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Introduction

e Weizsacker & Williams + Jackson + ... :

— Highly relativistic particles act as sources
of ~ real photons

* Finger physics:
—When A > R/y, or equivalently E = hc V/R,
the photons are emitted coherently

— AtLHC, Pb+Pb @ 5.02 TeV, coherence
condition is E = 80 GeV

— (Coherent) Photon flux o« 22

—y+Y luminosity o« Z4

 During heavy ion operation, the LHC
is also a Large Photon Collider

= s > 100 GeV



EPA, STARIlight, geometry

e Until recently, calculations of the photon flux in UPC
collisions started with textbook formula

— photon flux density for given energy, k at a perpendicular
distance, r.

=correlation between r, and energy



EPA, STARIlight, geometry

e Until recently, calculations of the photon flux in UPC
collisions started with textbook formula

— photon flux density for given energy, k at a perp. distance, r,

=correlation between r, and energy

e geometric convolution w/ no-hadronic interaction factor
—e.g. STARlight formula for y+y:

dzNyy(kl, k2)
dkidk,

= ffdzbldzbgpNOHAqu—i_b;DN(kl,l;l)N(kz,gz)

e But, in textbook or literature, handling of r, <R, unsettled

=For example, STARlight neglects photons w/r, <R
=SuperChic does not



y+y production of
dileptons



Dilepton production in y+y collisions 7

* At leading order in QED the y+y —I*l- process is simple
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— Well-established calculations s | S
— High-statistics measurements
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— Good agreement with theory** | | coser

= Declare success ATLAS UPC ete-
JHEP 06 (2023) 182



https://link.springer.com/article/10.1007/JHEP06(2023)182

STAR exclusive e*e- 8

e STAR UPC y+y—et*e in 200 GeV Au+Au (Lint = 70 pb-1)
—0.4 < Mee < 26 GeV, pTee < 01 GeV, IYeeI < 1

e Compared to STARLight and “QED” calculation
=S TARLIight slightly underpredicts data
=QED calculation agrees well with data

STAR: Au+Au at \/syy =200 GeV, |y®¢| <1, P, <0.1GeV, P:> 0.2 GeV, |n°|

¥  Data: Au+Au UPC

Theory for yy— e*e™:
— — QED for UPC
TETOIEY STARLight

do/dM (mb/GeV)
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PRL 127, 052302 (2021)



https://journals.aps.org/prl/pdf/10.1103/PhysRevLett.127.052302

STAR exclusive e*e- 9

* First measurement of the angular correlation between
lepton pair pr vector and lepton ¢ angles

— possible due to the low electron pr values and << material

STAR 045<M,<076GeV, P,<0.1 GeV

¥ Au+AuUPC % Au+Au 60-80% x 0.65
—— Fit: Cx( 1 + A2A¢cos 2A¢ + A4A¢cos 4A¢ ) +10
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Polarized yy — e*e™: Without Polarization :
— - QED COLY STARLight
= = = = SuperChic




STAR exclusive ete- 10

* First measurement of the angular correlation between
lepton pair pr vector and lepton ¢ angles

— possible due to the low electron pr values and << material

STAR 045<M,<076GeV, P,<0.1 GeV

¥ Au+AuUPC % Au+Au 60-80% x 0.65
—— Fit: Cx( 1 + A2A¢cos 2A¢ + A4A¢cos 4A¢ ) +10

e Compare to calculations:

— Reasonable agreement with
QED and SuperChic

= QED: cos(4A®)
modulation from linear
polarization of the photons
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Polarized yy — e*e™: Without Polarization :
— - QED COLY STARLight
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y+y scattering and
forward neutrons



Nuclear breakup via Coulomb Excitation 12

*In Pb+Pb y+y, coherent photons dominate
=Nominally: no forward neutrons in 0 degree calorimeters

D1 ZDCm d les

i

e However, long-range EM interactions
can induce giant dipole resonance++

=Emission of 1 or more neutrons by
one or both nuclei

=Explore with ATLAS y+y— u+pu-




Y+Y— U+, nuclear breakup 13

e Event topology as seen in the two ZDCs

ATLAS
ATLAS PbPb(yy) — w'w(Pb' 'Pb")
PbPb(yy) — w (P Pp") p; >4GeV,Inl<2.4 e e T
pT,u >4 GeV, h]ul <24 m,, > 10 GeV, pT’ulLl <2 GeV ’ SN= ‘:4 S
my, > 10 GeV, pTM <2 GeV ‘
O ZDC+ (nn > 8.3)
® ZDC- (1]n <-8.3)
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Phys. Rev. C 104 (2021) 024906


