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Double Parton Scattering @LHC

\I Multiparton interaction (MPI) can contribute to the, pp and pA, cross section © the LHC:

The cross section for a double parton scattering (DPS)
event can be written in the following way:
N. Paver, D. Treleani, Nuovo Cimento 70A, 215 (1982)

double PDF (dPDF)

f*\

dooc fdzzL Fix (X1, X2, zb A, B)
Fii(x3, x4, Z 15 pa, pis)

Transverse distance between partons

DPS processes are important for fundamental studies, e.g.

the background for the research of new physics and to RS RRCe

grasp information on the 3D PARTONIC STRUCTURE _ )
Momentum fractions carried by the

\ OF THE PROTON parton inside the proton
e ——————————————————
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Multidimensional Pictures of Hadron
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Information from quark models

1) e.g. the distance distribution of two gluons in the proton

012 e JdQZJ_ ZiFij (Xl, X2, ZL)
0.08 <ZJ_>21,X2 -

JdQZL Fij(x1,%2,21)

b,
M.R. and F. A. Ceccopieri, JHEP 09 (2019) 097
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Information from quark models

z)=b
S s 2 -
v
W a=g b=g 5
16 °
| dPDF(k, = 0) g
= o r = [
<, . *®~ "PDF x PDF oK
1.2 : 'y
. Small x correlations s
- i
|I.r. 1‘: ->Iq 0.8:' ------------- :
06:20%! J
M.R. and F. A. Ceccopieri, JHEP 09 (2019) 097 ‘
0.4
z2 = 0.01, Q* = 250GeV?
0.2
doT —e e 01
—— -
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2) Correlations
are important

M.R., S. Scopetta et al,
JHEP 10 (2016) 063

M.R. and F. A. Ceccopieri
PRD 95 (2017) 034040
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Data and Effective Cross Section ¢ usee: sice
\I MPI-2019 workshop

PP __PP 30 z '
pp m O A (0} B = ATLAS {Jhy+W™, Lansberg-Shao-Yamanaka)
o N == ATLAS {np Jy+Z, Lansberg-Shao)
eff 2 PP 25  res ATLAS {J/w+Z, Lansberg-Shao) :
UD PS we GMS (Jiy+diw, Lansberg-Shaa)
o0 & DO (Jiy+¥, Shao-Zhang) i
— ra DO (Jiy+diy)
0 o
£ re ATLAS (Jhyp+Jdiy) %
= 15 |- LHCb (Jiy+DY 4 3
s &+ LHCb (Y(15)+D")
10 [+ CDF (4 jets) ]
w4 CDF (y+ 3 jets)
& DO (y+ 3 jets) L]
5 F = ATLAS (W + 2 jets) ] 3
re- CMS (W + 2 jets)
0 I
0.1 1 10
Vs [TeV]
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Data and Effective Cross Section ¢ usee: sice
\/ MPI-2019 workshop

PP __PP 30 7 '
m O (0} == ATLAS {Jy+W™, Lansberg-Shao-Yamanaka)
O_PP _ ﬁ - ATLAS {np Jiy+Z, Lansberg-Shao)
eff 2 PP 25 | e+ ATLAS {Jiy+Z, Lansberg-Shao) [
UD PS vas CMS (JAy+Jiy, Lansberg-Shao)
o0 f DO (Jhy+Y, Shao-Zhang)
= Fe DO (i)
£ re ATLAS (JAp+Jap) % @
= 15 [+ LHCb (UrysD) 1
e &+ LHCb (Y(15)+D%
e GDF (v + 3 jets)
v DO (y+ 3 jets) m
5 F = ATLAS (W + 2 jets) ]
re4 CMS (W + 2 jets)
0 I
0.1 1 10
Vs [TeV]
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Data and Effective Cross Section

PP PP
pp _ MOA Op

Oeff = 5 PP

DPS

SENSITIVE TO CORRELATIONS

PROCESS DEPENDENT?

SENSITIVE TO INFORMATION
ON THE PROTON STRUCTURE?

As predicted by quark models
M.R. et al PLB 752,40 (2016)

Gt [Mb]

M. Traini, M. R. et al, PLB 768, 270 (2017)

M. R. et al, Phys.Rev. D95 (2017) no.11, 114030
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DO (Jiy+Y, Shao-Zhang)
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LHCb (Jiy+DY
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CDF (4 jets)

CDF {y + 3 jets)

DO (y + 3 jets)
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f—y

1
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10

J.P. Lansberg's slide
MPI1-2019 workshop
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Clues from data?

If dPDFs factorize in terms of PDFs then O-e_ffl

M. R. and F. A. Ceccopieri, PRD 97, no. 7, 071501 (2018)

T(ky)

2

| ~—>Effective form factor (EFF)

EFF can be formally defined as
FIRST MOMENT of dPDF
in momentum space

T(M)ocfdxldx2 F(x1,x2, k1)
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M. R. and F. A. Ceccopieri, PRD 97, no. 7, 071501 (2018)

Clues from data?
\/ szk_l_ D

. —1
If dPDFs factorize in terms of PDFs then Ueff = WT(kL)NEﬁective form factor (EFF)

EFF can be formally defined as
FIRST MOMENT of dPDF
in momentum space

T(kL)ochxldxz F(x1,x2, k1)

k| is the conjugate variable to Z| . In analogy with the
charge form factor:

d
2Noc———T(k
@ yori—=Tku)

ki =0
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M. R. and F. A. Ceccopieri, PRD 97, no. 7, 071501 (2018)
Clues from data?
— d?k n

