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Particle production in UPC

libepa approaches and code were developed while the authors were working on
papers
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e Phys. Rev. D 103, no.3, 035016 (2021)

e JHEP 10, 234 (2021)

Many of these results are included in the library documentation as examples. )
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Particle production in UPC

libepa approaches and code were developed while the authors were working on
papers

e Phys. Usp. 62, no.9, 910-919 (2019)

e JHEP 01, 143 (2020)

e Phys. Rev. D 103, no.3, 035016 (2021)

e JHEP 10, 234 (2021)

Many of these results are included in the library documentation as examples. )

It was applied to semi-inclusive processes (where only one of the colliding particles
remains intact, and the other disintegrates) in papers

o Eur. Phys. J. C 82, no.11, 1055 (2022)
e Phys. Rev. D 108, no.9, 093006 (2023)
o JETP Lett. 119, no.1, 5-9 (2024)

Physical description and documentation: CPC 305 109347 (2024)
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Required features

e Proton form factors (including magnetic contribution) New CompHEP
functionality
should allow

this!

o Fiducial cross section
For example, typical cuts for particle pair production are
e pr > pr — transverse momentum of each particle.
o |n| < 7 — pseudorapidity of each particle.
® \/Smin < V8 < \/Smax— invariant mass of produced pair.

0 W1,min < W1 < W1 max, W2,min < w2 < W2 max — bounds on photons energies due
to forward detectors.

e Survival factor — distribution in the impact parameter space is needed

The following notation is popular in the literature:

o /s for the invariant mass of the colliding particles (= 2E in what follows)

o W for the invariant mass of the produced particles, i.e. invariant mass of the
colliding photons (= +/s in what follows).
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libepa

Developer’s repository link: https://github.com/jini-zh /libepa.

Licensing provisions: GNU General Public License 3 (GPL3).
Programming Language: C++-, Python.

Solution method: Cross sections are expressed in terms
of multiple integrals over the phase space parameters
and numerically calculated through recurrent application
of algorithms for one-dimensional integration. Functional
programming approach is used to simplify the interface and
optimize the calculations.

Physics description: CPC 305 (2024) 109347

Programmer reference: included in the repository, see also
https://jini-zh.org/libepa/libepa.html

About

Library for calculations of cross
sections of ultraperipheral collisions of
high energy particles under the
equivalent photons approximation
Readme

GPL-3.0license

Activity

1 star

3 watching

<O %<+ B

0 forks

Report repository

Releases 1

© libepa 1.0.0
on Sep 8, 2024

Packages

No packages published

Languag

® C++740% @ Python 17.9%

® C60% ® Makefile 1.9%

® Perl0.2%



https://github.com/jini-zh/libepa
https://doi.org/10.1016/j.cpc.2024.109347
https://jini-zh.org/libepa/libepa.html

UPC cross section with EPA

Many references are not provided in this talk, see CPC 305 (2024) 109347 for details.
See the review on two photon physics: Budnev et al, Phys. Rep. 15, 181 (1975).
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UPC cross section with EPA

Many references are not provided in this talk, see CPC 305 (2024) 109347 for details.
See the review on two photon physics: Budnev et al, Phys. Rep. 15, 181 (1975).

c(AB = ABX) = /dwl /dwza ¥y = X)na(wi) np(ws),
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UPC cross section with EPA

Many references are not provided in this talk, see CPC 305 (2024) 109347 for details.
See the review on two photon physics: Budnev et al, Phys. Rep. 15, 181 (1975).

c(AB = ABX) = /dwl /dwza ¥y = X)na(wi) np(ws),
0 0

It is convenient to change the integration variables from the photons energies w1, wa
to the invariant mass of the produced system /s = v/4wiw2 and its rapidity
y = % In Z—;:
do(AB — ABX dLap
(AP 2 ABX) _ 5y x) - Wz,
dv/s dy/s

where L4p is the photon-photon luminosity in the collision of particles A and B,

i (o2
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tion in UPC

pr > pr, In| < 7, W1, min < W1 < W1, max, W2, min < W2 < W2 max-
doga.(AB — AB)(LX*) _ g do(yy — X+X7) deiﬁg
e = [ e

max (pr,pr)
drfd V5 min(g,¥) Vs Vs
: S S S _
i =3 [ avna (7) ns (76 ) :

max(—7,9)
2
9 sinh 7 + cosh? N+ :—%’f
g=In| —&—-
\/g p%+m§

1F4/1 - = 71

and ¢ and Y are the constraints on rapidity coming from the constraints on photon

