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Motivating Scenario |: Neutral Naturalness
Top partners gauged under hidden SU(3) to avoid strong bounds

Folded SUSY Twin Higgs
[G. Burdman, Z. Chacko, H.S. Goh and R. Harnik, 0609152] [Z. Chacko, H.-S. Goh, and R. Harnik, 0506256]
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See also Tripled Top (TT) model Sl R

[H-C. Cheng, LL, E. Salvioni, and C. Verhaaren, 1803.03561] Supersymmetry Little Higes

777 — Twin Higgs

Motivating Scenario Il: Relaxion

The hidden SU(3) confinement generates the necessary backreaction potential
V(o)

(a)

. If the potential comes from the dark sector, the

\ model avoids strong CP bounds.
(c)

\\ "

W\«N See also: [O. Antipin and M. Redi, 1508.01112].

[H. Beauchesne, E. Bertuzzo and, G.
Grilli di Cortona, 1705.06325].

[P. W. Graham, D. E. Kaplan, and S. Rajendran, 1504.07551].
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Irrelevant Portal to Hidden Valley
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Inaccessability
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A general form
[R. Contino, K. Max and R. K. Mishra, 2012.08537].

A Suppressed HV-SM
coupling from the
~TeV scale

See also, e.g., talks from Soubhik
Koumar, Elias Bernreuther, Kevin Zhou,
¥ Taewook Youn and more:-

Lingfeng Li (Brown U.) arXiv: 2110.10691
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Irrelevent Portal Dark Pions

Q heavier than'O(TeV)

H + Q;
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Small mass, dark pions'can be
very light (< GeV)

w,M.Y.Y : NxN mass/Yukawa matrixes
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Irrelevent Portal Dark Pions (II)

1 __
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Dimension-6 Z portal couplings Dimension-5 Higgs portal coupling
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The Cartoon of Dark Spectrum

SM mass

QL.Rr

TeV

Dark Force

Dark Pions +...
GeV

VL R
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Two Flavor, Three Dark Pions

Z portal dark pion production

Dark pions rearrange into CP
v elgenstates (like K and K, in the SM)

The 11, and 113 decay via Z portal,

+ . . | . .
ALP-like (axion-like-particle) with
-+ large ALP decay constants:
JPC — ot M?2 M?2 _
~ — or = ~ _ —
o | TR O T Yy S
/ portal dark pion decay \\
h Y A +
. . . . sy T =TT === L
The 11, mix with the Higgs since it's
CP-even, with mixing angle: JPC _ g~
7’ - 2 ER
(2) 2 v YY —6 YY/M [ . | _
sp) ~oTfE — — ~ 1
Sy 2 f w2 M 0 (10_2 Tov—1 GoV Higgs portal dark pion productlo:n

Higgs portal dark pion decays
Lingfeng Li (Brown U.) arXiv: 2110.10691



Dark Pion Decays (ALP-Like)

ptp

Result. applys to g v __

generic flavor %' f IS —

diagonal ALP g/o_/ofo;. Yaula

couplings 2 1

See also [D. Aloni, Y. ‘% 0.001 //

Soreg and M. Williams, , [l ‘1\ L

1811.03474], / By \ -
| ‘ID‘L‘E—/ !| - i _

m.< m,:dimuon 7 \/ \

/‘1[]_5?'”-11Ju My TIHI'I'I Lty YN

mode dominates 71070 \ 15 20 25 3.0
// \ Mg [GeV]
/ SM isospin suppressed modes
M, >m,. : PPP modes
(mostly SM T[+T['T[O) Elaborate discussions on indirect and ALP-type
constraints in backup slides and the paper.

Lingfeng Li (Brown U.) arXiv: 2110.10691



EW Scale Phenomeno\ogy @ LHC

It any dark pion is an LLP — The case

often referred to as “emerging jets”

[P. Schwaller, D. Stolarski and A. Weiler, 1502.05409]
[CMS, 1810.10069]

? 2
: ’)
Prnmpt detectlnn
?

Dimuon displaced
vertexes (DV) are

q Z sharp signals
q
\/ Fully inclusive
Il'lltlﬂtl[ll'l searches rely on
multiplicity of
LLP tracks.



Example: Dimuon Search @ LHCb

Most straightforward strategy: If dark pion decays to dimuon
largely, simply count the number of displaced dimuon vertexes.

£ [Pev]
0102 05 1 23 57 2DV or beyond
0.001 e S . W S ! -
| allowed by Z — inv : - suffer from low
104h) LHCD 13 Tov lo.7 Vvertex efficiency.