. . 2
If dPDFs factorize in terms of PDFs then O-eff = WT(kL)NEﬁective form factor (EFF)

EFF can be formally defined as
FIRST MOMENT of dPDF

k| is the conjugate variable to Z| . In analogy with the in momentum space
charge form factor: .
> d ’ T(kJ_)d:de]_dX2 F(Xl,Xz,kJ_)
<ZJ_>CX: W T ( kJ_ ) — —m— LHCD(2)/9), {s=13 TeV
k :0 -y ATLAS[2)/W), {5=8 TeV
_L J_ = “W‘“ - Ref.[15] (2WW), §5=7 TeV
—é'—"‘—J:'— —e— (CMS (WW), {5=8 TeV
‘ —&— ATLAS (4 jets), {5=13 TeV
' . < - —— CMS5(W+2jets), {s=7 TeV
‘ 0 DPS processes: — M I
' | The vertical line stands for
R ) the transverse proton radius i Ueff < 2 < Ueff
(O = = (2= —Fia7
’ . ————t 3 I I

\ S \ o I I ‘ ‘ U!S I I ‘ I 1| I I ‘ : 1!5 : .
[fm]
\/ MATTEO RINALD! MP1 2022 &




Ve |
M. R. and F. A. Ceccopieri, PRD 97, no. 7, 071501 (2018)

Clues from data?

\/ n/

If dPDFs f f PDFs then ~—1 d?ky D

s tactorizeiugigms of, PDFs thep gy e 52 T (k. )F—>FEffective form factor (EFF)

( 7T) EFF can be formally defined as
FIRST MOMENT of dPDF
k| is the conjugate variable to Z| . In analogy with in momentum space
the
charge farm factor: T(kJ_) de]_dX2 F(x1,x%2, k1)

(74 Yo T(ky) oo

HOWEVER FROM PROTON PROTON
COLLISIONS ONLY RANGES CAN BE ACCESSED

M.R. and F. A. Ceccopieri, JHEP 09 (2019) 097

(G 2 : - )
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The effective cross section: a key for the proton structure

The effective cross section can be also written in terms of Fourier
Transform of the EFF, i.e. the probability distribution of finding a
parton pair at distance:

[0%P] :/dzzL UNKNOWN!

\/ MATTEQ RINALD! MPI 2022 15
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The effective cross section: a key for the proton structure

The effective cross section can be also written in terms of Fourier
Transform of the EFF, i.e. the probability distribution of finding a
parton pair at distance:

o] / dzz Lm UNKNOWN!

but for DPS involving two different hadrons (A and p) we would
have:

i) = [ e B @)

\ M. R. and F. A. Ceccopieri, PRD 105 (2022) 1, L011501
\/ MATTEQ RINALD! MPI 2022 16
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The effective cross section: a key for the proton structure

The effective cross section can be also written in terms of Fourier
Transform of the EFF, i.e. the probability distribution of finding a
parton pair at distance:

[JeAf?]_l = /d22¢ Fo(z1)F5(z1)

if we expand the distribution for the A hadron
We could access

A s A n for the first time
F2 (Z—L) i § , Cn Z) the mean transverse
n distance between partons in
we get: the proton

Ap = Al/_n
[ efF Z Colzl )p
\ M. R. and F. A. Ceccopieri, PRD 105 (2022) 1, L011501
\/ MATTEQ RINALD! MP1 2022
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The effective cross section: a key for the proton structure

The effective cross section can be also written in terms of Fourier
Transform of the EFF, i.e. the probability distribution of finding a
~rton pair at distance:

We could access

e effectiv knOWn Cn? for the first time
— e X‘Secti 5 the mean transverse
s on :ance between partons in
p the proton

I
\ M. R. and F. A. Ceccopieri, PRD 105 (2022) 1, L011501
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New Idea: DPS via y-p interaction

We consider the possibility offered by a DPS process involving a photon FLACTUATING in a
quark-antiquark pair interacting with a proton:

\/ MATTEQ RINALD! MPI 2022 19
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New Idea: DPS via y-p interaction
=

In order to study the impact of the DPS contribution to a process initiated via photon-proton interactions
we evaluated the 4-JET photoproduction at HERA (S. Checkanov et al. (ZEUS), Nucl. Phys B792, 1 (2008))

M In
1) G. Abbiend et al, Phys. Commun 67, 465 (1992P
2) J.R. Forshaw et al, Z. Phys. C 72, 637 (1992)

})*
)
It has been shown that the agreement with data
improves if MPI are included in the Monte Carlo

\/ MATTEO RINALD! MP1 2022 20
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New Idea: DPS via y-p interaction
\/ —
In order to study the impact of the DPS contribution to a process initiated via photon-proton interactions

we evaluated the 4-JET photoproduction at HERA (S. Checkanov et al. (ZEUS), Nucl. Phys B792, 1 (2008))

M In
1) G. Abbiend et al, Phys. Commun 67, 465 (1992P
2) J.R. Forshaw et al, Z. Phys. C 72, 637 (1992)

y*
)
It has been shown that the agreement with data
/%VV\NV improves if MPI are included in the Monte Carlo

\ WE EVALUATE THE DPS CONTRIBUTION TO THIS
PROCESS

—

\/ MATTEQ RINALD! MPI 2022 2
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New Idea: DPS via y-p interaction
=

