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The strongest electromagnetic fields

In heavy-ion collisions

.: .: z
Aﬂ [\m E = % ~ 5% 1016 — 10'8 v/om

max

\jb Uj B_. ~10%—10"T
Strongest fields in the universe but very short lifetime

— Must be treated in terms of photon quanta

Source of quasi-real photons generated coherently

C

. 7? dependence of the photon flux

» Maximum energy @, .« ~ y; (hc/R)
Nucleus radius R 80 GeV in Pb—Pb@LHC, 3 GeV in Au—Au@RHIC
Lorentz factor y.  Typical transverse y momentum P, Very small (~30 MeV)

oln, Spr, S/RK w

J. D. Brandenburg, W. Zha, Z. Xu, Eur. Phys. J. A57 (2021) 299
X. Wang et al, Phys. Rev. C 107 (2023) 044906
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Photon induced processes in heavy-ion collisions

Production of vector mesons

oh Pb

—p—

0 VM=J/y, |’
Flux on photons ~ Z L0 schema

/ P e

— Access to gluon distributions in nucleus

— —_ - ——

- - — — _— ____ __ - - r-,l

Dilepton production ;;
Pb Pb 4:

LO BreLt-
wWheeler process

Pb Pb b
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Ultra-peripheral heavy-ion collisions (UPCs)

Clean environment without hadronic interaction
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A lot of publications for yy — 1717 in UPCs

PMIX . PHENIX Au—Au at , /syy = 200 GeV

)

2 <m

ete~

< 6.2 GeV/c2 Phys. Lett. B679 (2009) 321

° STAR Au—Au at SNN = 200 GeV

0.14 < m_ .- < 0.26 GeV/c? Phys. Rev. C70 (2004) 031902
0.4 <m... < 2.7 GeV/c2 Phys. Rev. Lett 127 (2021) 052302

ete~

« ALICE Pb—Pb at , /s\n = 2.76 TeV
4 < mgs- < 10 GeV/c2 Eur. Phys. J. C 73 (2013) 2617

. ATLAS Pb—Pb at , /sy = 5.02 TeV

T
X "l
‘ATLAS 10 < m ., < 80 GeV/c2 Phys. Rev. C 104, 024906 (2021)
EXPERIMENT HH
5 < Meie- <90 GeV/c2 JHEPOB (2023) 182

- . CMS Pb—Pb at , /syy = 5.02 TeV

S/ |
A 5 < Mgre- < 100 GeV/c2 CMS Phys. Lett. B 797 (2019) 134826
: 8 <my+,- <60 GeV/c2 CMS Phys. Rev. Lett 127 (2021) 122001

Note: also measurements in pp collisions
vy — 117 production at RHIC and at the LHC in hadronic collisions Raphaelle Bailhache at \/E = 7 and 13 TeV at the LHC 5



Exclusive dilepton processes & dissociation in UPCs

Ph | Ph Ph
Iu_ ¢
| o
7
| .
i
Pbh (C) p (in Pb) Pb* + X
Signal

(a) Leading order yy — 171~ production = primary Breit-Wheeler process
implemented in STARIlight, SuperChic, LO QED calculations, Wigner approaches

(b) Higher order final state, not existing in any MCs, under study in calculations (but not included in final comparison with data)
e.g. STAR: Pythia8 used on top to STARIight calculations

(c) Dissociative processes subtracted: one photon emitted not coherently by charged constituents of the nucleus
not coherently enhanced, larger Pt
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Dilepton acoplanarity

1+

transverse plane

ATLAS
Pb+Pb |s, = 5.02 TeV

Ay
) Adp- - = 1 P

oooooooooo

=
O
=
T = 4n5
- 510 yy— e'e,L=1.72nb’
Key tool for distinguishing between |2 XnOn
these processes o 10* fg = 0.099 £ 0.006
i e Data2018
aj+1- = 0: Lepton back-to-back in transverse plane 3 ==== STARIight+Pythia8
(Pp 11 small 107 L Dissociative (SC4+Py8)

ooooooooo

LO Breit-Wheeler process dominant L@  G5F

aj+1- > 0: higher-order contributions in tail of red distributiol °

a;+1- large: nuclear dissociative processes

W W Wi W GyE WhE § A LR LRI AN

Dissociative background subtracted via ;.- fits 1

: : 0 0.02 0.040.060.08 0.1 0.120.14
(simple (CMS) or more involved (ATLAS)) o(=1-|AG/ )
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Results in inclusive UPCs

