे

C−1φ1(x)C = +φ1(x), C−1φ2(x)C = −φ2(x), (A.17)

Ң㗠 C−1L(x)C = L(x) 䇈ᯢ⬉㥋݅䕁ᇍ⿄ᗻᅜᘦ.

ㅫヺ ϕ†ϕ ⱘবᤶᗻ䋼Ў

P−1ϕ†(x)ϕ(x)P = +ϕ†(Px)ϕ(Px), (A.18)

T−1ϕ†(x)ϕ(x)T = +ϕ†(T x)ϕ(T x), (A.19)

C−1ϕ†(x)ϕ(x)C = +ϕ†(x)ϕ(x). (A.20)

⬅Ѣ

P−1∂µP = Pµν∂ν , T−1∂µT = T µν∂ν , C−1∂µC = ∂µ, (A.21)

ㅫヺ ϕ†i
←→
∂µϕ ⱘবᤶᗻ䋼Ў

P−1ϕ†(x)i
←→
∂µϕ(x)P = +Pµνϕ†(Px)i

←→
∂ν ϕ(Px), (A.22)

T−1ϕ†(x)i
←→
∂µϕ(x)T = −T µνϕ†(T x)i

←→
∂ν ϕ(T x), (A.23)

C−1ϕ†(x)i
←→
∂µϕ(x)C = −ϕ†(x)i

←→
∂µϕ(x). (A.24)

能乍ࡼ (∂µϕ†)(∂µϕ) ⱘবᤶᗻ䋼Ў

P−1[∂µϕ†(x)][∂µϕ(x)]P = +[∂µϕ†(Px)][∂µϕ(Px)], (A.25)
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T−1[∂µϕ†(x)][∂µϕ(x)]T = +[∂µϕ†(T x)][∂µϕ(T x)], (A.26)

C−1[∂µϕ†(x)][∂µϕ(x)]C = +[∂µϕ†(x)][∂µϕ(x)]. (A.27)

A.2 ᮟ䞣എ

ᑎℷㅫヺ U(Λ) ᇍ (⢘ᢝܟ៪ Majorana) ᮟ䞣എ ψ(x) ⱘ作⫼Ў

U(Λ)−1ψ(x)U(Λ) = D(Λ)ψ(Λ−1x). (A.28)

᮴かᇣবᤶ Λµν = δµν + ωµν ᇍᑨѢ D(Λ) = 1 + i
2
ωµνS

µν , ݊中 Sµν = i
4
[γµ, γν ].

ᇍѢᅛ⿄বᤶ, ᳝

P−1ψ(x)P = iβψ(Px), β ≡ γ0. (A.29)

೼䋼ᖗ㋏中㗗㰥ϔᇍℷড䌍㉇子ⱘᗕ |Φ⟩ =
∫
d̃pΦ(p)b†s(p)d

†
s′(−p) |0⟩. ࡼ䆒؛

䞣ぎ䯈波ߑ᭄ Φ(p) ⿄ᅮⱘ䔼䘧ᅛ⹂᳝݋ Φ(−p) = (−)lΦ(p), 㗠ⳳぎᰃᅛ⿄ব
ᤶϡবⱘ,߭ৃᕫ P−1 |Φ⟩ = −(−)l |Φ⟩,ेϔᇍℷড䌍㉇子ⱘݙ⽔ᅛ⿄Ў −1,䖭
ϔ㒧䆎ᇍ Majorana 䌍㉇子г៤ゟ.

ϟ䴶䅼䆎ᮟ䞣എঠ㒓ᗻൟ ψ̄Aψ ⱘবᤶᗻ䋼, ݊中 A ᰃ⢘ᢝܟⶽ䰉ⱘ㒘ড়.
߽⫼ P−1ψ̄(x)P = −iψ̄(Px)β, ৃⶹ

P−1ψ̄(x)Aψ(x)P = ψ̄(Px)βAβψ(Px). (A.30)

಴ℸ, ψ̄Aψ ⱘ P বᤶᗻ䋼⬅ βAβ ⱘᔶᓣ所އᅮ. ⬅

β1β = +1, βiγ5β = −iγ5, (A.31)

βγµβ = Pµνγν , βγµγ5β = −Pµνγνγ5, βσµνβ = +PµρPνσσρσ, (A.32)

ৃᕫ

P−1ψ̄(x)ψ(x)P = +ψ̄(Px)ψ(Px), (A.33)

P−1ψ̄(x)iγ5ψ(x)P = −ψ̄(Px)iγ5ψ(Px), (A.34)

P−1ψ̄(x)γµψ(x)P = +Pµνψ̄(Px)γνψ(Px), (A.35)
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P−1ψ̄(x)γµγ5ψ(x)P = −Pµνψ̄(Px)γνγ5ψ(Px), (A.36)

P−1ψ̄(x)σµνψ(x)P = +PµρPνσψ̄(Px)σρσψ(Px). (A.37)

⬅ℸৃⶹ, ψ̄ψ ᰃᷛ䞣, ψ̄iγ5ψ ᰃ䌱ᷛ䞣, ψ̄γµψ ᰃ (ᵕ) ⶶ䞣, ψ̄γµγ5ψ ᰃ䕈ⶶ䞣.
Ꮊ᠟⌕ ψ̄Lγ

µψL ≡ 1
2
ψ̄γµ(1− γ5)ψ ੠ে᠟⌕ ψ̄Rγ

µψR ≡ 1
2
ψ̄γµ(1 + γ5)ψ ⱘবᤶ݇

㋏Ў

P−1ψ̄L(x)γ
µψL(x)P = Pµνψ̄R(Px)γνψR(Px), (A.38)

P−1ψ̄R(x)γ
µψR(x)P = Pµνψ̄L(Px)γνψL(Px). (A.39)

ᏺ᳝⬉㥋 Q ⱘ⢘ᢝܟഎ与⬉⺕എⳌѦ作⫼ᯊ, 䖤ࡼᮍ⿟Ў

[γµ(i∂µ +QeAµ)−m]ψ = 0, (A.40)

পक़㉇݅䕁ᑊেЬ γ0, ᕫ

0 = ψ†[γµ†(−i∂µ +QeAµ)−m]γ0 = ψ̄[−γµ(i∂µ −QeAµ)−m], (A.41)

䕀㕂, ᕫ
[−(γµ)T(i∂µ −QeAµ)−m]ψ̄T = 0. (A.42)

䆒؛ C ≡ iγ0γ2, ᅗ᳝བϟᗻ䋼:

CT = C† = C−1 = −C, C−1γµC = −(γµ)T, C−1γ5C = γ5. (A.43)

⬅ℸৃᕫ

0 = [C−1γµC(i∂µ −QeAµ)−m]ψ̄T = C−1[γµ(i∂µ −QeAµ)−m]Cψ̄T. (A.44)

Ҹ ψc ≡ Cψ̄T, ߭
[γµ(i∂µ −QeAµ)−m]ψc = 0. (A.45)

与 (A.40) ᓣ↨䕗, ৃⶹ ψc ᏺ᳝与 ψ Ⳍডⱘ⬉㥋. ಴ℸ, ⢘ᢝܟഎⱘ⬉㥋݅䕁ব
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ᤶЎ

C−1ψ(x)C = Cψ̄T(x), (A.46)

㗠 C ᰃᮟ䞣ぎ䯈ⱘ⬉㥋݅䕁বᤶⶽ䰉. Ң㗠,

C−1ψ̄C = ψTC. (A.47)

Ѣᰃ, ⊼ᛣࠄ䕀㕂ᯊѸᤶϸϾ䌍㉇子എᑨ໮ߎϔϾ乱໪ⱘ䋳ো, ᳝

C−1ψ̄(x)Aψ(x)C = ψ̄(x)C−1ATCψ(x). (A.48)

߽⫼

C−11TC = +1, C−1(iγ5)TC = +iγ5, C−1(γµ)TC = −γµ, (A.49)

C−1(γµγ5)TC = +γµγ5, C−1(γµγν)TC = γνγµ, C−1(σµν)TC = −σµν , (A.50)

ৃᕫ

C−1ψ̄(x)ψ(x)C = +ψ̄(x)ψ(x), (A.51)

C−1ψ̄(x)iγ5ψ(x)C = +ψ̄(x)iγ5ψ(x), (A.52)

C−1ψ̄(x)γµψ(x)C = −ψ̄(x)γµψ(x), (A.53)

C−1ψ̄(x)γµγ5ψ(x)C = +ψ̄(x)γµγ5ψ(x), (A.54)

C−1ψ̄(x)σµνψ(x)C = −ψ̄(x)σµνψ(x), (A.55)

