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Probing nucleons and nuclel :

Wigner distributions W (z, k7, b | )
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Dijets in photoproduction on Pb

e Access to nuclear PDFs at low xg, through photon-gluon fusio

— constrain nuclear PDFs, where uncertainties are large
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e Access to nuclear PDFs at low xg, through photon-gluon fusio

— constrain nuclear PDFs, where uncertainties are large
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ATLAS measurement

e PbPb at \/syny = 5.02 TeV; £=0.38 nb-1
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ATLAS measurement
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photoproduction of jets
can be studied in UPCs
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Y. Hagiwara et al., PRD 95 (2017) 114032

k
Gluons, small x —
\/\/\/\/\7/\( Q) ® recoil proton momentum
k — — —
< E 2<:’ Ay = —(k1L + k21)

9 2L e relatif dijet momentum
1 9 ~ 1 ~ ~
P, = §(k1¢ — ka1 )
D /< >\ D ® back-to-back jets

PL>A

QQ small: kj_ ~J PJ_

WDP(ZE,EJ_,EJ_) :WODP(ZU,]{J_,[)J_)—|—2W1DP(ZC,]€J_,I?J_)COSZ(¢]€J_ _¢b¢)+”'



Exclusive dijets in photoproduction

small x

Y. Hatta et al., 116 (2016) 202301
Y. Hagiwara et al., PRD 95 (2017) 114032

k
Gluons, small x —
\/\/\/\/\V/\C Q) ® recoil proton momentum
k — — —
< E 2<:’ Ay = —(k1L + k21)

k9 — % o relatif dijlet momentum
P, = §(k1L — k2L)
. /< >\ D ® back-to-back jets
P, > A
elliptic component Q2 small: k, ~ P,

WPP(z k. b)) =WPP(z, k. b))+ 2|W1DP(:13, ki,bi)cos2(dp, —dp,)+...




Exclusive dijets in photoproduction

small x

Y. Hatta et al., 116 (2016) 202301
Y. Hagiwara et al., PRD 95 (2017) 114032

k
Gluons, small x —
\/\/\/\/\V/\C Q; Q) ® recoil proton momentum
k — — —
E < E 2< A = —(k1¢ -+ kQJ_)

k9 — = —kY — - ° relitif dijlet_)momeitum
P, = §(k1L — k2L)
. /< >\ D ® back-to-back jets
P> A
elliptic component Q2 small: k, ~ P,

WPP(z k. b)) =WPP(z, k. b))+ 2|W1DP(:13, ki,bi)cos2(dp, —dp,)+...

{

g~ 09+ <COS 2(¢PL — ¢AL)> COSQ(¢P¢ o ¢A¢)




Exclusive dijets in photoproduction "t

Y. Hatta et al., 116 (2016) 202301 .
Y. Hagiwara et al., PRD 95 (2017) 114032
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ﬁ * DIS: oxconvolution integral
* pA UPCs, since Q4=0:

o~ oo+ (cos2(dp, — da,)) cos2(dp, — da ) analytically invert the convolution
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e measurement:
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CMS measurement

e PbPb at \/syn = 5.02 TeV; £=0.38 nb-1

e exactly 2 jets

® Prleading jet > 30 GeV; Prsubleading jet > 20 GeV
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CMS measurement

e Event mixing

e MC=F
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CMS result

PbPb 0.38 nb' (5.02 TeV)
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Exclusive vector-meson production at small xg

Quarkonia

approximate access to gluon PDF

do 5
dt |+=

Z. Phys. C57 ('93) 89-92:
arXiv:1609.09738
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Exclusive vector-meson productlon at small XB
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Exclusive vector-meson productlon at small XB
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Exclusive vector-meson production

close to beam line

rapidity gap

— in detector

rapidity gap

close to beam line

pPb collisions
Z(p)=1

/(Pb)=82
photon flux ~ Z2

— PDb ion dominant photon emitter
no ambiguity in identity of photon emitter

PbPDb collisions

coherent interaction: photon interacts with Pb as a whole (usually no break up)

incoherent interaction: photon interacts with nucleon in Pb (usually break up)




