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Outline

* Introduction

 Dark matter search at the LHC

(See the talk by Patrick Fox this Friday.)

 Dark matter search at B factories

« Summary



Properties of DM

« Dark matter exists (galactic rotation curve, gravitational lensing,
CMB,...)

« from PLANCK observation, DM is about 26.8% of our universe

* productions
- thermal: WIMP.,....

- non-thermal: axion,...
« stability of dark matter
-long-living: 7>z, ~10*"s

- absolutely stable by (dark) symmetry

Z> escape detectors at colliders!

« all the observation is by gravitational interaction, but can have
iInteraction other than gravity. — A popular scenario is WIMP.



Probe of WIMP hypothesis

* indirect detection

— dark matter annihilation in sun,
Galactic Center, satellites, etc.

indirect
detection
* direct detection
— measure nuclear recoil from
scattering against nuclei
direct
detection
X 5M
h
collider

 collider search

— dark matter production at the
LHC




WIMP—nucleon cross section [cmz]

Direct detection of Dark Matter
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WIMP—nucleon cross section [cmz]

Direct detection of Dark Matter
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SD WIMP-=neutron cross section [cm-]
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Direct detection of Dark Matter

Spin-dependent

= EMOMT00 limit (2013)
+ 2o expecied sensilivity
+ 15 expecied sensilivity

neutron
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Indirect detection of Dark Matter

PAMELA, FERMI, AMS02

Galactic center DM signal
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Collider signatures of dark matter

Via cascade decays

 MSSM, UED, ...

Mono-X search

pp - SM + E;

« any SM particle(s) possible.
jet(s), v, W, Z, t, tt,...



Dirac fermion

Effective operators

Complex, real scalars

Name| Operator |Coefficient
[}1 Yy qq Jr.!,;...-ﬁ’lf_‘lﬁ
2 YN aq imng /M3
3 YYGToq imng /M2
4 YTXTTg g /M3?
D5 | X" X@7uq /M2
D6 | X" xqug | 1/M:Z
D7 | x¥xqwr'g | /M2
D8 [ xqurte| 1/M2
D9 | ¥ xgomg /A2
D10 | Ty 5 yioasg| i/l 12
D1l | vy GuG™ | ag/4M3
M2 | ¥ G G™ | deg /AM?E
M3 | yyGuG™ | i /4M?
D14 | §7° G G | o /403

Name| Operator |Coeflicient
1 yTvag g /M2
C2 Yivqvig i/ M2
C3 | ¥Tauvar“y /M2
C4 |y uxg*+3q| 1/M2
C5 | x"wGuG*™ | agf4M 2
C6 | x"yGuG" | ia,/4M?2
R1 v2ig mg/2M?
R2 ity img,/20M 2
B3 | G G" | a./8M2
R4 | GG | o, /aM?

Goodman et al., arXiv:1008.1783
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Monojet

L pp — jet+E;

» irreducible backgrounds

pp — jet+Z(Z -5 vv)

« backgrounds coming from events where particles are missed or
misidentified.

pp — jet+WW — Iv)



R M .
- onojet
f M
i A
1[!-3-..1 T :|l;ﬁ__| T T 111 I I T T TTT1 I I I{:Ihhgl
F": I.E i ."
i 0 4
107 1 CMS, 90% CL, TTeV, 5.0 b &
10 AN

— — - —
i tu L 4
Lad ra juiry =

¥-Nucleon Cross Section [cnr]

10%

Scalar

CMS, 909 CL, E- TeV, 18.7 fb

- G Tl
Ezh___cmﬁﬁﬁ?” _JL?___
Vector

__

Eﬁmrr:ll_'i_:. Zon Z

Spin Independent

107

10 10° 10°
M, [GeV]

CMS, arXiv:1408.3583

* a gluonic current
has the strongest
bound.