https://journals.aps.org/prc/abstract/10.1103/PhysRevC.104.024906

Y+Y— U*us, nuclear breakup 14

e Event topology as seen in the two ZDCs

ATLAS
ATLAS PbPb(yy) — u"w(Pb 'Pb")
PbPb(yy) — u'w(Pb Pb") p. >4GeV, I |<24
P> 4 GeV, Inul <24 m,, > 10 GeV, pTw <2 GeV
m,,, >10 GeV, Pl < 2 GeV )
O ZDC+ (nn > 8.3)
® ZDC- (nn <-8.3)
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—0nON - no neutrons in either ZDC

Phys. Rev. C 104 (2021) 024906


https://journals.aps.org/prc/abstract/10.1103/PhysRevC.104.024906

y+y— uts, nuclear breakup 15

e Event topology as seen in the two ZDCs

ATLAS
PbPb(yy) — u'w (Pb"Pb")

pw >4 GeV, Inul <24 gy |
m,, > 10 GeV, pwlLl <2 GeV =X

ATLAS
PbPb(yy) — w*u(Pb! Pb")
p_r’M >4 GeV, h]ul <24
my, > 10 GeV, P < 2 GeV
O ZDC+ (m_>8.3)
® ZDC- (nn <-8.3)
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— OnXn
= 0 neutrons in one

= >1 in the other

Phys. Rev. C 104 (2021) 024906


https://journals.aps.org/prc/abstract/10.1103/PhysRevC.104.024906

y+y— U, nuclear breakup

e Event topology as seen in the two ZDCs

ATLAS

PbPb(yy) — nw(PbPb")

p, >4GeV, <24

m,, >10 GeV, P, . <2GeV b e |

ATLAS
PbPb(yy) — w*u(Pb! Pb")
p_r’M >4 GeV, h]ul <24
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- XnXn
=> 1 neutrons in both

16



Y+y— u*W-, nuclear breakup 17

 Dimuon acopolanarity distributions o«
—for different topologies
=Large-acoplanarity tails
change shape for

different neutron
topologies

ATLAS 0onon

5.02 TeV, 0.48 nb” 10 < my, <20 GeV
PbPb(yy) — u"w (PbPb) ly l<038

fye = 0.001 0.003 Data

ATLAS Xn0On
5.02 TeV, 0.48 nb” 10 < my, <20 GeV
PbPb(yy) > W (Pb Pb) Iy 1<0.8
f4e = 0.077 = 0.009 ® Data
—— Total
STARIlight+Pythiag

—— LPair (dissociative)

STARIight+Pythia8

Events / bin width
Events / bin width

0.1

o (= 1-1A¢l/x) o (= 1-1A¢l/x)

ATLAS

PbPb(yy) — w'u (Pb"Pb")
Pr.> 4 GeV, h1u| <24
my,>10 GeV, pT’uu <2 GeV

ATLAS XnXn
5.02 TeV, 0.48 nb”" 10 < my,, <20 GeV
PbPb(yy) ='W (Pb Pb) Iy, 1<0.8
fye = 0.127 £ 0.021 ® Data
—— Total
STARIight+Pythiag

—— LPair (dissociative)

ATLAS Inclusive ZDC
5.02 TeV, 0.48 nb™ 10 < my, <20 GeV
PbPb(yy) = u"W(Pb Pb') 1y, 1<0.8
f4e = 0.031 0.004 ® Data
—— Total
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—— LPair (dissociative)
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Phys. Rev. C 104 (2021) 024906


https://journals.aps.org/prc/abstract/10.1103/PhysRevC.104.024906

Y+y— u*W-, nuclear breakup 18

e Dimuon acopolanarity distributions o =1 — 2¢
—for different topologies
=Large-acoplanarity tails
change shape for

different neutron
topologies

ATLAS 0onon
5.02 TeV, 0.48 nb” 10 < my, <20 GeV

ATLAS XnOn
5.02 TeV, 0.48 nb” 10 < my, <20 GeV
PbPb(yy) > W (Pb Pb) Iy 1<0.8
f4e = 0.077 = 0.009 ® Data
—— Total
STARIlight+Pythiag

PbPb(yy) — u'uw (PbPb) ly l<038
f4 =0.001=0.003 ® Data

STARIight+Pythia8

Events / bin width
Events / bin width

o (= 1-1A¢l/x) o (= 1-1A¢l/x)

e Dominant effect:

— Dissociative emission
of photons a la pp

=Described by LPair

ATLAS XnXn
5.02 TeV, 0.48 nb”" 10 < my,, <20 GeV
PbPb(yy) ='W (Pb Pb) Iy, 1<0.8
fye = 0.127 £ 0.021 ® Data
—— Total
STARIight+Pythiag

5.02 TeV, 0.48 nb™ 10 < my, <20 GeV
PbPb(yy) = u"W(Pb Pb') 1y, 1<0.8
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Phys. Rev. C 104 (2021) 024906


https://journals.aps.org/prc/abstract/10.1103/PhysRevC.104.024906

Y+y— u*W-, nuclear breakup 19

 Dimuon acopolanarity distributions
— for different topologies

=Large-acoplanarity tails
change shape for
different neutron
topologies

ATLAS 0onon
5.02 TeV, 0.48 nb” 10 < my, <20 GeV

ATLAS Xn0On
5.02 TeV, 0.48 nb” 10 < my, <20 GeV
PbPb(yy) > W (Pb Pb) Iy 1<0.8
f4e = 0.077 = 0.009 ® Data
—— Total
STARIlight+Pythiag

PbPb(yy) — u'uw (PbPb) ly l<038
f4 =0.001=0.003 ® Data

STARIight+Pythia8

Events / bin width
Events / bin width

 More generally

— Forward neutron rejection
(i.e. OnONn requirement)
reduces Yy backgrounds

=v+A, diffractive,
dissociative y

o (= 1-1A¢l/x) o (= 1-1A¢l/x)

ATLAS XnXn
5.02 TeV, 0.48 nb”" 10 < my,, <20 GeV
PbPb(yy) ='W (Pb Pb) Iy, 1<0.8
fye = 0.127 £ 0.021 ® Data
—— Total
STARIight+Pythiag

5.02 TeV, 0.48 nb™ 10 < my, <20 GeV
PbPb(yy) = u"W(Pb Pb') 1y, 1<0.8
f4e = 0.031 0.004 ® Data
—— Total
STARIlight+Pythiag
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https://journals.aps.org/prc/abstract/10.1103/PhysRevC.104.024906

Light-by-light scattering



Light-by-light 21

e Light-by-light scattering of (=) real photons was
discovered @ LHC

—by both ATLAS and CMS

—now being used to search from BSM physics

=e.g. axion-like particles (ALP)

* Diagrams for three processes:

SM L-by-L L-by-L ALP CEP g+g—vyy
(Background)



Light-by-light 22

e Light-by-light scattering of (=) real photons was
discovered @ LHC

—by both ATLAS and CMS
—now being used to search from BSM physics
=e.g. axion-like particles (ALP)

* Diagrams for three processes:

SM L-by-L L-by-L ALP CEP g+g—vyy
nuclear breakup likely



ATLAS Light-by-Light Observation 23

*Using 2018 data, Pb+Pb @ 5.02 TeV (1.7 nb-1)
* Exclusive yy events (no tracks):

-E1y>2.5GeV, |In|y <2.37 (excl 1.37-1.52)

-myy > 5 GeV

—p1yy < 1(2) GeV, A < 0.01

Phys. Rev. Lett. 123 (2019) 052001
ATLAS

EXPERIMENT



https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.123.052001

ATLAS Light-by-Light Observation 24

eexclusive ete- used to validate EM energy scale,

5.02 TeV
lection
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.123.052001

ATLAS Light-by-Light Observation 25

 CEP bkgd from MC, normalized w/ data, Ay > 0.01

ATLAS
Pb+Pb sNN =5.02 TeV

Events / 0.005
Events / GeV

—e—Data, 2.2 nb™
[_]Signal (yy = vv)
[CJCEP gg — vy
vy —ee

£33 Syst. uncertainty

AOA‘ x
ﬁw 1<l T
- 1
O-O

ATLAS
Pb+Pb s, = 5.02 TeV

Signal region

—e- Data, 2.2 nb™
[ ]Signal (yy — vy)
[CJCEPgg — vy

B vy —ee
2] Syst. uncertainty

97 events observed, background: 27 £ 5
=0fid = 120 nb 17 (stat.) 13 (syst.) £ 4 (lumi.)

e Ratio to theory(ies):
= (combining) 1.5 0.3

PRL 123 (2019) 052001


https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.123.052001
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https://doi.org/10.1016/j.physletb.2019.134826

