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Motivation and collider context

What do we know? From observational
evidence to collider signatures



Dark matter: evidence and search strategies

Observational evidence
Dark matter is inferred from its gravitational effects across very ‘ [

different scales, while its particle identity remains unknown.

Direct Indirect Collider
DM-nucleus recoil SM products from DM DM produced in pp

nicate with the Standard Model?

[ how does the dark sector commu- }

Gravitational lensing Anisotropies in cosmic Collider searches: dark matter is not directly reconstructed

Rotation curves / Galaxy cluster background radiation | i1 the detector. Its presence is inferred from the momentum
collisions transverse energy, E/M% = — z Br-
Implication:: the Standard visible

Model contains no viable dark-

2 S M
Q.h”~0.12 matter candidate. S M DM M DM
g We therefore need non- qx q
> Qpy ~26% o &q, ¥ pRY
gravitational probes of the ax 4
of the total energy S g DM
S D

dark sector. DM

density of the

Universe

Focus of this work: We focus on assessing the sensitivity

Observational evidences: F. Zwicky, Helv. Phys. Acta 6,110 (1933); V. C. Rubin and W. K. Ford Jr., ApJ 1 miss
159, 379 (1970); D. Clowe et al., ApJL 64§. L109 (22)06): Planck Collaboration, A&4 641, A6 (2020); to a vector dark sector through the 4 +Jets + ET Slgnature'

G. Bertone and D. Hooper, Rev. Mod. Phys. 90, 045002 (2018); G. Arcadi et al., Eur. Phys. J. C 78, 203
(2018); ATLAS Collaboration, Phys. Rev. D 103, 112006 (2021).
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Motivation for a dedicated y + jets + ET™ analysis

Existing photon+E,'f.'iSS searches at the LHC Signal mechanism in the two-vector)]?FT
1

CMS SUSY, y+jets+b-jets+E¥“SS: Gluino/stop production; neu-
tralino NLSP decays to yG, ZG or HG. [CMS-SUS-18-002]

CMS combined SUSY searches with photons: Categories with 4

photons + E;"i“, including diphoton, lepton+photon, photontjets A

and high-energy photon selections. [CMS-SUS-18-005] g I
ATLAS GGM/GMSB, 7 + jets + EF™: Gluino or elec- Weprltgy i (i Goo-esiny LIS fp => 262,300, 26 => X7
troweakino production followed by neutralino decays to = 2 1 Bl s il i 26 i g

=> The photon is produced in the dark-sector decay X, — X,y.

ARG [P AN = The jet is mainly QCD initial-state radiation.

Other photonic E,?,“SS ch Is: DM searches with Limitations of a direct SUSY reinterpretation. In SUSY-
h(yy) + E%‘i“ [ATLAS-HIGG-2019-02] and more general inspired searches, photons and jets usually come from cascades
photonerjeterE{."iss final states [ATLAS-SUSY-2018-11]. of heavier coloured or electroweak states. Here, the photon

) comes directly from X, decay and the jets are ISR, so the E,f“iss
These analyses show that the y + jets + ET"** topology is

" spectrum is not necessarily optimised by selections designed for
experimentally mature.

SUSY benchmarks.

2 2

. x, T My

In the X, rest frame: E = ————
2my,
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An effective theory for a two-vector
dark sector

Model definition and decay
phenomenology



Two-vector dark-sector effective theory

Minimal field content After electroweak symmetry breaking
[ Dark parity, X, X, odd ]—»[ SM fields even J

The dark parity forbids the renormalisable kinetic mixing

B, =cwA, —swZ,,.

B, X.".

Radiative channel Z channel
Therefore the leading SM—dark-sector interaction is dimension X, - Xy X, > X,Z
six: .
F= ZBYX X, + EEYX X, h
nt = 75 B Xy X, + 7z B Xy Xog always open for my, > my, . open when my, —my, >mz.
A=1000 GeV

[d At least two distinct vectors are required, since the

T

e

—— BR(X; > X1y), my, =500 GeV _]
----- BR(X; = X12), My, =500 GeV |
—— BR(X = X1y), Mx, = 1000 GeV |

T T T

-
=)

triple-field-strength operator is antisymmetric in the dark
index (X; & X,).