C−1ψ̄L(x)γ
µψL(x)C = −ψ̄R(x)γµψR(x), (A.56)

C−1ψ̄R(x)γ
µψR(x)C = −ψ̄L(x)γµψL(x). (A.57)

ᇍѢ Majorana എ, ψ = Cψ̄T, ߭ ψ̄ = ψTC, Ѣᰃ,

C−1ψ(x)C = ψ(x), C−1ψ̄(x)C = ψ̄(x), (A.58)

Ң㗠,
C−1ψ̄(x)Aψ(x)C = ψ̄(x)Aψ(x). (A.59)
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⬅ℸৃ㾕, ᇍѢ Majorana എ, ᖙ᳝

ψ̄(x)γµψ(x) = 0, ψ̄(x)σµνψ(x) = 0. (A.60)

ᇍѢᯊ䯈ডⓨবᤶ, ᳝

T−1ψ(x)T = Cγ5ψ(T x). (A.61)

Ң㗠 T−1ψ̄(x)T = T−1ψ†(x)βT = ψ̄(T x)γ5C−1, ᬙ⬅ T−1AT = A∗ ᕫ

T−1ψ̄(x)Aψ(x)T = ψ̄(T x)γ5C−1A∗Cγ5ψ(T x). (A.62)

߽⫼

γ5C−11∗Cγ5 = +1, γ5C−1(iγ5)∗Cγ5 = −iγ5, (A.63)

γ5C−1(γµ)∗Cγ5 = −T µνγν , γ5C−1(γµγ5)∗Cγ5 = −T µνγνγ5, (A.64)

γ5C−1(σµν)∗Cγ5 = −T µρT νσσρσ. (A.65)

ৃᕫ

T−1ψ̄(x)ψ(x)T = +ψ̄(T x)ψ(T x), (A.66)

T−1ψ̄(x)iγ5ψ(x)T = −ψ̄(T x)iγ5ψ(T x), (A.67)

T−1ψ̄(x)γµψ(x)T = −T µνψ̄(T x)γνψ(T x), (A.68)

T−1ψ̄(x)γµγ5ψ(x)T = −T µνψ̄(T x)γνγ5ψ(T x), (A.69)

T−1ψ̄(x)σµνψ(x)T = −T µρT νσψ̄(T x)σρσψ(T x), (A.70)

T−1ψ̄L(x)γ
µψL(x)T = −T µνψ̄L(T x)γνψL(T x), (A.71)

T−1ψ̄R(x)γ
µψR(x)T = −T µνψ̄R(T x)γνψR(T x). (A.72)

能乍ࡼ ψ̄iγµ∂µψ ⱘবᤶᗻ䋼Ў

P−1ψ̄(x)iγµ∂µψ(x)P = +ψ̄(Px)iγµ∂µψ(Px), (A.73)

T−1ψ̄(x)iγµ∂µψ(x)T = +ψ̄(T x)iγµ∂µψ(T x), (A.74)
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C−1ψ̄(x)iγµ∂µψ(x)C = +ψ̄(x)iγµ∂µψ(x). (A.75)

A.3 ⬉⺕എ

⬉⺕എ Aµ ⱘ P , T , C বᤶᗻ䋼ৃҹ䗮䖛ߚᵤ᳝⑤呺ܟᮃ䶺ᮍ⿟ᕫࠄ [297].
೼㒣࡯ࡼ⬉݌学中, 呺ܟᮃ䶺ᮍ⿟೼ P , T ੠ C বᤶϟߚ别ֱᣕϡব. ḍ᥂ᇍ
ᑨ原理, 䞣子⬉࡯ࡼ学中 Lorenz 㾘㣗ϟⱘ⬉⺕എ䖤ࡼᮍ⿟

∂2Aµ = ejµ (A.76)

гᑨ೼䖭ѯবᤶϟֱᣕϡব, ݊中 jµ = ψ̄γµψ. Ң㗠, ⬅

P−1jµ(x)P = Pµνjν(Px), T−1jµ(x)T = −T µνjν(T x), C−1jµ(x)C = −jµ(x),
(A.77)

੠

P−1∂µP = Pµν∂ν , T−1∂µT = T µν∂ν , C−1∂µC = ∂µ, (A.78)

ৃҹ᥼ߎ

P−1Aµ(x)P = PµνAν(Px), T−1Aµ(x)T = −T µνAν(T x), C−1Aµ(x)C = −Aµ(x).
(A.79)

എᔎᓴ䞣 F µν ≡ ∂µAν − ∂νAµ ⱘবᤶᗻ䋼བϟ,

P−1F µν(x)P = PµαPνβF αβ(Px), (A.80)

T−1F µν(x)T = −T µαT νβF αβ(T x), (A.81)

C−1F µν(x)C = −F µν(x). (A.82)

㢹 λ1 ੠ λ2 别পߚ {0, 1, 2, 3} 中ⱘϸϾ᭄ᄫ, 㗠 λ3 ੠ λ4 余ⱘ঺໪ϸ࠽别পߚ

Ͼ᭄ᄫ, ᳝߭ Pλ3λ3Pλ4λ4 = −Pλ1λ1Pλ2λ2 , Ң㗠

ελ1λ2αβPαλ3Pβλ4 = ελ1λ2λ3λ4Pλ3λ3Pλ4λ4 = −Pλ1λ1Pλ2λ2ελ1λ2λ3λ4

= −Pλ1αPλ2βεαβλ3λ4 , (A.83)
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Ѣᰃ, ϟᓣ៤ゟ:
εµναβPαρPβσ = −PµαPνβεαβρσ. (A.84)

ৠ理, ৃҹ᥼ߎ
εµναβTαρTβσ = −T µαT νβεαβρσ. (A.85)

ᰃᬙ, ᇍيഎᔎᓴ䞣 F̃ µν ≡ 1

2
εµνρσFρσ ⱘবᤶᗻ䋼བϟ,

P−1F̃ µν(x)P = −PµαPνβF̃ αβ(Px), (A.86)

T−1F̃ µν(x)T = +T µαT νβF̃ αβ(T x), (A.87)

C−1F̃ µν(x)C = −F̃ µν(x). (A.88)

⬅ℸ, Fµν(x)F µν(x) ੠ Fµν(x)F̃
µν(x) ⱘবᤶᗻ䋼ߚ别Ў:

P−1Fµν(x)F
µν(x)P = +Fµν(Px)F µν(Px), (A.89)

T−1Fµν(x)F
µν(x)T = +Fµν(T x)F µν(T x), (A.90)

C−1Fµν(x)F
µν(x)C = +Fµν(x)F

µν(x); (A.91)

P−1Fµν(x)F̃
µν(x)P = −Fµν(Px)F̃ µν(Px), (A.92)

T−1Fµν(x)F̃
µν(x)T = −Fµν(T x)F̃ µν(T x), (A.93)

C−1Fµν(x)F̃
µν(x)C = +Fµν(x)F̃

µν(x). (A.94)

A.4 ⬉ᔅ㾘㣗എ

⬉ᔅ理䆎⬅ SU(2)L × U(1)Y 㾘㣗㕸ᦣ䗄, ᅗৠᯊ䖱ড P ੠ C ᇍ⿄ᗻ. ✊
㗠, ೼໻໮᭄ᔅ作⫼䖛⿟䞠, CP 㘨ড়ᇍ⿄ᗻձ✊ᕫҹֱᣕ. CP ⸈ണাߎ⦄೼
ᇥ᭄⿔᳝䖛⿟䞠, 㹿䅸Ў⬅ CKM ⶽ䰉䞠ⱘ CP Ⳍ㾦ᓩ䍋.