CMS Light-by-Light measurement 27

* Using 2015 data set (0.39 nb-1)
e Exclusive yy events
-Eww>2GeV, |nly<2.4
—p1ry <1 GeV, Ay <0.01

Photons / (1.05)

2 4 6 8 10 12
Diphoton Invariant Mass (GeV)

* Result: 14 L-by-L

Events / (0.8)

candidates i
-9 %+ 0.1 expected
r— 3 .O i 1 . 1 CEP bkgd 0 -2 -15 -1 -05 0 05 1Di1p.?]0to2 0.2 0.3 04 0.5 Slghgtznopi (OG.QeV)1
~1.0 £ 0.3 e*e- bkgd Phys. Lett. B 797 (2019) 134826

=0fid = 120 * 46 (stat) * 28 (syst) £ 12 (theo) nb
=Theoretical: ofia(Yy — YY) =116 £ 12 nb.


https://doi.org/10.1016/j.physletb.2019.134826

ALP searches

e ALP searches:

— Look for narrow resonances in myy distribution

=Both ATLAS and CMS data consistent with
background-only hypothesis

PbPb 390 ub™ (5.02 TeV)

—il— Data CMS
LbyLy y — vy vy (MC)

CEP (gg — vy y) + other bkg
QEDy y — e'e (MC)

ATLAS
Pb+Pb |/s,, = 5.02 TeV

Signal region
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[_]Signal (yy — vy)
[CJCEPgg — vy
B vy —ee

%5 Syst. uncertainty
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Diphoton Invariant Mass (GeV)
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ATLAS and CMS limits on ALP in yy 29

 LHC measurements in UPC light-by-light:
— CMS and ATLAS constraints on yy—ALP

Existing constraints from JHEP 12 (2017) 044 Existing constraints from JHEP 12 (2017) 044

LEP
ete” -»y+inv.

PrimEx LEP

CMS yy - ¥ [PLB 7977(2019) 134826] CMS yy - yy [PLB 797 (2019) 134826]

Beam-dump ATLAS ATLAS yy =2y (this paper) ) ATLAS yy.= yy (this paper) ATLAS

100 120
m5 [GeV]

=LHC light-by-light data provide improved constraints
on ALP production in mass range 5-100 GeV

—Note: no combination (yet) of ATLAS and CMS data



T and T g-2



UPC collisions and t* T production

e Studying tau properties in ultra-peripheral

collisions is

an old idea

CERN-TH. 6205/91

The Possibility of Using a Large Heavy-Ion Collider for Measuring the
Electromagnetic Properties of the Tau Lepton *

F. del Aguila
CERN, Geneva
and
Departamento de Fisica Tedrica y del Cosmos,
Universidad de Granada, E-18071 Granada, Spain
F. Cornet
Department of Physics, University of California,
Los Angeles, CA 90024-1574
and
Departamento de Fisica Tedrica y del Cosmos,
Universidad de Granada, E-1807! Granada, Spain
J.I. Illana
Departamento de Fisica Teorica y del Cosmos,
Universidad de Granada, E-18071 Granada, Spain

Abstract

We study the potential of a large heavy-ion collider for the measure-
ment of the electromagnetic properties of the tau lepton. Measuring the

anomalous magnetic and the electric dipole moments of the tau at g2 ~ 0
with a precision of ~ 4 X 10~° and ~ 4 X 1073, respectively, at the LHC
and/or SSC should be no problem. Whereas the precision at RHIC should
be a few per cent, comparable to present limits and to the expected pre-
cision at LEP.

31



tau g-2 and UPC t* T production 32

e Beresford and Liu:

— tau g-2 measurements could be
made using UPC y+y = T+ T-

—mass increases sensitivity to
BSM physics

=the kinematics of the taus &

decay products are sensitive
to BSM physics

PbPb — Pb(yy — tt)Pb, Vs = 5.02 TeV,2.0 nb™' PbPb — Pb(yy — tr)Pb, {s=5.02 TeV,2.0nb™"

SRI1/1T LBIL SR1/3T

Sample (Yield)

—— 1, 92 =0, 5d,=0 (3.7€+02)
—— 1t, 82 =0.02, 5d,=0 (6€+02)

Sample (Yield)
— 17, da =0, 8d,=0 (1 .3e+03)
— 11, 42 =0.02, d =0 (1 .8e+03)

T, da =-0.02, 8d,=0 (1.3e+03)
—— 11, 62 =0.0, 6d,=0.015 (2.9e+03)
—— 11, 62 =0.0, 6d,=-0.015 (2.9e+03)