" min 2
¥ = max ( In @1, ,1In A\/g/ ,

\/g / 2 W2 max
g " max 2
Y = min IHL,ID }/g/ ,

\/g / 2 W2 min
and pr is an extra constraint on pr that ensures that integrations are performed over
physically meaningful domains:

energies,

§>0, <Y, §>7.
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Survival factor
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Survival factor

c(AB — ABX) :/dwl/dwz/d2b1/d2bg o(yy = X)na(br,wi) np(bz,w2) Par(b),
0 0

do(AB — ABX) ar! dL g
dolAb = ABA) S X =X

dyna (bl7 §6y> ng (bz, %eﬂJ) PAB(b)cos2 ®,
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EPA spectra

Ju=Ze- [Fl(cf)w v Fz(@ﬂ v, Q@ =-q, o =TT

Ouy =
" 2

Gr(Q) + & Gu(Q?)
G (Q%) = F1(Q%) + F2(Q), Q%) = e

1+ 4?;2 ’
P
Gr(@) = A(Q) - L (@), Pu@) = &) =Ce@)
4m?, 1+ ‘3”7
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EPA spectra

Ju=Ze- 7]’ {Fl((f)'?’# - %FQ(QZ)} P, Q2 = *q27 Opv = wv
Gr(QY) + 1% Gu(Q)
Gu(Q%) = FI(Q*) + F2(Q%), F(Q%) = Qﬁ ;
1 + 4mfb
2 2 2
GE(QQ) _ Fl(Q2) o 437/2 FQ(QQ), FQ(Q2) _ GM(Q ) _QG;E(Q )
W 1 + 4m3}
2 ®2 2 GH(Q%) + -G (@)
:2204 D(QL—’—(UJ/’}/)) 3d D 2y s 4
n(w) o O/ @ + (@/)2)? q14dq1, Q%) T+ 47@:12/)
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EPA spectra

T = Ze- 0 [A(Q@ 1 - T @) v @ == ot
P

2m = Tuw = 2

) ) Go(Q?) + 122 G (Q?)
(@)= R@)+BQ).  R@)= ;

14+ -5 ’
P
o 2 Q? 2 2y Gu(Q%) — Ge(Q)
Go(Q") = F(@") — g @), Ba@) = ST =,
. GZ(Q%) + -2 G3,(Q%)

*a [ D(q% w/v)) oy ° e

i / @ + @y Wi D@ = Lt 52

P

We need distribution in impact parameter space to calculate survival factor:

oo

n(w) = /n(b7 w)d?h = 27T/n(b, w)bdd, n(bw) =7

0
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Dipole approximation

1
GE(QQ) = m7
GM(QQ) = (1_51%;)27

where py is the fermion magnetic moment expressed in units of e/2my, and A is a
parameter of the approximation related to the fermion charge radius R through

2 . dGEe(Q?) 2 12
B=—tim 4 = Y=

Using the modern value of 0.8414 fm for the proton charge radius we get that for
proton A% = 0.66 GeVZ.
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Approximations for EPA spectra

For F3(Q%) =0 (F1(Q%) = Gr(Q®) = Gu(Q?)) we get

Za 1 24a® + 42a + 17 w)?
2% 4a+)n(14-) =22 2ol = (=
oo e (1 0) e = (5)

vt 5 [ (8) = o (2 (o () - e ()]

If the Pauli form factor is neglected, i.e. J,, = ZeFi(Q?)Yv,4, but the electric and
magnetic form factors are not assumed to be equal (Gz(Q?) # G (Q?)), then we get
nop(w) and nap (b, w).

