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Ultraperipheral collisions (UPCs)
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1.impact parameter > 2

2.equivalent photon approximation, or N
scattering
3.photon number density 2




Ultraperipheral collisions (UPCs)

Photon-photon collisions in UPCs at HL-LHC and FCC
(cited from JHEP 09 (2022) 248) .

System e L Etream1 + Ebeam? YL R Conca S

Pb-Pb 3.52 TeV 5nb™! 2.76 + 2.76 TeV 2960 7.1 fm 80 GeV 160 GeV
Xe-Xe 5.86 TeV 30 nb™! 2.93 +2.93 TeV 3150 6.1 fm 100 GeV 200 GeV
Kr-Kr 6.46 TeV 120 nb™! 3.23 + 3.23 TeV 3470 5.1 fm 136 GeV 272 GeV
Ar-Ar 6.3 TeV 1.1 pb~! 3.15+ 3.15TeV 3390 4.1 fm 165 GeV 330 GeV
Ca-Ca 7.0 TeV 0.8 pb~! 35+35TeV 3760 4.1 fm 165 GeV 330 GeV
0-0 7.0 TeV 12.0 pb~! 35+35TeV 3760 3.1 fm 240 GeV 490 GeV
p-Pb 8.8 TeV 1 pb~! 7.0 +2.76 TeV 7450, 2960 0.7, 71 fm  2.45 TeV, 130 GeV 2.6 TeV
p-p 14 TeV 150 fb™! 7.0 +7.0TeV 7450 0.7 fm 2.45 TeV 4.5 TeV
Pb-Pb 394 TeV 110 nb™! 19.7 + 19.7 TeV 21100 7.1 fm 600 GeV 1.2 TeV
p-Pb 62.8 TeV 29 pb™! 50. + 19.7 TeV 53300,21100  0.7,7.1 fm 15.2 TeV, 600 GeV | 15.8 TeV
p-p 100 TeV 1 ab™! 50. + 50. TeV 53300 0.7 fm 152 eV 30.5 TeV




Inclusive / production in
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LEP |l experiment:

Phys.

Lett. B 565, 76-86 (2003)

NRQCD predictions:

Phys.
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Rev. Lett. 89, 032001 (2002)
Rev. D 69, 014015 (2004)
Rev. D 79, 114020 (2009)
Rev. D 95, 036001 (2017)
Rev.D 84,051501 (2011)

Rev. D 112, 1, L011902 (2025)

scattering



Inclusive / productionin  scattering
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M.Butenschoen, B.A.Kniehl, N. Brambilla, M. Butenschoen, X. P. Wang,
Phys.Rev.D 84,051501 (2011) Phys.Rev.D 112, 1, L011902 (2025)

different CO LDMEs



Inclusive / productionin  scattering

+ 5 / + @ ~ T collider

Difficulties:

« Sizable experimental errors

« COvsCS

* Direct photon vs resolved photon (photons interact either directly or
via their quark and gluon content)

Investigating specific subprocesses separately may help to clarify the
situation. UPCs at the LHC provide new opportunities... With the luminosity
upgrade, both inclusive and exclusive processes can be measured.



Exclusive processes in scattering

Exclusive processes: + - / + [/ , + 5 [ +

Lae m "
= e

Clear production mechanism:
both CO and resolved contributions are suppressed.




Exclusive processes in scattering

Studyon + - / + / :Hao Yang, Zi-Qiang Chen, Bingwei Long,
Eur. Phys. J. C 85, 802 (2025), up to NLO

« NLO QCD correction is negative and significant.
* Near-threshold-region requires further investigation (Fully charm

tetraquark).

This report is about our researchon + - / + .



 Factorization formula

 Perturbative calculation

Some technical details



Factorization formula

* Equivalent photon approximation framework

Final cross section = subprocess cross section equivalent photon
spectral functions:

nl(xl)ng(xg)c’:‘r'”'y_”/‘b“

SATB—A+B+I/v+y _ dz, dzy
r1 T2

Equivalent photon spectral function:

B DTy

nfe) = 222 KGO K1) - (1= % [K300 - K300] |



Factorization formula

» NRQCD factorization formula up to  ( 2)

Amplitude for + - / +

s c 4=
M = OM oo (J/9[61a - ex]0) + —5 (J/¢lv! (1 D)o - ex|0)]
short distance coefficients NRQCD matrix elements

Short distance coefficients: matching procedure
NRQCD matrix elements: input parameters



Factorization formula

» NRQCD factorization formula up to  ( 2)

Matching procedure: considering + - —(° [11])+ process

Mr+r=eeSi 4y =co (ce(*S{")|¢1o - ex|0)
pert QCD pert NRQCD
2 ezt —i T 2e - evl0
+ —5 (ce(CST)Y (=3 D) o - ex] >pertNRQCD
2 2\ €

(S yie - _ JINoE, |14 294 % (iR

el e ex| () pert NRQCD cobq | Lt 3 m?2w \p3
- . . 1

right side: X (— — g + 111(47r)) ] ,

€IR

(eS|t (2 D)2 - ex|0)

= +/2N.2E,q",

pert NRQCD




Factorization formula

» NRQCD factorization formula up to  ( 2)

Matching procedure: considering + - —(° [11])+ process

M7+v—>cc( S+ —cq < ( )WTU EX’0>
pert QCD pert NRQCD
2 o3 (—iD ;
+—5 (el Syt (i D)2 - ex|0) .
. . 'y—l—’y—mE(SS[l])-l—’y q s
left side: M : —_— = Mo + Mm + —Mm ry —_Mll
pert