In order to study the impact of the DPS contribution to a process initiated via photon-proton interactions
we evaluated the 4-JET photoproduction at HERA (S. Checkanov et al. (ZEUS), Nucl. Phys B792, 1 (2008))

For this first investigation, we make use of the
POCKET FORMULA
Flux Factor

2 'y e(Ya Q2) P. Nason et al,PLB319
dUDPS = — d d T AP A0y X 339 (1993)
ab ,cd efF (Q )

-y*
] X J dxp, dx+, 5 /p (Xp, )fb/v (X3 )db\f{a (Xpa» Xy i
/%V\/\AN X depcdx’)fd 1cc/p (ch)fd/'y (XWd)da-czzgi (ch7 XW’d) SPS
or |

Y-PDF (M. Gluck et al. PRD46, 1973 (1992)
\ *Single Parton Scattering (SPS)

(J. Pumplin et al. JHEP 07, 012 (2002))
\/ MATTEO RINALD! MP1 2022 22
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New Idea: DPS via y-p interaction

In order to study the impact of the DPS contribution to a process initiated via photon-proton interactions
we evaluated the 4-JET photoproduction at HERA (S. Checkanov et al. (ZEUS), Nucl. Phys B792, 1 (2008))

For this first investigation, we make use of the
POCKET FORMULA:

Flux Factor

* (y, Q2) P. Nason et al,PLB319
y M ng = Z fd d - ’Y = (Q2) X 339 (1993)
efF
The A SPS*
maj
) % have to ey, qUaNt,ty We )daab(xpaax%)
Aluate .. : X
) ’S. )d5<2;ii (ch? X’Yd) SPS
Teif (Q2
) 2002) )
*Single Parton Scattering (SPS)
e — e
MP1 2022 23
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The y-p effective cross section

\’ M. R. and F. A. Ceccopieri, PRD 105 (2022) 1, L011501 Z .\

The expression of this quantity is very similar to the proton-proton collision
case and can be formally derived by comparing the product of SPS cross sections
and the DPS one obtained in Gaunt, JHEP 01, 042 (2013) and describing a DPS from a
vector bosons splitting with given Q2 virtuality

d2 k_]_ Proton EFF

[sz?(Qz)]_l = f (27T2)Tp(kl)T7(kL§ Qz)

\/ MATTEQ RINALD! MP1 2022 24
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The y-p effective cross

\’ M. R. and F. A. Ceccopieri, PRD 105 (2022) 1, L011501

section

The expression of this quantity is very similar to the proton-proton collision
case and can be formally derived by comparing the product of SPS cross sections

and the DPS one obtained in Gaunt, JHEP 01, 042 (2013) and describing a DPS from a
vector bosons splitting with given Q2 vi

rtuality

Proton EFF

d?k |

Tv(kL; Qz)

[sz?(Qz)]_l == f (27T2)Tp(kJ_)

This quantity is

similar to an EFF

B

y'(@)
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The y-p effective cross section

\’ M. R. and F. A. Ceccopieri, PRD 105 (2022) 1, L011501

The expression of this quantity is very similar to the proton-proton collision
case and can be formally derived by comparing the product of SPS cross sections
and the DPS one obtained in Gaunt, JHEP 01, 042 (2013) and describing a DPS from a
vector bosons splitting with given Q2 virtuality

d2 k_]_ Proton EFF

[sz?(Qz)]_l == f (27T2)Tp(kl)T7(ki§ Qz)

This quantity is
similar to an EFF

The latter can be formally described within a Light-Front (LF) approach in terms of LF wave functions.

&

\\
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For the proton EFF use has
been made of three choices:

1) Glle~®k] a1 = 153 GeV ™% = ¢® = 15 mb

2) G2le" 1] ap =256 GeV > = 0" = 25 mb

2\
3) S: 1+—l) , m2 = 1.1 GeV® = o%% = 30 mb

B. Blok et al, EPJC74, 2926 (2014)

\ M. R. and F. A. Ceccopieri, PRD 105 (2022) 1, L011501
\/ MATTEQ RINALD! MP1 2022 21
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The y-p effective cross section

RT T (ko) Ty (ke Q)

oP (Q2) -

proton EFF

Y Photon WE

choices representing two extreme cases:

1) QED at LO (s.s. Brodsky et al. PRDS50, 3134 (1994)):

Ug(k) 7€ va(q —k)

Yozt (%, ki; Q) = —ef

2) Non-Pertubative (N P) effects (e.R.Ariola et al, PRD74,054023 (2006))

M. R. and F. A. Ceccopieri, PRD 105 (2022) 1, L011501

6(1 2 2
PA(x ki1; Q) = (2+Q /Qmp) 5/2
<1+4kl1+Q X(l—x))

2
my

2
my

\/ MATTEQ RINALD!
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The y-p effective cross section

5P (Q2)

RT T (ko) Ty (ke Q)

proton EFF

Y Photon WE

M. R. and F. A. Ceccopieri, PRD 105 (2022) 1, L011501

(G?) [mb]

Proton Models
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The 4 jet DPS cross section

KINEMATICS: 4 i Je (y, Qz) i prmp e
E > 6 GeV dopps = abZ;d f dy 4O e o =
R -, L

|Mjet| < 2.4 A2] Z N
. X dXPa dX”Yb fa/p (Xpa )fb/'y (X’Yb )daa{) (Xpa ) X’yb) §_ mf \x"_é
Q% <1 GeV? y N
X J dXPch’Yd fc/p (ch )fd/'y (X’Yd )ddcé (ch » Xyg ) ) __‘_—“*‘\a\\“‘_

0.2<y<0.85 i g

1}
0% 107 107% 107% 107! 10 1072 107! 1
Q? [GeV?)