EPA spectrum with all form factors

Z%a 5 u 1 24u? + 42u + 17
mw) = ZE{ (14w~ ) (141 ) - LG

kg1 |:1+u/v1 u+v 6u2(vz—3v+3)+3u(3v2—9v+10)+2@2—7v+11]}

v—1 “u+l 6(u+ 1)2

() -5

Ay )’ A '

This is the correct spectrum for proton, however its spatial counterpart n, (b, w) has
not been derived yet (... but on its way!).

(v—1) -
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Available luminosities

Notation L Lop EQD Lo EQ
Non-electromagnetic interactions no yes no yes no
Pauli form factor yes no no no no
Electric and magnetic form factors | distinct distinct distinct equal equal
— dLop/dys _ dLy/dV/s
Sap = dLyp/dy/s S2 = dLy/dy/s

Survival factor
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Available luminosities

Notation L Lap EQD Lo Ez
Non-electromagnetic interactions no yes no yes no
Pauli form factor yes no no no no

Electric and magnetic form factors | distinct distinct distinct equal equal
dLyp/dvs S, — dLz2/dvs

Survival factor Saop = Aonjave = qiave

Since the spatial equivalent photon spectrum for proton n,(b,w) is unavailable, we
calculate three cross sections &, d2p, o2p corresponding to the luminosities i, I~/2D,
Lop and then obtain an estimation for the cross section taking into account
non-electromagnetic interactions and the Pauli form factor as ¢ = ¢ - (020 /52p).
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Results

Experimental value:

Texp = 3.12 4 0.07 (stat.) & 0.10 (syst.) pb.



https://doi.org/10.1016/j.physletb.2014.12.019

Experimental value:
Oexp = 3.12 £ 0.07 (stat.) = 0.10 (syst.) pb.
libepa (with required accuracy for differential cross sections):
Gap =3.46 pb  (107°),
o =331pb (107%), = o=5- P (3.44 4 0.04) pb.
&=357pb (107%)
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Experimental value:
Oexp = 3.12 £ 0.07 (stat.) = 0.10 (syst.) pb.
libepa (with required accuracy for differential cross sections):
Gap = 3.46 pb  (1077),

o =331pb (107%), = o=5- = - = (34440.04) pb.
2D
&=357pb (107%)

SuperChic2:
o = 3.45+£0.05 pb.

SuperChic2 uses the dipole form factor approximation with A% = 0.71 GeV?2.
libepa cross section o with this A is 3.50 pb. J
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Experimental value:
Oexp = 3.12 £ 0.07 (stat.) = 0.10 (syst.) pb.
libepa (with required accuracy for differential cross sections):
Gap =3.46 pb  (107°),
o =331pb (107%), = o=5- P (3.44 4 0.04) pb.
&=357pb (107%)
SuperChic2:

o = 3.45 £ 0.05 pb.

SuperChic2 uses the dipole form factor approximation with A% = 0.71 GeV?2.
libepa cross section o with this A is 3.50 pb. J

HERWIG:
& = 3.56 = 0.05 pb,
o =3.06+0.05 pb with the help of corrections from PLB 741, 66 (2015) ‘
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ALP searches (comparison with gammaUPC)

10° : I |
gamma-UPC, ChFF
gamma-UPC, EDFF
libepa, ChFF ——-
' libepa, EDFF oo
o libepa, nap(b,w) E
w
B
[}
b= -
S 103 kb _
g
E
Z.
102 £ ]
10t } I I
———__ _libepa, ChFF 4 :
2 F gamna-UPC, ChFF 7
X _libepa, EDFF__ 4 /
1F ganma-UPC, EDFF // 1
o ) = B e i
o 10° 10? 103
mg, GeV
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Conclusions

e UPC are a great source of events for studying physics in vy fusion, and libepa
provides tools for it.

e libepa takes into account survival factor and allows to impose experimental
cuts. These features are necessary for comparison with experimental data.

o Results are consistent with existing Monte Carlo codes.

libepa is quite different from other programs used to calculate UPC cross sections:

o libepa is a library rather than a standalone program.

@ libepa relies on deterministic one-dimensional integration rather than the
Monte Carlo approach.

o libepa is designed in the functional programming paradigm.

