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1. Motivation for NLO study

Originally proposed by Ryskin [zpc57(1993) 89] for v+ p — J/¥ +p in LO pQCD:

do) P—=Vp
S

|s exclusive coherent photoproduction of
J/W & Y in UPCs at the LHC, A+A 2 A+V+A,
a good probe of collinearly factorized
nuclear gluon PDFs also in NLO?

t=0

Include these processes as a constraint in
global analyses of NLO nPDFs?

Scale dependence, PDF-uncertainties,
quark/gluon contributions, nuclear effects,
real/imaginary parts of amplitude, in NLO?

How does NLO match with the LHC UPC data?

do/dy (mb)
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ALICE, Eur. Phys. J. C 81, 712 (2021)



2. Theoretical framework
» y-differential cross section for coherent photoproduction of V in A+A UPCs
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[Guzey&Zhalov JHEP 02 (2014) 046] dk

number of equivalent WW photons of energy k at a transverse distance b from the

center of a nucleus A with Z protons [Vidovic et al, Phys. Rev. C 47 (1993) 2308]
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* Require no hadronic activity  I'44(b) = exp [—JNN(S)TAA([))}

- integration over b / \

without a cut-off total pp cross section standard nuclear
overlap function



 NLO amplitude [1]: factorization at amplitude level [2]
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GPDs, nonpert., depend on p,
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LO: only gluon GPDs contribute, NLO: both gluon and quark
no quarks here GPDs contribute

* 6graphsatlLO * Full NLO calculation done in
At NLO, add one internal gluon anywhere [lvanov et al., Eur. Phys. J. C 34 (2004) no. 3, 297]
- Many gluon graphs at NLO - we apply these results

[Figs. from Guzey, 2303.12630 [hep-ph]] 6



First, take GPDs at their forward limit (t=0, £€=0), where they become PDFs (x>0 below)
Fé(x,0,0) = F&(—x,0,0) = xg(x).
F9°(x,0,0) = u(x) + d(x) + s(x) + ¢c(x)
F9°(—x,0,0) = —i(x) — d(x) — 5(x) — &(x)

1

—> Entering the calculation of M: /dw[%g(ﬁ pr)To(x, &)+ £)Z [t} , pur) + q(, .ur}H

Nuclear PDFs studied here: EPP516/21 nCTEQ15/WZSIH, nNNPDF2.0/3.0

Complex-valued T, T, from [Ivanov et al, Eur. Phys. J. C 34 (2004) no. 3, 297 ]

| £ f;:tf ((p) r— &+ 1€
Ty(x,8) = —————F— ) [ﬂ‘s(_ﬁiﬂ) + — fq ;“f }
. . =S

4
LO NLO

| - 20 (1R) r—§ + 1€
Io(2,8) = —5—I4 2¢ NLO

We solve the complex integrals numerically, bringing € =2 0 in the end
& checked the numerics using another method [Flett:2021xsl]



{NLO with EPPS21 e y=3.
3. Results for J/g in Pb+Pb UPCs at LHC ~ _ [sw-sotev s
El 8j L e e §=1.55
A. Scale sensitivity 3 P % ALICE Cent
] A ALICE Forw
é 6 / A LHCb 2018
* Set Yp =pg=H, Vvary u t \ 4 LHCb 2015
from My, /2=m_to M,,;=2m_ :
- Scale dependence considerable s
sk
* “Optimal” scale p=0.77 M,

can be found which ~reproduces
ALICE central, CMS and 2015 LHCb data e oy - p=31

49 g = r =y, [ul = GeV — M=2.39

j u=1.55
* Also at NLO difficult to reproduce N ALICE Cent
simultaneously fwd&central data ! ALICE Forw

(2018 LHCb data closer to ALICE fwd)

(Pb + Pb - Pb + J/y + Pb) [mb]

— Room for GPD effects (GPDs#PDFs),
NRQCD corrections, NNLO corrections,...

do
dy
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Phys.Rev.C 106 (2022) 035202, Figs. from Phys.Rev.C 107 (2023) 044912 y




(Pb+Pb - Pb+J/¥+Pb) [mb]

do
dy

B. Surprise: Quarks important at NLO, for J/Psi

Phys.Rev.C 106 (2022) 035202

—— Full |M|?
Only Gluons
- Only Quarks
——- Interference

] NLO with EPPS16 —
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[

LO NLO NLO
M — MG + MG + MQ

Only gluons Only quarks

[ \

‘M‘Q _ |MEO +M2L0|2 un |M5L0|2
49 [Re(Mgo + MEO)Re(MEL0)

+ Im(Mg° + M§LO)1111(MSLO)] :

Interference

e Very different from LO!