The ZEUS collaboration quoted an integrated total 4-jet cross section of 136 pb
S. Checkanov et al. (ZEUS), Nucl. Phys B792, 1 (2008)

\ M. R. and F. A. Ceccopieri, PRD 105 (2022) 1, L011501
_\\\// MATTEO RINALD! MP1 2022 30
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KINEMATIES —_—__g
EJ'I('at > 6 Ge ODPS [])})] ‘:n.,,
. . ) . R S ™
] < 2.4 Q*<1072 1072 <Q*<1 Q* <1 FRES [,
Q° <1GeY Photon [GeV?] [GeV?]  [GeV?] [%] [esug
02<y<0 G1 35.1 18.6 537 40 [
NP |Gs| 29.1 15.2 44.3 33 [
model g 26.4 13.7 40.1 30
Gy 87.8 54.3 142.1 101
QED 1@, 54.3 33.4 87.7 65
S 50.5 31.1 81.6 60
\ proton
ﬂ
\/ MATTEO RINALD! MPI 2022 3
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The 4 jet DPS cross section
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The effective cross section: a key for the

e proton structure

The effective cross section can be also written in terms
of Fourier Transform of the EFF:

F3(z1; Q) = Z Cn(Q)z]

1 We could access
YP ()2 . 2 =P =y A2 . ]
[ eff(Q ):| —Jd Z| Fz(Zl)F2(ZJ_,Q ) for the first time
the mean transverse
distance between partons in

If we can measure

the dependence of the

the proton
:ch Q2

K (z1)"p

effective-cross section
on the photon
VIRTUALITY

This coefficient can be determined from the
structure of the photon described in a given approach

\ M. R. and F. A. Ceccopieri, PRD 105 (2022) 1, L011501

e ———————————
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The effective cross section: a key for the

proton structure

The effective cross section can be also written in terms

If we can measure
the dependence of the

effective-cross section
on the photon
VIRTUALITY

<

of Fourier Transform of the EFF:

(a TN n

€ €Stim
at

. th .

'nteg"ated | ?t With

Um,no 0
of Sit
Q2 effects 200 ppr Y

{722

M. R. an
- and F,
Lo11501 A Ceccopier; PRD 105 20
22) 1,

structure o1 ..

© Obseryeq

We could access
for the first time
the mean transverse
distance between partons in

an

the proton

ne
pproach

M. R. and F. A. Ceccopieri, PRD 105 (2022) 1, L011501

————————
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Di-J/¥ photo-production

\/ F. A. Ceccopieri, H. S. Shao, J. P. Lansberg, M. R. and R. Sangem in prep.

[lustration of DPS for y + p — J/y + J/y + X

We consider the possibility of resolved photon to estimate the DPS cross section
in quarkonium-pair photoproduction at the EIC

\ *Slide from R. Sangem

- e ———————————
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SPS and DPS cross-sections

\/ F. A. Ceccopieri, H. S. Shao, J. P. Lansberg, M. R. and R. Sangem in prep.

*Slide from R. Sangem

Ugﬁg’ﬂw x Z /dl’pa (oo I/ 5 e (Unresolved/direct)
a=g,q
oG o« Y [ don, donfopnlras DXGorn(mi (Resolved)

a,b=g,q

Photon PDF
Proton PDF
Partonic X-section

\/ MATTEQ RINALDS MP1 2022 5
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SPS and DPS cross-sections

\I F. A. Ceccopieri, H. S. Shao, J. P. Lansberg, M. R. and R. Sangem in prep.

*Slide from R. Sangem

gﬁg’ﬂw Z /dxp walfﬂa_u/d““]/er (Unresolved/direct)
a=g,q

LB o / dz., d:npb Fo/p (T » (Resolved)
a,b=g,q

Photon PDF
Proton PDF
(J/ ¥, J /)
9pps 2 va Z dz, dpr
eff a,b,c,d
cd—)J/z/J
X da, dxpd.wUSPS (Zye Tpy)

Partonic X-section
\ Single J/y SPS resolved (namely same partonic cross section as hadroproduction)

e ———————————

\/ MATTEQ RINALD! MP1 2022 36
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Di-J/W photo-production @EIC

\l F. A. Ceccopieri, H. S. Shao, J. P. Lansberg, M. R. and R. Sangem in prep.

*Slide from R. Sangem

SPS

v

Unresolved

==

yra=Jlv+Jlv+a

Y

v

Resolved

DPS

2

Resolved

& | ¥
» Eﬁi »

lg+g—Jlv+gl

\/ MATTEQ RINALD!
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\I F. A. Ceccopieri, H. S. Shao, J. P. Lansberg, M. R. and R. Sangem in prep.
*Slide from R. Sangem
: SPS DPS
¥ ! v
Unresolved Resolved Resolved

<

s " |

Di-J/V¥ photo-production @EIC

3 Ty - Ty + 6 i+j—Jlw+Jly i=a.q
y+a-=Jlv+Jlv+aq i,j=g.q lg+g— Jly+gP

* GRV photon PDF is used prb 46, 1973 (1992while CT18NLO PDF for proton T.J Hou et al, PRD 103, 014013 (2