Large room for improvements!
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Conclusions

e UPC are a great source of events for studying physics in vy fusion, and libepa
provides tools for it.

e libepa takes into account survival factor and allows to impose experimental
cuts. These features are necessary for comparison with experimental data.

o Results are consistent with existing Monte Carlo codes.

libepa is quite different from other programs used to calculate UPC cross sections:

o libepa is a library rather than a standalone program.

@ libepa relies on deterministic one-dimensional integration rather than the
Monte Carlo approach.

o libepa is designed in the functional programming paradigm.
Large room for improvements!

Thank you for your attention!
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Conclusions

@ libepa is a library rather than a standalone program.
It provides a set of tools for the user to create their own computation rather than a set
of pre-programmed computations with variable numerical parameters. At the same time
common computations are kept simple, and cross sections for proton-proton collisions
can be obtained by a single call to libepa.

@ libepa relies on deterministic one-dimensional integration rather than the Monte
Carlo approach.
The fact that libepa uses deterministic integration rather than Monte Carlo may be an
advantage or a disadvantage depending on the problem at hand and the approach to
solve it. An explicit representation of the computation function in terms of mathematical
expressions possibly involving recurring one-dimensional integrals over well-defined
domains is required.

@ libepa is designed in the functional programming paradigm.

The functional programming approach allowed for the interface when the user can replace
part of a common computation with their own function, e.g., by changing the spectrum
of a colliding particle, tweak the integration algorithm, or build a computation for a
function not explicitly supported by the library.

When combined with CFFI bindings to a language that features a read-evaluate-print
loop (REPL), it gives the user a powerful calculator that can quickly evaluate various
values of interest to the research at hand.
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UPC

p (Pb)

p (Pb)

p (Pb)

p (Pb)

(o, ‘IwaanQZ)

(V72 — 14z, 92,9y, Vqz)

y>1

Photon virtuality: Q% = —¢* = ¢2 + qz +¢2 < (vg:)? =w?
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p vs Pb

odunov (LPI)

p (Pb)
p (Pb) ¥
p (Pb) v
p (Pb)
o~ Z*
pp Pb Pb
Energy 13 TeV 5.02 TeV /(nucleon pair)
Z 1 82
z* 1 4.5-107
Luminosity 147 b1 2.3nb?
ratio: 6.4 -107
Duration | 21 months 2 months
(Run 2) (2015, 2018)
Q | <200 MeV < 50 MeV
Svy | S 2.6 TeV < 160 GeV
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Forward detectors

[1909.10827]

A-side ATLAS C-side
sector 8-1 Interaction Point 1 sector 1-2
Q6 AFP Q5 Q4 TCL4 Q3 Q1 Q1 Q3 TCL4 Q4 Q5 AFP Q6
imE e b (o [ ]
[ ] | ) = P1 b ol " | )
L L " o L 1
ALFATCL6 TCL5 D2 D1 Q2 Q2 D1 D2 TCL5 TCL6ALFA
FAR station NEAR station NEAR station FAR station
-217.909 m -205.824 m 205.217 m 217.302 m
TImE'DT'FIIghI Silicon Tracker SiT

Silicon Tracker Time-of-Flight
bar

plane
3 2 1 0 PSPZPJPO P3P2P1 PO

B

3 150 distance { ﬁ ;‘«le?f
— s

0 1

beam 2 diffractive protons beam 1
Distance from the IP, m 200 420
& range 0.015-0.15  0.002-0.02
6.5 TeV p energy loss, GeV 97.5-975 13-130
in the center-of-mass frame, MeV 14-141 1.9-19
0.5 PeV 2%8Pb energy loss, TeV 7.8-78 1.0-10

in the center-of-mass frame, GeV 2.9-29 0.37-3.7
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Ultraperipheral collisions (UPC) at the LHC

p (Pb)

p (Pb)

p (Pb)

p (Pb)

o It is possible to detect protons in forward detectors to reconstruct full
kinematics.

o Accessible analytically with equivalent photons approximation (EPA).

