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Introduction

SM Dark sector

portals
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* Motivated by many important physics questions: naturalness
of EWV scale, dark matter, ...

* Novel experimental signatures: new targets and challenges
for experimental searches.



Portal interactions

- Heavy states (> TeV, X, Z', etc)

* Higgs or Z

» Dark photon kinetically mixed with photon

 Neutrinos



Z-portal

 An interesting scenario which is less studied.

o(pp — Z) =~ 54.5; (58.9); nb, o(pp — h) = 48.6; (54.7);pb for 13(14)TeV

- Light dark particles should be neutral under SM. How do
they couple to Z?

1. Light dark particles mix with heavy EW doublet

fermions. (HC, L. Li, E. Salvioni, C.B. Verhaaren, 1906.02198, HC, L. Li, E.
Salvioni, 2110.10691)

2. Light dark particle are charged under a dark U(1)

which mixes with Z after EW breaking. (Hc, X. Jiang, L. Li, E.
Salvioni, 2401.08785)

ey () ¥
z @ Z
Q i

' Y (H') (0



EW Precision Constraints

oy
e Heavy doublet mixing model: s Q) /
'vvvvv‘Q<’
o’ \ w
(H)
M >09TeVY? from T-parameter
Y N
Heavy doublet mass Yukawa coupling between light and heavy states

- Other constraints comparable or weaker

- Couplings of light eigenstates to Z suppressed by

Y2V2
M?2

< few x 1072
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Dark QCD

Motivated by solutions to the hierarchy
problem (neutral naturalness, cosmological
relaxation) and dark matter (SIMP, dark
baryon).

Interesting collider signals from dark showers
at LHC. If (some) light dark hadrons decay
back to SM = semi-visible jets, emerging jets
with displaced vertices, missing energies,
depending on the lifetimes.

» The lightest dark hadrons are expected to be

pseudo scalars (dark pions) if there are light
dark quarks. [Focus of this talk]

Dark sector
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Dark Pion Decays
Dark pions: 7w, ~ @/@’ga%@b’ (for N=2), w': mass eigenstates

* CP-odd dark pions behave like ALP and decay through mixing with
the longitudinal mode of Z (and Z) with effective ALP decay
constants f, 2 PeVforf, ~ 1 GeV , . _ f(b) N 4y Pyt f

f
/
f13,CPodd (J' =07 #;5 ------ SM
7
* CP-even dark pions decay through Higgs
" f
, , CP even (J'¢ = 077) Ty =======mmmnee- < SM
7

*Without a conserved U(1) flavor symmetry, 7,, 77, are distinct states.
*They will mix if CP is violated in the dark sector.
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Dark Pion Decays

(CP-odd)
~ HC, Li, Salvioni, 2110.10691,
S using data driven method (Aloni

0.100}

= 0.010 — et al, 1811.03474)
l +7T()W()f},
g 0.001L unaccounted foré h A
Br(z = utu~) 2 few% for 2m, <m; 5 3 GeV
104
10—5 "
0.0

For 2m, <m; <3 GeV, f, ~ 1PeV,

dark pion decays through Z-portal
have decay lengths in the most
interesting range of few mm to 100 m
at colliders.
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Dark Shower Searches

The final states of dark showers from Z decays are soft,
therefore hard to trigger. On the other hand, dark pions are
typically long-lived. Displaced decays give a great handle.

CMS scouting search (2112.73169): Reduces the
trigger threshold online. Data containing muon

pairs that pass low-level triggers are recorded,

keeping only simplified information of the events.
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CMS Scouting Search

» Recast CMS scouting search (using the Hidden Valley
module in PYTHIAS8), with some conservative assumptions.
Model independent bounds (for 1 DV).
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CMS Scouting Search

Future projections (with assumptions of improved trigger
efficiency and extended [, reach 11 cm — ~ 90 cm):
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For 2DV, we assume each DV’s trigger and detector efficiencies are
independent, and the overall efficiency is the product of the two. It’s
most effective when the dark pion lifetime makes the trigger efficiency
optimal.
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LHCD