⬉ᔅ理䆎ⱘणব导᭄ৃ㸼䖒Ў

Dµ = ∂µ − ig′BµY − igW a
µT

a = ∂µ − ig′BµY − igWµ, (A.95)

݊中 Wµ ≡ W a
µT

a. ᇍѢᎺ᠟䌍㉇子Ѡ䞡ᗕ ψL 㗠㿔, T a = σa

2
, 㗠

ψ̄Liγ
µDµψL = ψ̄Liγ

µ∂µψL + gψ̄Lγ
µW a

µT
aψL. (A.96)
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CP ᅜᘦԧ⦄೼ⳌѦ作⫼乍 gψ̄Lγ
µW a

µT
aψL Ϟ, ᑨ᳝

(CP )−1ψ̄L(x)γ
µWµ(x)ψL(x)CP = ψ̄L(Px)γµWµ(Px)ψL(Px). (A.97)

߽⫼ P−1ψL(x)P = iβψR(Px), P−1ψ̄L(x)P = −iψ̄R(Px)β, ᳝

(CP )−1ψL(x)CP = iβ
1

2
(1 + γ5)Cψ̄T(Px), (A.98)

(CP )−1ψ̄L(x)CP = −iψT(Px)C 1
2
(1− γ5)β, (A.99)

ৃᕫ

(CP )−1ψ̄L(x)γ
µWµ(x)ψL(x)CP = −ψ̄L(Px)Pµνγν [(CP )−1Wµ(x)CP ]

TψL(Px).
(A.100)

ৃ㾕, −Pνµγµ[(CP )−1Wν(x)CP ]
T = γµWµ(Px),े −Pνµ[(CP )−1Wν(x)CP ]

T =

Wµ(Px). ಴ℸ, 㾘㣗എ W µ ⱘ CP বᤶᗻ䋼Ў

(CP )−1W µ(x)CP = −PµνW νT(Px), (A.101)

(CP )−1W aµ(x)T aCP = −PµνW aν(Px)(T a)∗. (A.102)

Ҹ T± ≡ T 1 ± iT 2 =
1

2
(σ1 ± iσ2) = σ±, W±

µ ≡
1√
2
(W 1

µ ∓ iW 2
µ), ᳝߭

W a
µT

a = W 1
µT

1 +W 2
µT

2 +W 3
µT

3 =
1√
2
(W+

µ T
+ +W−

µ T
−) +W 3

µT
3, (A.103)

W a
µ (T

a)∗ = W 1
µT

1 −W 2
µT

2 +W 3
µT

3 =
1√
2
(W−

µ T
+ +W+

µ T
−) +W 3

µT
3. (A.104)

ᬙ W± ੠ W 3 ⱘ CP বᤶᗻ䋼Ў

(CP )−1W±µ(x)CP = −PµνW∓ν(Px), (CP )−1W 3µ(x)CP = −PµνW 3ν(Px).
(A.105)

ৠ理, ৃҹᕫࠄ

(CP )−1Bµ(x)CP = −PµνBν(Px). (A.106)
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Ѣᰃ, Zµ ≡ W 3µ cos θW − Bµ sin θW ੠ Aµ ≡ W 3µ sin θW + Bµ cos θW ⱘ CP ব

ᤶᗻ䋼Ў

(CP )−1Zµ(x)CP = −PµνZν(Px), (CP )−1Aµ(x)CP = −PµνAν(Px).
(A.107)

঺ϔᮍ䴶, T ᇍ⿄ᗻ㽕∖

T−1ψ̄L(x)γ
µWµ(x)ψL(x)T = ψ̄L(T x)γµWµ(T x)ψL(T x). (A.108)

߽⫼ T−1ψL(x)T = Cγ5ψL(x), T−1ψ̄L(x)T = ψ̄L(T x)γ5C−1, ৃᕫ

T−1ψ̄L(x)γ
µWµ(x)ψL(x)T = −ψ̄L(T x)T µνγνT−1Wµ(x)TψL(T x), (A.109)

ৃ㾕,
− T νµγµT−1Wν(x)T = γµWµ(T x). (A.110)

⊼ᛣࠄ T ㅫヺⱘডᑎℷᗻ, 㾘㣗എ W µ ⱘ T বᤶᗻ䋼Ў

T−1W µ(x)T = −T µνW ν(T x), T−1W aµ(x)T aT = −T µνW aν(T x)T a, (A.111)

W± ੠ W 3 ⱘ T বᤶᗻ䋼Ў

T−1W±µ(x)T = −T µνW±ν(T x), T−1W 3µ(x)T = −T µνW 3ν(T x). (A.112)

ৠ理, ৃҹᕫࠄ
T−1Bµ(x)T = −T µνBν(T x). (A.113)

Ѣᰃ, Zµ ੠ Aµ ⱘ T বᤶᗻ䋼Ў

T−1Zµ(x)T = −T µνZν(T x), T−1Aµ(x)T = −T µνAν(T x). (A.114)

Zµ ੠ Bµ ⱘ CP ੠ T বᤶᗻ䋼ഛ与⬉⺕എ Aµ ⱘবᤶᗻ䋼Ⳍৠ, W±µ

г类Ԑ, াᰃ CP বᤶৢӮᬍব⬉㥋ヺো. ಴ℸ, Zµν ≡ ∂µZν − ∂νZµ ੠

Bµν ≡ ∂µBν−∂νBµ ഛ与 F µν Ⳍৠⱘ᳝݋ CP ੠ T বᤶᗻ䋼, Z̃µν ≡ 1

2
εµνρσZρσ
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੠ B̃µν ≡ 1

2
εµνρσBρσ ⱘ CP ੠ T বᤶᗻ䋼߭与 F̃ µν Ⳍৠ,㗠 W±µν ≡ ∂µW±ν −

∂νW±µ ੠ W̃±µν ≡ 1

2
εµνρσW±

ρσ ⱘ CP বᤶӮᬍব⬉㥋ヺো.

ᴢ㕸ⱘ⫳៤ܗ ta ⒵䎇

[ta, tb] = ifabctc, [ta∗, tb∗] = −ifabctc∗, tr(tatb) = tr(ta∗tb∗) = 1

2
δab. (A.115)

ᇍѢ SU(2)L 㾘㣗എ, എᔎᓴ䞣

W µν = W aµνT a = ∂µW aνT a − ∂νW aµT a − ig[W aµT a,W bνT b], (A.116)

݊中 W aµν = ∂µW aν − ∂νW aµ + gεabcW bµW cν . എᔎᓴ䞣 W µν ⱘবᤶᗻ䋼Ў

(CP )−1W aµν(x)T aCP = −PµρPνσW aρσ(Px)T a∗, (A.117)

T−1W aµν(x)T (T a)∗ = −T µρT νσW aρσ(T x)T a. (A.118)

⊼ᛣࠄ (A.84) ੠ (A.85) ᓣ, ᇍيഎᔎᓴ䞣 W̃ µν ≡ 1

2
εµναβWαβ ⱘবᤶᗻ䋼Ў

(CP )−1W̃ aµν(x)T aCP = PµαPνβW̃ aαβ(Px)T a∗, (A.119)

T−1W̃ aµν(x)T (T a)∗ = T µαT νβW̃ aαβ(T x)T a. (A.120)

Ѣᰃ, W aµνW a
µν ੠ W aµνW̃ a

µν ⱘবᤶᗻ䋼བϟ.

(CP )−1W aµν(x)W a
µν(x)CP = +W aµν(Px)W a

µν(Px), (A.121)

T−1W aµν(x)W a
µν(x)T = +W aµν(T x)W a

µν(T x); (A.122)

(CP )−1W aµν(x)W̃ a
µν(x)CP = −W aµν(Px)W̃ a

µν(Px), (A.123)

T−1W aµν(x)W̃ a
µν(x)T = −W aµν(T x)W̃ a

µν(T x). (A.124)

A.5 ᇣ㒧

ϔѯㅫヺⱘ P , T , C বᤶᗻ䋼བ㸼 A.1 所⼎.

ৃҹⳟࠄ, ᏺ᳝ n Ͼ⋯ҥݍⶶ䞣指ᷛⱘᮟ䞣എঠ㒓ᗻൟ೼ CPT বᤶϟⱘ

༛يᗻ与᭄ᄫ n ⱘ༛يᗻⳌৠ. ⬅Ѣ ∂µ ೼ CPT বᤶϟᰃ༛ⱘ, 䖭ϔ㒧䆎г
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ৃҹ᥼ᑓࠄ৿᳝ᯊぎ导᭄ⱘᚙމ. ᇍѢᷛ䞣എ੠ⶶ䞣എ, ᘏৃҹ䗝ᢽᅗӀ೼ C,
P , T বᤶϟⱘⳌ位಴子, ՓᕫᅗӀ⒵䎇: ⬅എ੠ᯊぎ导᭄㒘៤ⱘक़㉇ㅫヺ೼
CPT বᤶϟⱘ༛يᗻ与᳾ᬊ㓽ⶶ䞣指ᷛϾ᭄ⱘ༛يᗻⳌৠ. Ѣᰃ, ⬅ӏᛣഎ੠
ᯊぎ导᭄㒘៤ⱘक़㉇⋯ҥᷛݍ䞣೼ CPT বᤶϟᰃيⱘ. ⬅Ѣᢝ⇣䞣ᖙ乏⬅䖭
ḋⱘᷛ䞣ᵘ៤, ೼ CPT বᤶϟ᳝ L(x) → L(−x), Ң㗠作⫼䞣 S =

∫
d4xL(x)

ᰃ CPT ϡব䞣. 䖭ህᰃ CPT ᅮ理.
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㸼 A.1: ϔѯㅫヺⱘ P , T , C বᤶᗻ䋼.