At NLO: aty =0 quarks(!) dominate & at bkwd-/fwd-most vy gluons dominate

* The reason: LO and NLO gluon amplitudes tend to cancel
— XSs reflect PDF shadowing in very nontrivial way — not "‘(Rg(ﬁ))z asin LO




C. Propagation of PDF uncertainties

|NLO at Vsyy =5.02 TeV
S =pr =, U] = GeV
EPPS21: u=2.39
{nNNPDF3.0: = 2.22
4{nCTEQ15WZSIH: j1 = 2.02

o 5 ~

ALICE Cent
ALICE Forw
LHCb 2015
LHCb 2018
CMS 2022

(Pb + Pb— Pb + J/y + Pb) [mb]

+o 4k

dy

do

—— EPPS21

-- nCTEQ15WZSIH

nNNPDF3.0
EPPS21 Err
nCTEQ15WZSIH Err
nNNPDF3.0 Err

EPPS21: nuclear + CT18A uncertainties

e all PDF uncertainties are moderate;

 PDF uncertainties larger than data errors

 Consistent w. data within PDF uncertainties

* Tension: ALICE fwd and new LHCb data are
above the EPPS21 central-set result

|NLO at Vsuy =2.76 Tev
44 M =Hr=F, [U] = GeV
1EPPS21: u=2.39

| nNNPDF3.0: i =2.22

| nCTEQ15WZSIH: u = 2.02

(Pb+ Pb— Pb +J/y+ Pb) [mb]

% ALICE Cent
ALICE Forw
# CMS Forw

do
dy

—— EPPS21

-- nCTEQ1 5WZSIH\

nNNPDF3.0

EPPS21 Err
nCTEQ15WZSIH Err
nNNPDF3.0 Err

NNNPDF3.0: nuclear + free p uncertainties

* Consistent w. data, larger uncertainties

* Central-set result: narrower y-shape than
in data

NCTEQ15WZSIH: only nuclear uncertainties

* Consistent w. data, larger uncertainties

* Enhanced s-quarks = Central-set result
fits fwd data better - s-quark probe!?

6 -4 -2 0
y

Phys. Rev. C 107 (2023) 044912

EPPS21, Eur.Phys.).C 82 (2022) 5, 413
nNNPDF3.0, Eur.Phys.J.C 82 (2022) 6, 507
nCTEQ15WZSIH, Phys.Rev.D 104 (2021) 094005 10




C. Propagation of PDF uncertainties

|NLO at Vsyy =5.02 TeV
S =pr =, U] = GeV
EPPS21: u=2.39
{nNNPDF3.0: = 2.22
4{nCTEQ15WZSIH: j1 = 2.02

(Pb + Pb— Pb + J/y + Pb) [mb]

dy

do

0-‘

o

+o 4k

- -~

ALICE Cent
ALICE Forw
LHCb 2015
LHCb 2018
CMS 2022

—— EPPS21

-- nCTEQ15WZSIH

nNNPDF3.0
EPPS21 Err
nCTEQ15WZSIH Err
nNNPDF3.0 Err

EPPS21: nuclear + CT18A uncertainties

e all PDF uncertainties are moderate;

 PDF uncertainties larger than data errors

 Consistent w. data within PDF uncertainties

* Tension: ALICE fwd and new LHCb data are
above the EPPS21 central-set result

Phys.Rev.C 107 (2023) 044912

NNNPDF3.0: nuclear + free p uncertainties

* Consistent w. data, larger uncertainties

* Central-set result: narrower y-shape than
in data

2.5
—— nCTEQ15 Pb208
2.0 —— nCTEQ15wWZ
—— nCTEQ15WZ+SIH
—— nCTEQ15HQ
—— ]
= 1.5
S— -
o] <
o
7))
X 1.01
0.5 -
0.0 | . . . y
105 10~4 1073 102 1071 100

X
Duwentaster et al, Phys.Rev.D 105 (2022) 114043

NCTEQ15WZSIH: only nuclear uncertainties

* Consistent w. data, larger uncertainties

* Enhanced s-quarks = Central-set result
fits fwd data better - s-quark probe!?

EPPS21, Eur.Phys.).C 82 (2022) 5, 413
nNNPDF3.0, Eur.Phys.J.C 82 (2022) 6, 507
nCTEQ15WZSIH, Phys.Rev.D 104 (2021) 094005 1




D. Tame the scale dependence?

17.5 4

€ 15,04
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E ]
<o 12.5 1
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B ]
é 7.5 4
!’:{ ]
= 501

zagzpbf do(0+0 = O+ J/1p + 0)/dy

form O+0/Pb+Pb ratios ( 16Zo ) do(Pb+ Pb — Pb + J/i + Ph)/dy

Phys. Rev. C 107 (2023) 044912

1Vsww =5.02 TeV —u=23.10 EPPS21: u = 2.39 GeV
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] — H=<. & 154
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At y=0, in the ratios,
the scale dependence
is considerably reduced...