1 The B, (hypercharge field strength (U(1)y) operator is
CP-even, whereas the Em (dual field strength) operator is
CP-odd.

EFT interpretation and validity: A sets the strength of the

PRI B |

o
=3}

T T T T T

Branching Ratio
o
=

04 e BR(X; = X12), my, = 1000 GeV—
contact interaction. Since LHC events probe TeV scales, the 1
high-mass/energy tail has been interpreted as indicating the 0.2 N
sensitivity of the EFT, rather than as providing an exclusion [ ]
0.0 i B

S S S S S B A S
1000 1500 2000 250!
my, [GeV]

within a UV-complete framework. [ RN
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Relic abundance of vector dark
matter

Freeze-out and freeze-in production



Freeze-out Freeze-in

The dark sector is initially in thermal equilibrium with the The dark sector never reaches thermal equilibrium. The DM
Standard Model plasma. abundance is slowly produced through rare SM scatterings.
[0 X, abundance is set when the annihilation rate falls below the 1 In the regime emphasised in the paper, my, < Ty, < my,, the

Hubble rate. heavier state is not thermally populated.
3 Dominant channels: X, X, — yy, Zy, ZZ, mediated by d DM is then mainly produced through two-insertion processes,
t/u-channel X, exchange. 7y = X Xy
0 (ov) « A%, Larger A = smaller annihilation = larger relic 1 Higher reheating temperature = larger A = more suppressed
density. collider rates. Ty, = 7 GeV = A ~ 1-2.5 TeV and
o h? T, =20 GeV = A ~ 5-12 TeV
3000 A=1000 GeV N o
> e me, 1.0=A=25TeV, T,=7.0Gev A [TOE’IS
8 M on?=0.12 %‘4000_1 T T T T T | .
— 2500 Q
x = 3500 & 2.2
€ £
2000 107! 3000F E 20
2500 E
1.8
1500 2000F ]
1072 1500 E 15
1000
1000F E 1.2
500 500
T
-3
2000 3000 10 my, [GeV]

my, [GeV]

The same dimension-six operators control both collider production and the early-Universe abundance of X.
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LHC simulation and event selection

Baseline selection, signal regions and
kinematics



Signal-region strategy and background composition

Single-region and three-region strategies

Inclusive configuration: single-SR

EMS > 200 GeV.

SR, @ 200 < EFS <350 GeV,
Three-SR SR, 350 < EP < 450 GeV,
SRy @ EMS>450 GeV.
SR, | SR, | SR,
Emiss
200 350 450 GeV T

The three-SR configuration applies no additional
object-level cuts. It only retains coarse
information on the E"** spectrum.

Yoxara Sanchez-Villamizar

Expected SM background yields— & = 139 fb~!, \/s = 13.6 TeV
Process oro[pb] single-SR SR, SR, SRj
Wyj, W = ¢v 33.85 188 141 31 16
Zyj, Z > vv 0.69 103 73 19 12
tty 6.9 406 371 32 4

Selection | singleSR |  SR1 | sz SR3
Photon p; > 150 GeV, |57 | < 2.37

Jet Py > 100GeV, |/ | <25

Angular cuts AdGiy EF') > 0.4, A(ry ETS) > 0.4

No e,  with pp > 10 GeV
Reject events with b-tagged jet

Lepton veto
b-jet veto

ERISS [Gev) | 2200

‘ [200, 350) ‘ [350,450) ‘ > 450

The displayed tfy yields include the conservative factor-of-10
rescaling introduced to avoid an artificially optimistic sensitivity

from limited post-selection Monte Carlo statistics.
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Signal acceptance and fiducial rate

Baseline-selection efficiency
A=1000 GeV
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= For fixed m X1 the efficiency generally increases with m X, -
=> At large my_, the efficiency approaches a plateau of
approximately 0.35-0.36.
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Fiducial signal rate after selection

o(pp—jyX1X1) X € [pb]
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The rate generally decreases with m Xo> because heavier final
states require larger partonic energies and suffer from suppressed
parton luminosities.

