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LHC as a yy, yp and yPb collider

\\// Ultra-peripheral (UPC) collisions: b > R,+R,

O Z — hadronic interactions strongly suppressed

NN/ ‘L R1
/ \\WW | b| High photon flux
P A ( } | R | — well described in Weizsacker-Williams
Z

approximation (quasi-real photons)

// \\ — flux proportional to 72

— high cross section for y-induced reactions

Pb-Pb UPC at LHC can be used to study y- v, y-p, Y-Pb interactions at higher
center-of-mass energies than ever before

Recent reviews on UPC physics:
A.J. Baltz et al, Phys. Rept. 458 (2008) 1
J.G. Contreras, J.D. Tapia Takaki. Int.J.Mod.Phys. A30 (2015) 1542012
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to ultra-peripheral collisions

* Experimental signature: few signal tracks in an otherwise empty detector
* Wide acceptance coverage is important to ensure event emptiness
e Zero degree calorimeters (ZDC) serve to veto hadronic interactions




vy = dileptons

Entries / (2 GeV)

Data/MC

Photon flux proportional to 72
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Light-by-light scattering

p.Ph p.Ph

* Forbidden in classical electrodynamics -Hﬁwr,/
e Possible channel to study anomalous gauge couplings = T d';r
and contributions from BSM particles bt

Evidence for light-by-light scattering in

UPCs in agreement with SM predictions 15'1
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Vector meson photoproduction in UPC

Pb High photon flux ~ Z2 Pb

Vector meson: p° J/y, y(29), ...

p, Pb p, Pb

Exclusive vector meson production cross section in UPC
can be factorized in two parts:

 QED: photon flux
* QCD: vector meson photoproduction: o(W, )




J/w photoproduction in UPC

LO pQCD: exclusive J/\y photoproduction cross Pb
section is proportional to the square of the gluon
density in the target:

I3
dosasiwal  _ My
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K
e @ st
=0 Bae,Qs T >
J/w mass serves as a hard scale:

dt
Ryskin: Z. Phys. C 57, 89 (1993)
2 ﬂj?/w 2
Q ~ 1 ~ 2.5 GeV
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Bjorken X ~ 102— 10~ accessible at LHC:

= A[J /) _ M J /1
W2~ 2E,

xg(x,Q)
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Vector meson photoproduction in UPC allows
one to probe poorly known gluon 10°
distributions at low x




ALICE: exclusive J/y in p-Pb UPC

photons from Pb => proton target

both muons in the muon arm

X
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§ ¢  ALICE (PRL113 (2014) 232504)
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30 40 50 102 2x102 103 both leptons in the barrel
ALICE: 1809 03235 \ '\ /V '\ /\/ W,, (GeV)
p-Pb Pb-p

Wide energy range in ALICE extends HERA coverage:
e 2 beam configurations (p-Pb and Pb-p)
* 3 options to measure dilepton J/\y decays




IJAV, photoproductlon off a proton
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* Nice agreement between HERA in ep, LHCb in pp and ALICE in p-Pb

* Energy dependence well described with a power law fit

— no clear signs of saturation




p-Pb @ 8.16 TeV
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_ Predictions for proton-
* x10 more stat at high W, ,~ 0.7-1.4 TeV dissociative cross section

* Aim to study exclusive and proton-dissociative 2100
cross section behaviour at high W
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Can we use this data to constrain gluon PDFs?

Caveats:
. . . . . =X+GA yX,=
« J/y photoproduction probes generalized gluon distributions WS e
(two gluons have different x values) , ,
X A A
— Connected with collinear PDFs via Shuvaev transform:

PRD 60 (1999) 014015 M

e Scale uncertainty p2 ~ 2.4-3 GeV? is a reasonable choice P
— Guzey, Zhalov: JHEP 1310 (2013) 207

e Large NLO contributions
— Y measurements reveal importance of NLO effects
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J/w photoproduction on Pb target

