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Dark matter exists at various scales in the Universe.
(galaxies, clusters, large scale structures, cosmological scale)
However, its microscopic property remains unknown.

Zhao-Huan YU (IHEP) Dark matter searches at high energy colliders Dec 2013 2/ 34




Dark matter
oe

Dark matter

Different kinds of DM detections
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Direct detection
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Dark matter r detection

DM direct detec

tion

Detect recoil signals of nuclei scattered by DM particles
(photons, phonons, ionization)
Work underground to reduce cosmic ray backgrounds
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Direct detection

Direct detection results (spin independent)
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Indirect detection

DM indirect detection

Search for products from DM annihilation or decay
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Indirect detection

Indirect detection experiments

PAMELA
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Indirect detection

Indirect detection results
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Indirect detection

B 8% Containment
95% Containment
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10°

Fermi y-ray observations on
15 dwarf spheroidal satellite
galaxies of the Milky Way
has set strict constraints on
DM annihilations.

Reach down to the canonical
annihilation cross section of
thermal produced dark mat-
ter (~3x 10726 em® s71).
[arXiv:1310.0828]
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Colliders

Past and current hadron colliders

TEVATRON: pp collider
(Fermilab, 1987-2011)
Circumference: 6.28 km

Collision energy: /s =1.96 TeV
Luminosity: ~ 4.3 x 1032 cm™2 s~
Detectors: CDF, D0

1

LHC: pp collider (also pPb, PbPb)
(CERN, 2009-)

Circumference: 26.659 km

Collision energy: /s =7,8,13,14 TeV
Luminosity: ~50—500x 1032 cm™2 s~}
Detectors: ATLAS, CMS, ALICE, LHCb
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Colliders

Future ete™ colliders

ILC: International Linear Collider
Collision energy:

v/s =250, 350,500,1000 GeV
Luminosity: ~ 75—500x 10%2 cm™2 57!
Detectors: SiD, ILD

CEPC: Circular Electron-Positron Collider (China)
Collision energy: /s ~ 250 GeV

CLIC: Compact Linear Collider
Collision energy: 4/s ~1—3 TeV
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DM searching at colliders

Particle identification in collider detectors
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Key:
Muon

Electron

Charged Hadron (e.g. Pion)
— — — - Neutral Hadron (e.g. Neutron)
----- Photon

Silicon

Tracker |\ §§
\ Electromagnetic
);1 ]' Calorimeter

Hadron

Superconducting
Calorimeter Solenoid

Tron return yoke interspersed
with Muen chambers

D By, CERN, Fobroay 2003

Transverse slice
thiotgh CMS

How about DM particles? Missing energy (£ or E)
(similar to neutrinos)
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DM searching at colliders

DM searching channels at colliders

g q

g X

q X

Social DM Maverick DM
Accompanied by other new particles DM particle is the only new particle
Complicated decay chains reachable at the collision energy
Various final states Mono-X + F final states

(jets +leptons + Er, ...) (monojet, mono-y, mono-W/Z, ...)

(Classified by Rocky Kolb)
RIS
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DM searching at colliders

Results from LHC
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Constraints on DM-nucleon scattering cross section given by the CMS
dark matter search in the monojet + F final state with an integrated
luminosity of ~ 20 fb! at /s =8 TeV
[CMS PAS EXO-12-048]
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DM searching at colliders

Expected sensitivity at the CEPC

Expected sensitivities (30 reaches) to
interactions between DM and electrons
in the monophoton + F searching
channel at the circular electron-positron .-
collider (CEPC)
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y-ray line spectrum

y-ray emission from DM: line spectrum

In general, DM particles () should not have electric charge
and not directly couple to photons

U
DM particles may couple to photons via high order loop diagrams
(highly suppressed, the branching fraction may be only ~ 1074 —1071)
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y-ray line spectrum

y-ray emission from DM: line spectrum

In general, DM particles () should not have electric charge
and not directly couple to photons

U
DM particles may couple to photons via high order loop diagrams
(highly suppressed, the branching fraction may be only ~ 1074 —1071)

For nonrelativistic DM particles, the

photons produced in y ¥y — yy would be
mono-energetic
Y
X A y-ray line at energy ~m,

(“smoking gun” for DM particles)
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y-ray line spectrum

A y-ray line from the Galactic center region?