As a function of:

* my;1- = centre-of-mass energy of colliding yy

* V+-= y}/}/
o |cos(®F)| with ®* scattering Dimuon angles
in the yy centre-of-mass frame (back-up)

Reasonably well described by calculations
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Results in inclusive UPCs

d<m

e < 90 Gev/ez, [1,] < 2.5
g180|||||||||‘||||||||||||||

I|III

As a function of: ATLAS

III|III|II

* my;1- = centre-of-mass energy of colliding yy High-energy mmnal y

* VI+- :yyy ;_
| cos(®*) | with ®* scattering Dimuon angles — |
in the yy centre-of-mass frame (back-up) 680E Pb+Pb \'s,,=5.02 TeV
N yy— e'e L=1.72 nb™
40F Inclusive ZDC
Reasonably well described by calculations - e Data 2018
205 ------ SuperChlc
I N I I I O I O
O - | L L L
=>1.2F
Pl |
© L S e
©0.8F
D | | | | | | | | | |
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ATLAS, JHEPO6 (2023) 182
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UPCs Pb—Pb 4 /syn = 5.02 TeV
m,,- > 10 GeV/c? "7,,{| <24

Results in inclusive UPCs

—
o
IIIII_

ATLAS
PbPb(yy) — p'w(Pb Pb)
5.02 TeV 0.48 nb”
p. >4GeV,Im <24
T,k K
p. <2GeV, m,, >10GeV
T, pu
Data k..
Data k.
STARIight k.,
STARIlight k.

| I IIIIIII|_

As a function of:

—
<
o)

dofdk . [ub/GeV]

* myy- = centre-of-mass energy of colliding yy

* VI+- = y;/y
e |cos(®*)| with ®* scattering Dimuon angles
in the yy centre-of-mass frame

F

Reasonably well described by calculations 2 16 High-energy lnlﬂil rs
(% i se¢ém worse reproduced
. . - j
my+- & Y4+ use to estimate photon energies 5 14r -
=k, , = /2)exp(+ s — -
W = Ky o = (My-12)eXp(Ly-) i :

I
I
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Varying impact parameter in UPCs

Excitation of the nuclei possible
through secondary photon exchange

“Giant dipole resonance”
All protons vibrating against all neutrons

— Knocks out 1-4 neutrons

y =—p e 0=

Neutrons can be “count” in zero degree calorimeters
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Varying impact parameter in UPCs
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— Knocks out 1-4 neutrons

Neutrons can be “count” in zero degree calorimeters
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S. Klein, P. Steinberg,
Annu. Rev. Nucl. Part. Sci. 70(1), 323 (2020)

____________________________________________________

STARLIGHT 3.13 |
LHC beam energy i

— XNXN
— 0NON 7
XnOn -
10 10° 10°
b (fm)

Classify UPC events according to
OnONn, XnONn/0OnXn or XnXn

— Selection select also a impact parameter range
— Probe impact parameter dependences

12



Varying impact parameter in UPCs

APy+-
T

- = 1

Look at the core of the a;.,- distribution
dominated by LO Breit-Wheeler process

10° poo

102 | Width OHOHH:

Qw 10 F e 1
Z \ :
S ;
n :
z 10 lyuul <2.4 \_‘ -.
A\ p# > 3.5 GeV, h]“l <\2.4 :

\ 1

—2
107 F g<m,, <60Gev

Xyt~
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CMS, Phys. Rev. Lett 127 (2021) 122001
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Varying impact parameter in UPCs

APy+-

JU

- = 1

Look at the core of the a;.,- distribution
dominated by LO Breit-Wheeler process

Observed broadening of (a,,.) (larger py :;-)
with decreasing b

Full LO-QED calculations (or Wigner approach)
needed to capture b dependence of the Pt

vy — 117 production at RHIC and at the LHC in hadronic collisions
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CMS, Phys. Rev. Lett 127 (2021) 122001

8 < M- < 60 GeV/c2 ‘77,4| <24
1.6 X1O—3 ! ! ' ' '

- CMS
1.5F -~ STARIight (EPA) + :

- ---Full QED LI
1.4 N T -
13 + i T 3
125 ... : .

