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Dark Matter

Dark matter (DM) makes up most of the matter component in the Universe,
as suggested by astrophysical and cosmological observations

If DM particles (y) were thermally produced in the early Universe, their relic
abundance would be determined by the annihilation cross section (o, V):
3x107% cm?/s

(Uannv>

Observation value Q,h*~0.1 = (04,v) 23 x 1072 cm?/s

ZN
Q,h* =~

Assuming the annihilation process consists of two weak interaction vertices with
the SU(2), gauge coupling g >~ 0.64, for m, ~ O(TeV) we have

g4

~—>— ~O(107%°) cm3/s
2m2
167 m

<0annv>

= A very attractive class of DM candidates:
Weakly interacting massive particles (WIMPs)
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CEPC Project

The Circular Electron Positron Collider (CEPC), proposed by the Chinese
HEP community, will mainly serve as a Higgs factory at /s ~ 240 GeV

The preliminary conceptual design report was released in May 2015:
http://cepc.ihep.ac.cn/preCDR/volume.html

Its low-energy plans will operate at the Z pole (/s ~ 91 GeV, 10'° Z bosons)
and near the WW threshold (4/s ~ 160 GeV), leading to great improvements
for electroweak (EW) precision measurements

WIMP models typically contain colorless EW multiplets whose electrically
neutral components serve as DM candidates; such multiplets will affect EW
precision observables (or oblique parameters) via loop corrections

1

CEPC provides an excellent opportunity to
indirectly probe WIMP DM models J
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Electroweak Radiative Corrections

Two classes of EW radiative corrections

@ Direct Corrections: vertex, box, and bremsstrahlung corrections

P

@ Oblique Corrections: gauge boson propagator corrections

Oblique corrections can be treated in a self-consistent and model-independent
way through an effective lagrangian to incorporate a large class of Feynman
diagrams into a few running couplings [Kennedy & Lynn, NPB 322, 1 (1989)]
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Electroweak Oblique Parameters

EW oblique parameters S, T, and U are further introduced to describe new
physics contributions through oblique corrections [Peskin & Takeuchi, '90, '92]

S = 16m[I14,(0) — IT;,(0)]
4

= m[ﬂu(o) —I33(0)], U =16n[IT},(0)—3,(0)]

a

Here I17,(0) = 011;,(p?)/2p?|p2—0, Sw = sin by, ey = cos Oy
Y =ie*llyo(p?)g"” + (p¥p” terms)

-2
e
Y = (M3 (p?) —s3Toe(p*)1g"” + (p*p” terms)
W

O
O
O

52
e

“ s2.c2 [M55(p?) — 25 Mo (p?) + sy oo (p*) 18" + (p*p” terms)
WXW

. 2
e

W= I, (p*)g"” + (p"p” terms)
W
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Custodial Symmetry

Standard model (SM) scalar potential V. =—u?H"H + A(H'H)? is a function of
H'H, which respects an SU(2), x SU(2) global symmetry:
;

H'H= —%EABEU(HA)i(HB)j, (HY); = (Z‘) is an SU(2)y doublet

i

1 (0
H— E (v) = SU(2), x SU(2)g — SU(2),,x custodial symmetry

SU(2), gauge bosons W transform as an SU(2),, triplet
and acquire the same mass from EW symmetry breaking
Y
The custodial symmetry protects the tree-level relation p = m?, /(m%c2) =1
up to EW radiative corrections [Sikivie et al., NPB 173, 189 (1980)], and leads
to T=U =0 (note that p—1=aT)

v

The custodial symmetry is approximate in the SM, explicitly broken by the
Yukawa couplings of fermions and the U(1)y gauge interaction
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Electroweak Precision Observables
For evaluating CEPC precision of oblique parameters, we use a simplified set of

EW precision observables in the global fit:

5 .
as(mé)v Aalgazj(mé)v My, My, My, My, Sln2 eeeffr FZ J

Free parameters: the former 5 observables, S, T, and U

The remaining 3 observables are determined by the free parameters:

my = mSM[l—L S—1.55T —1.24U ]
. 0 _ (e ¢ a
sin® 0 = (sin® 6 + m(s —0.69T)
W A\
2
r,=rM—— 2 T2 ___(12.25—32.97)

72s3,c2,(ca —s2)
The calculation of SM predictions is based on 2-loop radiative corrections
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CEPC Precision of Electroweak Observables

Current data CEPC-B precision CEPC-I precision
a,(m2) 0.1185 + 0.0006 +1x107*
Aa®) (m2)|  0.027650.00008 £4.7x 1075
my [GeV] 91.1875 +0.0021 +5x 107 +1x107™*
m, [GeV] 173.34+0.76,, £ 0.5, +0.2,, £0.5 +0.03,, £ 0.1,
my, [GeV] 125.09 +0.24 +5.9x107°
my, [GeV] | 80.385+0.015,, £0.004,,  (£3.,,+1,)x 1073
sin®6; 0.23153 £ 0.00016 (£2.3,,£1.5,) x 107°
T, [GeV] 2.4952 £ 0.0023 (£5,,£0.8;) x 107*  (£1,,+0.84) x 107*

For CEPC baseline (CEPC-B) precisions, experimental uncertainties will be mostly
reduced by CEPC measurements; theoretical uncertainties of m,,, sin®6;, and I can
be reduced by fully calculating 3-loop corrections in the future

CEPC improved (CEPC-1) precisions need
@ A high-precision beam energy calibration for improving m, and I, measurements

@ A tt threshold scan for the m, measurement at other e*e™ colliders, like ILC

Zhao-Huan Yu (Melbourne) February 2017 8 / 28
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Global Fit

We use a modified y? function [Fan, Reece & Wang, 1411.1054] for the global fit:

Omeas Opred 2 O]gneas _ O}Dred + 5]‘ O;“eas _ Olpred _ 51‘
Z _ |+ Z —2In | erf —erf
; \/EO' j \/EO' j

1

The experimental uncertainty o o3
and the theoretical uncertainty §; i ]
0.1 F E 95% CL contours
of an observable O; are treated as Gurrent
. J — 00 ] — Cleres
Gaussian and flat errors ok E —— cEPCH
Current | CEPC-B | CEPC-I e
os | 010 | 0021 | 0.011 03 P e ey 03
or 0.12 0.026 | 0.0071 02 s

01 | 4 0.

oy | 0.094 0.020 0.010

> oo E
psr | +0.89 | +0.90 | +0.74 wl E
Psu —0.55 —0.68 +0.15 02 4 -0.
Pru —0.80 —0.84 —0.21 _0'3-0.3 -0‘.2 -0‘.1 0.‘0 o.‘1 o.‘z 0.3-0'3-0,3 -0‘,2 -0‘,1 o‘,u 011 012 0.3
S T
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EW multiplets

95% CL contours for U = 0

Fit Results for Some Parameters Fixed to O

95% CL contours for S = 0
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Zhao-Huan Yu (Melbourne) February 2017

10 / 28



Introduction Global Fit EW multiplets ermionic Models Scalar Models Conclusions

@00

Electroweak Multiplets

DM Models with

We study the CEPC sensitivity to WIMP models with a dark sector consisting
of EW multiplets. By imposing a Z, symmetry, the DM candidate would be
the lightest mass eigenstate of the neutral components.