T, da =-0.02, 5d,=0 (4.7e+02)
—— 11, 02 =0.0, 6d,=0.015 (1.5e+03)
——— 11, 62 =0.0, 6d,=-0.015 (1.5e+03)
—
=

=

g 10 12 14 16 18 20 15 20 25 30 35 40
p.(1)[GeV] p,(trks) [GeV]




ATLAS yy— 1T observation 33

* ATLAS used three signal CRs
to select events with 2 T decays

Phys. Rev. Lett. 131 (2023) 151


https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.131.151802

ATLAS yy— 1T observation 34

e ATLAS used three signal channels/regions
to select events with 2 T decays

— Muon + 1 track {

/ ATLAS .

EXPERIMENT 2‘0’?; 0 00sa6:51 crsT

Phys. Rev. Lett. 131 (2023) 151


https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.131.151802

ATLAS yy— 1T observation 35

e ATLAS used three signal channels/regions
to select events with 2 T decays

— Muon + 3 tracks

ATLAS

EXPERIMENT

Event: 3305670439

Phys. Rev. Lett. 131 (2023) 151


https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.131.151802

ATLAS yy— 1T observation 36

e ATLAS used three signal channels/regions
to select events with 2 T decays

— Muon + electron

ATLAS ...

EXPERIMENT 205641 24 15:59:14 cast

[ B

Phys. Rev. Lett. 131 (2023) 151


https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.131.151802

ATLAS yy— 1T observation 37

 Simultaneous analysis of 3 signal channels
— 3 control regions to constrain backgrounds
=Expected backgrounds < 15% in all three channels

e LL Fit to aT assuming yTT coupling BRI

2m

— Similar parameterization to LEP analyses
= ar= (gr - 2)/12=-0.041, a;SM=0.0012

(o2}
o

ATLAS

Pb+Pb \/STIN =5.02 TeV
Combined fit

ulT-SR

Post-Fit

ATLAS

Pb+Pb \/STIN =5.02 TeV
Combined fit

u3T-SR

Post-Fit

ATLAS

Pb+Pb m =5.02 TeV
Combined fit

ue-SR

Post-Fit

Events / bin
Events / bin
Events / bin

e Data, 1.44 nb™
[Jyy—7t (2 =-0.041)

Byy—uw
photonuclear

e Data, 1.44 nb™

Clyy—tt (ar=-0.041)

Byy—uu
photonuclear

¢ Data, 1.44 nb™
[Jyy—>tt (2 =-0.041)
Byy—uu

Uncertainty
—a,=-0.06
-- a,=0.04

7 Uncertainty
—a,=-0.06
-- a,=0.04

“Uncertainty

)]
o

Data / Pred.
ooo ==
BOOLNRO

20 25 30
Muon P, [GeV]

25
Muon P, [GeV]

25 30
Muon P, [GeV]

Phys. Rev. Lett. 131 (2023) 151802



https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.131.151802

ATLAS yy— 1T observation 38

*LL Fit to ar assuming yTT coupling CRIGERa Ty

e “Standard” evaluation of 68% and 95% CLs
— But interference between SM and BSM processes make

the 95% CLs “unusual”

=Allow non-zero positive and negative a-

\

I
\Pb+Pb (S =5-02 TeV, 1.44 nb™ I’
I

\ — Observed (Combined)

\

\ T Expected (Combined) II

20.06 -0.04 -002 O 002 004 006
a‘[

OPAL 1998
L3 1998 e

_*-:—
DELPHI 2004 : ATLAS

| Pb+Pb \s,=5.02 TeV, 1.44 nb™’
ulT-SR ——-—.—— @ Best-fit value
= 68% CL

1 — 950/0 CL

Combined __._—._

Expected

=Use of muon pr distributions makes result less
sensitive to uncertainties in photon flux



CMS yy— 1T observation 39

e CMS measurement focused on the u+3 track channel
= Directly constrain one of the tau decays

e Less luminosity (0.4 nb-1), but lower pr threshold on muon:
—p1u> 3.5 GeV for Inul < 1.2,
—ptu>2.5GeVfor1.2<|ny<2.4
= Similar statistical precision on osiq as the ATLAS measurement
= But by fitting osit, sensitive to photon flux

- "9 CMS Experiment at the LHC, CERN
~ ¥ Data recorded: 2015-Dec-06 21:41:27.033612 GMT

