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Motivation
Quark Dark Matter

In many models with confining &, DM candidate is composite (+ asymmetric)

If & — &' X .-+, singlets y under the residual confining &’ can be DM

¥ can be symmetric or asymmetric

Having y from &, — SU(3)_. X --- in SM is non-trivial

We study the (fraternal) twin Higgs model as a benchmark

Well-motivated from neutral naturalness

SU(3),. — SU(2).. in the twin sector BB, WH, CV [arXiv:2004.10761]
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- - ZC, HG, RH [hep-ph/0506256]
(Fraternal) Twin Higgs G, A M. 1S om0t 03010
(Little) Hierarchy problem

Twin Higgs Model provides a solution to “little” hierarchy problem between

the cutoff of about TeV scale to the weak scale by introducing Z, symmetric
(twin) sector

Twin Higgs Model is phenomenologically rich

Top quark partner (twin top quark) is not charged under SM SU(3) -

Fraternal: only keep the first generation of fermions

Yukawa couplings except for twin top are not restricted (if y;,, << 1)

DM in the original FTH model: twin bottom baryon (bzbzbp) and/or twin tau
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Breaking Twin Color
BB, WH, CV [arXiv:2004.10761]

Extends both sectors by introducing new colored triplet scalars ¢A,B

(¢a) =0 (¢5) = (0 O fy+wp)
SUB), — SUQB), SUB), — SUQ),

g — 4 (SU(2)z doublet) + gz5 (SU(2)5 singlet)

A\

Stable states: bBIAQB (SU(2) 5 baryon), bz (SU(2) 5 singlet)

b, is (twin) quark dark matter

Can be symmetric or asymmetric (directly connected to M/AM asymmetry in the visible sector — cogenesis)
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Twin Baryogenesis
MF, AM, CS [arXiv:1604.08211]

Introduce additional fermion N, g

N is singlet under SM and twin gauge groups and serves as an additional portal

| _
L D — MPaqaqa — KyPagaNy — EMNNANB + (A < B)

Ingredients for cogenesis (Twin Baryogenesis) from N A p decays

Diagonal baryon number B, = Qf — Qg
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Twin Baryogenesis
With Twin Color Breaking

Twin gluon and photon mixes
, 1
B = By ++/3B,T® M _ 503 + Y +4/3Y,T°
dp (SU(2), doublet) loses By charge
CP-asymmetry only in gz (or quark dark matter)

Y(¢p, p) = + 2/3 is chosen for b; to be twin electric charged

(B (3B UB USB EB E3B ¥B NB

R
Bp 0 1 o -1 0 -1 0 1
EM | (10) (0-1) -1 0 0 1 0 O
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Twin Baryogenesis

Cogenesis

When My, > my and Ty S m /25

ABg = + 1 AB, = — 1

Visible sector Twin sector

/ " —_—
p charge conservation — 1, = 1

Q)
EM . DM
M charge conservation —»m, +m_ =m =5 GeV
b B 7B p Q

&
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Phenomenology

Full Lagrangian

_ _ — |4

gtWiﬂ J = yTH;LBEB _ thBHBUB — ybH;;QBEB + H.c. .

KaKpJ, b
/1A¢ D,D, Ky UN, kgppUpNp NN

V2My
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_ _ _ Jo . — _
Phenomenology WBDDy T kotaTaNs 24 01,

Signature i
Collider searches
¢, pair production: ¢, — jj or ¢p, — j(t4)ty (identical to “stop/squark”)
Current constraint: m,, > 1.2 TeV, HL-LHC projection: m, < 1.8 TeV
ATLAS [arXiv:1909.03460] XV et al [arXiv:1812.07831]
Direct detection
m, ~ 1 GeV to annihilate the symmetric part + evade dark photon constraint
m, =0 GeV with increased az™ is another option bsg, T — bsg, TB
b, and 75 can scatter off nucleons due to the kinetic mixing
Current constraint: € < 1072, Near future sensitivity: € ~ 1074 4A, €A b 4A, €A
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_ _ _ fo
Phenomenology WBDDy T kotaTaNs 24 01,

Signatures

DM decay indirect detection B

It [my, —m, | <m, DM is stable /
Wpg
f |my, —m, |>m, /\ 7.

, _ b3 _
by has By = — 1: byp = 444 t3B VB
From Fermi-LAT: 7, 2 5 X 10%7 sec (iiu) — highly _ :éé _
conservative
Fermi-LAT [arXiv:1410.3696]
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Conclusion

Summary and Outlook

(Dark) Quark itself can be DM by spontaneous color breaking, without
confinement

As a concrete example, we extend the fraternal Twin Higgs model

Colored scalars in the SM and twin sectors

Twin colored scalar can acquire a vev and spontaneously break the twin color group down to SU(2)

Gauge singlet fermions that provide a new portal btw the two sectors

Initiates the baryogenesis in both sectors

After the twin color breaking, singlet quarks under the residual SU(2); becomes
(asymmetric) quark dark matter

&

The University of Texas at Austin

11



Conclusion

Summary and Outlook

3 puzzles are addressed — naturalness puzzle, M/AM puzzle and the DM
puzzles

There exist large areas of parameter space where this model can address the
puzzles in question, while remaining consistent with all existing experimental
constraints

Di-jet and “stop/squark” collider searches, dark photon, direct detection, decaying DM,
etc.