@ EW oblique parameters S, T, and U respond to EW symmetry breaking
o Mass splittings among the multiplet components induced by the nonzero Higgs
VEV would break the EW symmetry
= Nonzero oblique parameters
o If the Higgs VEV just gives a common mass shift to every components in a
multiplet, the effect can be absorbed into the gauge-invariant mass term
= No EW symmetry breaking effect manifests
= Vanishing S, T, and U

@ S relates to the U(1)y gauge field
= A multiplet with zero hypercharge cannot contribute to S

© Multiplet couplings to the Higgs respect a custodial symmetry
= Vanishing T and U

February 2017 11 / 28
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Fermionic and Scalar Multiplets

In other to have nonzero contributions to EW oblique parameters, dark sector

multiplets should couple to the SM Higgs doublet

©@ Fermionic multiplets

o 1 vector-like fermionic SU(2); multiplet: the Z, symmetry for stabilizing DM

forbids the multiplet coupling to the Higgs = S=T=U=0
e 2 types of vector-like SU(2), multiplets whose dimensions differ by one:

Yukawa couplings split the components = Nonzero oblique parameters

@ Scalar multiplets

o 1 real scalar multiplet ®: the quartic coupling A’®'®H"H can only induce a

common mass shift = S=T=U=0

o 1 complex scalar multiplet ®: the quartic coupling A”®'1*®H"0*H can induce

mass splittings = Nonzero oblique parameters

e > 2 scalar multiplets: various trilinear and quartic couplings could break the

mass degeneracy = Nonzero oblique parameters

Zhao-Huan Yu (Melbourne) February 2017
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Direct Detection
For a Majorana DM candidate y, the couplings
to the Higgs and Z bosons

1

2

would induce spin-independent (SI) and spin-
dependent (SD) DM-nucleus scatterings.

1 ) N
L> Egmhu + =82y y ZuX Y sX

For scalar multiplets, interactions with the Higgs
doublet could split the real and imaginary parts
of neutral components, leading to a CP-even or
CP-odd real scalar DM candidate. Its coupling
to the Higgs boson would induce S| scatterings.

Most stringent constraints from current
direct detection experiments:
o Sl: PandaX-Il [1607.07400], LUX [1608.07648]

@ SD: PICO (proton) [1503.00008, 1510.07754],
LUX (neutron) [1602.03489]

Scalar Models Conclusions

X ‘;N
S| for both fermionic
and scalar y

x N

X ?N
SD for Majorana y
S| for complex scalar y
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Fermionic Models

Introduce 3 Weyl spinors in the dark sector of each model

@ Singlet-Doublet Fermionic Dark Matter (SDFDM):
0

D D}
$€(L0), D= _1]|€(2,-1/2), Dy=| % |€(2,+1/2)
Dy D,
LD—%mSSS—mDGU 1D + y,H;SD} — y,H]| SD‘+hc
© Doublet-Triplet Fermionic Dark Matter (DTFDM):
DY D; r
D, = (D ) €(2,-1/2), D,= (D%) e2,+1/2), T=[T1°|e(3,0)
1 2 T
DiD)— 3m;T*T* + y,H;T*(0*)\D] — y,H, T*(c")\D} + h.c.

L > mpe;D]
© Triplet-Quadruplet Fermionic Dark Matter (TQFDM):
- Q 5"
T= (;ﬁ) €(3,0), Q = cQz% €(4,-1/2), Q,= (ng € (4,+1/2)
Q- Q

L3 —3m TT—moQiQ, + y1€,3(Q) T{H = y,(Q)[T{H] + h.c.
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Y1 =Y, =1 (Custodial Symmetry)

10* -

— 10°

mg (GeV,
mr (GeV)

102 L

10!

Dotted lines: expected 95% CL
constraints from current, CEPC-B,
and CEPC-I precisions of EW oblique
parameters assuming T=U =0

10% b

mr (GeV)

102 L

DD-SI: excluded by spin-independent
direct detection at 90% CL

Dashed lines: DM particle mass 0

mq (GeV)
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SDFDM, y; =1, y,=15

Fermionic Models

¥1 =1 and y, = 1.5 (Custodial Symmetry Violation)

DTFDM, y; =1, y,= 15
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. . A LW :
DD-SD: excluded by SD direct detection ' 107 07 0
mg (GeV)
Q
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Smglet-Doublet Scalar Dark Matter (SDSDM)

A real singlet scalar S €(1,0) and a complex doublet scalar ¢ € (2,1/2):