Run / Event / LS: 263400 / 88515785 / 849
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e CMS measurement focused on the u+3 track channel
= Directly constrain one of the tau decays

e Less luminosity (0.4 nb-1), but lower pr threshold on muon:
—p1u > 3.5 GeV for INul < 1.2,
—ptu>2.5GeVfor1.2<|ny<2.4
= Similar statistical precision on osiq as the ATLAS measurement
= But by fitting osit, sensitive to photon flux

Muon selection pr > 3.5GeV for || < 1.2
pr >25GeV for1.2 < || < 2.4

Pion selection pr > 0.5GeV for the leading
pt > 0.3 GeV for the (sub-)subleading

n| < 2.5

T3prong Selection pffis > 2GeV and 0.2 < m‘{is < 1.5GeV
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*Clean yy— t*1" signal with low bkgd (@ small m+)

— 3 CR regions at higher track multiplicity, and/or higher
Exrlead used to constrain background

CMS PbPb - 404 ub™ (|s, = 5.02 TeV) CMS PbPb - 404 ub™ (s, = 5.02 TeV) CMS PbPb - 404 ub™ (s, = 5.02 TeV) CMS PbPb - 404 ub™ (s, = 5.02 TeV)

I Data I Data I Data

- YY — tut3prong - Yy — ‘cut3prong - L8 g Tut3pr°n9 - "= tut3pr°ng
- Background - Background - Background -~ . Background

N
()
N

Events / 2 GeV
N

>
()
Q)
.
o
~
[22]
-
c
()
>
L

5 10 15 20 25 35
Visible Tt invariant mass [GeV]

0.4 6 0.8 1 1.2 14
Visible T, P, [GeV] Visible tg,,,, mass [GeV]

Data / Exp.

PbPb - 404 ub™ (|s,, = 5.02 TeV)

°From fit to u-3T Ad distribution T Pommor e
= Nsig = 77 i 12 Data, 4.8 + 0.6(stat) + 0.5(sys)ub
=SM ratio: r = 0.99 (+0.16) (-0.14) . L Berestord and.J. Liu

Phys.Rev.D 102 (2020) 113008

=AT = 0.001 (+0.055) (-0.089) 68% CL |EENEG_G:GG

“ Phys.Lett.B 809 (2020) 135682

6 7

8 9
o(yy—>1'1) [ub]




Y+Y production of dileptons:
A closer look



B-depedence of photon kr

* The photon kr distribution has only recently
been a subject of significant focus & effort.

—Typically related to nuclear Form factor

=e.g. in STARIight:

T @Ak + p2)?

e But this formula (not unique to STARIlight) loses
correlation between the photon krand r.,

=required by physics (see arXiv 2207.05595.pdf)

o, and/or b-dependence of photon kr distribution
the subject of much recent work by multiple groups

43



Photon kr in dilepton production 44

* Recent calculation by Zha,
Brandenburg, Tang, Xu

— Using formalism from Ab (k2,0) = —2m(Zze)e™2 § (kY uay)
Hencken,Trautmann, Baur

e Start from EM potential of
the two nuclei

Fl(_kfklp)
kE{ k1o
FZ(_kg'I@p)
kngO’

7
Uy

Al (K1, b) = —21(Zye)e® 17§ (kY uy,)

i
Ug

Zha et al, Phys. Lett. B 800 (2020) 135089
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* Recent calculation by Zha,
Brandenburg, Tang, Xu

— Using formalism from A (ky, 0) = —27(Z2e)e™*2b (kY ugy)
Hencken,Trautmann, Baur

e Start from EM potential of
the two nuclei

—Then, using S-matrix analysis [Rayraias
(not QED) obtain “gEPA”

Fl(_kfklp)u
ki‘kla

F2(_k§k2p)
kS koo

A (K1, b) = —27(Zye)e® 107§ (kY uy,)

F(=k}) F(=k3) F*(=k{°) F* (k")

—ib-q 1
k! 2 k! 2 c
1 2

Zha et al, Phys. Lett. B 800 (2020) 135089



Photon kr in dilepton production 46

* Recent calculation by Zha,
Brandenburg, Tang, Xu
— Using formalism from A (ky, 0) = —27(Z2e)e™*2b (kY ugy)
Hencken,Trautmann, Baur
e Start from EM potential of
the two nuclei
—then, using S-matrix analysis
(not QED) obtain “gEPA” .,
—has explicit Fourier term Frs x ko )(BL, X K )0 ps (w1, ws)]
involving the A+A impact
parameter, b