. Iywl <24 i

1.1 p$ >3.5GeV, n'1<2.4 -

8 <m,, <60 GeV i

1 | | | | |
0’70,; On n 0'7)(n 'ny n 7,7’\77 )(”)(n
Larger b ﬁ Smaller b
Lower pr, Larger pr,
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Collisions with hadronic interactions

Impact parameter b < R; + R,

vy — 117 production at RHIC and at the LHC in hadronic collisions

5 - STAR in peripheral Au—Au and U—U , /5qy ~ 200 GeV

0.4 < m,, < 2.6 GeV/c2Phys. Rev. Lett. 121 (2008) 132301

GATLAS * ATLAS towards central Pbo—Pb , /syy = 5.02 GeV

8 < m,, <45 GeV/c? Phys. Rev. Lett. 121 (2018) 212301,
Phys. Rev. C107 (2023) 054907

. ALICE in peripheral Pb—Pb , /s\ = 9.02 GeV

0.4 < m,, < 2.7 GeV/c2JHEP 06 (2023) 024

ALICE

Raphaelle Bailhache 1 5



Peripheral Au—Au & U—U collisions at RHIC June 2018

Au—Au, U—U , /syn ~ 200 GeV
0.4 < m,., <2.6GeV/ic2 1| <1

'First observation]
iLow mass e"e” |

.. - - r - rr & Tr T T
Centrality: 60-80% ® 0 0.4-0.76 GeV/c*
Solid: Au+Au 200 GeV ¢ 0.76-1.2 GeV/c® x 10

Open: U+U 193 GeV ¢ O 1.2-2.6 GeV/c’ x 10™
—— Au+Au Cocktail

Excess observed at low pr .-

Magnitude reproduced by vy — e*e™~ calculations

Pt e+~ distribution broader compared to UPCs
not reproduced by calculations at that time
(b dependence of the P, not included in models)

dN/dp,_ ((GeV/e)™)

STAR, Phys. Rev. Lett. 121 (2008) 132301 Cocktail = expected contribution from hadronic interactions

vy — 111~ production at RHIC and at the LHC in hadronic collisions Raphaelle Bailhache 1 6



Pb Pb colllsmns at the LHC sune 2018

20 - 40 % 40 - 80 %
ATLAS —e— Pb+Pb data
400 o
%w 3 ‘[ Sy = 5.02 Te\< —— > 80% data
Pb+Pb, 0.49 nb .
. ; ! STARIight +

data overlay

1 I | L.—I
0 0.005 0.01 0015 0 0.005 0.01 0.015 0 0.005 0.01 0.015

04
o o
Observe " p~ pairs with small o (with 8 < m,,, < 45 GeV/c2, |1, | <)

Qualitative reproduced by yy — u™u~ calculations but broadening of a towards central Pb—Pb

— Both experiments suggested hot matter effects
(Trapped magnetic field (STAR), electromagnetic scatterings (ATLAS))

vy — 117 production at RHIC and at the LHC in hadronic collisions Raphaelle Bailhache ATLAS, Phys. Rev. Lett. 121 (2018) 212301
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5 years Iater ATLAS, Phys. Rev. C107 (2023) 054907

o

g SQ i | 3 T T T T | T T T T | T
= ATLAS i : = - 1
O I B 7 S B _ o ] bl & - -
SIS | Pp+Pb 5.02TeV, 1.94 b 1 sk >0-607% ;o8] UPC _
4001~ B T8 | 4007 Scale: + 8% ]
i ¢ Data | _ Events X 0.02 |
i Scale: + 9% i i 0 PWF Theory i |
[ 0-5% N
200 _‘ * é ° ] 200— é ’ QED Theory — 200 —— @ __
_ ¢ _ _ ' _ ] _
i $ o ¢ - i v - ' ° .
& | | | | ! ! | g | | | ‘ | '—
0 , . . . | ngil“* 00 ' ! ' '00'05'!'&'&'561"'— 00 0.0|O5 0.101
0 0.005 0.01 : : oL
oL
04

