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 WIMPs as the particle explanation of dark matter

. ENERGY DISTRIBUTION
Dark matter contributes 26% of the total __ GSTHELRVERSE
energy of the Universe;
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 WIMPs as the particle explanation of dark matter

Dark matter contributes 26% of the total
energy of the Universe;

Weakly interacting massive particles (WIMPs) o

Indirect detection
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* The lepton portal dark matter

The Lagra ngian ['Y. Bai and J. Berger, 1402.6696]

Mediator, singlet scalar with hypercharge -1

Ly = SXIV"0uX = 5ma XX + Yo (xrSTr +h.c.),

DM candidate, Majorana fermion |— lepton portal coupling

M|
1 1 | SM leptons (e u 1)

The freeze-out process:

500F T
e t-channel mediator exchange; | Yicontour for corrg
: 400, @bundance
e p-wave dominant ,
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Direct & indirect & collider searches

Direct detection:

€r X; 7 One-loop induced operator [Y- BaiandJ.

Berger, 1402.6696]
S e S O = ()‘(7“758”)( + h.c.) Flu,
~ « Due to the Majorana feature;

* p-wave suppressed, g, = 1074 cm?,
aN ZN hopeless to detect.

XL

Indirect detection:
XL er’

n

X1

€r Also p-wave suppressed and hence negligible.

We therefore focus on the collider searches.

* |In addition to the lepton portal coupling, a more complete scalar sector is
considered;
e Gravitational waves signals could be complementary to the collider searches.
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e The collider searches

The Lagrangian: lepton portal + scalar sector

1 . 1 _ R
Lx = §XWM8”X — §mxXX —H‘.%:(XLSWR + h.c.) ,

Ls= (D"S)'D,S—V(H,S),
V(H,S) = py|H* + p3|S1” + Au|H|* + Xs|S|* + IAnsiH[*| S|,

* Target: probe the lepton portal coupling and scalar portal coupling
Main collider signals:

e Pair production of the charged mediators 5*S-, and the corresponding di-
lepton signals;

e 99 Z* vt = §TS™ sttt x| |eTe™ = Z7/y* — SESTH) o ity x

gg — h* = STS™ = 0Tyl CEPC

* Higgs/Z coupling deviation/exotic decay.

h/Z — ST ST '~ x LHC
h— xx, h— 070 CEPC
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 LHC signals: §*S-

Production channels

. . . 2 2
Drell-Yan production by quark-antiquark fusion; 2Ams|H|7|S]7,
Gluon fusion to off-shell Higgs to 5*S-.
a S8t 9O P st
Z7 v , ___’:_;:(';‘;
\\ ¢ .‘\'\
q e gATTIT™ R

The gluon fusion can be important for the low ms region.
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o
N

10" Gluon fusion [Ays=1] -

o
w
TT T[T TTTTT

Combination

a(pp~>S*S7) [fb]
3,

10_1?

e
-_—

g(gg->h*->S*S7)/a(pp~>S*S")
o
o

N
N
N
N
N
N
N
N
Y
N

2L Loy L 3
10 200 400 600 800 200 400 600 800

mg [GeV] ms [GeV]

Ke-Pan Xie (I#1TH7), U of Nebraska-Lincoln



LHC signals: §*S-

Phenomenology

S decays exclusively to lepton + DM: di-lepton + MET signal; Cuts:
1. Two opposite charged leptons with pr> 25 GeV and |n| < 2.47;
At most one light-flavor jet with p;> 20 GeV and |n| < 2.4;

2.
3. M(di-lepton) > 100 GeV, MET > 110 GeV,;
4

My, > 100 or 160 GeV.

Enhanced reach due to |
gg — h* — 8TS~

o o o o o
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 LHC signals: §*S-

Phenomenology

S decays exclusively to lepton + DM: di-lepton + MET signal; Cuts:
1. Two opposite charged leptons with pr> 25 GeV and |n| < 2.47;
At most one light-flavor jet with p;> 20 GeV and |n| < 2.4;

2.
3. M(di-lepton) > 100 GeV, MET > 110 GeV,;
4

My, > 100 or 160 GeV.