e Formulae can be easily adopted for new particles (v couples to electric charge).
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Pair production

of quasistable chargino

T T
> pp N \;
> pp T
m pp > ppWIW ™ = ppptu, i,
m— pp > pp7i T = pp v vy

20 40 60 80
m, GeV

Number

of events
o7
pre 72
WHw= 06
Thr 0.2

JHEP 01, 143 (2020)

=i

IS

w
Events/GeV

o

o

-
Events/GeV

w

40 60

80 100 120 140
m, GeV
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Survival factor: pp case

b2\ 2
Ppp(b):(lfeiﬁ> )

where B is an empirical parameter depending on the collision energy FE.

dLH 2 s S o™
d\;f = \[/bldlno/bzdbz dynp (b1,§ey) Tp (bQ’%e y)

_b3+03 bib bib _ b3 2b1b 2b1b
e [ (0 )+ ()| < [0 (52 2 (552

dLL
- Q\f/bldbl/bgdbg/dynp by, L )np (b27 e*y)
2 2 2
s S (0 (20 u22) (2]

8\8
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If the Pauli form factor is neglected, i.e. J,, = ZeFi(Q*)Yv,%, but the electric and
magnetic form factors are not assumed to be equal (Gg(Q?) # G (Q?)), then

nap (w) = % {(1 +du — 2(py — 1)%) In (1 + %)

pop —1 [py —1 ( u)] u+v  24u? 4 42u + 17
- 14+4u+3v)—2(14—)|1 -
+(v—1)4[v—1( +dut 3v) +'u nu—i—l 6(u+ 1)2
+( 1 6u?(v? — 3v + 3) + 3u(3v? — 9v + 10) + 20% — Tv + 11
Ho 3(u+ 1)2(0 — 1)3
5 24u? 4+ 6u(v +7) —v2 4+ 8v + 17 w\2 2my, \ 2
— (g — 1) you=(—) ,v=(—1"),
6(u+ 1)2(v — 1)* Ay A

4
(byp — 1) - I
Z%a |w bw 16m w? w?
n2D(b,w):m — K3 (7)7 1+71§ A2+77K1 (b”Aer,yz)
A2 )




Muon pair production at the LHC

ATLAS, PLB 777, 303 (2018)

The measured value is the fiducial cross section for the pp — ppu™ ™ reaction with
the following constraints:

e for 12 GeV < /5 < 30 GeV, pr > 6 GeV,
o for 30 GeV < /s < 70 GeV, pr > 10 GeV,
e |n] < 2.4.

Experimental value:

Oexp = 3.12 £ 0.07 (stat.) = 0.10 (syst.) pb.
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libepa and experimental data

muon || < 2.4

muon pr > 6 GeV muon pr > 10 GeV

> O~35 T T T T ‘l
) ——— Experimental data
% 0.30 /2 e

. '_ N n
=% 7\ o
K —Aﬁ
< 0.25 I | 1
= \\
'< 0.20 N\ e
N -
& \
2015 N\ .
T \

NS
Zo10 F N .
bg' BN
< 0.05 \ 1
£ 0.00 —— : : ] :
ﬁ _____
= 11| :1—17____________________ S S
Zwof [ I I 1 =
é 0.9 _
= 0.8 1 1 1 1 1
12 20 30 40 50 60 70
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Simple cases

The differential cross section for the production of a pair of muons with the invariant
mass 100 GeV in collisions of protons with the energy 13 TeV (C++):

#include <epa/proton.hpp>

int main(void)

const double muon_mass = 105.6583745e-3; // Gel
const double collision_energy = 13e3; // Gel
const double invariant_mass = 100; // Gel

auto luminosity = epa::pp_luminosity(collision_energy);
auto photons_to_muons = epa::photons_to_fermions(muon_mass);
auto cross_section = epa::xsection(photons_to_muons, luminosity);

double result = cross_section(invariant_mass); // barn/GelV
printf("/e\n", result);

return 0;