Coherent J/\y photoproduction cross sectionis  Pb Pb
proportional to the square of the gluon
density in nuclei

il RS
3 2 |
doya—.g/vA _ MJ/'W om0 (@) {I’(]&(‘r (22)}2
dt t=0 48056[11@ Pb Pb
J/y photoproduction in Pb-Pb UPC (lead target) 15 | anishadowing Fermi-
provides information on gluon shadowing in YaT :
nuclei at low x 10 roeeeseesnnennnfluns pre\
2 o 0.6 : B y
G :U) . gl ‘ ST le
R;l(wj Q%) = galr, Q 2) — gluon shadowing factor Yor shadowing
Ag,(z, Q?) 02 X, Xe
i 1 1 Illlll l lll]l
107 10 10" 1

Nuclear shadowing = suppression of cross section on a nucleus compared to sum of
cross sections on individual nucleons. Explained by destructive interference among
amplitudes for interaction with 1, 2 and more nucleons

13



Parton distributions in nuclei (nPDFs)

nPDFs are fundamental QCD quantities for the description of DIS, pA, AA collisions

e determine initial state in heavy ion collisions
* required for quantitative estimates for the onset of saturation
EPPS16 : EPJ C (2017) 77

Determination of nPDFs:
1.6

T i p
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Resulting nPDFs have rather large uncertainties, especially for small-x gluons due to:

e Limited kinematics
* Indirect extraction of gluons via Q? evolution
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Coherent and incoherent photoproduction
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ALICE. Eur. Phys. J. C73 (2013) 2617 CMS: Phys.Lett. B772 (2017) 489-511

Two types of photoproduction processes:
* Coherent:

— photon couples coherently to all nucleons
(pp ~ 1/Rp, ~ 60 MeV/c

* |Incoherent:

— photon couples to a single nucleon
(pp)~ 1/R,~ 450 MeV/c
— usually accompanied by neutron emission

* Other contributions: J/{ from coherent and incoherent ' decays and yy =

15



Coherent J/y photoproduction: results from Run 1

ALICE: Phys. Lett. B718 (2013) 1273, Eur. Phys. J. C73 (2013) 2617 CMS: Phys.Lett. B772 (2017) 489-511
. _ g PDPD - PD+Pbe Ay 159 ub™" (2.76 Tev)
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Several competing approaches:

Empirical shadowing parameterizations: AB, PRC85 (2012) 044904

Shadowing in leading twist approximation (LTA): RSZ, PLB 710 (2012) 252

Color dipole model + saturation: GM: PRC84 (2011) 011902, CSS: PRC86 (2012)
014905, LM: PRC87 (2013) 032201

Good agreement with EPS09 and LTA shadowing
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Gluon shadowing from photoproduction data

Nuclear suppression factor: Experimental cross section in Pb-Pb UPC

divided by the photon flux

exp
prb_:.j;q,rfpb{wrp]]m

Impulse approximation:

yPb—s ] /¥Pb
forward photoproduction cross section off proton (HERA)
times integral over squared Pb form-factor

S[Wyp}f[

1.1 T T —
P ; e “~7| * Nuclear suppression factor S gives direct
@’ 0.8 14 1 access to R, (x,u~2.4 GeV)
0.7 e T I . . :
0.6 f-momam=-" , 1 * First direct evidence of large gluon nuclear
0.5 CMS @ 7 : . ~ ~
- ACE m shadowing: R,(x,u~2.4 GeV) ~ 0.6
0.3 LTA+CTEQ6L1 4 . .
0.2 F Ehsvo 4 ¢ Many complications (skewness, NLO, scale
e . nDS ——: ] uncertainty and higher-twist corrections)
107 107 1072 10-"  are likely minimized — S factor can be used
X in global nPDF fits

Guzey, EK et al. Phys. Lett. B726 (2013) 290
Guzey, Zhalov JHEP 1310 (2013) 207
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First run 2 results (Pb-Pb 2015)
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+ J/¢ in central barrel

Counts/20 MeV/c?
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First observation in UPC: J/y—> pp