LHCb detector with low trigger thresholds and high vertex
resolutions is powerful to look for dimuon DV’s from dark
showers, especially for lifetime smaller than O(cm). Recast

follows the LHCb analysis, 2007.03923.
0001 T Ty T rrrrg T T T T T TrT] T T T T T T T T T T T T UL 3 00015 T T T TTTTT T T T TTTTT LI T T T T TTTT7 T ““‘HE
; [ Z' — DS, LHCb: 5.1 b~
—— 300 MeV J
—~ 4l MZ/ — 20 GeV |
s | 107 ¢ —— 650 MeV :
10 i ]
+i 900 MeV
< o] —— 1.5 GeV
T g —— 2.0 GeV
1072 ERR(S
—— 300 MeV ] Ei/
— 650 MeV | M
105 - 900 Mev | X
—— 15GeV | »
I — 2.0GeV |
Z — DS, LHCb: 5.1 fb™! 2
-7 L e L e L L . Ll . e 1 L1 Lol 1 Ll 1 Ll 1 L
100.01 0.10 1 10 100 1000 1 10 100 1000
1DV: 650 MeV Z' — DS, LHCb: 300 fb™'
o 1DV: 2.0 GeV
: F ----- 2DV: 650 MeV
10\ 3 10_5: Fp——_ 2DV: 2.0 GeV
+ 1
3
=
o
M
.l 1DV: 650 MeV | = ek
"""""" 1DV: 2.0 GeV NX
----- 2DV: 650 MeV | had
. m==e- 2DV: 2.0 GeV
Z — DS, LHCb: 300 fb™

L1 I | I I 11l I [ | 1 Lol 1 Lol 1 Lol 1 Lol 1 T R
0.01 0.10 1 10 100 1000 13 0.01 0.10 1 10 100 1000

P P



Auxiliary Detectors and Z-Factory

» Auxiliary detectors are good for longer dark pion decay
lengths. They are expected to be mostly background free.
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BR(B — K#) x BR(7# — pu pu”)

Dark Hadron Production from FCNC

Light dark hadrons can also be produced by W
Meson (B, D, K) FCNC decays if the phase SV,
space is open. For dark pions, production b § W&l G
mainly depend effective ALP decay constant f,.

BKm> BK*

+,0 -+ %0 g (1 PeV AN /2 43/2
BR(B™® — {K*#7, K*%,}) ~ {0.92,1.1} x 10 0 {A W}
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FCNC Reaches from Other Experiments

Auxiliary detectors
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B-factory and fixed target exp
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Benchmark Models

- To compare reaches of different experiments and production

mechanisms, specific benchmark models are needed to
obtain model-dependent bounds.

1. Z' mixing model: M, = 20 GeV,
Tr(oy 3X3) = 1, gp = 0.25, 7, detector stable.

~

2. Fermion doublet mixing model: Y = 0, set 7, 775 lifetimes
equal by choosingy,; = y;5(1 +/2), y5; = yy = 0.

(They are for illustrations, don’t necessarily represent general
results.)

The relative strengths of dark shower and FCNC reaches
depends on f. Dark shower reaches decrease as f -
Increases.
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Reaches of Benchmark Models

Auxiliary detectors
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Conclusions

The Z boson can be an interesting portal to the dark sector.
More than 101" Z bosons will be produced at HL-LHC,
providing a great opportunity to explore this scenario.

Dark showers from Z-portal decays give exciting
experimental signals, which are quite challenging. New
search strategies and techniques (e.g. data scouting and
parking) will be crucial to explore them.

Additional auxiliary detectors at the LHC (FASER,
MATHUSLA, CODEX-b) will be helpful for dark pions with
longer decay lengths. A future Z-factory will be very powerful
in extending the search reaches. Other fixed target
experiments and Belle |l provide complementary tests
through FCNC meson decays.
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Dark Z’ Production Cross Section at LHC
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Effective ALP Decay Constant for Dark Pions

e Heavy doublet mixing model:

o /' — Z mixing model:

fo ~ QM%M%? NlPeV( 107° >< Mg, )2<G6V>
gpGz [+ M? a2 /M2, ) \60 GeV ) \gpfa




Dark Pion Kinematic Distributions
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Projections of HL-LHC CMS Scouting Search
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Simplified Auxiliary Detector Descriptions

Detector Geometry Displacement (m) Volume (m) Luminosity (fb™1)
FASER [31] Cylinder 0, 0, 480 0.2, 1.5 300
FASER 2 [31] Cylinder 0, 0, 480 2,5 3000
MATHUSLA [22] Box 75, 0, 118 30, 100, 100 3000

Codex-b [54] Box 31, 2, 10 10, 10, 10 300