4 x more data for ATLAS + ALICE low m_..- in peripheral collisions (see back-up)

Significant improvement of the description of the data by calculations including properly b dependence of Pt

vy — 111~ production at RHIC and at the LHC in hadronic collisions Raphaelle Bailhache 1 8



Hunt for medium effects Phys. Rou Lett, 192 (018) 135301

ATLAS, Phys. Rev. C107 (2023) 054907

by

l | |
ATLAS

= 003 | Pb+Pb 5.02 TeV, 1.94 nb” B

> - : | YYOuu (A<0.06, k| <150 MeV) -

Q - L 1Y p.>4GeV 20-40% i

: : ... — 0.02— + IS -

Deflection of the i in magnetic fields ol :+ | Scale: + 8% -

generated during the Pb—Pb collision '0"0 - + # e 0<|2A0| <m/2 -

0_01_T ¢ o 2 <|2A0| < _

Expect a dependence of the broadening i in plane $ i

- out-of plane $ $ 7

» For in and out-of plane, i.e. as a function of |2(¢; — ¥,) | ok s oo %
¢h;; azimuthal orientation of the dilepton O‘ — 5'0 — 1(')0 — 1\;_)0

¥, second-order event plane angle (~ b and B L b) k| [MeV]

1 _
. Increasing as a function of | Ay | = \yﬂl — yﬂz\ (as thanh(Ay)) k, = > (pT1 +p1>) (T = |1 — P2| ) = mapr

No clear sign of such effects at the moment from ATLAS data

vy — 111~ production at RHIC and at the LHC in hadronic collisions Raphaelle Bailhache 1 9



Collision-energy and centrality dependence

Cross section

Pair transverse momentum

" Au—Au

1 70
E(a) :(a) Solid line: R =6.38 fm Au+Au
n 65F Dotted line: R = 6.9 fm — 40-60%
1 - — 60-80%
310— § e S 60l —80-100%
= —~ — UPC
E L § =\
%\10—2 E_ % 55:
+ — —
) — ~—" 50__
T 0 AN S N T More data to come
97, Aure v 450 | STARBESatRHIC
wi .« 3 pe - ¢ Yo — — e
o ~ /i Solid line: R = 6.38 fm 60-80% 0.5 401_ ...................................... ALICE at the LHC
104E Dotted line: R=6.91fm __ ;pc 492 - o (See back-up for ALICE)
- 35 S
I 1] —
1:—( N Lol Lo vl Lo vl
3 0oF - (b) 0.45 <M, <0.76 GeV/c?
o F — & Ln p; > 0.2 GeVie, |y | <1, n|<1
> 0.8 A N
o 0.4 <M, <2.6 GeV/c* 30_95 N~
T F ps.> 0.2 GeVie, |y |<1, | <1 -
0.6_ 2 MR . PP | N MR | :
S e 1 10 1
V' Snn
\'snn (GeV)
O,y_sete- AN \/ (p7..) sensitive to the nuclear charge distribution in the nuclei (taken as Woods-Saxon distribution)

— Nuclear radius and skin depth can be extracted from simultaneous fit of the data

vy — 117 production at RHIC and at the LHC in hadronic collisions

Raphaelle Bailhache

X. Wang et al, Phys. Rev. C107 (2023) 044906
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More: photon polarization

transverse plane

_— E E ®X) Z:Beam Direction

&R -
AL
| TS
- & &
v @-----;-----:-.’ ............. TR v v

Al 0---4 1?;

| Initial transverse linearly polarised EM waves

| h | — linearly polarised (quasi)-real photons in the traverse plane

I |

Breit-Wheeler process:
» Distinct cross sections for || & L relative ¢ ,

—> o  Two-photon spin converts into orbital angular momentum
G1., = photon polarisation vectors
Helicity J/, = = 1 (and spin 1) Expect cos(4A¢) modulation for produced e*e™

vy — 111~ production at RHIC and at the LHC in hadronic collisions Raphaelle Bailhache 21