NU — . .
= 25[TALICE Preliminary, Pb-Pb |5, =5.02 TeV
= B —
o - % Jy—->pp
:@ 20— 2 UPC, Lint = 95}J.b1
c — 2
3 “]  Coherent enriched
© T Z sample p_< 0.2 GeV/c
15— Z -
= 7 Opposite sign
— /
B 2 Like si
7 gn
10— Z L
- | [Jsia
- 7
v,
N 7 N, =36+6
s %
B 7Y
: fzz
| s
1 1 1 I L | | i/{/é//rq | | rl 1 |_] rl I 1 1 1 I 1 1 1
g.4 2.6 2.8 3.2 3.4 3.6 3.8 4 4.2

M, (GeV/c?)

-

Continuum yy—pp might be also interesting, e.g.
Klusek-Gawenda, Lebiedowicz, Nachtmann, Szczurek: PRD96 (2017) 094029
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News from Pb-Pb2018

Delivered Luminosity 2018

Preliminary

1.75 <+ ATLAS : 1.797 nb-1

=+ LHCb : 0.235 nb-1
1.25 -+« ALICE : 0.905 nb-1

0 MOU LIOJJ Weaq sug/ "1V ul abueyd Alejod

0.75

0.5

b _'...r.’.._.p—-l"'"'..’-
0

12. Nov 19. Nov 26. Nov

Delivered integ. luminosity [nb-1]

Date

« ATLAS,CMS: 600 /ub (2015)  —> 1800 /ub (2018)
« ALICE: 216 /ub (2015)  —> 530 /ub (2018)
« LHCb: 10 /ub (2015) > 235 /ub (2018)
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Ultimate goal: access gluon shadowing at x~10

Pb Pb Pb Pb

T v
Jhy

Pb Pb Pb Pb

 Two terms in vector meson photoproduction cross section in UPC:

o(y) = n(+y)opp(+y) + n(=y)o,py(—y)
f 1 t N

low energy high-x high-energy low-x
photons gluons photons gluons

22



Ultimate goal: access gluon shadowing at x~10~

Pb Pb Pb Pb ALICE Performance 31/03/2016

L.

102A]
! v H E . - . b
i > . > e 4 VAL TN T
i OF o
neutrons/“\R neutrons it
~2(1)0I 0 200 400 600 800 1000 1200

Pb Pb Pb Pb ZNC energy (a.u.)

Events /(25)
=)
T

Pb-Pb at \s,,, = 5.02 TeV
UPC Sample

 Two terms in vector meson photoproduction cross section in UPC:

o(y) = n(+y)opp(+y) + n(=y)o,py(—y)
f 1 t N

low energy high-x high-energy low-x
photons gluons photons gluons

* Neutron-differential cross sections may help to decouple low-x and high-x cross sections:
known fluxes

measured /
no neutrons: [UONON(Z/)] = [nonon (F¥)o~pb (+y) Hronon (=) b (—Y),
neutrons on one side: | TonxN(Y) ) = |nonxN(F¥)o,pb(+Y) Hronxn (—Y)oypr(—Y)

unknown photoproduction cross sections

Effective flux in J/{ photoproduction is modified in
presence of additional photon exchange

23




Run3-4 projections (Pb-Pb)