: 0.5
s 10 10.4 =
< 10 |
I\ N\
N NN -
g 10 02 H;_;

S o o
1077 , ~ _ Sensitive to f,..

g < : |

m,=’ 650 MeV, BRy_+ < 0.96 - 0.1 and fa

- T4, 3T Tay, (N3)=17,4,, €[04,0.8] i allowed by B — Ka

¢, 10° 167 0.1 1 10 107 10>  10°
/ 7 T#, [cm]
Two peaks from benchmark Data from [LHCb 2007.03923]
pion width ratio 1:37 Lingfeng Li (Brown U.) arXiv: 2110.10691
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BR(Z — ¢'¢)

1074 LHC(b) 13 TeV
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10-7' (0077—""”-\‘ .__,.-"\\Q\\ mg = 650 MeV, BR;, .+, =~ 0.96
d) j A% Ty == 37 T4y, (Nz) =17, €un € [0.4,0.8]
102 102 0.1 1 10 102 102 10

7(#1) [cm]

Limits from the CMS data scouting [CMS, CMS-PAS-EXO-20-014]

Lingfeng Li (Brown U.)

arXiv: 2110.10691

11



Summary

» Dark mesons are common and well motivated. From
simple UV structures, there will be rich
phenomenology:.

» Easily long-lived. Dedicated calculations below the
cc threshold.

» Phenomenology from current data shows that an M

~ a few

eV Is achievable. Bright future prospects.

» Open fie

ds (other dark mesons, intensity frontier,

cosmology) remain to be fully explored.

Lingfeng Li (Brown U.) arXiv: 2110.10691
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» Why a confined light
hidden sector

» The dark pion model

» The irrelevant portal (Z
and h) phenomenology

» Several benchmarks,

focusing on long-lived
particle (LLP) searches

See also, e.g., talks from Soubhik Koumar,

Energy

SM

7?7

Ner,
r

HV

(HL-)LHC and ...

Elias Bernreuther, Kevin Zhou, Taewook

Youn and more

Inaccessability

Lingfeng Li (Brown U.) arXiv: 2110.10691
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Alternative Tripled Top (TT) Model

The superpotential :

Arbitrarily light

/

A few TeV

d

Wy, = y(QaHu + QpHup + QeHug,) 4 w

=

A, B & C: 3 sectors charged under different SU(3),

(

! C ! C
ugly + Ucte) +

M(

The soft breaking term:

A few TeV (%I\/I)\

Vs =m

~ 2

(1GaP + 1) = 7 (fapl? + g 1)

QpQ% + QcQf)

A Folded SUSY-like spectrum realized in 4D

For detalls of the original model, see [H-C.Cheng, LL, E.Salvioni and C. Verhaareen 1803.03561]
1803.03651 1905.03772 20xy.ijkim
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Alternate Tripled

op (

T) Model

& Acciden

al SU

SY

Wz, = ni(QaHuly + QpHup + QcHug) + w(ugup + ugug) + M(QsQp + QeQc)

V! = m2(|Qal* + |a4]*) — m2(|Qs]* + |Qc|?)

(mass)?
i
QA Uy SM top sector
- 2 272
S~ o - M= + Yi h -
-~ -~
-~ ~ -
Lp,c Sz
o = ~2 1 47 -
bp,c
27,2
C yt h

Either light or heavy

Forms one-flavor dark QCD.
Dark hadrons:

Pseudoscalar, Vector and Scalar

A=M?—m?2—=0 w— 0
R Qe
\
\ -
— _f\‘ -
- AN Higgs potential left

1803.03651 1905.03772 20xy.ijkim

N\ : .
~ Invariant
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Decay Length (m)
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decay lengths of
... Pseudoscalar, Vector and Scalar
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- 300 b
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05 1

Details of phenomenology : [H-C.Cheng, LL, E.Salvioni and C. Verhaareen 1905.03772]

M=1TeV _~

/‘/ P
_M=15TeV.

5 10"

menology:
K OCD- No Dark Pions)

() m(B, ¥, §) = 20, 20, 30 GeV
() m(P, ¥, 8) = 30, 30, 45 GeV
background
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Indirect/Precision Constraints

AT 7 fyyt) 1/2
M > 0.9TeV YQ( ‘é ) 204 TeV( 3 % 101
From EW oblique parameter T < O(10-3) From Higgs invisible decay BR < 13%

NTdE\/T )1/4

M > 0.8TeV Y( !