ㅫヺ P T C CP CPT

i + − + + −
∂µ [−]µ −[−]µ + [−]µ −
ϕ†ϕ + + + + +

ϕ†i
←→
∂µϕ [−]µ [−]µ − −[−]µ −

(∂µϕ†)(∂µϕ) + + + + +

ψ̄ψ + + + + +

ψ̄iγ5ψ − − + − +

ψ̄γµψ [−]µ [−]µ − −[−]µ −
ψ̄γµγ5ψ −[−]µ [−]µ + −[−]µ −
ψ̄σµνψ [−]µ[−]ν −[−]µ[−]ν − −[−]µ[−]ν +

ψ̄Lγ
µψL [−]µψ̄RγµψR [−]µ −ψ̄RγµψR −[−]µ −

ψ̄Rγ
µψR [−]µψ̄LγµψL [−]µ −ψ̄LγµψL −[−]µ −

ψ̄iγµ∂µψ + + + + +

Aµ [−]µ [−]µ − −[−]µ −
F µν [−]µ[−]ν −[−]µ[−]ν − −[−]µ[−]ν +

F̃ µν −[−]µ[−]ν [−]µ[−]ν − [−]µ[−]ν +

F µνFµν + + + + +

F µνF̃µν − − + − +

Zµ [−]µ −[−]µ −
Zµν −[−]µ[−]ν −[−]µ[−]ν +

Z̃µν [−]µ[−]ν [−]µ[−]ν +

W±µ [−]µ −[−]µW∓µ −W∓µ

W±µν −[−]µ[−]ν −[−]µ[−]νW∓µν +W∓µν

W̃±µν [−]µ[−]ν [−]µ[−]νW̃∓µν +W̃∓µν

W aµνW a
µν , BµνBµν + + +

W aµνW̃ a
µν , BµνB̃µν − − +

注：对于 µ = 0, [−]µ ≡ 1；对于 µ = 1, 2, 3, [−]µ ≡ −1.



䰘ᔩ B ᵕ࣪ᤃᐙ

೼ᴀ䰘ᔩ中, ៥ᇚᮟ䞣ⱘ㶎ᮟᗕ㸼⼎੠ⶶ䞣ⱘᵕ࣪ᗕ㸼⼎ᑨ⫼Ѣᵕ࣪ᤃᐙ
䅵ㅫ. ℸ໪, ៥䖬߫ߎњᮟ䞣ঠ㒓ᗻൟⱘ㶎ᮟᗕ㸼䖒ᓣ, 䖭ѯ㸼䖒ᓣ᳝ࡽѢ理㾷
ϔѯ䖛⿟ⱘ䖤ࡼ学ᗻ䋼.

৘⾡㑺ᅮЏ㽕䙉Ң᭛⤂ [298]. ᑺ㾘ᓴ䞣

gµν = gµν = diag(+1,−1,−1,−1). (B.1)

⊵߽ⶽ䰉

σ1 =

(
1

1

)
, σ2 =

(
−i

i

)
, σ3 =

(
1

−1

)
, (B.2)

σµ ≡ (1,σ), σ̄µ ≡ (1,−σ). (B.3)

᠟ᕕ㸼⼎ϟⱘ⢘ᢝܟⶽ䰉

γµ =

(
σµ

σ̄µ

)
, γ5 =

(
−1

1

)
. (B.4)

Ꮊে᠟ᡩᕅㅫヺ

PL ≡
1

2
(1− γ5), PR ≡

1

2
(1 + γ5). (B.5)

B.1 ᮟ䞣ⱘ㶎ᮟᗕ

ϔᇍѠߚ䞣໪ᇨᮟ䞣 ξλ(p) (λ = ±) ৃҹᵘ៤ϔ㒘㶎ᮟᗕ෎ᑩ, ᑊ⒵䎇

(p̂ · σ)ξλ(p) = λξλ(p), λ = ±. (B.6)

೼᠟ᕕ㸼⼎ϟ, ⢘ᢝܟᮍ⿟ⱘᑇ䴶波㾷ৃ⫼䖭㒘෎ᑩ㸼⼎៤

u(p, λ) =

(
ω−λ(p)ξλ(p)

ωλ(p)ξλ(p)

)
, v(p, λ) =

(
−λωλ(p)ξ−λ(p)
λω−λ(p)ξ−λ(p)

)
, (B.7)
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݊中 ωλ(p) =
√
Ep + λ|p|. ᆍᯧ偠䆕, /pu(p, λ) = mu(p, λ), /pv(p, λ) = −mv(p, λ).

ৃ㾕, ⢘ᢝܟᮍ⿟ (/p−m)u(p, λ) = 0 ੠ (/p+m)v(p, λ) = 0 ៤ゟ.

p1

p2

k3

k4

θ

z

x

೒ B.1: ϸԧᬷᇘ⼎ᛣ೒.

㗗㰥䌍㉇子ᬷᇘ䖛⿟ q(p1)+ q̄(p2)→ χ(k3)+χ̄(k4),ᬷᇘ㾦Ў θ,བ೒ B.1所
⼎. 䆄 cθ ≡ cos θ, sθ ≡ sin θ. খ㗗᭛⤂ [299] 䰘ᔩ, ߱ᗕ粒子ⱘࡼ䞣੠㶎ᮟᗕৃ
㸼⼎៤

p1 =

√
s

2
(1, 0, 0, βq), p2 =

√
s

2
(1, 0, 0,−βq), βq ≡

√
1− 4m2

q/s, (B.8)

ξ+(p1) =

(
1

0

)
, ξ−(p1) =

(
0

1

)
, ξ+(p2) =

(
0

−1

)
, ξ−(p2) =

(
1

0

)
.

(B.9)
᳿ᗕ粒子ⱘࡼ䞣੠㶎ᮟᗕৃ㸼⼎៤

k3 =

√
s

2
(1, βχsθ, 0, βχcθ), k4 =

√
s

2
(1,−βχsθ, 0,−βχcθ), βχ ≡

√
1− 4m2

χ/s,

(B.10)

ξ+(k3) =

(
cθ/2

sθ/2

)
, ξ−(k3) =

(
−sθ/2
cθ/2

)
, ξ+(k4) =

(
sθ/2

−cθ/2

)
, ξ−(k4) =

(
cθ/2

sθ/2

)
.

(B.11)
߽⫼

k̂3 · σ =

(
cθ sθ

sθ −cθ

)
, k̂4 · σ =

(
−cθ −sθ
−sθ cθ

)
, (B.12)

ৃҹ偠䆕, 䖭ѯ㶎ᮟᗕ䛑⒵䎇ᴀᕕؐᮍ⿟ (B.6).
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B.2 ⶶ䞣ⱘᵕ࣪ᗕ

ᇍѢ᮴䋼䞣ⶶ䞣粒子 (བܝ子), ೒ B.1 中所⼎ࡼ䞣㸼⼎Ў

p1 =

√
s

2
(1, 0, 0, 1), p2 =

√
s

2
(1, 0, 0,−1), (B.13)

k3 =

√
s

2
(1, sθ, 0, cθ), k4 =

√
s

2
(1,−sθ, 0,−cθ). (B.14)

খ㗗᭛⤂ [299] 䰘ᔩ, 䞣ࡼ p1 ੠ p2 ᇍᑨⱘ (῾৥) ᵕ࣪ⶶ䞣ৃ㸼⼎៤

ε(p1, λ) =
1√
2
(−λε1 − iε2), ε(p2, λ) =

1√
2
(λε1 − iε2), λ = ±, (B.15)

݊中

ε1 = (0, 1, 0, 0), ε2 = (0, 0, 1, 0). (B.16)

Ѻे

ε(p1,+) =
1√
2
(0,−1,−i, 0), ε(p1,−) =

1√
2
(0, 1,−i, 0),

ε(p2,+) =
1√
2
(0, 1,−i, 0), ε(p2,−) =

1√
2
(0,−1,−i, 0). (B.17)

೼⋯ҥݍ㕸ⱘⶶ䞣㸼⼎中, 㾦ࡼ䞣ㅫヺⱘ 3 Ͼぎ䯈ߚ䞣ߚ别Ў

J1 =


0 0 0 0

0 0 0 0

0 0 0 −i
0 0 i 0

 , J2 =


0 0 0 0

0 0 0 i

0 0 0 0

0 −i 0 0

 , J3 =


0 0 0 0

0 0 −i 0
0 i 0 0

0 0 0 0

 . (B.18)

߽⫼

p̂1 · J = J3, p̂2 · J = −J3, (B.19)

ৃҹ偠䆕ᴀᕕؐᮍ⿟ (p̂ · J)ε(p, λ) = λε(p, λ).

