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WIMP

weakly interacting massive particles

Dark Matter




Dark Sectors




Probing dark sector in all the directions

Cosmology

CMB
dark matter annihilation
light relic

Particle Physics

LHC

future colliders
XENONNT, LZ
SuperCDMS, ...

SHIP, ... FermiLAT
AMS
LISA

Astrophysics




Probing dark sector with Z-factories

« Can the future e"e” colliders (exotic Z decay) search for dark
sector?

s it better than other searches?
dark matter direct and indirect detection experiments
colliders

* How many Z will be produced?
Giga Z (10%) 22.9fb™
Tera Z (102) 229 ab™

* the existing LEP searches
L3y
Z = 20" + invisible



Plan

e starting from models
* Higgs portal
mixing with Higgs
vector portal
mixing with U(1)y gauge fields
e axion-like particles
higher dimensional operators

 model independent
classified by final states, topologies and resonances



Higgs portal + fermionic DM

e S and higgs mixing

L=-X\ (HTH)S_)\Q (HTH) S% 4.

mixing angle a )
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* |inking to dark matter x
L= —yySXX
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e exotic Z decays
(MET+£72", 1 resonance)
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* higgs invisible decay
(h—ss)

* indirect detection (p-wave)
direct detection (> 10 GeV)



Vector portal + scalar DM

* A’ and U(1)y gauge field B mixing
[ — ¢ B/WA;W—I-"'

26W
A’ mix with Z and photon

K —m>y, +Mmy
A, | = 0 1 € A,
2t
\ 4, ) m;jz_%%eo 1 ) \ A )

* |inking to scalar dark matter
Ls= (0,8 +igpA',S)*(0"S +igpA™"S) — mgS*S

\\S

¢ gives mass to S and A’

( MET+£72", 2 resonances )
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( MET+£72", 1 resonance)



Vector portal + scalar DM
* A’ and U(1)y gauge field B mixing

€

L = BHY A’
26W 'W/—I_
A’ mix with Z and photon .
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* |inking to scalar dark matter
Ls= (0,8 +igpA',S)*(0"S +igpA™"S) — mgS*S
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( MET+£72", 1 resonance)



Vector portal + scalar DM
* A’ and U(1)y gauge field B mixing
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* |inking to scalar dark matter
Ls= (0,8 +igpA',S)*(0"S +igpA™"S) — mgS*S

\\S

¢ gives mass to S and A’

( MET+£72", 2 resonances )
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( MET+£72", 1 resonance)
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dark photon searches
BaBar and LHCDb

* indirect detection (p-wave)
direct detection (> 10 GeV)



Higher dimensional Operators
 Magnetic inelastic DM (MIDM) and Rayleigh DM (RayDM)

1 1
XQO-MVXIB/H/ =+ ]’L.C., ORayDM —

OMIDM = X1x1B" B,

3
Anpm ARayDM

* from the same UV theory (x has Dirac and Majorana mass)

»
O\Dxd + h.c.) | i :ZX
p),

e exotic Z decays

€+

[N. Weiner, |. Yavin arXiv : 1206.2910]
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Magnetic inelastic DM and Rayleigh DM
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Axion-like particles

e generic from UV theories

connecting to the standard model and dark sector

Larp =

e exotic Z decays

(2 or 3y, 1resonance )

(MET+y, 1 resonance )
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Summary

e starting from models

* Higgs portal

+ fermionic DM

mixing with Higgs

vector portal

+ scalar DM
mixing with U(1)y gauge fields

* axion-like particles

higher dimensional operators MIDM and Rayleigh DM
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Exotic Z decay topologies

Z = F+nyy+ ngro- L0 + ng,qq

exotic decays |topologies Nres |Models

Z = X1X2, X2 = X17 0 1A1ﬁ>€20WX1BW (MIDM)
Z o Bt 7 — XX 0 [1B: ﬁxXBWBW (RayDM)

Z —ay— (E)y 1 |1C: g3—aB,, B" (long-lived ALP)
Z = Ay — (xx)y 1 |1D: P’ A',,B,0,B, (WZ terms)
Z — ¢gA g — (vy), A" = (xx)| 2 |2A: Vector portal

Z-FE+vy |7 > OdadA, ¢ — (vY), ¢4 —| 2 |2B: 2HDM extension
(Xx)
Z — X2X1, X2 — X190, & — (77Y) 1 |2C: Inelastic DM
Z — X2X2, X2 = VX1 0 |2D: MIDM
Z — ¢qA', A — ({7, ¢g —| 2 |3A: Vector portal