For fixed masses and Wilson coefficients,

- -4
opp = X\ Xo + ) X A™ | s ppurRs o oS



; Iﬁnéméﬁé discrimination and the E™* binning strategy

Event yields in the inclusive signal region

V5 =13.6 Tev £=139 b1 Single SR: Ef'™* =200 GeV V5 =13.6 Tev £=139 b1
T T

Single SR: E715 = 200 GeV. VS =13.6 TeV £=139 771 Single SR: EP' =200 GeV
opmXoxty (100, 1000) ! Ly e (1% b uncy potoxny 1100, 1000)
Py (100, 200) | -y Py (100, 200)
PpPXiy (100, 2400) pppXyxay (100, 2400)

L5t ok kg, wne)
-y

o s (10% kg une) T
gt =

iXaXay (100, 2400)

Events (weighted)
Events (weighted)

Events (weighted)
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7_00 800
pY [GeV] Efiss [GeV] Pl [GeV]

Normalised E;‘iss distributions in the exclusive signal regions

Vs =13.6 TeV £=139fb~1  SRI:200s £ <350 GeV Vs =13.6 TeV £=139fb"]  SR2: 350 s £ <450 GeV. Vs =13.6 TeV £=139 b1 SR3: EP¥ = 450 GeV.
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Statistical interpretation and
expected sensitivity

Expected exclusion reach



Vs =13.6 TeV £=139 and 3000 fb~! Vs =13.6 TeV £=139 and 3000 fb~!
120

= 1000 ————————— - ———
> F == Expected pos (+10) 7 > | == Expected pos (+10) .
& 900F# HLLHC ks (+10) 1 8 [ 5% HLLHC s (10) ]
= E_rrn zximx7 _E . 1000 Crrm zx;:)m)e 3
g 800F h? =0.12 ] g h? =0.12
7005— E 8001 ;
600 E + g
500 4 600~ y
400F E I ]
300F ] 4001 ]
2001 E 200F _: -
100E L ey e R S N T S U SN BRI B B S
500 1000 1500 2000 500 1000 1500 2000
mx, [GEV] my, [GeV]

Benchmark: cp =¢ép =1, A=1TeV, /s =13.6 TeV.
Signal-strength modifier: y = %,.

Expected yield in each SR: v;(u, 0) = ps; + b;(0).
Likelihood: #(u, 0) = HPOls(n lv, )Hzrk(ﬂk)

=R =1 (= = ]

Expected 95% CL limits obtamed with prof'le likelihood and C L, using an Asimov background-only dataset.
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Conclusion




Conclusions

Model framework and signal topology

[J We investigated a two-vector dark-sector effective theory in
which the lighter state X, is stabilised by a dark parity and
constitutes the dark-matter candidate.

[d The heavier state X, communicates with the Standard Model
through dimension-six operators involving the hypercharge field
strength.

[d After electroweak symmetry breaking, these interactions induce

X, = Xy
and, when kinematically allowed,
X, > X,Z.

A In the prompt-decay regime considered in this study, the
associated production of the two dark vectors in the presence of
QCD radiation leads to the characteristic LHC signature

y +jets + ET'.

Collider sensitivity and cosmological interpretation

[ We compared an inclusive single-SR counting analysis with a
three-SR strategy based on exclusive E}"i“ intervals.

[d The three-SR strategy retains coarse information on the hardness
of the event, separating the statistically powerful low- ET"** region
from higher- ET"** regions where the SM background is reduced.

[d The inclusive strategy reaches only relatively light spectra, and
its expected reach lies on the overabundant side of the freeze-out
reference contour.

[d By contrast, the three-SR strategy extends the sensitivity to
significantly larger masses and probes benchmarks for which the
thermal relic abundance does not exceed the observed
dark-matter density.

[J The high-mass contours should be interpreted as benchmark
sensitivities within the effective description, rather than as
exclusions within a specified ultraviolet completion.

Retaining coarse information on the E‘T“i” spectrum substantially improves the expected LHC reach and provides access to
cosmologically motivated regions of the two-vector dark-sector parameter space.
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