More: photon polarization

STAR, Phys. Rev. Lett 127 (2021) 052302

A" 400 | | | I | | | I I
o - |
f B STAR 0.45<M_,<0.76 GeV, PJ_< 0.1 GeV -
l-i 1200 [ n 1 —
= - ¥ Au+AuUPC #§ Au+Au 60-80% x 0.65 5
- e N 5
"ué', 1000/ Fit: Cx( 1 + A2A¢cos 2A) + A4A¢cos 4A} ) +10 -
-] — R _
o — N I |
© 800 A —
- -
GO0 G - = R TR e e
- ’I‘ 1 | [ I ! | o
400__ o~ [ a ]
B T S j T L -
200 | - o
- Polarized yy — e'e™ : Without Polarization : N
__ —— QED CIIE TY STARL[ght _—
0_ | o -l- SlJF)eIrC>r]i(:l | | | | | |
0 R _ _ T
2 Ad=¢  — 0

Experimental access to photon polarisation
demonstrated by STAR

in Au—Au collisions at /sy = 200 GeV

vy — 117 production at RHIC and at the LHC in hadronic collisions

transverse plane

Initial transverse linearly polarised EM waves
— linearly polarised (quasi)-real photons in the traverse plane

Breit-Wheeler process:
» Distinct cross sections for || & L relative ¢ ,

 Two-photon spin converts into orbital angular momentum

Expect cos(4 A¢) modulation for produced e™e™

Raphaelle Bailhache
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More: photon polarization and dark photon research

couts/(m/20)

800

600

400

STAR, Phys. Rev. Lett 127 (2021) 052302

- *x STAR Au+Au UPC data

— — vy — e7e co0s(4A¢) modulation
- —7yA' > e’e cos(2A¢) modulation
- — Total

|

| | | | | |

o
NIa -

Absence of cos(2A¢) modulation puts limits

on dark photon mass and mixing parameter
to SM particles

More precise data to come

vy — 117 production at RHIC and at the LHC in hadronic collisions

(b U

Gy (a)

Initial transverse linearly polarised EM waves

— linearly polarised (quasi)-real photons in the traverse plane

Can be used to search for “dark photon” (A°)
Massive dark photon with helicity J, = 0

Expect cos(2A @) modulation for produced e™e™

Raphaelle Bailhache
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Conclusion and outlook

UPCs:

yy — 171~ production relatively well understood

Still some questions: higher order contributions, high-energy initial ys, nuclear dissociative
contribution treated differently by different experiments.

Potential for BSM research as well with more precise measurements
Collisions with hadronic interactions:

More (precise) measurements for different centrality, energy, phase space needed:
e To search for medium effects

e To study the nuclear charge distribution in the nuclel

Other hot topic recently yy — 77— (see slides)

vy — 111~ production at RHIC and at the LHC in hadronic collisions Raphaelle Bailhache
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STAR, Phys. Rev. Lett. 127 (2021) 052302

vy — 777~ in UPCs

e Sensitivity to the tau anomalous magnetic moment

g —2
a, = ‘ Pb ze Pb__
2 -
N T ﬂ_O
« BSM sensitivity og; ml2 ~ 280 X more sensitive than u U
where a ~40 tension is observed compared to SM U
Uy
* Not easy to measure experimentally y
Due to hadronic background and v in 7 decay
Pb Pb

Three channels available in UPCs: eu, u+track, p+3 tracks

vy — 111~ production at RHIC and at the LHC in hadronic collisions Raphaelle Bailhache 25



vy — 777~ in UPCs

DELPHI, ee—e(yy—1r)e
68% CL, Eur. Phys. J. C 35 (2004) 159

,. ;
CMS, PbPb—sPb' )(yy—>1:p‘c3prong)Pb(

68% CL, 0.4 nb’

CMS Phase 2 Projection Preliminary
— POPb—>Pb" (17T T30 PD' , 68% CL, 13 niy’
Based on rate-only-analysis, assuming 4% uncertainty
[ 1 1 | I [ 1 | |
-0.1 0 0.1

a.

CMS, arXiv:2206.05192 accepted to PRL

!,I,3-—-S :{ *—:—

Combined __.__5_

Expected |
1 I

OPAL 1998 .