Fl(_kfklp)u
ki‘kla

F2(_k§k2p)
kS koo

A (K1, b) = —27(Zye)e® 107§ (kY uy,)

Zha et al, Phys. Lett. B 800 (2020) 135089



Photon kr in dilepton production

* Recent calculation by Zha,

Brandenburg, Tang, Xu

— Using formalism from
Hencken,Trautmann, Baur

e Start from EM potential of

the two nuclei

— Alternatively, perform the
actual QED computation:

F1<_kfklp>
kE{ k1o
F2(_k§k2p)
kS koo

UM

A'lf(kl, b) = —27T(Zle>€ikaT5( T’U,ly)

Al (ka,0) = —27m(Zge)e™*207 § (kY us,) ul

oo [ CPE) [ 0 EP@

d2beidt
d3p4dip- dop4dip-—

d°P(q , 4 1 )
Bty = ' G e [ Fo
F(No)F(N,)F(N3)F(Ny)[NoN1N3sNy|~*
< Te{(p_ +m)[Nophy (p_ — d, +m)fi,+
Noxthy(d, = p, +m)ik)(p, — m)[Nspih,
(P =, — g +m)hy + Noxohy (4, +¢ —p,
+m)i,]},

with

No = —q¢i, N1 = —[q1 — (p+ +p-))%,

N3 = —(q1 +q)°, Na = —[q + (@1 — p+ — p-)]%,
Nop = —(q1 — p-)* +m?,

Nox = —(q1 — p+)*

Nsp = —(q1 +q—p-)* +m?,

Nsx = —(q1+q—p4)> +m?,

47

Zha et al, Phys. Lett. B 800 (2020) 135089



Photon kr in dilepton production

*Recent calculation by Zha, | PUSEEESPASEEER TR RN

Brandenburg, Tang, Xu

— Using formalism from
Hencken,Trautmann, Baur

e Start from EM potential of
the two nuclei

— Alternatively, perform the

F2(_k§k2p)

A (2, 0) = —2m(Zze)e™2 " 6 (K ) ==
2 V20

Ug

oo [ CPE) [ 0 EP@

d3p4dip- dop4dip-—

actual QED computation: P WNan B = gy it
. .. Noxiho(d, — P, +m)ihJ(p, —m)[Nypihy
—Which also has the explicit (5 — g, — g+ m)hs + Nosdsha (4, + 4~ 9.

Fourier term involving +m)ghy]
the impact parameter, b with

No = —q¢i, N1 = —[q1 — (p+ +p-))%,

N3 = —(q1 +q)°, Na = —[q + (@1 — p+ — p-)]%,
Nop = —(q1 — p-)* +m?,

Nox = —(q1 — p+)*

Nsp = —(q1 +q—p-)* +m?,

Nsx = —(q1+q—p4)> +m?,

Zha et al, Phys. Lett. B 800 (2020) 135089



Photon kr in dilepton production

* Recent calculation by Zha,

Brandenburg, Tang, Xu

— Using formalism from
Hencken,Trautmann, Baur

e Start from EM potential of

the two nuclei

—both gEPA and QED
calculations
have b-dependent
“broadening” of the
dilepton pr distributions

=more on this later

F1<_kfklp>
kE{ k1o
F2(_k§k2p)
kS koo

UM

A'lf(kl, b) = —27T(Zle>€ikaT5( T’U,ly)

Al (ka,0) = —27m(Zge)e™*207 § (kY us,) ul

oo [ CPE) [ 0 EP@

d2beidt
d3p4dip- dop4dip-—

d°P(q , 4 1 )
Bty = ' G e [ Fo
F(No)F(N,)F(N3)F(Ny)[NoN1N3sNy|~*
< Te{(p_ +m)[Nophy (p_ — d, +m)fi,+
Noxthy(d, = p, +m)ik)(p, — m)[Nspih,
(P =, — g +m)hy + Noxohy (4, +¢ —p,
+m)i,]},

with

No = —q¢i, N1 = —[q1 — (p+ +p-))%,

N3 = —(q1 +q)°, Na = —[q + (@1 — p+ — p-)]%,
Nop = —(q1 — p-)* +m?,

Nox = —(q1 — p+)*

Nsp = —(q1 +q—p-)* +m?,

Nsx = —(q1+q—p4)> +m?,
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Zha et al, Phys. Lett. B 800 (2020) 135089



Photon Wigner Distribution 50

e An alternative calculation
has been performed by

Klein et al, and Klusek- fy (@ ks AL :Z};(x’ brs A1)
Gawenda et al: = amp g FAIFald?)