... While these ratios remain conveniently
sensitive to the nPDF uncertainties

12
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Phys.Rev.C 107 (2023) 044912

¢ (6/5) PDF Uncert

(?/2)9 V500 =7.00 Tev

% (7/5) PDF Uncert

v Spppp = 2.76 TeV
(6[5) - VvSo00 = 6.37 TeV

\-Spuph =5,02 TeV

ey

v Spppy = 5.02 TeV

(6/5) Scale Uncert

(7/5) Scale Uncert

nNNPDF3.0

]
nCTEQ15WZSIH

Studied possible different-energy
O+0/Pb+Pb ratios

2087Zp, \* do(0+0 — O+ J/i+ 0)/dy
16Zo ) do(Pb +Pb — Pb+ J/1 + Ph)/dy

At y=0, scale uncertainty does not anymore
dominate over the PDF uncertainty
— improved quality as a nPDF constraint

13



do

4. NLO predictions for coherent photoproduction of Upsilon in Pb+Pb UPCs

100 W [GeV] 1000 2303.03007 [hep-ph]
IR ety oA e * Added nGPD modeling to our
% . Standard NLO pQCD /// \\\ - ugprgb NLO pQCD framework Vla
a ] / \ n error
S iy S - R Shuvaev-transformed nPDFs
s ] et D T, Y
i: ' , //// \'\\'f'\'w....,,n.\ [Shuvaev, Phys.Rev. D60 (1999) 116005, Flett et al, Phys.Rev.
g 4; n,_A,._/..f-:/'” \\ D 102 (2020) 114021; Phys. Rev. D 101 (2020) 094011]
& of T N —> GPD effects in Y XSs small,
o] 557 TN << scale&nPDF uncertainties
T 5 2 1 6 1 & 3 4
O L * Larger-scale process

|EPPS21 hased nGPDs Only Gluons —> weaker scale dependence than for J/y
—_ 1Vsun =5.02 TeV; ugr = gp =my, — Full
i_ 6j Standard NLOpQCD .~ Only Quarks
§ 1 - Interference . .
5o * Gluons dominate, unlike for J/Y
+ ] .
g | - Y more direct gluon probe than J/
= (at least in NLO...)
. T T

_2: | "““ ______________ —T |
—4 -3 —2 -1 1 2 3 4 14



1 — Fit GPD uncert 2303.03007 [hep-ph]

{1 ---- PDF u=my/2 --- PDFu=my

1 - - GPDu=my/2
—_ N GPD u=my
E 10 .
Q
+ ]
T . > '- ’

-1 e [

> 1074 Lt B 4 H1 2000 e+p

S ZEUS 1998/2009 e+p

,{/’ : & LHCb 2015 p+p (W™)
gz ' 4 CMS 2018 p+Pb (W)
102 | | 103 |
W [GeV]

- No A+A UPC data to guide us —> exploit e+p/p+p/p+Pb data?
 NLO pQCD underpredicts HERA e+p/LHC data = NRQCD corrections? NNLO corrections?
* Make use of these data?
- Data-driven method for o"">~7Fb(17)
- nuclear effects from the NLO calculation o PP TP () — [Cf TP (1)

“;Pb—}TPb(I_,V)
. . . oYp— Tp (Hf ) ] TGt
- overall normalization from HERA-data fit pQCD




2303.03007 [hep-ph]

W+ [GeV]
100 1000
2001 ... nGPDp=mp2 e WPDF 1= my/2
17~5'E —— nGPD u=mp AR —— nPDF u=my
| - - DnGPDu=2ms 7% -~ 1PDF p=2m,
15‘0-5 nGPD error o nPDF error
12.5] - h

10.0-

(Pb + Pb—Pb +Y + Pb) [b]

EPPS21 at sy =5.02 TeV

do
dy
e N N
[an ] on = [
Il Il i i

with U= Ur = lg
-4 -3 -2 -1 0 1 2 3 4
y

Data-driven prediction for coherent photoroduction of Y in Pb+Pb UPCs:
* scale uncertainties tend to cancel in the pQCD ratio |“mar ] .,

—> scale uncertainties become smaller than the PDF uncertainties
* GPD effects become negligible in the pQCD ratio

* Probe of gluon shadowing

16



5. Conclusions & Outlook

First implementation of collinearly factorized NLO pQCD cross sections of coherent
exclusive photoproduction of J/{ and Y in A+A UPCs

Scale dependence in NLO is considerable for J/{ but an "optimal" scale can be found
- reproduce the J/ Runl & Run2 data at y=0, and within PDF uncertainties at all y

Still tension between central-PDF-set NLO results and J/{ UPC LHC data at fwd/bkwd y
- room for NRQCD corrections, NNLO corrections, more detailed GPD modeling,...