*  HELAC-Onia latest version is used for generating matrix elements Hs Shao, CPC 184, 2562 (2013), 198, 238 (2016)

01)

* CO LDMEs are taken from M. Butenschoen and B. A. Kniehl, PRD 84, 051501 (2011)
*  We expect at least 600 four-muon events with 100 fb-1 luminosity

\/ MATTEQ RINALDS MP1 2022 3




=

Y

7/

Di-J/V¥ photo-production

F. A. Ceccopieri, H. S. Shao, J. P. Lansberg, M. R. and R. Sangem in prep.

*Slide from R. Sangem

QEIC

SPS DPS
v ¥ v
Unresolved Resolved Resolved
y+a- Jiw+Jv+q =iy +Jlv Li=g.q lg+g— Jly+gP

Range of cross sections in CSM v S,,,=100 GeV

PRELIMINARY

- ' ag{;’;‘ﬂ"’) x Br2= 0.2 —51b
=

g I¥) x Bra= 2 —12ifh

(Jlw,Jly)
o xBr2= 4 — 30 fb
i }(Resolved) o

Z?f = 10 mb for DPS

Unresolved)

\/ MATTEQ RINALD! MPi 2022
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First predictions

\/ F. A. Ceccopieri, H. S. Shao, J. P. Lansberg, M. R. and R. Sangem in prep.

il - - ; . 1

Vg, = 10 GeV EIC Vg = 100 GeA" EIC

SPS Resolved CS+CO (HU)

ot B < , 102 & Vsep = 140 GeV EIC DPS Resolved C§ 7522522

—~ = i . .
= 1 = 10 GeV < \va < 100 GeV
g 0 = ] 10'

= = £ 2 =

£ . g =

B — 1" 5

& = N

=t = T

= AR =] =

E = e <

o EERl 3 <,

= 3 L3 3}
RNl 4 =

L]

2

1=

T T T
SPS Unresolved CS+CO (HU) #232131

1 "= . = :
o 05 1 15 2 25 <]

1
[} a 10 12 14 I
! Ayl between 4 z

My (GeV)

* For z < 0.1 resolved SPS dominates over unresolved/direct
*  Unique opportunity to study the photon structure

* At larger z one can test quarkonium production mechanism via direct photoproduction
* Resolved case: gluon channel dominates in the low z region, and quark channel at high z

CS and CO states are considered: CO states contribution is only significant (for
\ some LDMEs) in unresolved but not in the resolved case
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First predictions

F. A. Ceccopieri, H. S. Shao, J. P. Lansberg, M. R. and R. Sangem

*Slide from R. Sangem

10 - T T T
g = TalERI T SPS Unresolved C5
SPS Resulved
1wt F DFS Resolved C5 o
= g
g B o
£ L
£
= W
=
5
’): 12 b
h
1y
1 L L L 1
] i 10 12 14 1h
Myg (GeV)

DPS COULD BE NOT NEGLIGIBLE BUT FURTHER ANALYSES OF THE ERRORS ON THE DPS

Brixdo/diby| (fh)

1r?

\.-'5": = W Ged" EIC

EPE Resodved C
D75 Resislved C

SIS Unresedved C5 523052

HELAC-OHIA

0ns 1 15
|&y| between g

In prep.
10% T T T
SPS Unresolved CS+CO (HU)
SPS Resolved CS+CO (HU)
102 | Vsep = 140 GeV EIC DPS Resolved CS <=
10 GeV < Wyp < 100 GeV
10!
=
N
o
4
=}
o
X
<
==}

CONTRIBUTION ARE ON GOING
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1) We demonstrated that in p-p collisions only some limited information on the proton can be obtained
2) We proposed to consider DPS initiated via photon-proton interactions by showing that:
* DPS can contribute also in this case. Cross section of the 4 jet photo production strongly affected
* P 2 . . :
The dependence of 0 (Q ) on the Q2 can unveil the mean distance of partons in the proton
* We started the QUARKQONIUM Photo-PRODUCTION analysis:

#  Quarkonium production is a rich channel to probe the parton correlations through DPS

“*  We have estimated SPS and DPS cross sections for quarkonium-pair photoproduction at
the EIC using the NRQCD framework

#  DPS total cross section is small compared to the SPS but could be measured
if O¢fr small
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First predictions

F. A. Ceccopieri, H. S. Shao, J. P. Lansberg, M. R. and R. Sangem in prep.

*Slide from R. Sangem

B xdaydify|  (fb)

T T
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DS Resolved CS 52528
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First predictions

\/ F. A. Ceccopieri, H. S. Shao, J. P. Lansberg, M. R. and R. Sangem in prep.
*Slide from R. Sangem . " H
i Quarkonium production Mechanism
Three models for describing the formation of Quarkonium and they are successful
at different regions

QQ pair with possible Quarkonium ;

- Color Singlet Model (CSM) Py e / \,,K “

C.H Chang, Nucl.Phys.B 172 (1980) v 3 °

Baier and R. Ruckl, PLB 102 (1981), /

Z.Phys.C 19 (1983) 251 5] “fﬂ%&

Non-perturbative

el CO|OI‘ EVaporat|0n |V|Od6| (CEM) a / transition to the

bound state

UL

H. Fritzsch, PL 67B (1977) 217-221 Perturhatlve part

» Non-Relativistic QCD (NRQCD)
G. T. Bodwin et al, PRD51 (1995)

do®® 72 =3 "dé[ab — QQ(n)](0|0O2]0)
&_ S ————————————————————

\/ MATTEO RINALDI M1 2022 i
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First predictions