M > 15 TeV YY

From Z invisible decay width <~2 MeV From electron EDM
if CP is violated maximally 18



Dark Plon Decays (ALP lee)

ALP with arbitrary flavor — |
diagonal couplings, a step R S ]
forward from [D. Aloni, ¥ Soreq 0100} N
and M. Williams, 1811.03474], i
< 0.010
Al a— vy T_
A2 a—=7nrrn Yy 2
1+ — 0 g 0.001
A3 a—=7n"n 7w
A4 a— 37Y (0t
A5 a— 070,
A6 a— ?TD?TU?f Tt gl
0.0
A7 a— ngr

A8 a— KR 70

A9 a— KTK—7Y
Al10a — KJFFO?T_, K- K%
Alla— ww, 00, K**K*— KK

, OO, _ T, <
_|_ T
A-12 a— ' W Lingfeng Li (Brown U.) arXiv: 2110.10691 '/\,v<



Dark Pion Decays (ALP-Like, )

M0 m,, My

- The dominant mode 7t 1t 71"
- comes from the prtrt coupling

0.0 0.5 1.0 15 2.0 25 3.0
m, [GeV]

M = Mcwpr + Myvvp + Mo + Mﬁ] -+ Mfg

arq )
Mywmp = { 7 ) {Q'Qf:-r [(2miy + m35 — mj — 3m2)BW ,(mi;)
+(2m2y + m2y —m? — 3-11'%)]3“}(?11:‘1)3)} Fv(mg) — %(Smr{g —m? — 3-”'13)@(??1”: - -n:.r,l)}.,

Lingfeng Li (Brown U.) arXiv: 2110.10691
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Higgs Portal Decays

Higgs portal decay follows [V w. Winkler, 1809.01876]

1r ms .
D.EDDf EEﬂ: ™~ _Sﬂ—fﬁff
4 e A §
QD.DSDE 2
g i
&
0.010} _ TUTT Or
-~~~ dominate
| low mass
oL f L LS region

‘ my [GeV]
<—| Perturbative QCD results

: . Lingfeng Li (Brown U.) arXiv: 2110.10691
Hadronic Exclusives ’1



Symmetries of the Dark Pion Model

Depending on forms of w. M.Y.Y , the symmetry of
the model varies. We consider 3 benchmarks:

Symmetries possessed Decay portals
Y =0 exact U(1) exact C'P T 9 T3
v X X Z Z Z
X
X . v X stable Stalﬂ{% Z.h
x | x v z Nz
'Y
’ \
/ \
/,’ " The Higgs portal is suppressed
If either Y or Y=0
The U(1) subgroup of the SU(2) VT yory
ISOspIn Is exact If everything Is ‘

. The CP Is conserved in the dark
diagonal . .
sector If all couplings are real.

Lingfeng Li (Brown U.) arXiv: 2110.10691
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Dark Pion as Long-lived Particles

\

Lifetime between
Imm to >10m

100H
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104_
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Y o
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=
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g
1L
0.01}
10*‘0”%”'?"""@"’ 5 i : 0.001}
ms [GeV] '
Easy LLP with strong o

parameter dependence

y@/M = 0.023 TeV™?

1.1 < M/TeV < 5

solid: Z + h (full width)
dashed: only Z mediation

1=

120

—— e

) \' - yj/M =0010 TV
R S A=1, M=11TeV I~
AN R dotted: #, '
S TR ! solid: 7,
‘-.\ |
..‘ * i
1
_ 1
:
e e S
0 2 4 6 8 10
m; [GeV]
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LLP In the Z Portal Dominance

. | fﬁlzic}e\}
10 F y/M =1.1TeV™"
1 —1 =2
1041 iV = 25PeV ~ f1(y/M) .
1.1 < M/TeV < 5 |
k
7
S
A
g ,’ 10
/
/
N\ /

cc, TT, and bb thresholds

Lingfeng Li (Brown U.) arXiv: 2110.10691
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Dark Pion from SM FCNC

Although suppressed by CKM and loop,
still relevant since [z are suppressed by (M) in SM.

ey, o >vw.< I:__ )
Amplitude can be fully adapted from °[r3

ds— vv results in [Inami, Lim 1980]

The four-fermion interaction then followed by the factorization

Finite terms introd‘t_Jces a numerical

—_—

suppression ~3 y ; ~-W
= [ m ) | R

612 sV XI5 ”’leftz}{ 7 (log Tgl-2) +3
{ |

T J"E-H,.— Iy

ig?

b—]: i

<{Ta—X |Heff |B> — <ﬁa | {fY |%eff |[}> | B>

103 TeV |
BR(BH 5 (K7, K*0%,}) ~ [0.92, 1.1} x 10~ 8( o - ) (N2 N2 Y
s

Experimentally achievable if dark pions are LLP 25



Current FCNC Bounds (B,K decay)

The bound as long as the experimental Ecm > the BB/KK thresholds
Limits commg from LHC, ee colliders and beam dump experiments.