བ೒ B.1 中所⼎, 䞣ࡼ k3 (k4) ৃ䗮䖛ᇚࡼ䞣 p1 (p2) 㒩 y 䕈ᮟ䕀 θ 㾦ᕫࠄ,
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े

k3 = R(e2, θ)p1, k4 = R(e2, θ)p2, R(e2, θ) =


1 0 0 0

0 cθ 0 sθ

0 0 1 0

0 −sθ 0 cθ

 . (B.20)

⬅Ѣᵕ࣪ⶶ䞣与ࡼ䞣ৠ໘Ѣ⋯ҥݍ㕸ⱘⶶ䞣㸼⼎, ᑨ᳝

ε(k3, λ) = R(e2, θ)ε(p1, λ), ε(k4, λ) = R(e2, θ)ε(p2, λ). (B.21)

಴ℸ

ε(k3, λ) =
1√
2
(−λε′1 − iε′2), ε(k4, λ) =

1√
2
(λε′1 − iε′2), (B.22)

݊中

ε′1 = R(e2, θ)ε1 = (0, cθ, 0,−sθ), ε′2 = R(e2, θ)ε2 = (0, 0, 1, 0). (B.23)

ᬙ

ε(k3,+) =
1√
2
(0,−cθ,−i, sθ), ε(k3,−) =

1√
2
(0, cθ,−i,−sθ),

ε(k4,+) =
1√
2
(0, cθ,−i,−sθ), ε(k4,−) =

1√
2
(0,−cθ,−i, sθ). (B.24)

ৠḋ, ߽⫼ k̂3 · J = sθJ1 + cθJ3 = −k̂4 · J, ৃҹ偠䆕ᴀᕕؐᮍ⿟ (k̂ · J)ε(k, λ) =
λε(k, λ).

B.3 䌍㉇ᄤⶶ䞣⌕㗺ড়

ϟ䴶䅼䆎༌ܟ (q) 与⢘ᢝܟᱫ物䋼粒子 (χ) ⱘⶶ䞣⌕᳝效㗺ড়

LV =
1

Λ2
q̄γµqχ̄γµχ. (B.25)
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q(p1) + q̄(p2)→ χ(k3) + χ̄(k4) 䖛⿟ⱘϡবᤃᐙЎ

M(qλ1 q̄λ2 → χλ3χ̄λ4) =
1

Λ2
v̄λ2(p2)γ

µuλ1(p1)ūλ3(k3)γµvλ4(k4), (B.26)

M∗(qλ1 q̄λ2 → χλ3χ̄λ4) =
1

Λ2
ūλ1(p1)γ

νvλ2(p2)v̄λ4(k4)γνuλ3(k3). (B.27)

߽⫼

|p1| = |p2| =
√
s

2
βq, |k3| = |k4| =

√
s

2
βχ, |p1||k3| cos θ = s

4
βqβχ cos θ,

(B.28)
ৃᕫ

p1 · p2 =
s

2
−m2

q, k3 · k4 =
s

2
−m2

χ, (B.29)

p1 ·k3 = p2 ·k4 =
s

4
(1−βqβχ cos θ), p1 ·k4 = p2 ·k3 =

s

4
(1+βqβχ cos θ), (B.30)

Ң㗠, ⬅ᮟ䞣എᑇ䴶波㾷ⱘ㞾ᮟ∖੠݇㋏, ৃᕫ䴲ᵕ࣪ᬷᇘᤃᐙ῵ᮍЎ

1

4

∑
spins
|M(qq̄ → χχ̄)|2

=
1

4Λ4
Tr[(/p2 −mq)γ

µ(/p1 +mq)γ
ν ]Tr[(/k3 +mχ)γµ(/k4 −mχ)γν ]

=
1

Λ4
[s2(1 + β2

qβ
2
χcos2θ) + 4s(m2

q +m2
χ)]. (B.31)

঺ϔᮍ䴶, ߽⫼བϟㄝᓣ,

ω+(p2)ω+(p1) =

√
s

2
(1 + βq), ω−(p2)ω−(p1) =

√
s

2
(1− βq), (B.32)

ω+(k3)ω+(k4) =

√
s

2
(1 + βχ), ω−(k3)ω−(k4) =

√
s

2
(1− βχ), (B.33)

ω−(p2)ω+(p1) = ω+(p2)ω−(p1) = mq, ω−(k3)ω+(k4) = ω+(k3)ω−(k4) = mχ,

(B.34)

γ0γµ =

(
1

1

)(
σµ

σ̄µ

)
=

(
σ̄µ

σµ

)
, (B.35)
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ৃᕫ, ߱ᗕᵕ࣪ⶶ䞣⌕:

v̄+(p2)γ
µu−(p1) = −

√
s

2
(1 + βq)ξ

†
−(p2)σ̄

µξ−(p1) +

√
s

2
(1− βq)ξ†−(p2)σµξ−(p1),

(B.36)

v̄−(p2)γ
µu+(p1) =

√
s

2
(1− βq)ξ†+(p2)σ̄µξ+(p1)−

√
s

2
(1 + βq)ξ

†
+(p2)σ

µξ+(p1),

(B.37)

v̄−(p2)γ
µu−(p1) = mqξ

†
+(p2)σ̄

µξ−(p1)−mqξ
†
+(p2)σ

µξ−(p1), (B.38)

v̄+(p2)γ
µu+(p1) = −mqξ

†
−(p2)σ̄

µξ+(p1) +mqξ
†
−(p2)σ

µξ+(p1). (B.39)

᳿ᗕᵕ࣪ⶶ䞣⌕:

ū−(k3)γµv+(k4) = −
√
s

2
(1 + βχ)ξ

†
−(k3)σ̄µξ−(k4) +

√
s

2
(1− βχ)ξ†−(k3)σµξ−(k4),

(B.40)

ū+(k3)γµv−(k4) =

√
s

2
(1− βχ)ξ†+(k3)σ̄µξ+(k4)−

√
s

2
(1 + βχ)ξ

†
+(k3)σµξ+(k4),

(B.41)

ū−(k3)γµv−(k4) = mχξ
†
−(k3)σ̄µξ+(k4)−mχξ

†
−(k3)σµξ+(k4), (B.42)

ū+(k3)γµv+(k4) = −mχξ
†
+(k3)σ̄µξ−(k4) +mχξ

†
+(k3)σµξ−(k4). (B.43)

݊中,

ξ†+(p2)σ
µξ+(p1) = (0,−1,−i, 0) = −ξ†+(p2)σ̄µξ+(p1), (B.44)

ξ†−(p2)σ
µξ−(p1) = (0, 1,−i, 0) = −ξ†−(p2)σ̄µξ−(p1), (B.45)

ξ†+(k3)σ
µξ+(k4) = (0,−cθ, i, sθ) = −ξ†+(k3)σ̄µξ+(k4), (B.46)

ξ†−(k3)σ
µξ−(k4) = (0, cθ, i,−sθ) = −ξ†−(k3)σ̄µξ−(k4); (B.47)

ξ†−(p2)σ
µξ+(p1) = (1, 0, 0, 1), ξ†−(p2)σ̄

µξ+(p1) = (1, 0, 0,−1), (B.48)

ξ†+(p2)σ
µξ−(p1) = (−1, 0, 0, 1), ξ†+(p2)σ̄

µξ−(p1) = (−1, 0, 0,−1), (B.49)

ξ†−(k3)σ
µξ+(k4) = (−1, sθ, 0, cθ), ξ†−(k3)σ̄

µξ+(k4) = (−1,−sθ, 0,−cθ), (B.50)

ξ†+(k3)σ
µξ−(k4) = (1, sθ, 0, cθ), ξ†+(k3)σ̄

µξ−(k4) = (1,−sθ, 0,−cθ). (B.51)
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೼ᅛ⿄বᤶϟ,

q±
P−→ q∓, q̄±

P−→ q̄∓, χ±
P−→ χ∓, χ̄±

P−→ χ̄∓. (B.52)

⬅Ѣⶶ䞣⌕㗺ড় (B.25) ֱᣕᅛ⿄ᅜᘦ, ᇍѢӏϔᬷᇘ䖛⿟, 作ᅛ⿄বᤶৢᕫ
ⱘ䖛⿟Ⳍᑨⱘᬷᇘᤃᐙ῵ᮍ与原䖛⿟ᤃᐙ῵ᮍᰃϔḋⱘࠄ (㗠ᤃᐙৃҹⳌᏂ
ϔϾⳌ位಴子), བ |M(q+q̄− → χ+χ̄−)|2 = |M(q−q̄+ → χ−χ̄+)|2, |M(q+q̄− →
χ−χ̄+)|2 = |M(q−q̄+ → χ+χ̄−)|2.