¥

Cross section for the production of a pair of fermions in pp collisions with the energy
E =13 TeV for the fermion mass range from 90 to 250 GeV (Python interface):

import epa

integrate = epa.default_integrator(0)
luminosity = epa.pp_luminosity(13e3, integrator = epa.default_integrator(1))
def xsection(mass):
return integrate(
epa.xsection(epa.photons_to_fermions(mass), luminosity),
2 * mass,
6.5e3

)
for mass in range(90, 251, 5):
print (f’{mass:3d} {xsection(mass):19.12e}’)




15
=5 e [ oaw ] G @ty
0 0

0

#include <epa/epa.hpp>

int main(void) {
// build the computation function
auto I = [
// precompute integrators
integrate_x = epa::default_integrator(0),
integrate_y = epa::default_integrator(1),
integrate_z = epa::default_integrator(2)
] (double a) -> double {
return 15.0 / a * integrate_x([&] (double x) -> double {
return x * integrate_y([&] (double y) -> double {
return y * integrate_z([&] (double z) -> double {
return z / sqrt(x*x + yxy + z*z);},
0, sqrt(1 - pow(x / a, 2) -y * y));},
0, sqrt(1 - pow(x / a, 2)));},
0, a);
};

for (double a = 1; a <= 100; a += 1)
printf ("73.08\t%.56\t%.56\n", a, I(a), a * (a + 0.5) / pow(a + 1, 2));
return 0;
};
Here I is a closure computing I(a). It captures variables integrate_x, integrate_y and

integrate_z which are integrators used to calculate the integrals with respect to z, y and Z.

lunov (LPI)



production in PbPb collisions
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Semi-inclusive processes with proton(s) in forward detector

ATLAS [PRL 125, 261801 (2020)]

P P Experimental selections:
~y e pr > 15 GeV.
——— u 7t e |n| <2.4.
e py <5 GeV. v~ and vZ fusion
@ 20 GeV < my, <70 GeV or  the only dingrams!
e My > 105 GeV. odctio of rieh 2)

o At least one proton hits a
P x! forward detector.
See our recent results (Eur. Phys. J. C82, 1055 (2022));

cut on transverse momentum allows to calculate inelastic part with the help of EPA

o Exclusive process (pp — p+ p ™ +p): 8.6 tb.
o Inclusive process (pp — p+utp™ + X): 9.2 tb.

o Experiment: 7.2 £ 1.6 (stat.) £ 0.9 (syst.) £ 0.2 (lumi.) fb.

Survival factor should reduce the cross section by up to ~ 30%
(10% for the elastic cross section;
~ 50% for the inelastic cross section according to MC simulations).

-le production via fusion at hadron collid


https://doi.org/10.1103/PhysRevLett.125.261801
https://arxiv.org/abs/2207.07157

e processes with proton(s) in forward detector

ATLAS [PRL 125, 261801 (2020)]

P P Experimental selections:
~y e pr > 15 GeV.
—<—ut e |n] < 24.

KU = (YN
@ Py <5 GeV. ~v and vZ fusion

@ 20 GeV < my, <70 GeV or  the only dingrams!
N M > 105 GeV. e
o At least one proton hits a
P X' forward detector.

For (P;‘L)Z > 1 GeV? we have Q3% ~ (p;%u)z and

Q’ )

~

2 ~ 2 107
Mz +Q* Mz + (o)

Weak interaction contribution is negligible

S.I. Godunov (LPI)


https://doi.org/10.1103/PhysRevLett.125.261801

e processes with proton(s) in forward detector

ATLAS [PRL 125, 261801 (2020)]

P P Experimental selections:
~y e pr > 15 GeV.
—<—— pt e |n| <2.4.
o pyl' <5 GeV. 3y emdl 5% frsion
@ 20 GeV < my, <70 GeV or  the only dingrams!
N M > 105 GeV. e

o At least one proton hits a
P x! forward detector.

For (P;‘L)Z > 1 GeV? we have Q3% ~ (p;%u)z and

Q’ )

~

2 ~ 2 107
Mz +Q* Mz + (o)

Weak interaction contribution is negligible

But what if we remove cuts?

S.I. Godunov (LPI)


https://doi.org/10.1103/PhysRevLett.125.261801

Weak interaction contribution (no cuts)
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