LO and NLO gluon amplitudes for J/{ tend to cancel
-aty =0 quarks(!) dominate — different from LO!
- J/UP process may turn out to be a probe of s-quark (!) PDFs
= currently the worst known piece in global nPDF flts
- what happens in NNLO?? 7/ \U

& oz L EPPS21
0.0 Lol il EURR
107 107 107 107 107 107 107 107"
T [Eur.Phys.J.C 82 (2022) 5, 413] T

EPPS21
E‘I’I’Elﬂ('j




Nuclear + free-proton PDF uncertainties now start to be moderate (EPPS21)
- free-proton uncertainties must be accounted for in absolute cross sections
- PDF/GPD uncertainties for J/{ larger than Pb+Pb UPC data errors

— Constraining power from data

Reduce the large scale-dependence with nuclear ratios, e.g. O+0O/Pb+Pb for J/{?
— seems possible, at least at y=0 !

Made NLO pQCD predictions for exclusive photoproduction of Y
in Pb+Pb UPCs at the LHC, using also HERA data:
- reduced scale dependence relative to the J/{ case
- GPD effects via Shuvaev transform turned out to be small
- gluons dominate = Y more direct probe of gluon shadowing than J/{

18
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B. Photon-proton baseline (here independent from UPC)

2000d T H=Muy NLO with CT14nlo et
{ — pu=2.37GeV o
1 e u=m, H=Hr=HUr f,«*'f,
+ H1 2000 b GeV2 = 4.9 + 4a’pIn(W/W,)
-9 1500+ ZEUS 2002
— # LHCb 2014
F 4 LHCb 2018 J/l_p
3_ F__,.-"-'
=1000- P
T ) -
Q- L : -
+ _ P —
> ] R
) L e
500__ ,f"; _%—H;-‘“r? .- ;_EF_Q} —+—
1 ‘_.-"'- - ﬁ:—_@:_:m'_ -
.,-.',;-M!E&*tfff
0= T
¢+ '+ '+ ' +rrrrrrrrr¢grrrrgfrrrrfr . rr+r 1§11 " T1
0 250 500 750 1000 1250 1500 1750 2000

W [GeV]

Phys.Rev.C 106 (2022) 035202

Our UPC “optimal” scale
works also reasonably
well here, but...

Room for

GPD effects (GPDs=PDFs),
NRQCD corrections,
NNLO corrections,...



W* [GeV] W+ [GeV]
100

1.0 10.00 100 1000
1 NLO with EPPS16 — Full Eﬂizl based nGPDs — Full
41 VSww=5.02 Tev %— = 54VSw =5.02 TeV; pp = e =my w
s ] ' : =1 SN
E | pr=pr=2.37Gev = Standard NLO pQCD
= 1 'D‘i. 4 -
Pe 37 +
—
= ] .
= 0
A 5] o
NS 1
& | Eﬂ‘i 7
+ ] +
o1+ @ 1 4
8k ] sl
—'6 _'4 _'2 (') é i é -4 =3 =2 -1 0 1 2 3 4
y y

Phys.Rev.C 106 (2022) 035202 2303.03007 [hep-ph]

The two photon components contributing to coherent exclusive
photoproduction XSs of J/{ and Y in Pb+Pb UPCs at the LHC
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Symmetric W* and W- contributions in Pb+Pb UPCs

Mveiy
2

Photon energy =~

, W [GeV] +— « W7 (k") grows to the right,

1000

; | — W™ (k™) grows to the left

4__ NEWIII]’] EPPS16 . (Wi)Z _ M \/ sy " b d
= 1 Vsw=5.02Tev >nn e Pro _,_e
E ] wr=pr=2.37Gev x decreases with incr. W=
g 5] X~ €= M/(2(WH2)=Me ¥)/(2vs,)
3
o cy - . +
£ ,] | With increasing W™ :
é 3  photon-Pb XS increases
A
8 4 f_ * photon flux decreases fast
8 |

o — e | * Smallest W*s: Form factor

[
ey
=)