Z = FE+0e 0
Z — A'SS — (e0)SS 1 |3B: Vector portal
Z — &(Z*]v*) — plt i 1 [3C: Long-lived ALP, Higgs portal
Z — xox1 — x14x1 — (¢T47)F| 1 [3D: Vector portal and Inelastic DM
Z — X2X1, X2 — X140 0 [3E: MIDM, SUSY
Z — e~ 0 |3F: RayDM, slepton, heavy lepton mixing
Z — dqgA" = (xx)(4Jj) 2 |4A: Vector portal

Z—=FE+JJ |7 da A — (bb)(xx) 2 |4B: Vector portal + Higgs portal
Z — xax1 — bbx1 + x1 — bbE 0 [4C: MIDM




Exotic Z decay topologies

Z = F 4 nyy 4+ nprp- L0 + ngqdq

f

‘ exotié decays ftopologies Nres |Models
1Z = xax2 x2 = x17 0 |1A:ix 5 X20""X1 By (MIDM)

2 Etn Z = XX 0 [1B: @;‘OCBWBW (RayDM)

2 —ay— (B)y 1 |1C: g3—aB,, B" (long-lived ALP)
Z — Ay = (xx)7 1 |1D: P’ A',,B,0,B, (WZ terms)

r VZ — pgA pg — (v), A = (xx)| 2 |2A: Vector portal

Z—E+y — duda, dég — (7y), pa —| 2 |2B: 2HDM extension

} 1 (xXx)

, Z — X2X1, X2 — X190, & — (77Y) 1 |2C: Inelastic DM
.‘ Z = X2X2, X2 — YX1 0 |2D: MIDM
— QgA', A — ({T07), ¢g —| 2 [3A: Vector portal

LBt g_ (Xx)

_;‘ — A'SS — (00)SS 1 [3B: Vector portal
:,' — $(Z* |y) = per e~ 1 |3C: Long-lived ALP, Higgs portal
— xox1 — x1A'x1 — ({T¢7)F| 1 |3D: Vector portal and Inelastic DM
— X2X1, X2 — X140 0 |[3E: MIDM, SUSY
;1, — e 0 |3F: RayDM, slepton, heavy lepton mixing
17 — A" = (xx)(4J) 2 |4A: Vector portal

‘ Z—FE+JJ Z — ¢pgA" — (bb)(xXx) 2 |4B: Vector portal + Higgs portal

Y — yax1 — bbx1 + x1 — bbF 0 |4C: MIDM




Exotic Z decay topologies

Z = F +nyy + ngr - 00 + ngeqq

exotic decays |topologies

" i

Z — X1X2, X2 — X1

—X20"x1 By, (MIDM)

1A

Z — XX . ——xxBuB" (RayDM)
Z—F+~ A W
Z = ay— (B)y : ﬁaBWBW (long-lived ALP)
Z = Ay — (xx)y : P’ A’ B,0,B, (WZ terms)
Z — dqA g — (vy), A" = (xx) : Vector portal
Z-FE+vy |7 > OdrdA, O — (VY), A : 2HDM extension
(Xx) "
Z = xax1, X2 = x19, ¢ = (v7) | : Inelastic DM
Z — X2X2; X2 — VX1 : MIDM
Z — ¢pgA', A — (0707, Py —>4 : Vector portal
Z = FE+0e 0 |

Z — A'SS — (¢0)SS

: Vector portal

Z = §(Z*)v*) = pl+ i~

: Long-lived ALP, Higgs portal

Z = xax1 = x1d'x1 — (T E

: Vector portal and Inelastic DM

Z — Xax1, X2 — x1£te

. MIDM, SUSY

7 — X\t~

: RayDM, slepton, heavy lepton mixing

Z = ¢aA" = (Xx)(j7)

: Vector portal

Z—=E+JT |7 = ¢aA — (bb)(xy)

: Vector portal + Higgs portal

Z — x2Xx1 = bbx1 + x1 — bbE

: MIDM




Exotic Z decay topologies

Z — B+ nyy +npep- 007 + ngeqq

exotic decays ; opologies Nres |Models

— X1X25 X2 = X17 ¢ 0 | 1A X020 X1 By (MIDM)
Z B tn , — XX 0 |1B: ﬁ)‘()(BWBW (RayDM)

— ay — (B)y . 1 |1C: g5—aB,, B" (long-lived ALP)
— Aly = (xx)y | 1 |1D: 7 A',B,8,B, (WZ terms)
— ¢qA" \pg — (vy), A" = (xx) 2 |2A: Vector portal