LD —(a $)*—=miS*+(D,®) D"® —m?|®|* — (xS®'H + h.c. )——7L5,152|H|2
-2, H? |c1>|2—[/12(c1> 'H)? +h.c.]— 25| H|?

o Custodial symmetry: (a) A3 =2A4,; b) A3=—24, and k=0

@ The DM candidate can be either a CP-even or scalar.
SDSDM, 4, = ASWASJ SDSDM, Ay = Agp =1, A5 =1,
dp=-1, Jo=1,K=0.8V
2000 — 2000 T
1800 1800 s
Q 1o
1600 m g 1600 ; e g
< 1400 £ ] o~ 1400 He nfe ]
2 1200 1 3 1200 HE .
©) Mpy = 1000 GeV- ©) . mpw = 1000 GeV]
o 1000 F N 1 M T ., 1000 / 77777777777777
| | 1
E  g00 . . \ 777777777 750 _ ] E 00 . 7”T‘7 77777777 50 . ]
600 i [LUX+ PandaXsgg _ ] 600 S O i
400 1 400 - . . : ]
200 dl ‘ ]
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Dot-dashed lines: free S, T, and U Solid lines: assuming U =0
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Reductlon to the Inert nggs Doublet Model

In the limit k =0 and mg — o0, the singlet decouples the SDSDM model
reduces to the inert Higgs doublet model [Deshpande & Ma, PRD 18, 2574 (1978)]

@ A, <0: CP-even DM candidate, coupling to the Higgs o< A; + 24, + A4
@ Ay, >0: DM candidate, coupling to the Higgs oc A; —2A, + A4

@ A; > 2|A,|: the DM candidate becomes unstable because the charged
scalar in the dark sector is lighter

DSDM, A =1, A = -1 DSDM, 4 = 1.5, 43 =0
20 ; ; ‘ ‘ 0.0 —— ——

15

02 Cop . B
10 e, LUX + PanfiaX
05 . o - 04
<L 00 ' 3; | 3 <

05 '. : : E 06
1.0 \ Z A Tagi = 1000 Ge\d

' .= d 0.8
A5 F E
20 | | ! : 1.0 s

400 600 800 1000 1200 1400 200 400 600 800 1000 1200 1400

mp (GeV) mp (GeV)

Dot-dashed lines: free S, T, and U Solid lines: assuming U =0
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Singlet-Triplet Scalar Dark Matter (STSDM)

A real singlet scalar S € (1 0) and a complex triplet scalar A € (3,0):
1

) 2m552+mA|A|2+ Ash52|H|2+7LO|H| AP+ 24 HW(AT)JH"
+A,H] (AT);A;(H" —(AsH/ A jAf(Hk + AJHPPA J.A{ +A4SH] A jHJ +h.c.)

@ Define A, =2A; £2,, and A3 and A, can be absorbed into A3 and A,
o Custodial symmetry: A_=2A1,=0

STSDM, 2, = .
PRI WA )

2000
1800
1600
1400
1200
1000
800
600
400

2000
1800
1600
1400
1200
1000
800 )
600 [N\
400

400 600 BOO 1000 1200 1400 1600 1800 2000 400 600 800 1000 1200 1400 1600 1800 2000
4 (GeV) m, (GeV)

Dot-dashed lines: assuming S =0 Solid lines: assuming S=U =0
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Quadruplet Scalar Dark Matter (QSDM)

A complex quadruplet scalar X € (4,1/2):
_— "
—L > m2|X|* + Ao |HPIX* + AlHjX,f(X');HZ + AZHZ(XT);kX{ H!
< . Z
—(AHHIX{*X], +h.c.)
o Define AL =A; £ A,, and A can be absorbed into A, in the unitary gauge
o Custodial symmetry: A_ = £224