᥹ϟᴹ䅵ㅫ৘ᵕ࣪䖛⿟ⱘᤃᐙ. ߽⫼

ξ†−(p2)σ̄
µξ−(p1)ξ

†
−(k3)σ̄µξ−(k4) = ξ†−(p2)σ

µξ−(p1)ξ
†
−(k3)σµξ−(k4) = −(1 + cθ),

ξ†−(p2)σ̄
µξ−(p1)ξ

†
−(k3)σµξ−(k4) = ξ†−(p2)σ

µξ−(p1)ξ
†
−(k3)σ̄µξ−(k4) = 1 + cθ,

ξ†−(p2)σ̄
µξ−(p1)ξ

†
+(k3)σ̄µξ+(k4) = ξ†−(p2)σ

µξ−(p1)ξ
†
+(k3)σµξ+(k4) = −(1− cθ),

ξ†−(p2)σ̄
µξ−(p1)ξ

†
+(k3)σµξ+(k4) = ξ†−(p2)σ

µξ−(p1)ξ
†
+(k3)σ̄µξ+(k4) = 1− cθ,

ξ†+(p2)σ̄
µξ−(p1)ξ

†
−(k3)σ̄µξ+(k4) = ξ†+(p2)σ

µξ−(p1)ξ
†
−(k3)σµξ+(k4) = 1− cθ,

ξ†+(p2)σ̄
µξ−(p1)ξ

†
−(k3)σµξ+(k4) = ξ†+(p2)σ

µξ−(p1)ξ
†
−(k3)σ̄µξ+(k4) = 1 + cθ,

ξ†+(p2)σ̄
µξ−(p1)ξ

†
+(k3)σ̄µξ−(k4) = ξ†+(p2)σ

µξ−(p1)ξ
†
+(k3)σµξ−(k4) = −(1 + cθ),

ξ†+(p2)σ̄
µξ−(p1)ξ

†
+(k3)σµξ−(k4) = ξ†+(p2)σ

µξ−(p1)ξ
†
+(k3)σ̄µξ−(k4) = −(1− cθ),

ξ†+(p2)σ̄
µξ−(p1)ξ

†
−(k3)σ̄µξ−(k4) = ξ†+(p2)σ

µξ−(p1)ξ
†
−(k3)σµξ−(k4) = sθ,

ξ†+(p2)σ̄
µξ−(p1)ξ

†
−(k3)σµξ−(k4) = ξ†+(p2)σ

µξ−(p1)ξ
†
−(k3)σ̄µξ−(k4) = −sθ,

ξ†+(p2)σ̄
µξ−(p1)ξ

†
+(k3)σ̄µξ+(k4) = ξ†+(p2)σ

µξ−(p1)ξ
†
+(k3)σµξ+(k4) = −sθ,

ξ†+(p2)σ̄
µξ−(p1)ξ

†
+(k3)σµξ+(k4) = ξ†+(p2)σ

µξ−(p1)ξ
†
+(k3)σ̄µξ+(k4) = sθ,

ξ†−(p2)σ̄
µξ−(p1)ξ

†
−(k3)σ̄µξ+(k4) = ξ†−(p2)σ

µξ−(p1)ξ
†
−(k3)σµξ+(k4) = −sθ,

ξ†−(p2)σ̄
µξ−(p1)ξ

†
−(k3)σµξ+(k4) = ξ†−(p2)σ

µξ−(p1)ξ
†
−(k3)σ̄µξ+(k4) = sθ,

ξ†+(p2)σ̄
µξ+(p1)ξ

†
−(k3)σ̄µξ+(k4) = ξ†+(p2)σ

µξ+(p1)ξ
†
−(k3)σµξ+(k4) = sθ,

ξ†+(p2)σ̄
µξ+(p1)ξ

†
−(k3)σµξ+(k4) = ξ†+(p2)σ

µξ+(p1)ξ
†
−(k3)σ̄µξ+(k4) = −sθ,

ৃᕫ

M(q+q̄− → χ+χ̄−) = M(q−q̄+ → χ−χ̄+) = −
1

Λ2
s(1 + cos θ), (B.53)
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M(q+q̄− → χ−χ̄+) = M(q−q̄+ → χ+χ̄−) =
1

Λ2
s(1− cos θ), (B.54)

M(q+q̄+ → χ+χ̄+) = M(q−q̄− → χ−χ̄−) = −
4

Λ2
mqmχ cos θ, (B.55)

M(q+q̄+ → χ−χ̄−) = M(q−q̄− → χ+χ̄+) =
4

Λ2
mqmχ cos θ, (B.56)

−M(q+q̄+ → χ+χ̄−) = M(q−q̄− → χ−χ̄+) = −
2

Λ2

√
smq sin θ, (B.57)

−M(q+q̄+ → χ−χ̄+) = M(q−q̄− → χ+χ̄−) = −
2

Λ2

√
smq sin θ, (B.58)

−M(q+q̄− → χ+χ̄+) = M(q−q̄+ → χ−χ̄−) =
2

Λ2

√
smχ sin θ, (B.59)

−M(q−q̄+ → χ+χ̄+) = M(q+q̄− → χ−χ̄−) =
2

Λ2

√
smχ sin θ. (B.60)

⬅ℸ䅵ㅫߎᴹⱘ䴲ᵕ࣪ᬷᇘᤃᐙ῵ᮍЎ

1

4

∑
spins
|M(qq̄ → χχ̄)|2 = 1

4

∑
λ1λ2

∑
λ3λ4

|M(qλ1 q̄λ2 → χλ3χ̄λ4)|2

=
1

Λ4
(s2 + s2cos2θ + 16m2

qm
2
χcos2θ + 4sm2

q − 4sm2
qcos2θ + 4sm2

χ − 4sm2
χcos2θ)

=
1

Λ4
[s2 + 4s(m2

q +m2
χ) + (s− 4m2

q)(s− 4m2
χ)cos2θ]

=
1

Λ4
[s2(1 + β2

qβ
2
χcos2θ) + 4s(m2

q +m2
χ)]. (B.61)

䖭ϔ㒧ᵰ与 (B.31) ᓣⳌৠ.

B.4 ℷ䋳⬉ᄤ⑂♁ࠄঠܝᄤ

ϟ䴶䅼䆎 e−(p1) + e+(p2)→ γ(k3) + γ(k4) 䖛⿟, ৘ࡼ䞣ৃ㸼⼎៤

p1 =

√
s

2
(1, 0, 0, βe), p2 =

√
s

2
(1, 0, 0,−βe), (B.62)

k3 =

√
s

2
(1, sθ, 0, cθ), k4 =

√
s

2
(1,−sθ, 0,−cθ). (B.63)

ℸ䖛⿟ⱘϡবᤃᐙЎ

M(e−λ1e
+
λ2
→ γλ3γλ4) = −e2v̄λ2(p2)

[
γµ/k3γν − 2γµp1ν

2p1 · k3
+
γν/k4γµ − 2γνp1µ

2p1 · k4

]
uλ1(p1)
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×ε∗µλ4(k4)ε
∗ν
λ3
(k3). (B.64)

߽⫼

p1 · p2 =
s

2
−m2

e, k3 · k4 =
s

2
,

p1 · k3 = p2 · k4 =
s

4
(1− βecθ), p1 · k4 = p2 · k3 =

s

4
(1 + βecθ), (B.65)

ঞ㞾ᮟ∖੠݇㋏, ৃᕫ䴲ᵕ࣪ᤃᐙ῵ᮍЎ

1

4

∑
spins
|M(e−e+ → γγ)|2

=
e4

4
gµρgνσTr

{
(/p2 −me)

[
γµ/k3γ

ν − 2γµpν1
2p1 · k3

+
γν/k4γ

µ − 2γνpµ1
2p1 · k4

]
×(/p1 +me)

[
γσ/k3γ

ρ − 2γρpσ1
2p1 · k3

+
γρ/k4γ

σ − 2γσpρ1
2p1 · k4

]}
=

4e4[8sm2
e(1− β2

ec
2
θ) + s2(1− β4

ec
4
θ)− 32m4

e]

s2(1− β2
ec

2
θ)