13 1998 S e
—*:—

DELPHI 2004 . ATLAS

!,l1-—‘Sq —#—

@ Best-fit value

= 68% CL
- 95% CL

ue-SR o eeee— ] —-——

. Pb+Pb \s,=5.02 TeV, 1.44 nb™

! R B
—0.1 -0.05 0

ATLAS, arXiv:2204.13478 accepted to PRL

SM predictions a_ = 0.00117721(5)

vy — 117 production at RHIC and at the LHC in hadronic collisions

0.05

0.1

More precise data to come

Raphaelle Bailhache
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Dielectron physics opportunities at the LHC

Raphaelle Bailhache
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Results in inclusive UPCs

5 < M, < 90 Gev/e?, [ 1] < 2.5
'3 400—||||‘II|||||||||||I‘|||I‘|||||||||‘|||I‘II||‘||I
=.

I|III

As a function of: '_'7350; ATLAS
@ - High-energy initial y
. Of 300
* My - = centre-of-mass energy of colliding yy Kk e e S
V=Y, 52505' .............................................................................
| cos(®*) | with ®@* scattering Dimuon angles 2005_
in the yy centre-of-mass frame 150 Pb+Pb Sui=5:02 TeV
- yy— e*e L=1.72 nb"
100F Inclusive ZDC
Reasonably well described by calculations - e Data 2018
50— SuperChic o
5 :||||||||!||||!||||\||||||||||||||‘||||\|||| NiE
=1.2 , | =
© -
g 0.8 -
0 010203040506070809 1
(e 0N

ATLAS, JHEPOG6 (2023) 182
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ALICE, JHEP 06 (2023) 024

ALICE in peripheral Pb—Pb

0.4 < m ., < 2.7 GeV/c, |1,] <0.8
-3 -3 -3
- 22x10° | T T 1210 | D <10 |
&) i i O i | ) | _
S of ALICE - S ALICE 7 N ALICE :
ol of 70-90% Pb-Pb (s, =5.02TeV] 5 4 70-90% Pb-Pb |5y = 5.02 TeV_ 5 0.31 70-90% Pb-Pb |5, = 5.02 TeV—
2 ' : ? P, >0.2GeV/c, In | <038 : 2 p;,>0-2GeVic, n | <20.8 : vg - p;,>0-2GeV/c,|n | <0.8 -
QI__ .6__ 0.4 < Mee < 0.7 GeV/CZ = QI_ i 0.7 < Mg < 1.1 GeV/c | QI—“ B 1.1< Mg < 2.7 GGV/CZ |
S A i L 0.8 — O - _
21.4E4 ® Data - D i e Data - o e Data .
= [ | 1< e - 7 =
O 1o/ — Cocktall B © ] — Cocktail | S 0.2 — Cocktalil B
> = E ) u = + - ] > _|
> 1:§ B e vy— e*e (QED) ) => 0.6 - yy—e'e (QED) > 4R e yy— e*e (QED)
~ 5 3 ) . . ~ i .- . 7 i
T EI' | . yy— e*e (Wigner) ] il -, T yy—e'e (Wigner) . — B[] e yy— e'e (Wigner) |
08; i oeeyy—ete (STARNght) 0.4l o yy— e*e’ (STARlight) e vy —> g*¢” (STARIight)
1o - ] 0.1% &
D : {
2 A N
| | :
I I I
0
0.4 0
P oc (GeV/c)

vy — 111~ production at RHIC and at the LHC in hadronic collisions Raphaelle Bailhache



Hunt for medium effects Phys. Rou Lett, 192 (018) 135301

ATLAS, Phys. Rev. C107 (2023) 054907
Deflection of the 1 in magnetic fields Pb Pb
generated during the Pb—Pb collision G—} | 0

Expect a dependence of the broadening

I | |
ATLAS

. Increasing as a function of | Ay | = |yM1 — yﬂz\ (as thanh(Ay)) % 003 B+l 5.02 TeV. 1.4 nb* B
2 i yy—uu (A<0.06, k| <150 MeV) |
b p_>4GeV 20-40% -
< | B - 1 _
5/50.02- # o Y-y l< -
— - $ i $ 0 1<\y1-y2|<2 -
B - - > 2 _
o.o1_—i3 ; C Yl -
: ¥ : :
i Y8 @ _
0 * 2 elqoe
I