* scalar interaction
has a suppression
factor due to the light
quark mass.
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Monojet
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Monophoton
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Mono-W/Mono-Z
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Lower limits on M. (GeV)
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Andrea,Fuks,Maltoni, arXiv:1106.6199
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Flavor-dependent U(1)” model

» Charge assignment : SM fermions

Ko,Omura,Yu, JHEP1201,147

Left-handed quarks and right-
handed down-type quarks have
universal couplings.

SUR)SUR) UMy [U(1)
Q1| 3 2 1/6 | qr
(2 3 2 1/6 qr
Qs 3 | 2 | 1/6 | 4
Dil 3 | 1 | 1/3 |-
Dy 3 1 1/3 | —qr
D3| 3 1 1/3 | —qr
0. 3 | 1 | —2/3 w
S 3 | 1 | —2/3] u
Us| 3 | 1 | —2/3] us
H 1 | 2 [1/2] 0

_

19

cannot generate mass terms for right-handed up-type quarks



Flavor-dependent U(1)” model

« Charge assignment : Higgs fields 6 Omuta Yy JHEP1201 147
SU(3).|SU2)L|U(1)y| U(1)
H4 1 2 1/2 |—qr — uy
Hs 1 2 1/2 |—qr — uo
Hs 1 2 1/2 |—qr — us
P 1 1 1 —(qo

* introduce three Higgs doublets charged under U(1)" in addition to H
uncharged under U(1)".

Vy = yit HHU1Qi + yis HoUa Qi + yi5 HsUsQ;
-+ Ug} D.j Q-j_?"‘:’g HT
+ y5 EjLiioH + yl HN; L.

* The U(1)" is spontaneously broken by U(1)' charged complex scalar ®.
20



Anomaly Cancelation

* Anomaly cancelation requires extra fermions: SU(2) doublets

SU(3).[SU(2)|U(1)y U(1)
Q| 3 2| 1/6 | —(q1 + g2 +g3)
DLl 3 1 | =1/3|—(dy + dy + d3)
Url 3 L 2/3 | =(ur 4 ug +u)
Ll 1 2 | =1/2 0
E| 1 1 —1 0
N 1 2 | =1/2 QL
|l 1 2 —1/2 (R
ILo ’ 1 2 | =1/2 —Qr
M 1 2 | =1/2 —Qr

a candidate for CDM

one extra
generation

—-

21



Flavor-dependent U(1)” model

- 2 Higgs doublet model : (u;,u,,u;) =(0,0,1)

SU3). | SU@2), | Ul)y | UQ)
i 1 > /2 | 0
Hy| 1 > 1/2 1
o 1 1 1 -

V, = y4Q:HUp + y45Q;HUg; + y4Q;HsUp,
+y;Q:HDp; + y; LLHE; + y L;HN,.

7 FurT. 7T 1 rd - 7
Tr’h = }ij E:Li{fﬁjhﬂ + }ijDLiDth&

mY cos o 2mk
Y — 4y ~—(gR)ii sin(a — )
. - ; Riig? [
* v cos 3 vsin 23 J
yd -m.f COS (v
¥ — 055,
t vcos3 7

p

o« the fermion mass

22



Flavor-dependent U(1)” model

« Gauge coupling in the flavor eigenstates

Ly =497, { aUL UL + @Dy D, + wUiy* U + daDhﬁ-'“Df?]

- The 3 X 3 coupling matrix ¢r is defined by

biunitary matrix diagonalizing
(Qllf?.)ij - (U}%L.)iku_l—) the up-type quark mass matrix

» Gauge coupling in the mass eigenstates

- Z' interacts only with the right-handed up-type quarks

o2, (o) T 01+t P01, Lot P O (k) P D

flavor off-diagonal
copling

— topphilic DM?



Dark matter search at B factories

* fixed CM energy ./s =10.58 GeV

* relatively free from unitarity or validity of EFT.

» clean signal and low background.

« sensitive to light DM < 5 GeV.

* in principle, possible to distinguish charmphilic or bottomphilic
dark matter.

« already about 1ab-' data were accumulated at Belle and BABAR.

« BELLE II will start to accumulate data soon.