2

= 64π2α2

[
1 + β2

ec
2
θ

1− β2
ec

2
θ

+
8m2

e

s(1− β2
ec

2
θ)
− 32m4

e

s2(1− β2
ec

2
θ)

2

]
. (B.66)

঺ϔᮍ䴶, ߽⫼ࠡ䴶߫ߎⱘᮟ䞣ᗕ੠ᵕ࣪ⶶ䞣㸼䖒ᓣ, ৃᕫ

M(e−+e
+
− → γ+γ−) = M(e−−e

+
+ → γ−γ+) = −

2e2βesθ(1 + cθ)

1− β2
ec

2
θ

,

M(e−+e
+
− → γ−γ+) = M(e−−e

+
+ → γ+γ−) =

2e2βesθ(1− cθ)
1− β2

ec
2
θ

,

M(e−+e
+
− → γ+γ+) = M(e−−e

+
+ → γ−γ−) = 0,

M(e−+e
+
− → γ−γ−) = M(e−−e

+
+ → γ+γ+) = 0,

M(e−+e
+
+ → γ+γ−) = −M(e−−e

+
− → γ−γ+) =

4e2meβes
2
θ√

s(1− β2
ec

2
θ)
,

M(e−+e
+
+ → γ−γ+) = −M(e−−e

+
− → γ+γ−) =

4e2meβes
2
θ√

s(1− β2
ec

2
θ)
,

M(e−+e
+
+ → γ+γ+) = −M(e−−e

+
− → γ−γ−) = −

4e2me(1 + βe)√
s(1− β2

ec
2
θ)
,
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M(e−+e
+
+ → γ−γ−) = −M(e−−e

+
− → γ+γ+) =

4e2me(1− βe)√
s(1− β2

ec
2
θ)
. (B.67)

⬅ℸ, Ѻৃ䅵ㅫ䴲ᵕ࣪ᤃᐙ῵ᮍབϟ.

1

4

∑
spins
|M(e−e+ → γγ)|2 = 1

4

∑
λ1λ2

∑
λ3λ4

|M(e−λ1e
+
λ2
→ γλ3γλ4)|2

=
4e4{sβ2

e (1− c2θ) + 4m2
e[1 + β2

e (c
4
θ + 2c2θ + 2)]}

s(1− β2
ec

2
θ)

2

=
64π2α2

s2(1− β2
ec

2
θ)

2{s
2β2

e (1− c2θ) + 4m2
es[1 + β2

e (c
4
θ + 2c2θ + 2)]}

=
64π2α2

s2(1− β2
ec

2
θ)

2{[s
2(1 + β2

ec
2
θ) + 8m2

es](1− β2
ec

2
θ)− 32m4

e}

= 64π2α2

[
1 + β2

ec
2
θ

1− β2
ec

2
θ

+
8m2

e

s(1− β2
ec

2
θ)
− 32m4

e

s2(1− β2
ec

2
θ)

2

]
. (B.68)

䖭ϔ㒧ᵰ与 (B.66) ᓣϔ㟈.

B.5 ᮟ䞣ঠ㒓ᗻൟⱘ㶎ᮟᗕ㸼䖒ᓣ

೼䋼ᖗ㋏中, 㗗㰥ϔᇍܹᇘⱘℷড䌍㉇子 i(p1) ੠ ī(p2), 䋼䞣Ў mi, ࡼ݊߭
䞣੠㶎ᮟᗕৃ㸼⼎៤

p1 =

√
s

2
(1, 0, 0, βi), p2 =

√
s

2
(1, 0, 0,−βi), βi ≡

√
1− 4m2

i /s, (B.69)

ξ+(p1) =

(
1

0

)
, ξ−(p1) =

(
0

1

)
, ξ+(p2) =

(
0

−1

)
, ξ−(p2) =

(
1

0

)
, (B.70)

㗠 ω±(p2)ω±(p1) =

√
s

2
(1± βi), ω±(p2)ω∓(p1) = mi.

খ㗗 B.3 㡖㸼䖒ᓣ, ᇍѢⶶ䞣ㅫヺ ψ̄γµψ, ᳝

v̄+(p2)γ
µu−(p1) =

√
s(0, 1,−i, 0), v̄−(p2)γ

µu+(p1) =
√
s(0, 1, i, 0), (B.71)

v̄−(p2)γ
µu−(p1) = −2mi(0, 0, 0, 1), v̄+(p2)γ

µu+(p1) = 2mi(0, 0, 0, 1). (B.72)
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ᇍѢ䕈ⶶ䞣ㅫヺ ψ̄γµγ5ψ, ᳝

v̄+(p2)γ
µγ5u−(p1) = βi

√
s(0,−1, i, 0), v̄−(p2)γ

µγ5u+(p1) = βi
√
s(0, 1, i, 0),

(B.73)
v̄−(p2)γ

µγ5u−(p1) = 2mi(1, 0, 0, 0), v̄+(p2)γ
µγ5u+(p1) = 2mi(1, 0, 0, 0).

(B.74)
ᇍѢᷛ䞣ㅫヺ ψ̄ψ, ᳝

v̄+(p2)u−(p1) = 0, v̄−(p2)u+(p1) = 0, (B.75)

v̄−(p2)u−(p1) = βi
√
s, v̄+(p2)u+(p1) = −βi

√
s. (B.76)

ᇍѢ䌱ᷛ䞣ㅫヺ ψ̄iγ5ψ, ᳝

v̄+(p2)iγ5u−(p1) = 0, v̄−(p2)iγ5u+(p1) = 0, (B.77)

v̄−(p2)iγ5u−(p1) = −i
√
s, v̄+(p2)iγ5u+(p1) = −i

√
s. (B.78)

ᇍѢ 2 䰊ডᇍ⿄ᓴ䞣ㅫヺ ψ̄σµνψ, ᳝

v̄+(p2)σ
µνu−(p1) = 2mi


−i −1

i

1

0

 , (B.79)

v̄−(p2)σ
µνu+(p1) = 2mi


−i 1

i

−1
0

 , (B.80)

v̄−(p2)σ
µνu−(p1) =

√
s


i

−βi
βi

−i

 , (B.81)
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v̄+(p2)σ
µνu+(p1) =

√
s


−i

−βi
βi

i

 . (B.82)

೼䋼ᖗ㋏中, 㗗㰥ϔᇍߎᇘⱘℷড䌍㉇子 f(k3) ੠ f̄(k4), 䋼䞣Ў mf , ߭݊
䞣੠㶎ᮟᗕৃ㸼⼎៤ࡼ

k3 =

√
s

2
(1, βfsθ, 0, βfcθ), k4 =

√
s

2
(1,−βfsθ, 0,−βfcθ), βf ≡

√
1− 4m2

f/s,

(B.83)

ξ+(k3) =

(
cθ/2

sθ/2

)
, ξ−(k3) =

(
−sθ/2
cθ/2

)
, ξ+(k4) =

(
sθ/2

−cθ/2

)
, ξ−(k4) =

(
cθ/2

sθ/2

)
,

(B.84)

㗠 ω±(k3)ω±(k4) =

√
s

2
(1± βf ), ω±(k3)ω∓(k4) = mf .

ᇍѢⶶ䞣ㅫヺ ψ̄γµψ, ᳝

ū−(k3)γ
µv+(k4) =

√
s(0, cθ, i,−sθ), ū+(k3)γ

µv−(k4) =
√
s(0, cθ,−i,−sθ),

(B.85)
ū−(k3)γ

µv−(k4) = −2mf (0, sθ, 0, cθ), ū+(k3)γ
µv+(k4) = 2mf (0, sθ, 0, cθ).