\J F. A. Ceccopieri, H. S. Shao, J. P. Lansberg, M. R. and R. Sangem in prep.

sicefomR sangem TIPS and the LHC data

LOSPS  [[[]] DPS+NLO" SPS
7 NLO® SPS ey SPS L

= DPS - 51813 g
= (3] VST SE) may
= <] *
= a) v ST TSP NP
= &
a 3 ‘ E
l“é = S
< Bl = -
= _% 7 TeVe@LHC
1074L 7 TeVeLHC CMS Accep.
(FZMjS Accep. Fit 2
2 =
1075, i 3 3 3 0 40 60 80
|Ay| between (b) uw (GeV) (e)
JP Lansberg, HS Shao, NPB 900 (2015) 273-294 -

CMS coll. JHEP 09 (2014) 094

= DPS is the simplest explanation for the gap between SPS prediction and the data at
large Ay and M .,
* Same observation with the ATLAS data
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The effective cross section: a key for the proton structure

To test if in future a dependence of the effective cross section on the photon
virtuality could be observed, we considered again the 4 JET photoproduction:

1) We divided the integral of the cross section on Q2 in two intervals:

Q°<107? and 10°2<Q’<1 GeV?

2) We have estimated for each photon and proton models a constant effective cross section 5;'?
(with respect to Q2) such that the total integral of the cross section on Q2 reproduce the full
calculation obtained by means of sz?(Qz)

3) We estimate the minimum luminosity to distinguish the two cases

\ M. R. and F. A. Ceccopieri, PRD 105 (2022) 1, L011501
\/ MATTEQ RINALD! MP1 2022 4o




Gy, 0%, =15mb Ga, o =25mb S. o™, =30mb
=. @ @ @
— With an 5% =106 mb} e = 172w L~ 106mb
f"‘-‘;q integrated
—— luminosity : »
of 200 pb! - [
we can separate: . QED ~ QED T QED
et 1.0 r -
— a5 (Q7) I o@D [ —a(QY)
T '% 08— - G7, =B b S -7, =3mb [ - ), =37.3mb
B | ;. [ ——
;E 04~ R e Gt
0.2~ N P i N P s N P

0.01 GeV? < Q* < 1 GeV?

Q% < 0.01 GeV* Q? < 0.01 GeV? 0.01 GeV? < Q% < 1 GeV? @ < 0.01 GeV* 0.01 GeV? < Q* < 1 GeV?
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The y-p effective cross section

The expression of this quantity is very similar to the proton-proton collision /~>
case and can be formally derived by comparing the product of SPS cross sections
and the DPS one obtained in Gaunt, JHEP 01, 042 (2013) and describing a DPS from a
vector bosons splitting with given Q2 virtuality

. d2k_]_ Proton EFF
2\ 1— . N2
[sz?(Q )] = f (27T2)Tp(kl)T7(kLa Q%)
This qu!ntity is

similar to an EFF

The latter can be formally described within a Light-Front (LF) approach in terms of LF wave functions.

\/ MATTEQ RINALD! MP1 2022 us
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The y-p effective cross section

The expression of this quantity is very similar to the proton-proton collision /5/
case and can be formally derived by comparing the product of SPS cross sections
and the DPS one obtained in Gaunt, JHEP 01, 042 (2013) and describing a DPS from a
vector bosons splitting with given Q2 virtuality
1 d?k 1
o3(@)] " = [ S Talkes) T, (ks @)
Cassr |

The full DPS cross section depends on the amplitude

of the splitting photon ina g q pair. The latter 3 E .02\ — d2k Ty X LY
can be formally described within a Light-Front (LF) 9 q( k13 Q) 11 ¢qq( k11 Q )

approach in terms of LF wa.ve finctions (W.F.): 7 wzﬁ (x, ki1 + ki; Q2)
q:(x, ki)
j q:(1—x,— T{L,l)
-‘\\\v/f MATTEQ RINALD! MP1 2022 4o
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The y-p effective cross section

=

The expression of this quantity is very similar to the proton-proton collision /~>
case and can be formally derived by comparing the product of SPS cross sections
and the DPS one obtained in Gaunt, JHEP 01, 042 (2013) and describing a DPS from a

vector bosons splitting with given Q2 virtuality

g
2 5 @
@) — | Gt Tl ) T k1s @)

£ ks Q) = f Pk 1 91 (6 k1.1 Q)

X @D;q(X; ki1 + k1;Q%)

i XkJ_l
\ 1_X_kJ_1)

\/ MATTEQ RINALD!
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Data and Effective Cross Section

\/ A tool for the comprehension of the role of DPS in hadron-hadron collisions is the so called “effective X-section”.

PP| PP Differential cross section for the
M O, O
APB | ™, process: pp —> A(B) + X

pp — A+B+X

POCKET'FORMULA

Differential cross section for a DPS eventﬂ

\/ MATTEQ RINALD! MPI 2022 51
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Data and Effective Cross Section

A tool for the comprehension of the role of DPS in hadron-hadron collisions is the so called “effective X-section”.