Enhanced reach due to |
gg — h* — 8TS~
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* LHC signals: Higgs coupling deviation

Phenomenology 2ms[HI’IS1%, AAA~Z/~
e The constraints on scalar portal coupling A5 at . ,,"'
thelHC; i i< s
 Derived based on the ATLAS results [2103.06936, T
2004.03447] o
SANANANAZ [y
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] w
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 CEPCsignals: 5§

Production channels

* Drell-Yan production by e*e™ fusion;

* Forms< 125 GeV, $*S™ are produced on-shell, and decay exclusively into
lepton + DM;

* For 125 GeV < ms< 250 GeV, one S can be off-shell, leading to the direct
probe for lepton-portal coupling y,.
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e CEPCsignals: S*S-

Phenomenology

Signals: di-lepton + MET; Selection cuts: [€a0. Li. KPX, Zhang, 1810.07659 (PRD)]
Two charged leptons pr>5 GeV and |n| < 3;

1.

vk whN

Veto jets within the above region;
MET > 5 GeV;
M+, > 20 GeV,
cos ¥(I*) < 0.3 and cos U(/") > -0.3.

g—l—
<

Z* ry* //
S—\\ X

Yy ()ZLSWR + h.C.)
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e CEPCsignals: S*S-

Phenomenology

Signals: di-lepton + MET; Selection cuts: (20, Li, KPX, Zhang, 1810.07659 (PRD)]

1. Two charged leptons p;>5 GeV and |n| < 3;
2. Veto jets within the above region;
3. MET >5 GeV,
4. My, >20GeV; SRR LA EEnnE:
5. cos ¥(I*) < 0.3 and cos 9(I") > -0.3. - Right-handed selectron-like S* ]
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e CEPCsignals: S*S-

Phenomenology

Signals: di-lepton + MET; Selection cuts: [€a0. Li. KPX, Zhang, 1810.07659 (PRD)]
Two charged leptons p;>5 GeV and |n]| < 3;
Veto jets within the above region;

1.

vk whN

MET > 5 GeV,

M, > 20 GeV; 150 RN 1]
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* CEPC signals: exotic decays () e (R1SHn +hc)

Higgs exotic decays to di-lepton + MET 2Ams|H|2|S|? -

* For Higgs: ms< 62.5 GeV is already excluded; .s//<
thus we consider 3-body (Sly) or 4-body (Ixlx); .’ s X

* Probe the combination yAys or y2Ays. S+\ < X
Phenomenology o+
Use the Zh associated production with Z 407 T T T T
decaying leptonically: 3, ARSTISTSIxX ]
2NN \[s =250 Gev
305 L=5ab™!
1. Four charged leptons pr> 10 GeV N
and |n| < 2.47; AN
2. Two opposite charged leptons within ~ ©, 20 o
the Z pole + 5 GeV; et ‘
3. MET > 20 GeV; ol
4. The reconstructed Higgs mass within j yyu e
the [120, 130] GeV; Ot e
Ob . TSR anae
] 100 200 300 400 500 600
Main backgrounds: SM W*W-Z, Zt't.
mg [GeV]
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 CEPC signals: exotic decays (1)

Y ()ZLSTKR + h.C.)

Z exotic decays to di-lepton + MET

* 4-body decay (Ixlx)
* Probe the lepton portal | A <x
coupling y; ANNNNL

. N .
CEPC projections < .

For the Z-pole run

1. Two opposite-sign leptons p;> 10
GeV and |n| < 2.5;
2. MET > 10 GeV;

Main backgrounds: SM di-boson.

* “thermal DM excluded”: the DM
overproduced region.

100 200 300 400 500 600
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CEPC signals: exotic decays (l1)

Ye ()ZLST_KR + h.c.)

Higgs invisible decays s HI*ISP,
* Current ATLAS bound: Br<13%; Sy e X
* HL-LHC projection: Br < 3.5%; ----< :
« CEPC projection: Br < 0.3%. 5 X X
* Probe the combination y2A, (lepton portal and scalar portal)
Projections
Ans
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5.0
y; given by correct DM 2
abundance: probing Ay S

’POO 200 300 400 500 600
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 CEPCsignals: Higgs coupling deviation

22 us|H[?|S|?, e Y (xrS™R + h.c.)