Exclusive vector-meson production

Pb

e Measurements: —— close to beam line
J/lp rapidity gap
e ALICE, Pb-PDb: Eur. Phys. J. ¢ 73 (113) 2617; Phys. Lett. B 718 ('13) 1273;
Phys. Lett. B 751 ('15) 358 ((2S)); Phys. Lett. B 798 ('19) 134926 > In detector
e ALICE, p-PDb: phys. Rev. Lett. 113 ('14) 232504; Eur. Phys. J. C 79 (119) 402 oty oo
e CMS, PbPDb: phys. Lett. B 772 ('117) 489 N N Z R /Ph
\/ close to beam line
e | HCb, PbPb: CERN-LHCb-CONF-2018-003 5
'tsz,palr
Y pPb collisions
e CMS, pPDb: Eur. Phys. J. Cc 79 (19) 277 Z(0)=1
00 /(Pb)=82

~ 72
e ALICE, PbPb: JHEP 09 (15) 095 photon flux ~ Z

e CMS, pPb: Eur. Phys. J. G 79 (19) 702 — PDb ion dominant photon emitter

no ambiguity in identity of photon emitter

PbPDb collisions

coherent interaction: photon interacts with Pb as a whole (usually no break up)

incoherent interaction: photon interacts with nucleon in Pb (usually break up)
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Backgrounds to measurements
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continuous pair production inelastic production proton/ion dissociation
e remove via fit to e reject via signals in ZDCs, CASTOR, Herschel
Invariant mass e restrict prpair to < ~1 GeV

* remove via fit to prpair
(model assumption on shape of prpair distribution)



Backgrounds to measurements

P(A)
Y
U+
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<
pP(A)
continuous pair production

e remove via fit to
Invariant mass

T
> Iu_
<
pP(A) 0(A)
inelastic production proton/ion dissociation

e reject via signals in ZDCs, CASTOR, Herschel
e restrict prpair to < ~1 GeV

* remove via fit to prpair
(model assumption on shape of prpair distribution)
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>
Y
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""" » X =7,
g g
<
P(A)

feeddown from higher-mass states

e reconstruct higher-mass
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Results on J/Y production in pPb collisions

» access to
low-xg gluon PDFs
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Results on J/Y production in pPb collisions
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Results on coherent J/p production in PbPb collisions

» ® gccessto
low-xg gluon nuclear PDFs
e probe shadowing
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Results on coherent J/p production in PbPb collisions
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Results on coherent J/¢ production in PbPb collisions
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Results on p2 in pPb collisions
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Results on p2 in pPb collisions
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Exclusive continuous dilepton production

e calibration for b b
* photonuclear production of jets, vector e
mesons, ... ko
* light-by-light scattering
k1
1t
Pb Pb

21



Exclusive continuous dilepton production

e calibration for Pb

* photonuclear production of jets, vector
mesons, ...

* light-by-light scattering

Pb

21



Exclusive continuous dilepton production

e calibration for Pb

* photonuclear production of jets, vector
mesons, ...

* light-by-light scattering

Pb

* measurements: e for mi>10 GeV: continuous dilepton
* ALICE, PbPb (mi<10 GeV): Eur. Phys. J. C 73 (13) 2617 production is dominant

 ATLAS, PbPb (mi>10 GeV): arxiv:2011.12211
 ATLAS, pp (mi>10 GeV): phys. Lett. B 749 ('15) 242; Phys. Lett. B 777 (18) 303

e CMS, pp (Mmi<10 GeV): JHEP 1201 (12) 052
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ATLAS measurement

e PbPb at /syn = 5.02 TeV; £=0.48 nb-

e exactly 2 oppositely charged muons

e ptu >4 GeV

* |nuf<2.4

e my,>10 GeV

e pruu<2 GeV

e classification of events depending on # neutrons in ZDC

arXiv:2011.12211
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e PbPb at /syn = 5.02 TeV; £=0.48 nb-

e exactly 2 oppositely charged muons

e ptu >4 GeV

* |nuf<2.4

e my,>10 GeV

e pru<2 GeV

e classification of events depending on # neutrons in ZDC

arXiv:2011.12211

Contributions to event sample
signal
b1, b1, Pb Pb




ATLAS measurement

e PbPb at /syn = 5.02 TeV; £=0.48 nb-

e exactly 2 oppositely charged muons

e ptu >4 GeV

* |nuf<2.4

e my,>10 GeV

e pru<2 GeV

e classification of events depending on # neutrons in ZDC

arXiv:2011.12211

Contributions to event sample dissociative background
signal correction relies on LPAIR
| |
Ph Phb Pb Pb " Ph Ph
o o
- / ko =
A 8
k1 \ k1 ks T
T ut
\
Pb Pb Pb QED FSR Pb p (in Pb) Pb* + X



ATLAS measurement: results

e total fiducial cross section:

O'gg — 34.1 .