Using the 3.7-year Fermi-LAT y-ray data, several analyses showed that
there might be evidence of a monochromatic y-ray line at energy
~ 130GeV, originating from the Galactic center region (about 3 —40).

It may be due to DM annihilation with {0 ,,v) ~ 107% cm3s™1.
Regd (ULTRACLEAN), B, 2120 GeV ‘ Residual map
ol Signal connts: 53.4 (4.260) 80.5 - 208.5 GeV | % 25
g5l Pvalue=0385, X24=14.3/21 20
sk 45 i B
EEds s s & Bt
5 20 0 - .‘ . 05 :j
15 sl | Hoo
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S ‘ ‘ g
100 . 150 20 Weniger, 1204.2797
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y-ray line spectrum

Recently, the Fermi-LAT Collaboration has released its official spectral
line search in the energy range 5 — 300 GeV using 3.7 years of data.

They did not find any globally significant lines and set 95% CL upper
limits for DM annihilation cross sections.

Their most significant fit occurred at E, = 133GeV and had a local
significance of 3.30, which translates to a global significance of 1.60.
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Collider sensitivity

DM-photon interaction at e"e™ colliders

X Y et gl
X = >ﬁ<% X
gl
X Y e~ X
The coupling between DM particles and photons that induce the
annihilation process y y — yy can also lead to the process eTe™ — yy7v.

Therefore, the possible y-ray line signal observed by Fermi-LAT may be
tested at future TeV-scale e™e™ colliders.

DM particles escape from the detector

U

Signature: a monophoton associating with missing energy (v + £)
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Collider sensitivity

Effective operator approach

If DM particles couple to photons via exchanging some mediators which
are sufficiently heavy, the DM-photon coupling can be approximately
described by effective contact operators.

1 .
For Dirac fermionic DM, consider Oy = FfiYSXFWFW
4m; + _ 52
<O-al'll'lv>1)Z—>2)/E 7'CA6, O-(e e_ ﬁXXY)NE

Fermi y-ray line signal <= m, ~130GeV, A ~1TeV

1
For complex scalar DM, consider Og = F;{*;{FWFW:

2m?

~ _X +o— * ~ i
<O-annv>x)(*—>2y - TL'A4 ' O'(e e — XX Y) A4
Fermi y-ray line signal <= m, ~130GeV, A ~3TeV
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Collider sensitivity

In the y + E searching channel, the main background is eTe™ — vvy:

et Y et v et v

ZU

e v e v

Minor backgrounds: efe” —ete y, efe” > 1777y, ---

Simulation: FeynRules — MadGraph 5 — PGS 4

_ _ AE 16.6%
ILD-like ECAL energy resolution: - ®1.1%

v E/GeV

Future ete™ colliders: /s =250GeV (“Higgs factory”),
/s =500GeV (typical ILC), /s =1TeV (upgraded ILC & initial CLIC),
Vs =3TeV (ultimate CLIC)
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Collider sensitivity

e*e” collider, Vs = 500 GeV, y+E e'e collider, Vs = 500 GeV, 7+ E
T ————T 7T 7T ———T
e'e” — vy —— Fermionic DM E 10° & e'e” — vy —— Fermionic DM E|
e'e" »e'e’y —— ScalarDM e'e” »e'e’y —— ScalarDM 3

do /6, (fo/degree)

10-2 e b b e 1 e A

0°  20° 40° 60° 80° 100° 120° 140° 160° 180° 0 50 100 150 200 250
6, pf (GeV)

e*e” collider, \s =500 GeV, 7+ E
——— T

o' vy  —— Fermionic DM 9 Cut 1 (pre-selection):

e meey T Seawo Require a photon with E, > 10GeV
Z" pole and 10° < 6, < 170°

Veto any other particle

do/ Myes (107 GeV)

L L L L
0 100 200 300 400 500
Miiss = [ (Pe~+ Per =P, )22 (GeV)