QSDM, 4, =1,23=05 QSDM, A, =1,4_=0
1.00 T 1.00 77T
N ! :
RN : Ve
BN\ T N\& : 080 | 4
050 [ Lo \ ] /5
[ W\ ! S
[ N, ) ‘ (o
N ' 0.60
< 000[ 1N/ ' B g
4/ 500 mpy = 1000 GeV 0.40 . i
[ o/ .z )
- / P’ ' E >~
LI ‘ 020 [ s Mow = 1000 GeV |
L= 0 ! LUX + PandaX '
LU><l+Panda>< “ !
-1.00 ! 0.00 :
300 400 500 600 700 800 900 1000 1100 1200 300 400 500 600 700 800 900 1000 1100 1200

my (GeV) my (GeV)

Dot-dashed lines: free S, T, and U Solid lines: assuming U =0
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Conclusions

@ An ultra high precision of electroweak oblique parameters in the future
CEPC project can provide us an excellent opportunity to indirectly probe
weakly interacting dark matter.

© We study various fermionic and scalar dark matter models, and show that
CEPC can explore these models up to the TeV scale and investigate some
parameter regions where direct detection cannot reach.
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Conclusions

@ An ultra high precision of electroweak oblique parameters in the future
CEPC project can provide us an excellent opportunity to indirectly probe
weakly interacting dark matter.

© We study various fermionic and scalar dark matter models, and show that
CEPC can explore these models up to the TeV scale and investigate some
parameter regions where direct detection cannot reach.

Thanks for your attention!

February 2017 21 / 28



Backup
@000000

Contours of S for y; =y, =1 (Custodial Symmetry)

SDFDM, y; =y, =1 DTFDM, yy =y, =1
10* T 10*
o g 1000 Gov] - = 1000 G
> >
fo) [0
e 200 e
o - -
E g2 | £ 1
w0 ]
10! Ll . . 10—
10' 102 10° 10* 10! 102 10° 10
mp (GeV) mp (GeV)
The behaviors of S in the SDFDM and o TQFDM, y; =y, =1
T T T T
TQFDM models are similar, while that : ; 1
in the DTFDM model is quite different wh —
=
J &3
SDFDM & TQFDM: one dark sector ‘% ‘
fermion (¥ or x**) remains unmixed Eall /
DTFDM: all dark sector fermion mix
with others = cancellation effects for S ol 07 e
mq (GeV)
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Singlet-Doublet Fermionic Dark Matter (SDFDM)

Introduce left-handed Weyl fermions in the dark sector:
+

D? D
Se(1,0), Dy=|.1]e(2,-1/2), D,=(2]e(2,+1/2)
Dl DZ
. 1
Ls=1i5'6"3,5— E(mSSS +h.c.)
Ly =iD!5"D,D; +iD}5"D,D, — (mpe;; DD} +h.c.)

Yukawa couplings:  Lygp = y;H;SD! — y,H]SD + h.c.

Custodial symmetry limit y =y, =y, = SU(2), x SU(2)y invariant form:

Lo+ Lysy = iD}5*D, DA — %[mDeABeij(DA)i(DB)j +he]+ [yes(HA),S(DFY +h.e]

g i
SU(2)g doublets: (D) = (g}) (HA), = (I:Il)

2
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SDFDM: State Mixing

The dark sector involves 3 Majorana fermions and 1 singly charged fermion

S

3
1 _ 1 _
Liass = —E(S DY DMy | DY |—m,D; DS +h.c. = —3 E mxlpxioxio—mxi)( x +h.e

Dg i=1
mg %)ﬁ" ,/%J’zv S 10
My =| Znv 0 -mp |, [ DY =N 2I
%yzv —mp 0 D; x5

NTMN = diag(mx?, m,, mzé’)’ 2*=D}, z =D
Couplings of the DM candidate xf to the Higgs and Z bosons:
LS %ghzfxi’h}zfl? + %gzx?lfzuf?YuYslf
8ny0y0 = —V2(y1 Ny + ¥, N3N, 82,040 = _%(V\/’zﬂz— V3 2)

Custodial symmetry limit y; =y, = T =U=0 and gz,0,0=0
Y1=Yysand mp <mg = gy,0,0=0 J
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Doublet Trlplet Fermlonlc Dark Matter (DTFDM)

Introduce left-handed Weyl fermions in the dark sector:

0 n r
D D
D, = (Dl) €(2,-1/2), D,= (DZO) €(2,+1/2), T=|T°|&(3,0)
1 2 T

Lp =iD!5"D,D; +iD}6"D,D, + (mpe;; DD} +h.c.)
1
Lr=iT'6"D,T - E(mTTaTa +h.c.)

