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Dark matter (DM) searches at colliders
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Social dark matter Maverick dark matter
Accompanied by other new particles DM particle is the only new particle
Complicated decay chains reachable at the collision energy
Decay products of other particles Direct production
Various final states Mono-X + F final states
(jets + leptons + Er, ...) (monojet, mono-y, mono-W/Z, ...)

(From Rocky Kolb's talk)
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DM direct productions at colliders
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DM direct productions at colliders
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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.

Assuming the DM particle y is a Dirac fermion, et Z
we consider the following effective operators:
O, :i‘B B;W_i_i- we wauv X
F1 Aill uv Agll uv Z/,Y
o X_X(GZZZW/ZPW + GAZA,LWZHV) _
e X

1. . 1. ,
Op, = EXlexBMVB“V + A—§x1stW5VW““”
sin® @y,  cos® Oy,

3 3
Al AZ

=) X_iYSX(GZZZpWZlW + GAZA;WZ‘W) Gzz =
2

1 ) my _ . 1 1
OFH = FXX(DMH)TDHH - WXXZMZM Gpz = 2sin Oy cos Oy (1\72 - A*?)
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Mono-Z signature: DM couplings to eTe™

This channel can also be sensitive to the DM coupling to ete™.

et X et Z
_ e
>\’\<‘\'\ X % X
e Z e

We consider the following effective operators:

1 _ 1 _ _
Opp = FXY5X6Y561 Op = FXY“YsleYuYse
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MC simulation

Simulation tools: FeynRules — MadGraph — PYTHIA — PGS

SiD/ILD-like detector:

ECAL lution 17% ® 1%
energy resolution — = —— 0
E  \/E/GeV
AE 30%

HCAL energy resolution — =

v E/GeV

Collision energies of future ete™ colliders:
Vs =250GeV: "Higgs factory” (CEPC/TLEP, ILC)
v/s =500GeV: typical ILC
v/s =1TeV: upgraded ILC
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Lepton channel: Z - (T{~ ({ =e,u)

SM backgrounds: ete™ = (T Vv, eTe” -ttt eTe” s ttT VY
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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 p's) with
pr > 10 GeV and |n| < 3, and they are opposite sign and same flavor;
no any other particle;

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

Differential cross section (fb / GeV)
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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 p's) with

pr > 10 GeV and |n| < 3, and they are opposite sign and same flavor;

no any other particle; require the invariant mass of the 2 leptons satisfying
|my, —my| <5 GeV.

e*e” collider, Vs = 500 GeV, I/ + E
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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 p's) with

pr > 10 GeV and |n| < 3, and they are opposite sign and same flavor;

no any other particle; require the invariant mass of the 2 leptons satisfying
|my, —my| <5 GeV.

Reconstructing the recoil mass: m,...; = \/(pe+ + Do — Do, — Pe, )%

e*e” collider, Vs =500 GeV, /I + E e*e” collider, \s =500 GeV, /I + E
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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 p's) with

pr > 10 GeV and |n| < 3, and they are opposite sign and same flavor;

no any other particle; require the invariant mass of the 2 leptons satisfying
|my, —my| <5 GeV.

Reconstructing the recoil mass: m,...; = \/(pe+ + Do — Do, — Pe, )%

veto events with M. < 140 GeV.

e*e” collider, Vs =500 GeV, /I + E e*e” collider, \s =500 GeV, /I + E
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earches at colliders Mono-Z signature Sensitivity Beam polarization Conclusions

[e]e] lele]e]e]e)

Lepton channel: Z — (70~ ({ =e,u)

Cross sections o and signal significances S after each cut
(v/s = 500 GeV, with an integrated luminosity of 100 fb™1)

vy vt tteTey Oy Ol @ Ogp ()N
o o o c § o § o § o § o S
Cutl 306 204 2.85 2.651.462.94 1.61 2.47 1.36 3.24 1.78 2.86 1.57
Cut2 235 11.8 1.29 2.521.602.82 1.78 2.39 1.51 3.19 2.01 2.19 1.38
Cut3 239 0.410 0.0495 2.41 4.67 2.70 5.18 2.29 4.44 3.06 5.84 2.09 4.07
Cut4 16.0 0.410 0.0495 2.39 5.51 2.70 6.16 2.19 5.08 3.06 6.92 2.09 4.86
Cut5 12.1 0.410 0.0471 2.19 5.69 2.42 6.24 2.11 5.50 2.95 7.47 2.01 5.25

(o infb, S=5/VS¥B)