* Expected statistics in Run 3-4 (13 /nb): Yellow report on Run3-4: 1812.06772
PbPb
o All " Central  Central Forward Forward
Meson Total ALICE CMS, ATLAS  ALICE LHCb
po T T 52b 68B 55B 21B 49B 13B
P>t nTrT | 730mb 9.5B 210 M 2.5B 190 M 1.2B
b — K K~ 0.22b 29B 82 M 490 M 15M 330 M
J/ b — ,u.+,u._ 25mb  32M 3.0M I15M [.2M 3.3 M
W= 64ub 830 K 82 K 410 K 31 K 79K
Y(1S) = T~ | 26ub 33K 10K 20K 830 2.0K
Main goals for Run3-4:
IIIII T T IIIIIII T T III'\III T T T T TTTT T T I” .
1 ALICE Simulation, Pb + Pb — Pb + Pb +V e access to gluon shadowing at low x
i Vo =55 TeV, L =13 n | * probe gluon distribution in transverse plane
L i
0.8 1 — ++ T T T T T T T T
— { + —~ 10 V" — J/yA LTA s
—~ ‘g W=124 Gev  |Fa(t)/A]" —=-= ]
;i R ij 10tk Vsyy=5.02 TeV, y=0 -
i =
0.4k — S
r }  CMS Y(1S) pseudodata T 10°°F
i ——— EPS0OLO,Q=m, /2 | ALICE Y(1S) pseudodata >~
02  —— EPS09LO,Q=m /2 | ALICE y(2S) pseudodata ] § o7 b
L —— EPS09LO,Q=m), /2 | ALICE J/y pseudodata 2
[l Lol Lol Lol - s
105 10_4 103 10_2 X Lo 0 0.005 0.01 0.015 0.02 0.025 0.03 0.035 0.04
2
_ my exp(—vy) o pp () 12 o e
NG ftpy () = oA (1 ‘ Guzey, Strikman, Zhalov PRC95 (2017) 025204 24
A ()




Run3-4 projections (p-Pb)

» Expected statistics in Run 3-4 (2/nb): Yellow report on Run3-4: 1812.06772
pPb - lead shine. vp
o A Central Central Forward Forward Backwarc Backward
Meson Tot  ALICE CMS, ATLAC ALICE  LHCb  ALICE  LHCb
n— T 35\mb 70B 39B I5B 20B 55B 80M 20B
6 — KTK™ 870ub 1.7B 65M 200M 22M 120M 97M 32M
/= pTp” | 62pub 12M 1.O0M 52M 260K 800K 180K 430K
P(2S) — ,u.+,u._ 134nb 270K 22K 110K 6.0K ISK 32K 77K
Y(1S) = p '~ | 574nb 11K 11K 54K 310 880 41 100
o R
pPb - proton shine, vA B ool
o A Central Central Forward Forward Backwarc Backward T
Meson Tot.  ALICE CMS, ATLAS ALICE.  LHCb. ALICE LHCb & * T
p— T 531ub  1.IB 83M 360M 20M 44M 56M 150M | £ i |
b — KTK™ 23pub  46M 13M 80M 120K 17M 20K 39M| 5 [
I —ptp” | 3330b 670K 55K 290K 14K 36K ISK 41K | T *[¥ 7
¢28) = pT | 89mb 18K LSK 79K 380 990 380 LOK| |
Y(1S) — T [ 0430 860 93 460 14 34 14 30 g' \
00.0 I 01.2 | OI.4 | O.I6 | OI.S | 1.0
Main goals: p.. GeV
* Precision measurements on vector meson photoproduction off proton Guzey, Zhalov:
* Access gluon shadowing at 10~ with proton-shine gamma off lead JHEP 1402 (2014) 046
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Coherent J/Y in hadronic collisions?
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ALICE: PRL 116 (2016) 222301
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Possible interpretation: coherent photoproduction on nuclear fragments
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Coherent J/Y in hadronic collisions: news from Run2

Forward J/y
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Theoretical challenge:

How can the coherence condition
survive when both nuclei are broken by
hadronic interaction?

Do only spectator nucleons participate
to the coherence?
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Low-x gluons with coherent J/y in hadronic collisions?