Higgs to di-lepton

CEPC projections: 6k,< 8.7%, and 6k, < 1.5% h L5

Probe the combination y/2A,s (lepton portal and scalar portal)

Projections

y? Aus
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0 200 300 400 500
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A summary for the collider phenomenology

The model

1 . 1 e,
L, = wauﬁux — §mxxx —H‘.%}(XLSWR + h.c.) :

Ls= (D"S)'D,S—V(H,S),
V(H,S) = py|H* + p3|S1” + Au|H|* + Xs|S|* + IAnsiH[*| S|,

* The relevant parameters: mass ms and m,, the lepton portal coupling y,
and the scalar portal coupling Ays.

Phenomenology at the LHC

* 5*S:Ays (for the gluon fusion);
* Higgs coupling to di-boson: Ays;

Phenomenology at the CEPC

e S$*S:y(for the off-shell S);

* Higgs exotic decay to (IxI"x): v Aus (3-body) or y/*Ays (4-body);
» Zexotic decay to (IxIx): v;;

* Higgs invisible decay to xx: v Aus;

* Higgs coupling to leptons: y2A,s;

Ke-Pan Xie (¥#1[H7), U of Nebraska-Lincoln
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Gravitational waves probe

A first-order electroweak phase transition

* The potential receives thermal correction in the early Universe;

V(H,S,T) = (g + e T H? + (15 + ¢ T*)|S]> + Au|H[* + As[S|* + 2 usH|?[S]%;
3¢ +9”% | yi |, Am | Aws 9% As | Ams
h=Tg Tyttt T T3 Ty

* If us? <0 and Agsis sizable, the potential V(H,S) might triger a 1st-order
EW phase transition and provide detectable GWs;

1007‘ 1 0_8 g T T IIIIII| TT IIIIIII TT IIIIIII T I’IIIIIIII ll,l II[IIIIIII T TTTIT
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Gravitational waves probe

A first-order electroweak phase transition

* The potential receives thermal correction in the early Universe;

V(H,S.T) ~ (i + cn T H + (12 + TSP + Al HI* + As|S|* + IrustH ]S

3¢ +9¢7 vy} Am
cp = ——7—

)\HS 9/2 )\S )\HS

6 a9

e T T3

* If us? <0 and Ay is sizable, the potential V(H,S) might triger a 1st-order
EW phase transition and provide detectable GWs;

Ans

37\\\\\\\\\ T T T T T T 177 \\\\\,(\T’\H 2_5:\\\\HH\‘\HHHH‘HHHH\‘HHHH\H\HHHHHHH\H
; As > 471 20; ms = 300 GeV E
2F . E

i o "PF mg =200 GeV

L ] T F

- 1 <

- As=0.5 ] 1.0

10 As=1 g ms = 100 GeV 1
r Ag =2 E ]
: As=4 03¢ FOPT E
r As=8 | .+ LISA reach -
L Lo L Lo l 0'0:\\\\\\\\\‘\\\\\\\H‘HHHH\‘\HHHH‘H\HHH‘HHH\H‘H:
?00 200 300 400 0 2 4 6 8 10 12

mg [GeV] As
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* Gravitational waves complementarity

h— ™
Interplay with the CEPC experiments O e = sow - woew
— 50 GeV — 60 GeV
B GW signal
h — xx
10 T T T T T 6’
1 — my=1GeV — 5GeV — 10 GeV ;é’
| — 50GeV — 60 GeV 4
8,
I B GW signal 2t
6/ %0 200 300 400 56; 66(;
% ] ms[GeV]
= D d by Hi for |
al .etecte y Hi ecay (for | I —s ot
' different D ss) ] 10 ‘ ‘ ‘ ‘ ‘
1 —_ mX=1GeV — 5GeV — 10 GeV
il — 50 GeV — 60 GeV
27 I 7 8 W GW signal
T h - invisible @ 1-loop ) i
900 200 300 400 500 600 =

J
ms[GeV] /i

h - 17 @ 1-loop

Shaded region: Detected by phase

transition GWs f00
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Thank you!
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