Yukawa couplings:  Lypr = ylHiT“(o“)§D{ —yzHlTT“(o“);Dé +h.c.

Custodial symmetry limit y = y; =y, = SU(2), x SU(2)y invariant form:

Lp+Lypr = iD4GHD, DA+ % [mpepe; (DY) (DPY +h.c.]+[yens(HY); Ta(cr“);.(DB Y +h.c.]

SU(2)g doublets: (D) = (gi) (HY), = (II:I;T)

2 1

February 2017 25 / 28




[e]e]ele] lele]
DTFDM: State Mixing
The dark sector involves 3 Majorana fermions and 2 singly charged fermions
TO
L _ 1 0 0 0 DO - — T+ h
mass__E(T D1 Dz)MN 1 _(T D] )MC D+ +h.c.
DO 2

=——Zm oxlxl Zm <y xt +he

mr E%V _ﬁ.ﬁv
1 mr —)aV
= —_— O =
My le}'ﬂ’ Mp , Me (_ylv _mD)
— Y2V mp 0

0
1 T+ + T -
2o (l) (o) ()<
DY 20 D, X2 Dy X2
Custodial symmetry limit y; =y, = T =U=0 and g,0,0=0
Y1=Yyzand mp <mp = gp0,0=0 J
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Trlplet-Quadruplet Fermlonlc Dark Matter (TQFDM)

Introduce left-handed Weyl fermions in the dark sector:

T+ Q‘l" Q_2'—+
Q° Q}
T=|T°|€(3,0, Q= Ql €(4,-1/2), Q= QO €(4,+1/2)
T— 1
Qi Q,

- 1
Ly =iT"G"D,T = ~(m;TT +h.c)
£Q = lQJ,lé"U'DHQl + lQ;d"uDMQ2 - (mQQle + hC)
Yukawa couplings:  Lyrg = yleﬂ(Ql){kTIEHl —yz(Qz){kT,iH]T +h.c.
Custodial symmetry limit y =y, =y, = SU(2); x SU(2)y invariant form:

L:Q +£’HTQ = lQAO' D QA__[erABell(QA) (QB)lk +h.c ]+[.V€AB(QA)JkT (HB)J +h.c.]

SU(2)y doublets: (Q4)! = Ggl)‘kf) MY, = (gr)
2k i

1
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TQFDM: State Mixing

3 Majorana fermions, 3 singly charged fermions, 1 doubly charged fermion

T° T+
1
‘Cmass = _E(TO; (1)> Qg)MN Qz - (T_: Q;; Q;)MC QY - mQQI_Q;‘— +h.c.
Q, QG

1 3 - B
=_Ezm’ff’xl’oxl‘0_§mﬁ75i 2 —mox " x " +he

1 1 1
my BV T EY2Y my 7YY 762V

My = %J’ﬂ’ 0 Mg , M= _%}’1" 0 —mq
_%yzv mQ 0 %_yzv —mQ 0
T° 2 * X " Y\ =g
Q(l) = Zzo > QT = CL X;— > Q; = CR 12_ > Z++ = }r+
Q, 23 Q; 2 Q, X ?

Custodial symmetry limit y; =y, = T =U=0 and gz,0,0=0
Yi=Ysand mg <mp = gp0,0=0 J

February 2017 28 / 28




	Introduction
	Global Fit
	EW multiplets
	Fermionic Models
	Scalar Models
	Conclusions
	Backup

