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Abstract

Opportunities for searches for phenomena beyond the Standard Model (BSM) using heavy-
ions beams at high energies are outlined. Different BSM searches proposed in the last years in
collisions of heavy ions, mostly at the Large Hadron Collider, are summarized. A few concrete
selected cases are reviewed including searches for axion-like particles, anomalous 7 electromag-
netic moments, magnetic monopoles, and dark photons. Expectations for the achievable sensit-
ivities of these searches in the coming years are given. Studies of CP violation in hot and dense
QCD matter and connections to ultrahigh-energy cosmic rays physics are also mentioned.
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BSM via photon-photon collisions
The resonant production of axion-like particles
Search for magnetic monopoles

Searches for anomalous electromagnetic moments of the t
lepton

Adam, tomorrow
Searches for dark photons

One of the possible candidate particles proposed as DM
mediators

Chiral effects in hot and dense QCD matter

Studies of structures with nontrivial topology in the QCD
vacuum, which determine the behavior of the P/CP
fundamental symmetries in hot quark-gluon matter


https://arxiv.org/pdf/2203.05939.pdf

Dark Photons: Introduction

Dark Photons are hypothetical extra-U(1) gauge bosons, which are motivated by:
antiproton spectrum in the cosmic rays measured by AMS Collaboration
positron excess in the cosmic rays observed earlier by PAMELA and confirmed by FERMI and AMS

muon anomalous magnetic moment of the muon, (g —2)u.

T = The kinetic mixing between the SM photons
and the hypothetical Dark Photon.

Standard Additional U(1) symmetry describing  Kinetic mixing term
Model the new force carried by a massive with the standard

Interaction between the Standard Model sector

Lagrangian  vector boson, the Dark photon A’ photon y and the Dark Sector via a Dark Photon
YA

Standard Model Dark Sector

g w=.= "7 A’ (massive) m A’ and E
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Dark Photons: Production

Production:
Bremsstrahlung
Meson decays . f“lw‘,-( "
Annihilation
ee, qgbar Bremsstrahlung il

Quark-gluon scattering

V(o, w, ) — A’ mixing

R. Jacobsson (CERN) :
LHC Operations Quark/gluon scattering

Workshop, Evian, 2019

Annihilation




Dark Photons: Decays

Decays:
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Dark Photons: Searches

prompt

Prompt searches

Sensitive to shorter lifetimes

TLEL T

Bump hunt on large background
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HPS (The Heavy Photon Search) at J-Lab.
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Current Limits
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ALICE Detectors

Run3 Configuration

>
“hell] o

» Dedicated to the heavy-ion physics at the LHC

*  Multi-purpose experiment with different detectors to measure PID-
hadrons, leptons, photons, heavy flavors, and jets.

« Large acceptance for lower pr electrons

 Dark photon searches through dielectron channels

o ACORDE | ALICE Cosmic Rays Detector
e AD | ALICE Diffractive Detector

o DCal | Di-jet Calorimeter

o EMCal | Electromagnetic Calorimeter
o HMPID | High Momentum Particle

Identification Detector

o ITS-IB | Inner Tracking System - Inner Barrel
o ITS-OB | Inner Tracking System - Outer Barrel

e MCH | Muon Tracking Chambers
o MFT | Muon Forward Tracker

@ MID | Muon Identifier

@ PHOS / CPV | Photon Spectrometer
Q TOF | Time Of Flight

@ TO+A | Tzero + A

@ TO+C | Tzero + C

@ TPC | Time Projection Chamber

@ TRD | Transition Radiation Detector

O VO+ | Vzero + Detector
@ ZDC | Zero Degree Calorimeter
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Dielectron measurements in ALICE

Latest results from Run2 for pp and Pb-Pb collisions
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Low mass dielectron yields are well consistent with cocktail calculations
Dark Photon searches with ALICE using Meson Dalitz decays



ALICE RUNT1 limits

LMee in n° Dalitz decays
20 <M., < 100 MeV

Prompt-like (no displaced vertex)

Free from conversions (>20 MeV)

Runl data
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https://gitlab.com/philten/darkcast