.—6. | .—4. | .—2. [I}
y

t-integral runs out of PS
Phys.Rev.C 106 (2022) 035202

* |nterplay of W components, QCD cross section, photon flux and form-factor integral
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(Pb+Pb - Pb+J/W+Pb) [mb]

dy

do

Q&G shadowing in the cross section — a further surprise

7+ EPPS16 nuclear effects
NLO at syy =5.02 TeV LT -~ (Quarks with CT14nlo Y
i —— R9(x, 1) EPPS16
6d =g =2.37 GeV W CT14nlo B AN
E . ,f’rd—r' ____ H-‘M“xx EPPSl 6 ‘ Forward limit GPDs
5 £ ™% ——- Gluons with CT14nlo o] H=RBITGEY
4- / LIJ , - \‘I';‘-\-_.I_
E J:.-J /.x.;‘_’_.--'— H--\""-.\_\_“H \':;‘\
3-. :f‘; & - \.\‘- L
] ,f_.f"- _.f'z \L\-\ L?'f}\ 107 10 10 104 10-2 10-2 10-1 10
9 N sz:"././ \\‘\\ X
1_‘ ﬁfjf:;.---' "'-'-T.Tf_‘fl‘-}:}x Ryg(X) ~ 0.7 (shadowing)
/ N\
) / N - expect the XS at y=0
T - - 3 ; A to be reduced by a factor
y Phys.Rev.C 106 (2022) 035202 (RCI g(x))2 ~0.72~0.5

Reduction from CT14NLO (no nuclear effects) to
EPPS16 (w. nuclear effects) XS is only a factor ~0.76 — Why?
- integration over x in M weakens the dependence on nuclear effects somewhat
but the main reason is again the degree of cancellation of M;'°© and M;N©
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Decomposition of the XSs to contributions from

the real and imaginary parts of the amplitude.

1 NLO with EPPS16
47 /syn =5.02 Tev
1 MF=Ur= 2.37 GeV

j—f;(Pb+Pb - Pb+//W+Pb) [mb]

______ |Re(M)|2 Standard NLO pQCD

(Pb+Pb—=Pb+Y+Pb) [ub]
(o8]

do
ay

W+ [GeV]
100 1000
—— Full |M|? {EPPS21 based nGPDs —— Full
|Tm(M)|? 5]VSun =5.02 TeV; g = =My IIm(M)|?

Phys.Rev.C 106 (2022) 035202

[
]
o=
14 .
[is :
|
W
|
2
|
—

2303.03007 [hep-ph]
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2303.03007 [hep-ph]

CT18ANLO based GPDs and PDFs 1" q.5
12 : -3 a] N —— F7>(x, &)
with yr=m, and &(y =0) = 10 5-10°{
{ >N q°(x)
\.
1 g+ )
N
10- AN
\1
\.
3 he
9 10 ] \.\_
N,
\.

8- . ' \\
74 TN

— F9x,8) :
6- xg(x)

........ (X+E]g(x+£)

— - - — 10?4 —

1073 1072 1073 1072

X X

GPD effects relative to PDFs at the Upsilon mass scale are rather small,
and still smaller at the J/Psi mass scale

With GPDs via Shuvaev tr., restore Re(M) via the dispersion relation

[M.G. Ryskin, et al., Z. Phys. C 76 (1997) 231]

GPDs via Shuvaev transform
[A. Shuvaev, Phys. Rev. D 60 (1999) 116005]

Hq(l?:‘frt = O:JUF) —

/.l d'[.'f _E%Tn/‘l ds ] d q(‘rlr,u»F)
o m o o yls) /T —y(s)ar Jdat 2]

Hg(;f,f,t - Or)uF) -

/‘l L 'g%m/l ds (:r.+f(1—25*)] d g(x'. jip)
—1 |7 0 y(s)\/1T—y(s)a! [ da’ ||

where the kernel of the transform is

o 4s(T =)
) = a2y

ReMY TN (gt =0)
-:E?TLJIM:;J\'—}T:\' {{.f _ [”

o [T O(SmMETTY(E = 0)/(1/€))
-\ dIn(1/¢€)
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2303.03007 [hep-ph]

.
1072 %D‘f* 104 1075

EPPS21 and CT18ANLO

Hr = HrF =My
Central

nPDF error

107!

102 10°
W* [GeV]
£+
10-2 o= 104 10-5

1.4

1.2

1.0 1

0.8

0.6 1

0.4 -

——
- .

EPPS521 and CT18ANLO

2rc+
U = fir = Ms —— Central R3(€™) error
R'=1/(BW) [ dt|Fa(t)?) nPDF error R2(E+)

R 2{r+
Ry(E™) R2(£*) error

-
b
-
—
_____
..............
-------

........
........................
.............................................................

102 10°
W+ [GeV]
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