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Hidden Dark Sector

Attractive BSM scenarios predict existence of a Dark Sector (DS) allowing a wide variety of unexplored signatures at the LHC.

® DS 1s a hypothetical collection of fields and particles predicted as a possible SM extensions with no direct interactions.

e Couples extremely weakly to the SM through mediating particles such as Dark photons (““portal” interactions)
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Dark Photon

* Predicted in models with an additional dark U(1) gauge symmetry in the hidden sector (arxiv:2005.01515).

 Either kinetically mixes with the SM photon or couples to the Higgs sector via mediators and could be

produced through portals:

| .. 1 _
Lo — %B””AW — HTH(AS + 8% = YALHN + —(tr(GG) + c¢FF)a + o(dim > 5)

(- 7 - — | - A ?

~ ~— —~ — N~ —

Vector portal Higgs portal Neutrino portal Axion portal

[Okun; Galison & Manohar; Holdom; [Patt & Wilczek] [Patt & Wilczek] [Weinberg; Wilczek; KSVS; DFSZ]

Foot et al]

» Kinetic mixing: ¢ ~ 107 — 10~" (1 loop correction),
e ~ 10~/ — 1073 (2 loop corrections)

o Lifetime: 7(yp) (Small € value => long yp)

m(yp)e?


https://arxiv.org/pdf/2005.01515.pdf

Dark Photon

Massive vs massless

Dark-Photon
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Massless Dark-Photon: less explored scenario
(No tree-level couplings with SM) => effective
(higher-dimensional operators induced at 1-loop).

sinf@ =0, cosf =1 \

Massive Dark-Photon: most searched for
(tree-level coupling with SM fermions via
kinetic mixing).




Dark Photon ATLAS signatures

* ATLAS 1s searching for dark photons 1n various experimental signatures

* A wide range of dark photon masses 1s considered: from 0 to 200 GeV
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Long-lived particles in displaced di-muon vertices

golF Higgs production: 44.1 pb.
my= 125 GeV, my =300 GeV

Main background: low-mass Drell-Yan, Z
mz =20-60 GeV => Br(Z — utu™)=0.1475 - 0.1066.
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Long-lived particles in displaced di-muon vertices
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Displaced Hadronic Jets

- Higgs and heavy boson decay to collimated hadrons via long-lived dark photons: my = 125, 800 GeV, m, = 0.4 GeV.

* Main background: SM multyjet production.

* First limit on the SM Higgs channel 1n this model by ATLAS.
FRVZ model my = 125 GeV - my = 3800 GeV
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 HLSP: hidden lightest stable particle 2 10 « ctgen = generated LLP decay length


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2020-007/

Displaced Hadronic Jets

« Higgs and heavy boson decay to collimated hadrons via long-lived dark photons: m_, = 125, 800 GeV.

e Main background: SM multijet production.
* First limit on the SM Higgs channel 1n this model by ATLAS.

FRVZ model
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https://link.springer.com/article/10.1007/JHEP03(2022)041
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£
» Massive Dark-Photon: ggF production, prompt decay of Z, and m,; consistent with 125 GeV. = ¢
H — ZZ, — 4¢ channel is sensitive to the hypercharge portal through e.
» Dark Photon mass range: 15 GeV <m; <55 GeV H == &
* The H — ZZj vertex factor 1s proportional to €. A /
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https://link.springer.com/article/10.1007/JHEP03(2022)041

Events /2.5 GeV

» Massive Dark-Photon: ggF production, prompt decay of Z, and m,; consistent with 125 GeV. :
H — Z,Z, — 4¢ channel is sensitive to the Higgs portal through k (mixing of H and s (dark H)) Zg £
» Two Dark Photon mass ranges: LM (1 GeV <m; < 15 GeV) and HM (15 GeV < m; < 60 GeV). H
. . S
* The H —» Z,Z, vertex factor 1s proportional to «.
Zy
i
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Dark Photon in H — yy4

® Both massless and massive dark photons could give rise to same signature: resonant y + E?iss signature

H — yy, massless dark photon production mechanism

AN Y AN T ---a YD

S
E - s R arxiv:2206.05297
' S

scalar messenger fields

® The discovery of H — yy, signature would be a direct observation of long-range forces in the DS and an indirect
evidence of new physics coupled to both the SM and DS.

DS DS SM DS

Yd Yy 74

DS DS SM DS

 Could provide a potential explanation for astrophysical positron excess and small-scale structure formation problems.
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https://arxiv.org/abs/2206.05297

Events / 150 GeV

Ratio

VBF H - yy,

* Trigger: single-photon

 Dominant bac]
« SR: 1solated pl

* The most powerful discriminating variab)

kground: Vy + jets ( W( — Zv)( + y) + jets and

Z( = vv)(+y) + jets)
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SM 125 GeV Higgs boson:

observed (expected) 95% CL
upper limit on Br(H — yy4) 1s
set at 0.018 (0.017 .5 007—0.005)



https://link.springer.com/article/10.1140/epjc/s10052-021-09878-z

ZH H - yy,

v Signal: ZH,7Z — ¢~ and H — yy, (undetected dark photon — E?i“).
v Trigger: single and dilepton

v BDT (XGBoost) is used as discriminator to enhance the analysis sensitivity.
v Background estimation:

* Fake E?i“ . Ly + jets, Z + jets = Data-driven ABCD

* e — yfake: VV, VVV = Data-driven fake rate and probe-electron CR

* top, : MC estimated with validations in CR, VR.
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https://link.springer.com/article/10.1007/JHEP07(2023)133

ggk and new VBF H — yy,

Reinterpretation of the ATLAS mono-photon (y + E?iss) to search for dark photons 1n high-mass resonances.

o E?iss trigger limits the reach for low masses.