Events per 40 mass bin
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Dark Photon searches in LHCDb

Prompt searches

Search for dark photons decaying into a pair
of muons

Meson decays : M(A')<1 GeV
Drell-Yan: M(A’)>1 GeV

LHCb Prompt Di—Muon Spectrum
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Dark Photon searches in LHCDb

Search for dark photons decaying into a pair
of muons

20

Displaced searches (0.1 — 1cm) for long lived A’ search

Background dominated by material interactions

Precise knowledge of the location of the material in the

LHCb VELO is essential to reduce the background in

searches for long-lived exotic particles
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LHCDb limits

LHCDb

Prompt-like and long-lived dark photons
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https://gitlab.com/philten/darkcast

ALICE and LHCb Run3+Run4

ALICE
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ALICE3 from Runb

Use Time-of-flight detectors, Ring-imaging Cherenkov detectors, Calorimeters, muon chambers, FCT

ALICE 3 overview

3.0 muon uﬂ_fﬂm:
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magnet system =
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Electron identification
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Efficiency

elD performance in ALICE3

Electron efficiency
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raw yield

ALICE3 limits by dielectrons
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Another estimation using forward disks
Another channels (D*—DA’ like LHCDb, thermal dielectrons)



Dark Photon at GeV scales

Constraints on intermediate mass (O(1) GeV) resonances are looser [JHEP07(2009)051]

The use of PbPb collisions to search for new O(1) GeV
gauge bosons could be favored wrt pp, where the Drell-
Yan production of dileptons is much smaller than the

hadronic background (ccbar, bbar decays)
[Phys. Rev. C 81, 034911]

— QGP may provide an additional thermal source of
dileptons in intermediate mass region (direct thermal
radiation).

[J. Phys. G38, 025105] [Phys. Rev. D 54, 2399]




Dark Photon at GeV scales

Earlier estimation from PHENIX Au+Au dielectron data
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ALICE3?

Excess ete™ raw spectrum with uncertainties
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How to improve the limits?

dark photon
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Using pp data?
* ~400 pb! MB recorded gives 400 GB n° pairs.

Different channels
« D*->DA’ like LHCb. Other radiative decays
e Thermal dielectrons/muons for O(GeV)
* Drell-Yan in pp
* Displaced searches
* Forward rapidity

N Yboost \ (1078 (50 MeV
{4 ~ 16 mm ( 102 ) ( 2 ) ( oy
Detector technologies
 High rate capability and pile-up identification
to use high intensity pp collisions

* Electron/muon ID for IMR and HM pairs
* Online selection capabilities




Summary 23

« ALICE and ALICE3 have a good potential to search for dark photons though
dielectrons at very low mass.

« Studies for ALICE3 are not completed. We need to investigate other channels

and other phase spaces for aiming at O(GeV) dark photons
e Thermal radiations datianiioton W
* Drell-Yan pairs . |
* Other radiative decays
* Displaced searches
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e New ideas are welcome. -
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Electron Beam Dump experiments

25

a high-intensity beam dumped onto a thick fixed target provides the large luminosity

Search for long lived dark photons — probe very smaller mixing region
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Proton Beam Dump experiments

26

In proton dump experiments, dark photon can be produced either directly, via proton or lepton
(A’-strahlung) or indirectly (in mesons decay chains like p® —gA).
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Fixed target experiments (incl. beam dumpa

SpinQuest (SeaQuest) at FNAL 1072 Sppcses

Approved to have 1.4x10'8 protons on target (POT)

over a period of two years. :
10°7°
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https://arxiv.org/pdf/1910.07142.pdf
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Fixed target experiments (incl. beam dump) B

SHiP at SPS (>2026)

2x 1029 protons on target (5 years of operation)

Meson decays: (1% n,n’, ®) — v A’ (decay of K, D, B
subdominant)

Proton bremsstrahlung process pp — ppA’

perturbative QCD production of vector states via the
underlyingq+q—A’;q+g—>q+A

Decay vessel

Emulsion
Active detector
Target and muon shield Tracker
hadron absorber Speg:trometer
Particle ID