Zhao-Huan YU (IHEP) Searching for dark matter in the mono-Z channel at ete~ colliders Dec 2013 10/ 21



Sensitivity
000@0000

Hadron channel: Z — jj

SM backgrounds: ete™ — jjvv, ete™ — jjlv, ete™ — tt
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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
|n| < 3; no any other particle;

e'*e” collider, Vs = 500 GeV, jj + E
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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

|n| < 3; no any other particle; require the invariant mass of the 2 jets
satisfying 40 GeV < m;; <95 GeV.

e'*e” collider, Vs = 500 GeV, jj + E
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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
|n| < 3; no any other particle; require the invariant mass of the 2 jets
satisfying 40 GeV < m;; <95 GeV.

Reconstructing the recoil mass: M. = 1/(pe+ + Pe- —pj, —P;,)%

e'*e” collider, Vs = 500 GeV, jj + E e'e” collider, Vs =500 GeV, jj + E
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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
|n| < 3; no any other particle; require the invariant mass of the 2 jets
satisfying 40 GeV < m;; <95 GeV.

Reconstructing the recoil mass: M. = 1/(pe+ + Pe- —pj, —P;,)%
veto events with Mmy...; < 200 GeV.

e*e” collider, Vs =500 GeV, jj + E
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earches at colliders Mono-Z signature Sensitivity Beam polarization Conclusions

[e]e]o]e] elele)

Hadron channel: Z — jj

Cross sections o and signal significances S after each cut
(v/s = 500 GeV, with an integrated luminosity of 100 fb™1)

jjvv jjtv  tt Ok Ok, Ok Opp On

o o o co § o § o § o § o S
Cutl 245 131 1.74 18.9 9.47 20.9 10.4 17.8 8.94 22.1 11.1 18.4 9.24
Cut2 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
Cut3 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 4 115 149 0.264 16.3 13.4 18.7 153 14.6 12.1 20.7 169 13.3 11.1
Cut5 92.6 2.91 0.253 15.1 14.3 17.1 16.1 14.1 135 20.1 18.7 12.9 12.3

(o infb, S=5/VS¥B)
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30 sensitivity: DM couplings to ZZ/Zy

e*e” collider, Operator F1 e*e” collider, Operator FH
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(with an integrated luminosity of 1000 fb™!, assuming A = A; = A, for Op; and Of,)

Zhao-Huan YU (IHEP) Dec 2013 13 /21



Sensitivity
00000080

30 sensitivity affected by the A;-A, relation

e*e” collider, Vs =500 GeV, jj + E, Operator F1
—

600 1 —

xxZZ coupling:

sin?6,,  cos? 6y, 500 |- T~ 1000 b1 7

7z — 3 3
Al AZ

A (GeV)

xxyZ coupling:

_ 11
Gy = 25sin 6y, cos 6y, (A_g - A_f)

A= A; =A,: only the y ¥y ZZ coupling contributes.

A=Ay =—Ay: the yyyZ coupling is dominant.

A=A, Ay — 00: the yyyZ coupling is dominant.

A=Ay, Ay = 00: the yyZZ and the y yyZ couplings are comparable.
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30 sensitivity: DM couplings to ete”

e*e” collider, Operator FP % — ¢*¢”, Operator FP
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(with an integrated luminosity of 1000 fb~1; Fermi upper limits come from arXiv:1310.0828)
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Cross sections with polarized beams

s =500 GeV, ¢'e” — livy s =500 GeV, ¢’¢” — x7Z, Operator F1

5 =500 GeV, ¢*¢” - z7Z, Operator FP
1.0

1.0 1200 1.0 120 120
1000 100 100
a® 05 a® 0. a® 05
5 800 s 80 s 80
g -~ F -~ K ~
g g 3 g 3 s
g 00 600 = £ 00 60 = £ 00 60 =
] - © & ©
g : :
£ 400 2 40 2 40
g g 05 g 05
£ 05 £ £ 0
200 ‘ 20 20
-1.0 0 -1.0 0 -1.0 0
-1.0 -0.5 0.0 0.5 1.0 -1.0 -05 0.0 0.5 1.0 -1.0 -0.5 0.0 0.5 1.0
Electron polarization Py- Electron polarization Py- Electron polarization Py-
(LLvv, jjvv, jjlv are similar) (Ogy, Opy, Opy, Opa are similar) (Orpp)

@ W= only couples to left-handed e~ (right-handed e%).

