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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.§, Goh and R. Harnik, 0609152]  [Z. Chacko, H.-S. Goh, and R. Harnik, 0506256]
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. Supersymmetry Little Higgs
[H-C. Cheng, LL, E. Salvioni, and C. Verhaaren, 1803.03561] pemme T Tuin Hie

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)

\\ "

See also: [O. Antipin and M. Redi, 1508.01112].
WV\N [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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The typical form

[R. Contino, K. Max and R. K. Mishra, 2012.08537].
Comprehensively easy,
theoretically motivated,
rich phenomenology.

Somehow overlooked
compared to
renormalizable ones.

|~TeV Scale
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Irrelevent Portal Dark Pions

A simple theory having N(>1) dark flavors:
— Lyv = @LY'?%'T’RH + @R?'{;'L’LH + GLMQR + L_LwLR + h.c.,

w.M.Y.Y : N by N mass/Yukawa matrixes H .Y ¥
QL. Rr : Heavy (mass~M~TeV) doublet fermion mediators E
YL, R : Light SM singlet fermions that give dark pions H ="y ¥
1
Lepr = 5 0rYTM?Y {|H|2-i.1:0 + -i.-'}-'”HTDpH] YR h.c.

1 ~ ~
4 S 0L YIM2Y (| HPD + v HYD,H| wp e

Dimension-6 Z portal couplings Dimension-5 Higgs portal coupling

We focus on dark pions with mass ~ O(GeV)
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The Cartoon of Dark Spectrum

SM mass
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Two Flavor, Three Dark Pions

Z portal dark pion production

Dark pions rearrange into CP
Y1 elgenstates (like Ks and K in the SM)

4 The 1y and 115 decay via Z portal,
behave like ALP (axion-like-particle)
A with a large ALP decay constant:

B M? M? o
JPC — 0—+ (e)) fa~ Y2 ot ?wa ~ 1 PeV Y . UL
/ portal dark pion decay NN
: — oY “F
The 11, decay via its mixing with the _________°_ QL
Higgs since it's CP-even, well
described by the mixing angle: JPC _g——
(2) 9 V YY 6 Y}A}/]\[ fa = . Vr _
Sy ~ 2mf; - =5 ™ 10~ ’(10_2 TOV_l) (GTV) H|g4;gS portal dark pion producUorg

Higgs portal dark pion decays
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Dark Pion Decays (ALP-Like)

ALP with arbitrary flavor
diagonal couplings, a

step forward from [D. Aloni,
Y. Soreq and M. Williams,
1811.03474],
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[M. W. Winkler, 1809.01876]
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Dark Pion as Long—hved Pa

ticles

TS &
Lifetime between | ||\
Imm to >10m i
El 1
) 0.01h

108 (fV ~ 24 PeV, [ ~ —15 PeV)

104_

=
o

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

parameter dependence
Lingfeng Li (Brown U.) arXiv: 2110.10691

yy,-"M 0023 TeV_
1.1 < M/TeV < 5

solid: Z + h (full width)

dashed: only Z mediation

—— i L P

| '/.

) \' - yj/M =0010 TV
R i A=1, M=11TeV I~
:t.‘ \ :. dottod :rrl I
K I ' \:‘ .
":L_.\
i )
1
1
;'—:‘
|
medmalw
0 2 6 8 10 12
msz [GeV]



Indirect/Precision Constraints

NyN NI (YYTY Yt Y2
6 3 x 10—4

1/2
M = 0.9TeV YQ( ) / M = 0.4 TeV(

From EW oblique parameter T < O(10-3) From Higgs invisible decay BR < 13%

W’\.rprvo_mmm‘,"’

V> 08TeV y(NdN)1/4 M > 15 TeV YY

o _ From electron EDM if CP is violated maximally
From Z invisible decay width <~2 MeV 10



Dark Pion from SM FCNC

Although suppressed by the small CKM and loop factors,
FCNC meson decays are still relevant as the FCCC SM heavy
flavor decays are suppressed by (M) already

_ —f —-
Lei ~ dradrsd ¥, a<f >"W‘@< f ’
Amplitude can be fully adapted from

ds— vv results in [Inami, Lim 1980]

The four-fermion interaction then followed by the
factorization, which should be exact for dark QCD vs. QCD.
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Current FCNC Bounds

The bound as long as the experimental Ecm > the BB/KK thresholds
Limits coming from LHC, ee colliders and beam dump experiments.
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/ exotic decays to dark

quarks with BR: =
e qomt (NaTYYIYY ) 4 (Y - ¥ (1TeV* v
0 3 M

Dark quarks hadronize into many
dark pions, forming dark jets.

It any dark pionis a LLP — The case
often referred to as “emerging jets”

\\&\\

\

\ [P. Schwaller, D. Stolarski and A. Weiler, 1502.05409]
[CMS, 1810.10069]
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Example: Dimuon Search @ LHCb

Most straightforward strategy: if dark pion decays to dimuon

largely, simply count the number of displaced dimuon vertexes.
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197 vertex efficiency.
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Example: Dimuon Search @ LHCb (ll)
£ [PeV]
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Further Opportunltles @ LHC

, [ATLAS: 1909.01246]

[CMS: CMS-PAS-EXO-20-014]
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The dark pion searches at ATLAS/CMS benefit from larger luminosities and decay volume.
Reprojection are non-trivial. LLP oriented triggers? [Y. Gershtein and S. Knapen, 1907.00007]

Emerging jet
efficiencies for the

one-flavor case
[H-C. Cheng, LL, E.
Salvioni and C.
Verhaaren, 1905.03772]
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Comments on Cosmology

Our vanilla dark pion model is not strongly constrained by

astrophysical/cosmological observations. R SRR OSh o= e,
=]
If isospin is exact, all dark pions are stable. 10" \ § ]
For N(flavor)>2 case, reducing number density from WZW 1077} \ P f
interactions (SIMP DM-like): [Y. Hochberg, E. Kuflik, H. Murayama, 5 g <
T. Volansky and J. G. Wacker,1411.3727] +...... g 10° ‘g !
X o o s |
=
Need extra mediators to dump X 10713} g \
the entropy generated. h - & |
X X 5 10 15 20 25 30
X = my/ Tsm

As long as a dark pion is unstable, the number density depletion is fast via pion scattering.
Small relics and weak bounds. See also [Y. Tsai and LL,1901.09936]

The DM possibilities are still wide open with non-minimal
dark components. For example, asymmetric baryonic DM
or mesino/glueballino DM in SUSY UV completions.

Lingfeng Li (Brown U.) arXiv: 2110.10691

17



Summary

» Dark mesons are common and well motivated.

-rom simple

UV structures, there will be rich

ohenomenology.

» A theory of dark pion that gives LLP. Dedicated

calculations

‘or mass < 3 GeV cases.

» Phenomeno

ogy from current data shows that an

M ~ a few TeV Is achievable.

» Open fields (LHC upgrades, future colliders,
Intensity frontier, cosmology) remain to be fully

explored.
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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 A Z
X v X stable St.z’h\@\ Z, h
X X v Z h Z

The Higgs portal Is greatly

if eith Y =
The U(1) subgroup of the SU(2) suppressed If either Y or Y =0

ISOSpIN IS exact If everything Is

. The CP i1s conserved in the dark
diagonal

sector If all couplings are real.
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