0 50 100 150
k| [MeV]

| _
ki = 5 (pT1+p12) (T = |1 — 2| ) = mapr

No clear sign of such effects at the moment from ATLAS data
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RHIC: §
y; ~ 100 S 10
Zpn, =79, Zy; = 92 2l
OO
RAU. — 638 fm I
<
LHC:
}/L ~/ 2700 1072
107°

vy — 117 production at RHIC and at the LHC in hadronic collisions

I I I | I I I | I I I |
® ALICE, 70-90% Pb-Pb |5, = 5.02 TeV )
O STAR, 60-80% Au-Au |s,, = 0.2 TeV
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ALICE and STAR in peripheral heavy-ion collisions

STAR, Phys. Rev. Lett. 121 (2008) 132301

ALICE, JHEP 06 (2023) 024
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PAMELA, Nature 458 (2009) 607
FERMI, Phys. Rev. Lett. 108 (2012) 011103

Da rk phOtOnS AMS, Phys. Rev. Lett. 110 (2013) 141102

Muon g-2, Phys. Rev. D73 (2006) 072003

e Dark matter: & 80% of the matter in the Universe

* Possible candidates (among others): dark photon A’
* Hypothetical extra-U(l) gauge bosons, motivated by:
* Antiproton spectrum in the cosmic rays measured by AMS Collaboration

* Positron excess in the cosmic rays observed by PAMELA and confirmed by FERMI & AMS
* Muon anomalous magnetic moment

SM f}/ A/ DM
Standard Model L\,\,XW Dark Sector

g W=,7Z2 71 A’ (massive)

. 2 6 ke .

Standard Additional U(1) symmetry describing  Kinetic mixing term
Model the new force carried by a massive with the standard
Lagrangian vector boson, the Dark photon A’ photon y

Messenger particle of a dark sector with residual interactions ¢ to the SM sector and mass 1,
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Dark photon decays

A’ visible decay Br
- ee 3
0.50 B
« Visible decays (No DM with mipy; < m1a./2) |
/ . 0.20
« A" — SM particle .
< 0.10 =
- . . o : ut :
« Invisible decays (DM with mpy; < mi,./2 exists) Q05 L g
. A’ > DM with BR~/1 | wrw-
« SM decays suppressed by a factor €? 0.02 - -
0.01 - _
0.1 02 05 10 20 50 100

my (GeV/e?)

Gabriele Piperno, PANIC (2017)

vy — 111~ production at RHIC and at the LHC in hadronic collisions Raphaelle Bailhache



Current limits from LHC

- A’ = u*u~ in pp collisions at \/E = 13 TeV

Inclusive Inclusive

% » Prompt searches 7 ete utu
1077 Al AP )

» Meson decays: m,. < 1 GeV
e Drell-Yan: m,. > 1 Ge :

)

Prompt u " u
 Displaced searches (0.1-1cm) for long lived A’
* Background dominated by material interactions

* Precise knowledge of location of material needed

-5
CMS, | 10
_ |« |nclusive searches

with m,, in 30-75 and 110-200 GeV ranges 107°

LHCb

M

Displaced u*u~

| IIIIIII ‘ Il P ——— | IIIIIII | | IIIIIII

1072 1071 1

« A’ — e™e” in pp and p—Pb collisions 10™ 0
m(A") [GeV ]

* Inclusive searches with 0.02 < m,, < 0.1 GeV M. Graham, C. Hearty, M. Williams, arXiv:2104.10280
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Future prospects

A. Dainese et al., CERN-2019-007

. * _ .
Searchin D™V — A'DY, A" — eTe 10— < S
1075}

1077}

Add new constraints below m, . of 125 MeV 10-12:
my [GeV]

WiLLL profit from upgrades of the vertex detector

, , Black existing limits
and removing of LHCbL hardware trigger (for Run > 3) )

Projections for pp collisions:
e Run 3 + 4: 50 fb-
* Run 5: 300 fb-1
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