Benchmark point: A =200GeV, m, = 100(50)GeV for fermionic (scalar) DM
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Collider sensitivity

e*e” collider, Vs = 500 GeV, y+E e'e collider, Vs = 500 GeV, 7+ E

T ————T 7T 7T ———T
e'e” — vy —— Fermionic DM E 10° & e'e” — vy —— Fermionic DM E|
e'e" »e'e’y —— ScalarDM e'e” »e'e’y —— ScalarDM 3

do /6, (fo/degree)
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6, pf (GeV)
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— ———— T

&' vy —— FermionicOM 9 Cut 1 (pre-selection):

B e T St Require a photon with E, > 10GeV
B and 10° < 6, < 170°

Veto any other particle

Cut 2: Veto 50GeV <m

<130GeV

miss

do/ Myes (107 GeV)

Il L L L
0 100 200 300 400 500
Miiss = [ (Pe~+ Per =P, )22 (GeV)

Benchmark point: A =200GeV, m, = 100(50)GeV for fermionic (scalar) DM
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Collider sensitivity

e*e” collider, Vs = 500 GeV, y+E
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Require a photon with E, > 10GeV
and 10° < 6, <170°

Veto any other particle

Cut 2: Veto 50GeV < m;, < 130GeV

Cut 3: Require 30° < 6, < 150°

Benchmark point: A =200GeV, m, = 100(50)GeV for fermionic (scalar) DM
CETTRYED
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Collider sensitivity

e*e” collider, Vs = 500 GeV, y+E e'e collider, Vs = 500 GeV, 7+ E
ARk R A e
10% | e'e” - vy Fermionic DM < 10% |5 e'e” - viy Fermionic DM E
e'e" »e'e’y —— ScalarDM e'e” »e'e’y —— ScalarDM ]
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Benchmark point: A =200GeV, m, = 100(50)GeV for fermionic (scalar) DM
CETTRYED



Monophoton signature
000000

Collider sensitivity

Cross sections and signal significances after each cut

vvy  etey Fermionic DM  Scalar DM

o(fb) o(fb) o(fb) S/VB o(fb) S/vVB
Cutl 2415.2 173.0 6468 127 321.4 6.3
Cut2 21025 168.6 646.8 13.6 308.2 6.5
Cut3 1161.1 16.8 538.0 157 2559 7.5
Cut4 2545 1.9 520.7 325 2539 158

Benchmark point: A =200GeV, m, =100(50)GeV for fermionic (scalar) DM

Most of the signal events remain
ete” — vy background: reduced by almost an order of magnitude

*te~ — eTe "y background: only one percent survives

e
(/s =500GeV, 1fb~1)
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Collider sensitivity

" Fermionic DM " Scalar DM
10" £ T T T 10 T T T 3
£ s = 250 GeV —— Vs=1TeV —— V5 =250 GeV Vs =1TeV ]
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10" —_— s =1TeV 3
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104 [ —-——— 10 E ——— Fermi 3.7 year upper limit 3
1085 B P R 108 Lwan P S MR
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Solid lines: 100fb™"; dot-dashed lines: 1000fb™" (S/+/B =3)
[ZHY, Yin, Yan, arXiv:1307.5740]
TRV



Monophoton signature
o0

Beam polarization

Beam polarization

+

For a process at an eTe™ collider with polarized beams,

0P, Per) = ; [(1+ P )1 + Pt Jogp + (1 = P- )(1 = Pt oy,
+(1+P,-)(1—P+)ogp, + (1 —P-)(1+ Po+)og ]

o(efe” — vy) [fb] o (e*e” — xxv) [fb], fermionic DM o(e*e” — xx'v) Ifb], scalar DM
1. K

Positron polarization P
Positron polarization P+
Positron polarization P+

o o 1.0 1.0
40 05 00 05 10 40 05 00 05 10 40 05 00 05 10
Electron polarization P,- Electron polarization Py- Electron polarization Py-

A (P,-,P,+)=1(0.8,—0.3) can be achieved at the ILC
[ILC technical design report, Vol. 1, 1306.6327]
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Beam polarization