[§]

https://arxiv.org/pdf/1512.03069.pdf
https://arxiv.org/pdf/1712.01768.pdf
https://arxiv.org/pdf/1504.04956.pdf

Visibly Decaying A'
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Fixed target experiments (incl. beam dump) P!

https://indico.cern.ch/event/507783/

» HPS (The Heavy Photon Search) at J-Lab.
Large signal, HUGE background
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FASER

FASER Experiment currently under construction will enter the game in Run-3
~480m down the beam axis at ATLAS IP, at TI12 connection tunnel between

LEP/LHC and SPS
Exploits mainly large number of 10->X¥D(¥D->ee) decays produced at high

pseudo-rapidities (~2% within acceptance)

FASER main detector

[LOI: 1811.10243, TP: 1812.09139]
ECAL
FASERv 2m long /
[1908.02310) spectrometer
// 1.5 m long

decay volume

3 tracking stations

emulsion+target
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magnets —y
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Dark Photons
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Prospects for ALICE3

ALICE

* Many searches will be possible and be worthwhile to be studied:
* Meson decays such as n%n, ¢ Dalitz decays etc, D*0 decays, radiative J/\y and Y decays

* Displaced searches (M(A’)<20 MeV)
* FSR, Drell-Yan and Thermal radiation for M(A’) >1 GeV (constrains are much less)

2! dark photon

. Requwements for ALICE3
* High rate capability and in-bunch pileup separation
* Good electron identification capability for wide
momentum range (low momenta from pi0 Dalitz decays
to high momenta from DY and thermal dielectrons) oy

* Good vertexing to separate thermal dielectrons 10° |
and HF decay pairs 10°

10° |

107 |

102 |

mass [GeV]
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LHCb D? — A’'DY9 A’ —ee Run3+Run4

33

arXiv: 1509.06765.

The resonant search, relevant at larger values of €2, looks for an A" — e*e™ resonance
peak over the continuum SM background.

This search benefits from the large yield of D*0 — DYA” decays during LHC Run 3
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W
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To define the fiducial region, we require the D° me-
son to satisfy the following transverse momentum and
pseudorapidity requirements:

pr(D%) >1GeV, 2<n(D°% <5. (5)

Note that this requirement is placed on the D° meson,
not on the D*?, to suppress backgrounds to the D° com-
ponent of the signal. The D*° production cross section
within this fiducial region is

o(pp — D**— Dg;) = 0.95 mb, (6)

excluding secondary production of D*® mesons from b-
hadron decays. It may be possible to make use of some
secondary decays; in this analysis, however, we require
that the A’ originates from the pp collision to suppress
backgrounds (see Sec. IV A).

The nominal instantaneous luminosity expected at
LHCD during Run 3 is 2 nb™~! per second [51], which will
produce D*° mesons at a rate of almost 2 MHz (equiva-
lently, D*°— D%y at 0.7 MHz). Assuming an integrated
luminosity of 15fb~! in Run 3,7 this results in an esti-
mated yield of 14 trillion D*° mesons produced within
this fiducial region, or

N(D*° - D%) = 5.4 x 10'2, (7)
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LHCb D? — A’'DY9 A’ —ee Run3+Run4

The displaced search, relevant at smaller values of €2, looks for an A’—e*e™ decay vertex that is

significantly displaced from the pp collision.
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A’ gains a transverse momentum kick from pp collisions, the A’ flight trajectory intersects the LHCb

34

arXiv: 1509.06765.

detector, making it possible to identify displaced e*e~ pairs with smaller opening angles
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LHCb D? — A’'DY9 A’ —ee Run3+Run4 35

arXiv: 1509.06765.

The displaced search, relevant at smaller values of €2, looks for an A’—e*e™ decay vertex that is
significantly displaced from the pp collision.

A’ gains a transverse momentum kick from pp collisions, the A’ flight trajectory intersects the LHCb
detector, making it possible to identify displaced e*e~ pairs with smaller opening angles
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Current limits
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LHCDb from Run4+Run5
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Sensitivity in the next 5 years
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