J/U in peripheral collisions (b<2R)
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J/U in ultra-peripheral collisions (b>2R)
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Summary

Continuum yy = I+I- cross sections consistent with LO predictions
— Validate photon fluxes obtained with EPA

Photoproduction of vector mesons in UPC at LHC allows one to study
gluon distributions at unprecedently high energies

Coherent J/ photoproduction cross sections in UPC shows direct
evidence of large gluon shadowing R(x=10-3) ~ 0.6

Unexpected discoveries: coherent J/ in hadronic events

Expect lots of high precision data on photoproduction of vector
mesons in UPC in Run3-4




On nuclear shadowing

Glauber shadowing (modeling of several consequent interactions):
- TN\ 2 ]
D 9 N (O-E—ot. ) i
Ttot — £ 0t0t A )
1 ! D

shadowing = destructive interference
between single and multiple interactions

Gribov shadowing (coherent interaction via intermediate diffractive states):

N — — d TF_J'\'T E
Oty = 20708 — 2 / di2p (4;;2) dodig (k)
dk2

_ (1 —i )2 0.1 .
X (x, Q%) = —8TAMA — e — +§2 dxp B2 (B, Q2 X, tmin)
X

o0 o0
' f &b f dzy f 23 pa (b 21) pa (b, 2y) 12wy
—00 71

shadowing is expressed via diffractive PDFs
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Photoproduction cross-section from ALICE data

V. Guzei, E. Kryshen, M. Strikman, M. Zhalov. Phys. Lett. B726 (2013) 290
ALICE measurement:

Oaa—saas/y(|y] <0.9)

= 2.33£0.13(stat) &=0.23(syst) mb

Ay
—3.6<y< 2.6
Can—sanr/yl - ) ) _ 1.00+0.18(stat) £33 (syst) mb
v '
Photon flux: ?:E_
Ny/pp(y=—3.1) =163.94+8.2 o
Nypp(y=0)=67.7+3.4 ao
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Jhy photoproduction cross section from ALICE data:

_ +13
O bt py(Wop = 19.6GeV) = 6,175 ub
Wyp =92.4GeV) = 17.2i2.1,ub

Opb—spbr )y (
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Photoproduction cross-section in the Impulse Approximation

V. Guzei, E. Kryshen, M. Strikman, M. Zhalov. Phys. Lett. B726 (2013) 290 %12225_ 400 (f m +m2 s/ w2 o {
] ; . g; = =0 =342\1' W2, | \100FGeV?)
Forward J/psi photoproduction cross section: S s LNOETII }
do 19.6 GeV.7 — 0 | % 6002— 5=040+£0.01 }
w1/l ' ) _ 86.9+ 1.8 nb/GeV? 5005
dr 400? —e— H1 2006
do 024 GeV.t =0 _ 300? o ZEus muzee
=/ T 3198570 nb/GeV? 2002 BT
di 100, e
’ ‘ %"~ B0 100 150 200 250 300
W, [GeV]
Integral over squared form factor: T\ i oo
Pws(Wyp =19.6 GeV) = 127.2 GeV? | ~ _
Pws(Wy, =92.4 GeV) = 149.2 Ge V- \
‘ 10’20‘ 002 004 I 008 OOE‘S‘ I01 I(‘2)12 014 016 OtlgeVO)Z
J/psi photoproduction on nucleus in Impulse Approximation: D (tyin) = fd;|FA(;) 2
1A o . o ; Tmin
},PE)_}PI)J/W(W},}_, =19.6GeV) = 11.1£0.6 ub

;’?b—)PbJ/uf(W'}’P =02.4GeV) = 47.7+£2.6 ub
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Estimation of the nuclear suppression factor

V. Guzei, E. Kryshen, M. Strikman, M. Zhalov. Phys. Lett. B726 (2013) 290

 J/psi photoproduction cross section measured by ALICE:
G, psppsy(Wyp = 19.6GeV) = 6.1 ub
prszw/uf(Ww =924GeV) = 17.242.1 ub

 J/psi photoproduction cross section in the Impulse Approximation:

Gy spis jy(Wyp = 19.6GeV) = 11.1£0.6 ub
Cyppsppsjy(Wyp = 92.4GeV) = 47.742.6 ub
« Nuclear suppression factor:
_ 0.11
S(W,yp) = I:U}fpb—}j;wpb(w}/p)]wz S(Wyp=19.6 GeV) =0.747 7,
_ IA 0.05
U}"'Pb—}jﬂ,ﬂfpb{w}}p) S(W};p =924 GE‘V) 061_'_0 04
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