Z—E+vy ' — opodA, O — (VY), da —> 2 |2B: 2HDM extension
XX)
! — X2X1, X2 — X190, & = (vy) & 1 |2C: Inelastic DM

— X2X25 X2 — YX1 0 |2D: MIDM

Wz — paA’, A" — (0T07), ¢q 2 |3A: Vector portal

Z— B+t (XX) |
Z — A'SS — (00)SS 1 |3B: Vector portal
{ — (2% |v*) — Pl 1 |3C: Long-lived ALP, Higgs portal
f — xox1 — x1A'x1 = (T4 E 1 |3D: Vector portal and Inelastic DM
B4 — X2X1, X2 =7 x14te 0 |3E: MIDM, SUSY
, — e {0 |[3F: RayDM, slepton, heavy lepton mixing
Z — pgA" — (xx)(37) . 2 |4A: Vector portal

Z—FE+JJ — pg A" — (bb)(xx) ;2 |4B: Vector portal + Higgs portal
| — xax1 = bbxa + X1 — bOE 0 4C: MIDM




Exotic Z decay topologies

Z — B+ nyy +npep- 007 + ngeqq

exotic decays |topologies Nres < modéls ‘ \
Z = X1X2 X2 — X17 0 : 1A:ﬁx‘20wxle (MIDM) A
g, 22X 0 ‘ 1B: 5 XxByw B (RayDM)
Z = ay— (B)y 1 §1C: g3.5aB,, B" (long-lived ALP)
Z = Ay — (xx)y 1 i 1D: P’ A, B, 0,Bs (WZ terms) A
Z — ¢pgA g — (vy), A = (xx)| 2 ; 2A: Vector portal
Z-FE+vy |7 > odadA, ¢ — (vY), da —| 2 ‘ 2B: 2HDM extension «
(x) |
Z — X2X1, X2 = X109, 0 — (yy) | 1 QC: Inelastic DM
7 = X2X2, X2 — VX1 0 ‘ 2D: MIDM
Z — pgA' A — (T, pg —| 2 ' 3A: Vector portal
7 b ot | XY '
Z — A'SS — (e0)SS 1 3B: Vector portal ,
Z — &(Z*]v*) — plt i 1 1 3C: Long-lived ALP, Higgs portal :
Z = xax1 — x\14x1 — (4P| 1 ‘ 3D: Vector portal and Inelastic DM
Z — xax1, X2 — x14te~ 0 3 3E: MIDM, SUSY
Z — e~ 0 ; 3F: RayDM, slepton, heavy lepton mixing
Z — dqgA" = (xx)(4Jj) 2 : 4A: Vector portal "
Z—FE+JJ |7 da A — (bb)(xx) 2 ‘ 4B: Vector portal + Higgs portal ‘
Z o xaxi bt 0B | 0 facwiom




Exotic Z decay topologies
7 > B+ N,y + n€+g_€+€_ + Ngeqq

Z — ¢gA pg — 55, A — 37 2 |5A: Vector portal + Higgs portal
Z = (JI)NJJI)|Zz - bgA!, pg — bb, A" — jj 2 |5B: vector portal + Higgs portal
Z — ¢gA', pg — bb, A’ — bb 2 |5C: vector portal + Higgs portal

Z —=yyy | Z = oy — (yy)y 1 |6A: ALP, Higgs portal
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Z = MET + v

MIDM, O resonance
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X2 Xl

e X1

* box shape of photon
spectrum

* Luminosity scale

S
— ~ VL =10
v B



BR(Z-yXX)

X1

X1

RayDM, O resonance ALPs,1 resonance
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Comparing with HL-LHC
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Conclusion

* from well-motivated models
—iggs portal ,vector portal,

nigh dimensional operators, ALPs
give leading and complementary reaches

o — — — — —

Napg [GeV]

* from model-independent method ( classified by topologies)

Giga Z limits BR 107° - 1085
Tera Z limits BR 107> - 10-11
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Br{Z]
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Axion-like particles

Nagg [GeV]

~ IJV "
aB, B "Q)
4 /\aBB ."" 4
7 A
10 TeraZ ( ¥y) R\
______ N

4?""/// Giga Z (2y)

107F
AN e
I e e e e e e e e e A

L3 (¥y)/

;;7 ________
7/ “Tera Z (27)

- (oZ) SY1LY i

~y

e

—

Or-

= ATLAS ( 3y)i