qL =kr —A1/2,¢, = kpr+AL/2

e Starting from the photon
Wigner distribution

—describe the correlation
between photon kr and r,

— using formalism developed for
PDFs (Belitsky, Ji, Yuan)

Phys. Rev. D 102 (2020) 9, 094013



Photon Wigner Distribution 51

* An alternative calculation
has been performed by
Klein et al starting from the
photon Wigner distribution

—describe the correlation
between photon kr and r,

— using formalism developed for
PDFs (Belitsky, Ji, Yuan)

=Also see Fourier term,
but now for single nucleus

Phys. Rev. D 102 (2020) 9, 094013



Photon Wigner Distribution 52

e An alternative calculation
has been performed by

Klein et al starting from the vfy (@ kri ) = Zf;(xv bri &)

photon Wigner distribution = 7 argn PA@)Fa(d?)
—describe the correlation 1L = ]ZT - A2L/22» ¢L = kr+AL/2

between photon krand r, ¢ =g +am,

— using formalism developed for
PDFs (Belitsky, Ji, Yuan)

=Also see Fourier term,
but now for single nucleus

=Non-trivial dependence
of photon WF on b, kt

Phys. Rev. D 102 (2020) 9, 094013



Nuclear breakup, and photon kr 53
Brandenburg et al, arXiv:2006.07365

* b-dependence of Coulomb Bl Pb + Pb 5.02 TeV
excitation, forward neutrons 8 <M, <60 GeV/c”
pT,M>3.5 GeV/c |ﬂu| <24
* + b dependence of photon kT —onon
---0n1n

= Broadening of dilepton
acoplanarity with increasing
nuclear breakup (# neutrons)

0.001 0.002 0.003 0.004 0.005
(0

PbPb 5.02 TeV (1.5 nb™)

* Observed by CMS Y e

h
p>35GeV "l < 2.4 f&
8 <m,, <60 GeV *

1nin

— - - STARIlight
— — b-dep. y P,

o 12 3 45 6 7 012 3 45 6 7 012 3 4 5 6 7 8
a a a

Phys. Rev. Lett. 127, 122001 (2021)




v+y dilepton production in hadronic Pb+Pb 54

* ATLAS studied y+y = p*u- R =
in hadronic Pb+Pb collisions

— Goal: use tight A¢ correlation
of muons as EM probe of the
quark gluon plasma

=See a centrality-dependence of E
u*u-acoplanarity distribution

=Magnetic field? Collisional?

aaaaa

nnnnnnn



v+Yy dilepton production in hadronic Pb+Pb 55

° - = ATLAS yy—uu (A<0.06, «<0.012)
* ATLAS studied y+y —p*u y
400
< o o (B @4 00 Y eData
Pb+Pb collisions s
in hadronic Pb D P

— Goal: use tight A¢ correlation
of muons as EM probe of the
quark gluon plasma

=See a centrality-dependence of
u*u-acoplanarity distribution

=Magnetic field? Collisional?

*In fact, data are reproduced B
by calculations including I
b-dependence of the photon Rl .
kT distribution S S



v+Yy dilepton production in hadronic Pb+Pb 56

° - = ATLAS yy—uu (A<0.06, «<0.012)
* ATLAS studied y+y —p*u y
400
< o o (B @4 00 Y eData
Pb+Pb collisions s
in hadronic Pb D P

— Goal: use tight A¢ correlation
of muons as EM probe of the
quark gluon plasma

=See a centrality-dependence of
u*u-acoplanarity distribution

=Magnetic field? Collisional?

*In fact, data are reproduced B
by calculations including I
b-dependence of the photon Rl .
kT distribution S S

=May provide new/competitive method
to probe the electromagnetic structure of nuclei.



Summary, Observations

 LHC (and RHIC) are high-luminosity photon colliders
— Can study y+y scattering with Vs > 100 GeV
— Photon fluxes can be calculated ab initio
— But important details still under study
=Especially photon kt and correlation withr, and b

*yv+y — dilepton data provide important tests of theory
— But there are complications/interesting physics
=Photon kr and impact parameter dependence
=Dissociative y emission
=Higher-order processes (didn’t discuss)
—y+y — dileptons in hadronic Pb+Pb collisions a new topic

*y+y processes are being used for SM and BSM tests
— Light-by-light, ALP limits

- T19-2

= more will come: e.g. WW, bbbar, exotics, ...
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