PP| PP Differential cross section for the
M O, O
APB | ™, process: pp —> A(B) + X

Differential cross section for a DPS event:
pp — A+B+X

POCKET'FORMULA

color factors PDF
M.R., S. Scopetta et al, PLB 752
> |G CitFi(xa) F(x2) Fic (3 )|Fi (xa)
= M. Traini, M.R., S. Scopetta and V. Vento,
) i,k PLB 768 (2017)
Jeff(xla X2, X3, X4> T
2
Z Ci G Jd z) Fij(x1,%3,21 )Fui(x3,%4,21)

L5k

\/ MATTEO RINALD! MP1 2022 52
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Double PDFs of the proton

Fix (X1, X2, ;L) is unknown. However @LHC kinematics (small x and many partons produced)

PROBABILITY DISTRIBUTION
—> OF FINDING TWO PARTONS WITH
GIVEN TRANSVERSE DISTANCE

Fik(X17X27?L) NW

O
g —> UNKNOWN: ONLY MODELS
Constituent quark models ——> SUM RULES AVAILABLE
used to grasp basic
non perturbative feature —> MODELS BASED ON SUM RULES

M.R., S. Scopetta et al, PRD 87 (2013) 114021 —> PDF(x;)*PDF(xy) o o

M.R., S, Scopetta et al, JHEP 12 (2014) 028 n ‘;'C'Z:;’r?oate
LS [PDF(x,)*PDF(x,)] ® pQCD EVOLUTIO

\ PERTURBATIVE CORRELATIONS

—

\/ MATTEQ RINALD! MPI 2022 53
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Double PDFs of the proton

PERTURBATIVE CORRELATIONS

\/ MATTEQ KWA_LDL________‘_;,_ - Mpi2oz2 - _ ey e
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5 Double PDFs within the Light-Front

Extending the procedure developed in S. Boffi, B. Pasquini and M. Traini, Nucl. Phys. B 649, 243 (2003)
for GPDs, we obtained the following expression of the dPDF in momentum space, often called ,GPDs:

Fij(wy, wof k1)) / Hdké(Zk) ({ki}, k1 )@({ki}, =k o)

+ +
Conjugate tolZJ_ X 0 (:cl = %) J (IEQ — Z—i) LF wave-function

MATTEQ RINALDI MPI 2022 55




More on the LO QED photon EFF and effective x-section

\/ /
3 f dx £ (x. k1 Q?) ] -
Tfy(kJ_;Q2) g : a,q f;’q(xa kJ_;Q2) — J\d2kJ__’)1 w;rg(x_a)kj_,l;Qz)
ZJdX fg,q(x7 k, = 0; Q2) X wga(x’ kL,l n kJ_;Qz)

2 os g\x <02 =10 GeV?
¢ < Vi B
c-E:I' .. Q% =0.5 GeV?
2 'soz =0.3 GeV?
=

| Q% =0.1 GeV?

d
2
T(k
<ZL>OCdekL (ki)

56



More on the LO QED photon EFF and effective x-section

T (o) =

> f dx g (%, k1; Q%)

q

Zfdx fla(x. ki = 0;Q%)

o

Ralc ki1 Q) = [ s w3 x K115 @)

X wgq(x, ki1 + kL;Qz)

1

QZ

(Zi)v -

<02 =10 GeV?

!

Small system mmmms) EFF SLOWLY decreasing:

Ty(ki; Q% >>1 GeV?) ~ 1

MPI 2022 57




More on the LO QED photon EFF and effective x-section

u G

———r—————— A —— == _

35

A0

~ 30/2 mb
~ 25/2 mb

i

25

U:I}r.’j.((f} |mb]

10

.?

15

E

10

IIIIIIII|IIIIIII|IIIT|IIIITI

101 1

vovwed v vvwmd vl v evewl ol v ol g agudd J

a

0% 107 10% 10% 10°* 107 10?2 107!
\ Q? [GeV?)
-__-_——'
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More on the LO QED photon EFF and effective x-section

[0:(0*)]7} f o )sz(kl)Ty(kl Q%)

YD [ ~2y1—1 k1
~ 30/22 mbb [Geff(Q )] 02:>1J (21_[)2 Tp(kl) x 1
~25/2 m

For the proton models we have used:

d?k d?k
J (ZN; To(ki) ~ 2 f (ZH; To(k1)?

eﬁ,(o2 >> 1 GeV?) ~ eff/z

\/ MATTEO RINALD! MP1 2022 59
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More on the LO QED photon EFF and effective x-section

1) Since the photon starts to be a small system, the effective-form factor must be similar
to a constant (to be properly related to the FT of the probability distribution)

2) as a conseguence, the effective cross section should be of the same order of that for pp
collissions.

3) why this two effective x-section are similar if the system are different?

4) a possible explanation can be obtained by considering:

Inverting this inequality one gets:
Oeff < (22y = ZeIS ) : 2q il
3 I (ZJ_) < 0 < 3m(z )

N\, (proven for pp collisions)

ff—

.‘\

\\
\/ MATTEQ RINALD! MP1 2022 60



More on the LO QED photon EFF and effective x-section

1) Since the photon starts to be a small system, the effective-form factor must be similar
to a constant (to be properly related to the FT of the probability distribution)

2) as a conseguence, the effective cross section should be of the same order of that for pp
collissions.

3) why this two effective x-section are similar if the system are different?

4) a possible explanation can be obtained by considering:

2 therefore, similar effective x-sections
(ZJ_) < Geff < 3m(z ) ) can be related to different distances,

D i.e. different gemetrical structures!