Fermionic DM 2 Scalar DM
— ———— ey . 102 vy ——
_ ! 102 [ -
Vs =1TeV E Vs =3 TeV
E 10 |
o Fi o 102 [ 4
£ .-~ Fermi y-ray line signal5 13 F 3
S - S ot o b
A 3 A 1097 F a/-’-' Fermi y-ray line signal5
> > L ]
§ 1 3 § 107 e | 1
g Unpolarized, 200 fo~ 1 & £/ Unpolarized, 100 fb~ 1
v Unpolarized, 2000 i 4 v 1020 Unpolarized, 1000 fo! P
Pe, Pet) =(0.8,-0.3), 200fb™ LT e (Pg, Pgt) =(0.8,-0.3), 100fb" 3
<o (P, Pr) = (0.8, -0.3), 2000 fb! Rl e (P, o) = (0.8, -0.3), 1000 fb™" ]
——— Fermi 3.7-year upper limit 3 £ — -~ Fermi 3.7-year upper limit 1
| P N S I P | P R
10
50 100 500 1000 5 10 50 100 500 1000
m, (GeV) m, (GeV)

(S/VB=3)

Using the polarized beams is roughly equivalent to increasing the
integrated luminosity by an order of magnitude.

For fermionic DM (scalar DM), a data set of 2000fb™! (1000fb™1)
would be just sufficient to test the Fermi y-ray line signal at an ete™
collider with /s =1TeV (3TeV).

[ZHY, Yin, Yan, arXiv:1307.5740]
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Mono-Z signature

Mono-Z signature: DM couplings to ZZ/Zy

The mono-Z channel at high energy e™e™ collider can be sensitive to
the DM coupling to ZZ/Zy.

We consider the following couplings: et 7z

1 1.
Op = EXXBHVB“” + A—gxxW,fVW“‘”

- X
> XX(GZZZ;WZ"W + GAZA;,WZ“V) Z/y
1 ~ 1 ~
—_ =2 uv ar a auv
Opy = Aixm-,xB,wB + Agmrst,WW - % |
> fiYsl(GzzZ;wZW + GAZA;WZW)
1 G = sin® Oy N cos? Oy,
OFH:FX_X(DIJ,H)'D[J,H e A:;) Ag

m2

1 1
_ Gpz = 2sin 0y, cos Oy, ( )
b

A3 A3
AN
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Mono-Z signature

Mono-Z signature: DM couplings to electrons

This channel can also be sensitive to the DM coupling to electrons.
et X et Z
— (&
X X X X
e Z e X J

We consider the following couplings:

1 _ 1 _ _
Opp = FXYSXeYse: Op = FXY“YsleYuYse
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Event distributions

Lepton channel: Z - (T{~ ({ =e,u)

SM backgrounds: ete™ = (T Vv, eTe” -ttt eTe” s ttT VY
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Mono-Z signature
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Event distributions

Lepton channel: Z - (T{~ ({ =e,u)

SM backgrounds: ete™ = £T{ Vv, eTe” = 1777, ete” -ttt wv

Reconstructing the Z boson: require only 2 leptons (e's or u's) with
pr > 10 GeV and |n| < 3, and that they are opposite-sign same-flavor;

e*e” collider, Vs = 500 GeV, I/ + E
T

I
|

3
-
=
I

Differential cross section (fb / GeV)
>

Pr2 % P P I A | W IR
0 100 200 300 400 500 600
my (GeV)
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Mono-Z signature
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Event distributions

Lepton channel: Z - (T{~ ({ =e,u)

SM backgrounds: ete™ = £T{ Vv, eTe” = 1777, ete” -ttt wv

Reconstructing the Z boson: require only 2 leptons (e's or u's) with
pr > 10 GeV and |n| < 3, and that they are opposite-sign same-flavor;
require their invariant mass satisfying |my,, —my| <5 GeV.

; e*e” collider, Vs = 500 GeV, I/ + E
10"

[ livy
3 — 7
[ — TV
= — F1 o

—F2

- Ll - L
0 100 200 300 400 500 600
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L
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3
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S
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Mono-Z signature
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Event distributions

Lepton channel: Z - (T{~ ({ =e,u)

SM backgrounds: ete™ = £T{ Vv, eTe” = 1777, ete” -ttt wv

Reconstructing the Z boson: require only 2 leptons (e's or u's) with
pr > 10 GeV and |n| < 3, and that they are opposite-sign same-flavor;
require their invariant mass satisfying |my,, —my| <5 GeV.