Photon

- m, = 0 Gev, 8 my =400 GeV — 3 TeV Er>150 GeV y
* Considering ggF and VBE production modes. P ot i

» Analysis optimised in ET* bins defining 4 SRs for maximum sensitivity. ' - - - -

* Main background: Z( — vv)y, W( — £v)y and Fake objects. I-Xq;(E?i“, ot)| > 0.4 v

e Discriminant variable: E?'ss

Ermiss > 200 GeV
Ermiss significance > 8.5
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WH and ggF light LLPin H — 2y, + X

- Small values of the kinetic mixing parameter: ¢ < 107> — long-lived Yq, m(yd) €10.4, 2] GeV
* Resulting fermions may be electrons, muons, hadrons depending on the dark photon mass.

* Two production modes ggF and WH.

WH channel:

* Signature: at least one dark-photon jets (DPJs) (collimated group of fermions)

and 1 charged lepton
* Background from W+jets and punch-through jet.

* Single-lepton trigger.

sk’ channel:

* Signature: at least two dark-photon jets (DPJs) (collimated group of fermions)

and no charged leptons

* Background from multi-jet production, cosmic-ray muons.

* MS and calorimeter-based trigger

22

Two considered models:
HAHM and FRVZ.

He---- 7d
vd

(Hidden Abelian
Higgs Model) f

7
FRVZ
T > b o HLSP
o faq > o HLSP
(Falkowski-Ruderman- "]
Volansky-Zupan) f

f
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WH and ggF light LLPin H — 2y, + X
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VBF light LLP in H — 2y, + X

* Signature: at least one dark-photon jets (DPJs) (collimated group of fermions)
* A dark coupling equal to ad = 0.01 and Small values of the kinetic mixing parameter,

e < 107 — long-lived y,, m(yd) € [0.1, 15] GeV
* Resulting fermions may be electrons, muons, hadrons depending on the dark photon mass.

, , (Falkowski-Ruderman- d
* MS and calorimeter-based trigger Volansky-Zupan) f
« Background from multi-jet, V + jets and cosmic-ray muons estimated using D-D techniques. !
10" - 101 . -
< - X E -
+ B ] + B ~
NI 7 N§ i _
[Q\ 0
100k y
T 10% = T = e
5 - 7] 3:/ - ]
m B | m = _
C B n c 101 | BlH22yg+X)=10% O———— — — 7 . ]
T I WA 2 B(H 2 2yq+X) = 10% o F -
[= - VBF combinati = = = =
é E aggF ;:gPJna > E g : - = VBF combination :
e — ggF yDPJ-cDPJ _ — ggF 2cDPJ
() | — - ggF 2uDPJ i 81 0_2 = ggF uDPJ-cDPJ —
8. .2 ATLAS ~ - WH 1cDPy 3 a [ ATLAS T o geren -
-7 E V5=13TeV, 139 fb-  aoFWHNBF comb. (obs) - [ Vs5=13TeV, 139 fb"’ o wHaoRs
~  FRVZ Model, m,,=0.1 GeV — - ggF/WH/VBF comb. (exp) ] FRVZ Model, m,,=10 GeV — . ggF/WHNBFggmb: Eini
- ggF/WH/VBF combination Expected +10 — 103 ggF/WH/VBF combination Expected +10 =
— 95% CL limits Expected +20 7 —  95% CL limits Expected 20 -
-3 . Lo gl . L 1 1 el . Lol , L ool , L 441 B A Lol Ll T B AT T] B S T T T
1050 100 101 102 10° 10 107 10 101 102 10° 0% 10°
CTy, [mm] CTy, [mm]

24


https://arxiv.org/pdf/2311.18298

VBF light LLP in H — 2y, + X
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Dark photons in rare Z boson decays

First search for a dark photon and dark Higgs boson produced via the dark Higgs-strahlung
process in rare Z boson decays at the LHC: Z — A" hp with m

Model parameter: €, ap, M, MhD

Dark photon A is the lightest particle in the DS, A" — ff (SM)

op = Z — A hy > A/A'AD) = 4

+m,_ < my.

X (at least two SFOS lepton pairs)
Sensitive to adez, the coupling of A to hy times the effective coupling of A to SM particles .

Dominant background: qq — 4/ estimated in a dedicated control region.
Minimum likelithood fit to the average m;, with no excess over SM predictions.
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. PhysRevlLett.131.25
Dark photons in P

Observed 90% CL upper limits on ad€2, as a Observed 90% CL upper limits on ez(ad =0.1),asa
function of mA’, compared to the results from Belle. function of mA'. Compared to the LHCb and CMS results.
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Dark photon summary

Three different ATLAS analyses are shown for different assumptions on the H— 2yd+X ( 0.1% - 50%).

The masses of the |
intermediate dark fermions
i predicted by the model are |
. chosen to be lighter w-r-t the |

Higgs boson mass and far

| from the kinematic threshold

for the production of the yd
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FRVZ Model
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2022-007/

Summary

Many signatures were explored thanks to excellent detector performance.

Massless and massive dark photons both are considered in ATLAS searches.

Wide range of parameter space and models covered by ATLAS, but no hint so far.

Upper limits at 95% CL are set on branching ratios and model parameters (coupling, mass, lifetime).

More efforts are ongoing with extended datasets (Run2 + Run 3), new signatures/ideas and more combinations.
No significant excess of events above SM background prediction with the LHC Run 2 data.

Stay tuned for new Run 3 ATLAS dark photon results and Run 2 combinations.
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