(B.86)
ᇍѢ䕈ⶶ䞣ㅫヺ ψ̄γµγ5ψ, ᳝

ū−(k3)γ
µγ5v+(k4) = βf

√
s(0,−cθ,−i, sθ), (B.87)

ū+(k3)γ
µγ5v−(k4) = βf

√
s(0, cθ,−i,−sθ), (B.88)

ū−(k3)γ
µγ5v−(k4) = 2mf (1, 0, 0, 0), (B.89)

ū+(k3)γ
µγ5v+(k4) = 2mf (1, 0, 0, 0). (B.90)

ᇍѢᷛ䞣ㅫヺ ψ̄ψ, ᳝

ū−(k3)v+(k4) = 0, ū+(k3)v−(k4) = 0, (B.91)

ū−(k3)v−(k4) = βf
√
s, ū+(k3)v+(k4) = −βf

√
s. (B.92)
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ᇍѢ䌱ᷛ䞣ㅫヺ ψ̄iγ5ψ, ᳝

ū−(k3)iγ5v+(k4) = 0, ū+(k3)iγ5v−(k4) = 0, (B.93)

ū−(k3)iγ5v−(k4) = i
√
s, ū+(k3)iγ5v+(k4) = i

√
s. (B.94)

ᇍѢ 2 䰊ডᇍ⿄ᓴ䞣ㅫヺ ψ̄σµνψ, ᳝

ū−(k3)σ
µνv+(k4) = 2mf


icθ −1 −isθ

−icθ
1

isθ

 , (B.95)

ū+(k3)σ
µνv−(k4) = 2mf


icθ 1 −isθ

−icθ
−1
isθ

 , (B.96)

ū−(k3)σ
µνv−(k4) =

√
s


−isθ −icθ

isθ −βfcθ
βfcθ −βfsθ

icθ βfsθ

 , (B.97)

ū+(k3)σ
µνv+(k4) =

√
s


isθ icθ

−isθ −βfcθ
βfcθ −βfsθ

−icθ βfsθ

 . (B.98)

೼作ᅠⶽ䰉䖤ㅫПৢ, 䖭ѯ㸼䖒ᓣഛࣙᣀϸ乍, ߚ别ᇍᑨѢᎺে᠟ᡩᕅߚ
㾷:

ψ̄γµψ = ψ̄Lγ
µψL + ψ̄Rγ

µψR, ψ̄γµγ5ψ = ψ̄Lγ
µγ5ψL + ψ̄Rγ

µγ5ψR, (B.99)

ψ̄ψ = ψ̄LψR + ψ̄RψL, ψ̄iγ5ψ = iψ̄LψR − iψ̄RψL, (B.100)

ψ̄σµνψ = ψ̄Lσ
µνψR + ψ̄Rσ

µνψL. (B.101)

㸼 B.1 ᘏ㒧њ↣Ͼᮟ䞣ঠ㒓ᗻൟⱘ৘⾡㶎ᮟᗕ㸼䖒ᓣ. ᇍѢϔᇍℷড䌍㉇
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㸼 B.1: ᮟ䞣ঠ㒓ᗻൟ㶎ᮟᗕ㸼䖒ᓣᇣ㒧.

ㅫヺ L S 2S+1LJ JPC
⇒−→ ⇒←−៪ ⇐−→ ⇐←− ⇒−→ ⇐←−៪ ⇐−→ ⇒←−

ψ̄ψ 1 1 3P0 0++ 0 ∝ β
√
s

ψ̄iγ5ψ 0 0 1S0 0−+ 0 ∝
√
s

ψ̄γ0ψ 1 0 1P1 1+− 0 0
ψ̄γiψ 0 1 3S1 1−− ∝

√
s ∝ m

ψ̄γ0γ5ψ 0 0 1S0 0−+ 0 ∝ m

ψ̄γiγ5ψ 1 1 3P1 1++ ∝ β
√
s 0

ψ̄σ0iψ 0 1 3S1 1−− ∝ m ∝
√
s

ψ̄σijψ 1 0 1P1 1+− 0 ∝ β
√
s

注: −→表示动量方向,⇒表示自旋方向. 表中列出了入射的情
况. 对于出射的情况, 结论是类似的, 只需将 −→←− 换成 ←− −→.

子ᗕ, P = (−)L+1, C = (−)L+S, 㾦ࡼ䞣䞣子᭄ L ੠ S খ㗗᭛⤂ [173, 300].

f
p1 θ

f

p2

X

x

z

೒ B.2: 䌍㉇子 f 䞞ᬒϔϾ㰮粒子 X ⱘ⼎ᛣ೒.

ϟ䴶䅼䆎䞞ᬒߎϔϾ㰮粒子ᇍ㶎ᮟᑺⱘᕅડ. 䆒䌍㉇子؛ f 䗮䖛ⳌѦ作⫼

ψ̄ΓAψX
A 䞞ᬒߎϔϾ㰮粒子 X. བ೒ B.2 所⼎, ೼高能ᵕ䰤ϟ, 䌍㉇子߱᳿ᗕ

䞣੠㶎ᮟᗕৃҹ㸼⼎៤ࡼ

p1 = E1(1, 0, 0, 1), p2 = E2(1, sθ, 0, cθ), (B.102)
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ξ+(p1) =

(
1

0

)
, ξ−(p1) =

(
0

1

)
, ξ+(p2) =

(
cθ/2

sθ/2

)
, ξ−(p2) =

(
−sθ/2
cθ/2

)
,

(B.103)
㗠 ω+(p1) =

√
2E1, ω+(p2) =

√
2E2, ω−(p1) = ω−(p2) = 0.

ᇍѢⶶ䞣ㅫヺ ψ̄γµψ, ᳝

ū−(p2)γ
µu−(p1) = 2

√
E1E2(cθ/2, sθ/2,−isθ/2, cθ/2), (B.104)

ū+(p2)γ
µu+(p1) = 2

√
E1E2(cθ/2, sθ/2, isθ/2, cθ/2), (B.105)

ū+(p2)γ
µu−(p1) = ū−(p2)γ

µu+(p1) = 0, (B.106)

v̄−(p2)γ
µv−(p1) = 2

√
E1E2(cθ/2, sθ/2, isθ/2, cθ/2), (B.107)

v̄+(p2)γ
µv+(p1) = 2

√
E1E2(cθ/2, sθ/2,−isθ/2, cθ/2), (B.108)

v̄+(p2)γ
µv−(p1) = v̄−(p2)γ

µv+(p1) = 0. (B.109)

ᇍѢ䕈ⶶ䞣ㅫヺ ψ̄γµγ5ψ, ᳝

ū−(p2)γ
µγ5u−(p1) = −2

√
E1E2(cθ/2, sθ/2,−isθ/2, cθ/2), (B.110)

ū+(p2)γ
µγ5u+(p1) = 2

√
E1E2(cθ/2, sθ/2, isθ/2, cθ/2), (B.111)

ū+(p2)γ
µγ5u−(p1) = ū−(p2)γ

µγ5u+(p1) = 0, (B.112)

v̄−(p2)γ
µγ5v−(p1) = 2

√
E1E2(cθ/2, sθ/2, isθ/2, cθ/2), (B.113)

v̄+(p2)γ
µγ5v+(p1) = −2

√
E1E2(cθ/2, sθ/2,−isθ/2, cθ/2), (B.114)

v̄+(p2)γ
µγ5v−(p1) = v̄−(p2)γ

µγ5v+(p1) = 0. (B.115)

ৃ㾕, ᇍѢⶶ䞣⌕੠䕈ⶶ䞣⌕ⳌѦ作⫼, 䞞ᬒߎ㞾ᮟЎ 1 ⱘ X 粒子Пৢ, 䌍㉇
子ⱘ㶎ᮟᑺϡব.

ᇍѢᷛ䞣ㅫヺ ψ̄ψ, ᳝

ū−(p2)u−(p1) = ū+(p2)u+(p1) = 0, (B.116)

ū+(p2)u−(p1) = 2
√
E1E2sθ/2, ū−(p2)u+(p1) = −2

√
E1E2sθ/2, (B.117)

v̄−(p2)v−(p1) = v̄+(p2)v+(p1) = 0, (B.118)

v̄+(p2)v−(p1) = −2
√
E1E2sθ/2, v̄−(p2)v+(p1) = 2

√
E1E2sθ/2. (B.119)
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ᇍѢ䌱ᷛ䞣ㅫヺ ψ̄iγ5ψ, ᳝

ū−(p2)iγ5u−(p1) = ū+(p2)iγ5u+(p1) = 0, (B.120)

ū+(p2)iγ5u−(p1) = −2i
√
E1E2sθ/2, ū−(p2)iγ5u+(p1) = −2i

√
E1E2sθ/2, (B.121)

v̄−(p2)iγ5v−(p1) = v̄+(p2)iγ5v+(p1) = 0, (B.122)

v̄+(p2)iγ5v−(p1) = −2i
√
E1E2sθ/2, v̄−(p2)iγ5v+(p1) = −2i

√
E1E2sθ/2. (B.123)

ৃ㾕, ᇍѢᷛ䞣੠䌱ᷛ䞣ⳌѦ作⫼, 䞞ᬒߎ㞾ᮟЎ 0 ⱘ X 粒子Пৢ, 䌍㉇子ⱘ
㶎ᮟᑺ与原ᴹⳌড. ᤃᐙ ∝ sin(θ/2), ᮍ৥ؒ৥Ѣ与ܹᇘ䌍㉇ࡼᇘ䌍㉇子ⱘ䖤ߎ
子Ⳍড.
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