Future searches will have sensitivity to the available parameter space of the
model

Thank you for listening!
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Twin Baryogenesis
With Twin Color Breaking

Additional diagrams due to twin color breaking, suppressed by mtB/MN

tan o) t; o
i SN AN
i o B 7,
: \ s o) tsp ol
Visible sector ) : ) :
. Qpm
g3 decays into bygand 75 — my, +m, = m =5 GeV

N
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Phenomenology

Full Lagrangian

Yy p) = +—
A,B’ — 3

_ _ — 14

Liwin 2 — Y HLgEp — y,QsHpUp — y,H0pDp + H.C. .

Zportal 2 =My b O] ]+ .
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Phenomenology Wb T s T

Collider signatures

- - M 137 fb™' (13 TeV

Collider searches: possible at the LHC < 2002 S ( ) 10 _
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- SR . . : = —Observed = 1s.d.,__, -
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Phenomenology

Collider signatures
Collider searches: possible at the LHC

¢, pair production: ¢, — jjor P, — j(t))tp

m, 2 1.2 TeV (ATLAS, CMS)

m, > 1.8 TeV (HL-LHC)

Dijet resonance: 4 < 0.1 for my, = 2 TeV
Displaced vertex: m, 2 1.8 TeV

N needs to wait until 100 TeV FCC.
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Phenomenology

Collider signatures
Collider searches: possible at the LHC

¢, pair production: ¢, — jjor P, — j(t))tp

m, 2 1.2 TeV (ATLAS, CMS)
m, > 1.8 TeV (HL-LHC)
Dijet resonance: 4 < 0.1 for my, =~ 2 TeV

Displaced vertex: m, 2 1.8 TeV

N needs to wait until 100 TeV FCC.
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Phenomenology DD, RN

V2My
Precision measurement

_1~K _1~K
KAATKA 21KA 2TKA 17
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Phenomenolo WSl PYEA | AT iy,
\V2M
N

Precision measurement

I -
Zer=~7Co fiECet P Gl GG,

3g0  «*

(1672)3 M3,

kS 0(1)
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Phenomenolo WSl PYEA | AT iy,
\V2M
N

Dark Photon

To annihilate the symmetric part,

m, ~ 1 GeV

For y, to decay before BBN ~ 10 MeV NGRS NI T

. . . . — 41 ] o5 , “{ Belle Il \
the kinetic mixing e ~ 5 X 10 7 AN T e g Foceeces

~ — W
Y El,ll(.‘h: 15 b (solid). 300 b~ (dotted)
. ¢

107 1072 107! 1 10 107 10°
m,. [GeV]
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Phenomenolo WSl PYEA | AT iy,
\V2M
N

Dark Photon

To annihilate the symmetric part,

m, ~ 1 GeV

For y to decay before BBN ~ 10 MeV
the kinetic mixing € ~ 5 X 10~

In Twin Higgs modes, € ~ 10711,
induced at the four loop

e’k*

8p0rta1 ™~ (1 671'2)3

~ 2.5 % 1073
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Phenomenolo WSl PYEA | AT iy,
\V2M
N

Direct Detection

b, and 75 can scatter off nucleons due
to the kinetic mixing

Current constraint: € < 107>

b3B, TB - b3B, TB
Near future sensitivity: € ~ 10~

dA, €A dA,CA
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TWin BaryogeneSiS /1A¢XEAEA KapaUsNy  kpppUpNp f;‘I—Cqub PaUal3p
Master Plot

— _ ~ —10
YBA — YBB =nYy =10 " £E=0.5
-==- DM decay
Y ~ Teh/ reh ~ 1() 5 e f)(ij'z(;esonance
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~ 10
M
<MN)TJ = M, (5H+ E 0%) -- ZA&; (2 Ky il Al]+ KgIKBJ)
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cy =1 10
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TWin BaryogeneSiS /1A¢XEAEA KapaUsNy  kpppUpNp f;‘I—Cqub PaUal3p
Master Plot

YBA — YBB — nYN = 10_10

10 —-==- DM decay
- — —-— FCNC
Y Teh/ reh ~ 10 5 f)ijle\It resonance
10 ct = 0.1 mm
T.. > 6(100) GeV
M ~ 10
A0
i -6
10
=f, =4 TeV,m, =2 TeV,
CA — 1 10_8
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TWin BaryogeneSiS /1A¢XEAEA KapaUsNy  kpppUpNp f;‘I—Cqub PaUal3p
Master Plot
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