. 82 _ _
+ 0

@ e~ couples to Z" via eryMe;, + gpenyten)Z,,.
p 2c0s 0 (grerrer, + grerr'er) u

g, =—1+2sin?0,, ~ —0.56, gz = 2sin? Oy, ~ 0.44, g%/g}% ~ 1.56.
The left-handed e~ (right-handed e™) coupling to Z° is stronger.
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Cross sections with polarized beams

5 =500 GeV, ¢ — livy 5 =500 GeV, ¢*¢” — z7Z, Operator Fi 5 =500 GeV, ¢*¢” - z7Z, Operator FP

10 1200 10 120 10 120
1000 100 100
a® 05 a® 0. a® 05
5 800 s 80 s 80
H H H
£ g £ ) £ )
5 oo 60 £ 5 oo 02 F oo 60 £
2 PR o 2 o
c c :
£ 400 2 40 2 40
g g 05 g 05
8 05 8 - 8 .
200 ‘ 20 20
10 0 10 0 10 0
40 05 00 05 10 40 05 00 05 10 40 05 00 05 10
Electron polarization P- Electron polarization P- Electron polarization P
(eLvv, jjvv, jjlv are similar) (Og1, Oy, Opy, O are similar) (Orpp)

The dashed box indicates the polarization ranges achievable at the ILC:
-0.8<P,- <+40.8, —-03<P,<+40.3.

In order to obtain the maximal signal significance,
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Cross sections with polarized beams

5 =500 GeV, ¢*¢” - z7Z, Operator FP

s =500 GeV, ¢'e” — livy s =500 GeV, ¢’¢” — x7Z, Operator F1
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Electron polarization Py- Electron polarization Py- Electron polarization Py-
(LLvv, jjvv, jjlv are similar) (Ogy, Opy, Opy, Opa are similar) (Orpp)

The dashed box indicates the polarization ranges achievable at the ILC:
-0.8<P,- <+40.8, —-03<P,<+40.3.

In order to obtain the maximal signal significance,
A (Pe—,Pe+) = (+08, —03) is Optlmal for OFl’ OFZ! OFH! OFA;
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Cross sections with polarized beams

5 =500 GeV, ¢*¢” - z7Z, Operator FP

s =500 GeV, ¢'e” — livy s =500 GeV, ¢’¢” — x7Z, Operator F1

1.0 1200 1.0 120 1.0 120
1000 100 100
a® 05 a® 0. a® 05
5 800 s 80 s 80
T T T
g . & - § .
g g 3 g 3 s
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-1.0 -0.5 0.0 0.5 1.0 -1.0 -05 0.0 0.5 1.0 -1.0 -0.5 0.0 0.5 1.0
Electron polarization Py- Electron polarization Py- Electron polarization Py-
(LLvv, jjvv, jjlv are similar) (Ogy, Opy, Opy, Opa are similar) (Orpp)

The dashed box indicates the polarization ranges achievable at the ILC:
-0.8<P,- <+40.8, —-03<P,<+40.3.

In order to obtain the maximal signal significance,
A (Pe—,Pe+) = (+08, —03) is Optlmal for OFl’ OFZ! OFH! OFA;
* (P,-,P,+)=(+0.8,+0.3) is optimal for Op.
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Sensitivity improvements

Signal significances without and with 600 76" collder, € =500 GeV, Operalor Ft

polarized beams for the benchmark points 500
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Conclusions and discussions

© In addition to DM direct and indirect detection, DM searches at
colliders provide an independent and complementary way to

explore the microscopic nature of DM particles.

@ The mono-Z searching channel at e*e™ colliders is sensitive to the

DM couplings to ZZ/Zy and to eTe™.

© Polarized beams are helpful to improve the signal significance.
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Thanks for your attentions!
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Mono-Z: ete™ colliders vs.

@
3
3

700
600
500

400

A (GeV)

300
200
100

o

e’e” collider, Operator F1

10 50
m, (GeV)
This work

100

Backups
o] Yo}

Interaction scale exclusion

10
10 2ZZxx, dim—T7 (max. photons)
ZZxy, dim~7 (no photons) T
10% \
22, dim-5
10"
10°
107
107
—  ATLAS excluded (90%CL)
10?
107 10° 10" 10° 10°
m, [GeV]

LHC, /s=7 TeV, 4.6 fb™*

[Carpenter, Nelson, Shimmin, Tait
and Whiteson, arXiv:1212.3352]

Zhao-Huan YU (IHEP) Dec 2013 20 / 21



Backups
ooe

DM couplings to e"e”: mono-Z vs. monophoton
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