R (proven for pp collisions)

\\
\/ MATTEO RINALD! MP1 2022 o
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(Proton) Model Independent conlcusions

1) in arXiv:2103.1340 we show that high virtual behavior of the effective cross sections correctly
follows the result in J.R. Gaunt JHEP 01, 042 (2013), i.e.:

TP ()2 _ DU d’k, 7 -
Ueff(Q — OO) 0102 = (27‘(‘)2Tp( J-)
2) In Ref. M.Rinaldi and F.A: Ceccopieri JHEP 09, 097 (2019), we prove, in a general framework:
O of 2 Oef
EH,QV]_ < <b2> < EH,QV].

2 3 s
therefore, by inverting this relation one gets:

5 (b) < 0271(Q = 00) < 2m(b?)

\/ MATTEQ RINALD! MP1 2022 62
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(Proton) Model Independent conlcusions
T2 2
T(0%) < 072,(@ — o) < 2m(b?)

3) in arXiv:2103.1340, for the moment being we considered proton model producing a (2v2) effective
cross section of 15-30 mb (in new analysis we can relax this condition).
Now in M. Rinaldi and F. A. Ceccopieri PRD 97 (2018) 7, 071501, we prove:

PP PP
eff < <b2> eff
37 T
combining everything: O.pflf?f
e Yp 2 PP
VERIFIED!! 6 < Jeff(Q — 00) < 2‘Teff
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/l Further implementations

Relevant for processes involving heavy particles is the splitting term (1v2 mechanism) i.e.: .
*Dj o (x1,%2) = [ d?b 1 Fjyj, (x1,%2,b1)

Homogeneous term (double DGLAP)

In pQCD evolution'dDjlj2 (xl’x2;t) — E -
1
% > Fy(z+ 172;75)ij'ﬁj1j2 (T)
Gaunt J.R. and Stirling W. J., JHEP 03 (2010) 7 — LI 1T T2
2v?2 SPLITTING TERM
e e e e e o
I I Fép,httmg(ac x9, k1 = 0;1)
o 3 o I J1j2 1,42, vl )
’eff 2 eff ) R
u < < I v - — .
— (1 ks 2”) < (%) < "L (14 o). Fjo @y, 02, k1 = 00)
}‘L I
- DS | - O Wlth
J.R. Gaunt, R. Maciula and A. Due to the difficulty 0o<r <1
Szczurek, in the estimate of the i
PRD 90 (2014) 054017 D @i TEe
Absolute minimum
Py =
e — e
ol
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Further i

Relevant for processes involvin

mplementations

o heavv particles is the splittine term (1v2 rquchanism\ ie:

1 4 B et ) = fdzblﬁjlyjz(xlvx27bl)
: ol le DGLAP)
1.2¢ 1
I .o
L e xl
1.0 B —’ e lbavs N
: "o’ --------- ’.71.72 (ml +x2>
> L
0.8 '1' .........
e o
0.6} o e | !
T .”/ """""" — - [ }‘Sfjlzittmg(ﬂflal‘2,h = 0;1)
0.41 I', . i i PR - Fjljz (xl’xQ’ ki= O;t)
B il
0.2 B "o“/ .
1) Minimum as function ofl ¢ 0.0 g 0 <\’;'VIQ’]I.
m(‘rv) 0 5 10 15 20 25 30
Teyy [mb]
2) Maximum as function off"y, Absolute minimum | Zef¥f <b2> < 2 9eff Absolute maximum
e —————————————————————————
\/ MATTEQ RIVALD! MP1 2022 %
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Our process Is easy
\\l

Vestibulum congue
tempus

Lorem ipsum dolor sit amet,
consectetur adipiscing elit, sed do
eiusmod tempor. Donec facilisis
lacus eget mauris.

Vestibulum congue
tempus

Lorem ipsum dolor sit amet,
consectetur adipiscing elit, sed do
eiusmod tempor. Donec facilisis
lacus eget mauris.

Vestibulum congue
tempus

Lorem ipsum dolor sit amet,
consectetur adipiscing elit, sed do
eiusmod tempor. Donec facilisis
lacus eget mauris.

MATTEORMALY  MP2oz2



——— — _ | E — ————
-/‘/ - > .
4000

\'-
3000
2000
1000 I I I

- 0

— m——

~ You can insert graphs from Excel or Google Sheets
®

S, .. -

== VTV )
- MIAN AV /& A -——
e — i .- S M S Y



Desktop project
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Timeline

Blue is the colour of Black is the color of Yellow is the color of Blue is the colour of
the clear sky and the Red is the colour of ebony and of outer gold, butter and ripe White is the color of the clear sky and the
deep sea danger and courage space lemons milk and fresh snow deep sea

#

Yellow is the color of  White is the color of Blue is the colour of Red is the colour of Black is the color of Yellow is the color
gold, butter and ripe milk and fresh snow the clear sky and the danger and courage ebony and of outer of gold, butter and
lemons deep sea space ripe lemons
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SWOT Analysis

STRENGTHS

Blue is the colour of the
clear sky and the deep
sea

Black is the color of
ebony and of outer
space

OPPORTUNITIES

\/ MATTEQ RINALD!
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WEAKNESSES

Yellow is the color of
gold, butter and ripe
lemons

White is the color of
milk and fresh snow ~==

THREATS




Diagrams and infographics
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Free templates for all your presentation needs

For PowerPoint and 100% free for personal Ready to use, Blow your audience
Google Slides or commercial use professional and away with attractive
customizable visuals
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