Reconstructing the recoil mass: m ... = \/(pe+ + pe- — Py, —pez)z;

e*e” collider, Vs = 500 GeV, I/ + E

o e*e” collider, \s =500 GeV, /I + E
T T 10° Ty

S livw < | — v
8 - T 3 8 4o 1 o
2 — vy a | VY
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2 —F £10%2 i — F2 o
3 3
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Event distributions

Lepton channel: Z - (T{~ ({ =e,u)

SM backgrounds: ete™ = £T{ Vv, eTe” = 1777, ete” -ttt wv

Reconstructing the Z boson: require only 2 leptons (e's or u's) with
pr > 10 GeV and |n| < 3, and that they are opposite-sign same-flavor;
require their invariant mass satisfying |my,, —my| <5 GeV.

Reconstructing the recoil mass: m ... = \/(pe+ + pe- — Py, —pez)z;
veto the events with m ..o < 140 GeV.

e*e” collider, Vs =500 GeV, /I + E e*e” collider, \s =500 GeV, /I + E
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Event distributions

Hadron channel: Z — jj

SM backgrounds: ete™ — jjvv, ete™ — jjlv, ete™ — tt
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Mono-Z signature
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Event distributions

Hadron channel: Z — jj

SM backgrounds: ete™ — jjvv, ete™ — jjlv, ete™ — tt

Reconstructing the Z boson: require only 2 jets with pr > 10 GeV and
Inl <3;

e'*e” collider, Vs = 500 GeV, jj + E
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Event distributions

Hadron channel: Z — jj

SM backgrounds: ete™ — jjvv, ete™ — jjlv, ete™ — tt

Reconstructing the Z boson: require only 2 jets with pr > 10 GeV and
In| < 3; require their invariant mass satisfying 40 GeV < m;; < 95 GeV.

e'*e” collider, Vs = 500 GeV, jj + E
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Mono-Z signature
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Event distributions

Hadron channel: Z — jj

SM backgrounds: ete™ — jjvv, ete™ — jjlv, ete™ — tt
Reconstructing the Z boson: require only 2 jets with pr > 10 GeV and
In| < 3; require their invariant mass satisfying 40 GeV < m;; < 95 GeV.

Reconstructing the recoil mass: m...; = \/(pe+ +Pe- —Pj, —pjz)z'

e'*e” collider, Vs = 500 GeV, jj + E e'e” collider, Vs =500 GeV, jj + E
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Mono-Z signature
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Event distributions

Hadron channel: Z — jj

SM backgrounds: ete™ — jjvv, ete™ — jjlv, ete™ — tt
Reconstructing the Z boson: require only 2 jets with pr > 10 GeV and

In| < 3; require their invariant mass satisfying 40 GeV < m;; < 95 GeV.

Reconstructing the recoil mass: m...; = \/(pe+ +Pe- —Pj, —pjz)z;
veto the events with m ..o < 200 GeV.

e'*e” collider, Vs = 500 GeV, jj + E e'e” collider, Vs =500 GeV, jj + E
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Expected sensitivity

30 sensitivity: DM couplings to ZZ/Zy
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(with an integrated luminosity of 1000 b1, assuming A=Ay = A, for O, and Ok3)
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Expected sensitivity

30 sensitivity: DM couplings to electrons

e*e” collider, Operator FP 1% — ¢*¢”, Operator FP
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(with an integrated luminosity of 1000 fb™1)
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Conclusions and discussions

© As a frontier of cosmology, astrophysics, and particle physics, the
research of dark matter connects our knowledge of the Universe
from the largest to the smallest scales.

© In addition to DM direct and indirect detection, collider detection
provides an independent and complementary way to explore the
microscopic nature of DM particles.

© If there are other new particles accompanied with DM particles,
collider detection is needed to acquire the most detailed

information about the new physics containing DM particles.
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Thanks for your attentions!
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