- O.S(Stat.) =

- 0.7(syst.) pb

o (STARlight) = 32.1 ub

o (STARlight+PYTHIAS) = 30.8 ub (with QED FSF
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ATLAS measurement: results

e total fiducial cross section:

e acoplanarity:
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ATLAS measurement: results

* rapidity dependence:
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ATLAS measurement: results

* photon-energy dependence:
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ATLAS measurement: results

* photon-energy dependence:
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ATLAS measurement: results

* fractions of events with neutrons in 1 ZDC (XnOn) and 2 ZDCs (XnXn):
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Light-by-light scattering
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Light-by-light scattering

Pb Ph™

e purely quantum-mechanical at O(aew) \\va/
T

e substantial QED correction to electron, \
muon anomalous magnetic moment

e possibly sensitive to new physics (axion- \

like particles) /,/CL.\ ~ L
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Light-by-light scattering

Pb Ph™

e purely quantum-mechanical at O(aew) \\va/
T

e substantial QED correction to electron, \

: L < $
muon anomalous magnetic moment
Y A
e possibly sensitive to new physics (axion- ~ &L

like particles) /CL‘.\ ~ L

* measurements:

e ATLAS: Nat. Phys. 13 (17) 852; Phys. Rev. Lett. 123 ('19) 052001.

e CMS: Phys. Lett. B 797 ('19) 134826
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ATLAS and CMS measurements

ATLAS CMS

e PbPb at+/syn = 5.02 TeV; £=1.73 nb- e PbPb aty/syn = 5.02 TeV; £=390 pb-1
e exactly 2 photons e exactly 2 photons

e Er, >3 GeV, |n,[<2.4 e Er,>2 GeV;|n,|<2.4

e M,,>6 GeV e Mmy,>5 GeV

e pryy<1 GeVor2 GeV (for m,,< or >12 GeV) e pPryy<1 GeV

e (1-|Ad|/7)<0.01 e (1-|Ad|/7)<0.01



ATLAS and CMS measurements

ATLAS CMS
e PbPb aty/syn = 5.02 TeV; £=1.73 nb-1 e PbPb at+/syn = 5.02 TeV; £=390 pb-
e exactly 2 photons e exactly 2 photons
e Er, >3 GeV, |n,<2.4 e Er,>2 GeV;|n,|<2.4
e M,,>6 GeV e Mmy,>5 GeV
e pryy<1 GeV or2 GeV (for m,,< or >12 GeV) o Pryy<1 GeV
e (1-|Ad|/7)<0.01 e (1-|Ad|/7)<0.01
Contributions to event sample
signal main background contributions
Pb Ph Pb Pb® Pb Pb®

Pb Ph®™ Pb Pb(*) Pb Pb(*)

correction via STARIlight & data  correction via SuperChic & data



ATLAS and CMS: results

ATLAS CMS
e events observed: 59 e events observed: 14
e events expected: e events expected:
30+4(syst.) signal and 12+1(stat.)+3(syst.) background 9.0+0.9(theo.) signal and 4.0+1.2(stat.) background
e significance excess against background-only=8.2c e significance excess against background-only=3.70
e fiducial cross section e fiducial cross section
oa(yy = vy) = 78 £ 13(stat.) £ 7(syst.) £ 3(lumi) nb oha(Yy = vy) = 120 £ 46(stat.) 4+ 28(syst.) &+ 12(theo) nb

cross sections consistent with standard-model predictions
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ATLAS and CMS: results

Phys. Rev. Lett. 123 (19) 052001
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The future

« | Still Run 2 data to be analysed and explore, e.g., photoproduction of jets

e Runs 3 and 4:

« 10x data for pPb and PbPb — improve statistically limited measurements
e upgrade of detectors — Iimprove systematic uncertainties

— extend kinematic reach
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The future

o Light-by-light scattering for m,,<5 GeV by ALICE and LHCb in RUN3 and beyond:

Phys. Rev. D 99 ('19) 093013

/>-\ 1013 L L L ) L L BB B B B ’>'\ 1013 % I L L %
o F 1 \'syy=3.02 TeV, UPC o F Sxn=5-02 TeV,UPC -
Q107 F LHCb cuts O 107 ¢ ALICE cuts =
o E , O - , .
2 10"k '(958) 2 < M, < 4.5, pt,Y > 200 Me_E Q 1o s 1'(958) hqyl < 0.9, EY > 200 MeV .
=10k 1 =710k +
E 9 E— N g\ 10° - -
= 10°F - = U F = background reduction
O e . O st T2 7 : :
O 10°F = o 10 ¢ A 5 through kinematic cuts
= - - = - \ 6 -
To R - - o - \ & 2
% 10 3 1P E % 10 3 “ 8 | |sNN=5.0£TeV,U1AC %
an 5 - ( ) - Al 5 - = ALICE cuts E
B 10°F E B 10°¢ F m1<0.9, E >200 MeV _
go) - n_(2S) . O - = M Y Y -
10*E — = 10*E; = _
- | N | ——[ i = Y],(958) =
0 1 2 3 4 5 0 1 2 3 4 \Q
10°E I D™ OO —
M,, (GeV) M,. (% | \:\\r{n tf%gfsli%ql
1 100 AN I YN —— 2g<0.02 E
QL 06L N \\\
S F
e; 10°E
© 104§ \

i |
0 1

33



The future: fixed target Run 3

LHCDb

SMOG2

FLOATING HALF CELL SUPPORT ELECTRICAL CONTINOTTY

CONNECTED TO THE RF FOIL anw:zrf\czumo REFOIL

FRAME ~ 2

- - W~ = ‘_“‘
T Vet = o
STORAGE CELL N < 30
SUSPENSIONS _—
.

AS FEED TUBE IN
THE CELLCENTER

FIXED HALF CELL SUPPORT
CONNECTED TO THE RF FOIL
FRAME

inject gas: He, Ne, Ar, and Hz, Do
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The future: fixed target Run 3

LHCDb
protons protons
H— —™
VELO. J5 =13 TeV
HC beam _
_ - 5 2<ycm<4.5
y
protons gas (He, Ne, Ar)
@

\/SNN — 115 GeV
-2.7/8<ycm<0.2

inject gas: He, Ne, Ar, and Hz, Do
34



The future: fixed target Run 3

7
0 - 8.16 TeV pPb Other Collision Systems
-/ B LHCb I LHCD 110 GeV
10% g ATLAS/CMS I HERA
0 ALICE

105; ALICE Muon
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The future: fixed target Run 3

7
0 - 8.16 TeV pPb Other Collision Systems
-/ B LHCb I LHCD 110 GeV
10% g ATLAS/CMS I HERA
0 ALICE

105; ALICE Muon

high-xg region
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The future: fixed target Run 3
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The future: fixed target Run 3
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The future: fixed target Run 3

manazevs HERAPDF2.0
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exclusive measurements with SMOG2:

PP pHe pXe
continuous utpu~ 0 =61.931 pb =686 evts o =113.6 pb =0evts o = 17.6 nb = 29 10° evts total uncertainty on
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The future: proposed fixed targets Run 4

gas
protons protons, deuterons

e SMOG? /\ LHCSPIN: polarised gas target —_— é——f

_ . \VOSNN = 115 GeV
—> access to spin-dependent GPDs (orbital angular momentum),

PDFs, and TMD PDFs
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The future: proposed fixed targets Run 4

gas
protons protons, deuterons

e SMOG? /\4 LHCSPIN: polarised gas target H—_— é——f

_ . \VOSNN = 115 GeV
—> access to spin-dependent GPDs (orbital angular momentum),

PDFs, and TMD PDFs

\ AN Y(IS)

\

e solid fixed target at ALICE
e complementary targets
e complementary coverage in ycm

sn(GeV)

ALICE

LHCb
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UPCs so far underexplored!
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Wigner distributions W (z, k7, b | )
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v’T ............ Tl

transverse-momentum o byg P. impact-parameter
dependent PDFs (TMDs) '\., ._ — — — » dependent distributions
§ PRD92(00) 071503 Fourier
Int. J. Mod Phys. A 18 ('03) 173 | transform

forward limit generalised parton
PDFs <————— distributions (GPDs)
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Summary

UPCs so far underexplored!
offer unique possibilities to study the structure of nucleons and nuclei

Wigner distributions W (z, k71, b | )

/ 025, i / 2
V’T ............ zl

transverse-momentum . bJ_::: P, impact-parameter
dependent PDFs (TMDs) ' ' ._ — — — » dependent distributions
ol -
§ PRD92(00) 071503 Fourier
Int. J. Mod Phys. A 18 ('03) 173 | transform
2—)
/ d“kr forward limitl generalised parton

PDFs| «— |distributions (GPDs)

and a possible path to new physics

' Beautiful physics programme to look
forward to !
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ATLAS measurement dijets

fixed target DIS and DY
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ATLAS measurement: results
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