-5 o |
10 :\’ 105 |
2 g
A = B
Lk w -
|1 10 E“\ r; 10'6_— T=100ns
o SN +% =
1:;/ 10_?5— \ % :
S : ’ T=10ns
% - 107E
% 1078 g :
: B
% [ "" S T 1 g 105 E—
g 1oL/ [LHCb, 1612 07818] s [
i [CHARM, Phys. Lett. B 157 (1985) 458. & 1810: ’1f1f336 < -
- m, = 600 MeV [CI\/IS CI\/IS PAS EXO 20 014] = 10°|
=100, A . e 3
10 05 10 5 20 25 3.0 ;
fa [PeV]
Probing f, ~ PeV already 107
ReaChlng 0(8 60) Pe\/ for fUture experlments 5111111111111111111111111111111

220 240 260 280 300 320 340
Assumed X mass, MeV/c?

2
BRI — 7+4®) ~ 3.0 x 1011 [ 10TV} 172 Kaon FCNC + LLP mode probes
) ™ f ~ PeV also. [NA48/2 1612.04723]

Lingfeng Li (Brown U.) arXiv: 2110.10691



and dark isospin breaking. Useful at E<<m,,

5

(Mps/fps)*

Dark Chiral perturbation Theory

Dark ChpT describe more complicated interaction patterns

fz By 2 _ __
ZTT[(D“U)TDMU] + — ETr[Umy, + my U]
m
o
St A 0.30}
/B
e 0.25¢
) ‘98 0.20
m @/E}é% <
3r h & 0.15}
'd
s . . 0.10}
ol 4  Possible to include heavier
dark hadrons with some 0.051
help from lattice '
1@
I 1 L I 0.00‘
0.0 0.2 0.4 0.6 0.8 1.0 0.0

(Mps/My)?

Tu T
U =exp (7,
fz )

mwr = m,‘.f{;r — Bh

DU = d,U — fz:%Z(AU —UAZ,

-
m-
aeg_
M-
~B.
o
cl
=
-~ =
-u.-
-
S
“ Iﬂ.a""ﬂ.
e _
=
®

[T. DeGrand and E. T. Neil 1910.08561]

0.2 04 0.6 0.8
(Mps/My)?

1.0
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Case Study: Z Portal Dominance

—Luyv =Q,; YiUrH + @R?'Q?LH +Q  MQp + ELwﬂ}R + h.c..

Higgs invisible decay width constraints irrelevant oy
Y11 Y12e'® :
Y = T T
Y21 Y22
For N=2 case, contains a free _
Vg
¥ ?
— T RS
H R = 11, decays mixing with 11
. —
¥ r o
0.20 .
tan 2010 ~ — 'z, = sin” 12 L'z,

1+ 0.036 (42)°

M 29



Phenomenology @ the EW Scale

/ exotic decays to dark
quarks with BR:

18 104 (NdTr(YYfYYT) +(Y — Y’)) (1 Tev>4

3 M
Usually dominates the phenomenology
because of large stastics:

> 101 Z Bosons @ HL-LHC

SM

Higgs portal only
relevant when both
Y. Y are large
oz ~ Hb nb
on ~ 49 pb
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Example:
Another benchmar
9 [PeV]
01 0.2 05 1

0.001 >

BR(Z — ¢'¢)

1074}

1075}

" ms =1GeV, BRaur,- ~ 018
;TﬁSNSTTﬁ (N) 5, eij[[}él 08]

2DV (23 tbTY)
2 DV (300 fb™)

-y
ffff
-~ - - -
hhhhhhhhhh

LHCb 13 Te

tallowed by B — Ka

K with 1 GeV dark plons

10

10.

01 1 10

T, [cm]

10 102

102

10°

104

Lingfeng Li (Brown U.) arXiv: 2110.10691

Dimuon Search @ LHCDb

Probing M > 1 TeV

Allowed by Z
Invisible deacay

10.5
10.4

0.

TeV ]

3 =

y/M

2

1

Allowed by current

FCNC bounds
31



Further Opportunities @ LHC

ATLAS/CMS benefit from larger luminosities and decay volume.