Dark photon search at B factories

- . . - - 1 - L
- general idea: kinetic mixing between y and A’ ~ 3¢F,\F""
Fayet, PLB95, 285 (1980);NPB187, 184(1981)
Holdom, 1986

ee3yA'dye e, yuw w, prompt

102 10" 1 10
my (GeV)

Inguglia, QWG2014

See the talk by H.S.Lee this Friday.
25



Annihilation of light DM

, 1 (ov) [E==dN, 'y
b (AQ) = — T ' 4E. - { “=-lf}-lﬁ’.
Ps ) A Em‘%m /f _ u:LE-',:,'L ' [Mg ,[D.H_p (r)digc

min P \' .

e T

PP J-factor .
The final y-ray spectrum. contains information

about the distribution of DM.
 from the observation of Fermi-LAT of dwarf spheroidal galaxies

b 5010l GV the photon energy threshold~1 GeV
e - below 5 GeV, bounds weaken
' | due to the photon energy threshold
— and threshold for ccbar.
5 20 ~me e below 4 GeV, the final state
T ] energy becomes close to the
S hadronization scale.
v - uti and dd
o s 1+ CMB also constrains s-wave
L ,Cl -1 annihilation at recombination.
4 6 8 10
my [GeV] 26

Fernandez,Kumar,Seong,Stengel, arXiv:1404.6599



Y (3S)

decay

« Y(3S)—ntrY(1S) with Y(1S)—invisible

B(T(1S) — invisible) < 3.0 x 10~*
B(J/V — invisible) < 7.2 x 10~*

M.i?ec =S+ M‘J%‘JT _ 2\/§E:rt?r

.....
.......

IIII|IIII|IIII|IIII|IIII|IIII|I -qllllllll

1 I 1 1
9.42 9.44 9.46 9.48 9.5 9.52

BABAR,arXiv:0908.2840

B(T(1S) = vi) = 0.85x10°°
B(J/V = vi) = 270x 1078

27



Y (3S) decay
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Association production of DM with H

HU/Yme.-..) H=heavy quarkonium
() bound state

— DM 2541, 16, 38,
cc ne J[U
e bM bb m 1
= g

e'ee >HJ/w,n,,..)+E

29



Association production of DM with H

e DM
DM
>
. J/y
e
— decays into an odd ® = d1, d2, d3, d4, d7, d8
number of photons or gluons
e DM
DM
e
e’ e

— decays into an even

number of photons or gluons ® = d5, d6, d9, d10

30



SM backgrounds

1. Irreducible backgrounds

eee >H+Z(Z > wvv)

2. Background coming from events where particles are missed.
e'e” > H+WW WW™ > 1vlv)

—negligible

31



SM backgrounds: e'e” — Hvv

1. Diagrams with one weak boson propagator

7 diagrams

2. Diagrams with two weak boson propagators

v

v 12 diagrams

Suppressed at B factories

32



SM backgrounds: e'e” —> Hvv

14

Js =10.58 GeV
oe'e” > J/yvi)=0.00081 b oe'e” > nvv)=10"1b

33
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Summary

» Many evidences for dark matter, but it has not discovered yet.

« Dark matter search at colliders would have an important role in
discovering dark matter or constraining it.

» Dark matter search at B factories would provide complementary
search for dark matter, in particular, in the light dark matter mass
region.

* A light dark matter might be in tension with astrophysical
observations like CMB.

 Future study: dark matter association production with a heavy
quarkonium at the LHC.
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Fermi-LAT Pass 8

Fermi-LAT Pass 8 Dwarfs (95% C.L.) Prelim ina r ]
- Ackermann+ 2012 MW Halo (3 o) ¥ ]

Ackermann+ 2014 Dwarfs (95% C.L.)
Calore+ 2014 (2 o)
Daylan+ 2014 (2 )
Abazajian+ 2014 (1 o)
Gordon & Macias 2013 (2 o)

Mass (GeV)

B.Anderson, 5th Fermi Symposium
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Y (3S) decay
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