- o . 301
we then elucidate some points in the calculation of ~ * =~ (7 1)+ |



Perturbative calculation

Y1) +v(p2) — ¢ (g + Q) C (g — q) +(ps3)
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Perturbative calculation

Y1) +v(p2) — ¢ (g + Q) C (g — q) +(ps3)

. . S 2y ~ — 2 -
Kinematic: Introduce = /(4 ), /(4 <), which are
2= 2= 2=0, independent of 2 (facilitate the 2 expansion).
2 2 , to see it, taking the ~ rest frame
-+ = -+ =
2 2 ’ k= 2E4(1,0,0,0), ¢= (0,64 ),
2 — 2 2\ — 2. '
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Perturbative calculation
k [k
) +9(em) > (5 +a) o5~ a) +1000
Spin-color projector:

Renormalization constants:
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« Cross-check and input parameters

e Numerical results

Numerical results



Cross-check and input parameters

Cross-check

We reproduce the resultof (/ - 3 ):

8(m* — 9)eb o’

2
9

LJ/Y = 37) =

—

[(0]xTo - €] T/p(e))| {1 12630 22

9  m?2

P T

132 — 1972 16 : .
+[ d +(1n“f+c:)“]<vﬁ>,w+---},

12(72 — 9)

F. Feng, Y. Jia, W. L. Sang, Phys. Rev. D 87, 051501 (2013)



Cross-check and input parameters

Input parameters . physical / mass
. charm quark mass

o =1/137.065, M =3.096 GeV, m, = 0.9315 GeV,
(O1) 7/ = 0.4401505% GeV?,  (g®) = 0.44177 710 GeV?.

To maintain consistency, , , 2 are not treated as independent:

=2\ 2+ 2 = 1.407332 GeV.

mass scheme:

= dPSZ 2

SO i e

keep expand in 2

series



Numerical results

Kinematic cuts:
T =2 GeV, <24

suppress the background
from the Pomeron
exchange process and
facilitate the exclusive
event selection.

System Term Central | A{q®) A(O,) Augr Ay
LO (nb) | 87.90 | Xg%°  Tigds —
Pb-Pb, | O(as) (nb) || —43.93 | T35 5%  Tii2
VoNN = | O(v?) (mb) || —29.08 | 113%8  I3er 00— —
552 TeV | O(aw®) (mb) || 1298 | X357 Ties  Fior  fit
NLO (nb) || 27.88 | 577 T3 Toe s
LO (fb) 1g9ra | g LA — —
p-p, O(as) (fb) || —5.462 | Jo569  Toess 1608  —
VanN = | O (fb) [l -3646 [ 17355 0% 00 — —
14 TeV | O(an®) () || 1627 | 5808 10203 10803 0235
NLO (fb) || 3489 | 7032 T0%6 - vioa ‘o200




Numerical results

System Term Central | A{q®) A(O,) Augr Ay

Resonable convergence LO (nb) || 87.90 | Tg&’ Tiggg  —  —
behavior (in constrast to Pb-Pb, | Olas) (nb) || ~43.93 | 3i% sou0 s
/ .3 Case): VNN = O(v?) (nb) || —29.08 | 117733 1364 — —
552 TeV | O(a®) (mb)|| 1298 | Ty Ty i Do

( ): —30% NLO h) || 2788 | a Ha npm o

( 2): —33% Lo () || wew | 22 Ham —

( 2): 15% pp, | Ofas) (fb) || —5462 | So569  Soess 16

of the LO term. VNN = | O(?) (fb) || —3.646 | Y55 (0% — -
14 TeV | Oeee?) (fb) || 1627 | 5900 #9028  —0g04 0222
NLO (fb) || 3489 | 75385  Todss  Tiiod oo




Numerical results

oLo = 87.9071597 nb,  onLo = 27.881173, nb,  for Pb-Pb collision;

oro = 109701312 fh oo = 3.48970%8 b, for p-p collision.

Typical integrated | Number of candidate
luminosity (( x x (/ -8€8")x

Pb-Pb 5 nb? 4-8
(1 month)
P-p 150 fb-1 15-32

(10 months)

Lowering the minimum transverse momentum cut to 1 GeV would
quadruple the integrated cross sections.



Numerical results

r-distribution
_ Pb-Pb, ysyn =5.52 TeV; |y, [ < 2.4 p-p, vSnn =14 TeV; |y, | < 2.4
— === NLO == NLO
10% Ml p— 0 101 - Em L0
i, 3
) 5 100?
= oy = |
§ g1
£ 107t =
8 1072 3
10734
1073
10743
10~ :
1075




Numerical results

-distribution
Pb-Pb, vsyn = 5.52 TeV; pr>2 GeV, |y,| < 2.4 p-p, VSnn = 14 TeV; pr>2 GeV, |y, | <2.4

== NLO
EEN O

== NLO
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Summary

We investigate the exclusive process + - / +
in UPCs at the HL-LHC, upto ( ?2).

The ( ), (%), ( ?) corrections represent
approximately —50%, —33%, and 15% of the LO
contribution, exhibiting reasonable convergence
behavior.

Total cross sections including all corrections are

25.18*748, nb for Pb-Pb collision, and 3.053+553 fb

for p-p collision. These values suggest that a future
experimental analysis is feasible.