[CMS: CMS-PAS-EXO-20-014]

~

[ATLAS: 1909.01246]

) . e h

CMS preliminary 101 b (13 TeV) w 4
= —_— . | r . - 105§
175 102 -99 = h—2Z.7,—2u2X (C‘Eo =100 mm) Observed limit (95% CL) / 2
> B e Median expected limit 3 - - | ol
Q - 68% expected . / : . / 1 ~—gcr 9
- 100 = ) e
N = 95% expected E o ¥
ND — 3 10 = - [
1 B ] - S —— !
s 10 = B T —
o = = = - p

- 3 . ATLAS

E 1o~ | I8 BOH) = 20 % FRVZ Model
= = B(H) =10 % 90% CL exclusions
- - B(H) =5 % L=36.1f"}
10 | W B(H) = 1% my =125 GeV
E . | L | —— B(H) = 10 % Run-1 prompt He2yq + X
0.7 T 2 3 4 565 6 7 8910 20 30 4(% 50 == B(H) = 10 % Run-1 displaced d
Mz, [GeV] 10-¢ L n L o 1
0.2 0.3 04 05 06 0708091 2.0

Dark Photon Mass [GeV]

LLP oriented triggers? [Y. Gershtein and S. Knapen, 1907.00007, D. Linthrone and D. Stolarski, 2103.08620]

ATLAS HT Trigger, Model A

l[]I' T T T l
HL-LHC m, = 0.5 GeV
LHCb 0500}
- Trigger on dimuon DV Trigger on emerging jet
£ 13 L >
T 10 g S0
iz S 0050}
] 9
Mg e
; 12 E — LO
1 107 | 0010} 10+
e . 0.005+ — LO +jj
SN — LO + W/Z |
I — (3.3)GeV  — (4.4)CeV  — (5.3) co\-']\ — LO+y
l[]“ 1 T T =T o~ 0.001 s L f s s " "
L.r - 10-2 10-! 10° 10! 102 200 400 600 800 1000 1200 1400
| My [GeV] 32
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Prospect at Future Colliders

Indirect/Intensity (EWPT),
Shifting the T parameter:

T

V2 1
~ E (y + 0+ =yl
— 7 7 1 J1
167r2 / 3M? 2
1=
0-2 Illllllllllllllllflllll]llll[llll] llﬁ
- Current
5 LHC Prospect
0.15 - ILC Need G|ga Z =
0.1:— [LEP-W e ]
0.05 |- -
0.E J
-0.05 3
: v-0 ]
-0.1F i . 68 % C.L. -
Dk J. Fan, M. Reece and L.T. -
: Wang [1411.1054]. .
(0 TR0 T A0 T VO O 0 O o MR Vo M T o NN O 1 O e O O 02

2
—02 —015 -0.1 -005 O. 005 01 0.15

0.2

Direct search in H/Z decays:

1 O_Té TeraZ

10_8§ H-C. Cheng, LL,E. Salvioni and C.

9: Verhaaren [1905.03772]

0.1 1 10
cry, [em]

(VERY conservative) limits on exotic Z —
dark shower decays but with a
DIFFERENT model:

» Vector meson dominance

> Inclusive strategy w/o much vertexing
» Same resolutions as the current LHC:

S Lingfeng Li (Brown U.) arXiv: 2110.10691
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Prospect at Future Colliders (Il)

e >

v Energy-frontier searches:
0 » VBF pair production
» s-channel pair production
< » Indirect, non-resonance
v J modulations
>
et < < X
m, Lsh v lec R 1073
Beam dump‘ Muon shield B Decay volume Detector
el e . »< 1 e 10~
___________ —
1)
Y. Sasaki and D. ‘T: 10-8F: -~
Ueda, [2009.13790]. &
= 157
Intensity -frontier approach: searching ® . =
In the beam dump: K. Asai, S. Ivamoto, Y. Sasaki  1q-@ [premsstarins i 20y '
and D. Ueda, [2105.13768]. S orlation e e —een

0—10 |
10* 16° 10 10 10° 410!



TeV Scale Phenomenology @ LHC

Direct production of heavy EW doublets:

Ng ?’F(II%{,—

o(ud = QuQq) =
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If dark pions are invisible, similar with £
SUSY electroweakino searches.

Estimated limit: M>1.3 TeV @ HL-LHC
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Lingfeng Li (Brown U.) arXiv: 2110.10691
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Comments on Cosmology

Our vanilla dark pion model is not strongly constrained by
astrophysical/cosmological observations. ‘Y’ Y
If isospin is exact, all dark pions are stable.

N>2 case, reducing number density from WZW

. . . rd
interactions (SIMP DM-like): [Y. Hochberg, E. Kuflik, H. }i
Murayama, T. Volansky and J. G. Wacker,1411.3727] +......

Need extra mediators to keep the dump the
N
entropy generated. X Jg

The DM possibilities are still wide open with non-minimal
dark components.

e.g., asymmetric baryonic DM or dark mesino/glueballino
(dark R-hadrons) in SUSY UV completions.

Lingfeng Li (Brown U.) arXiv: 2110.10691
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