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‘ %) Roadmap

INTERPRETATION OF PREDICTIONS AND
INTRODUCTION LHC DATA OPPORTUNITIES

3D PROTON DPS VIA LATTICE DATA FOR
STRUCTURE VIA PHOTON-PROTON THE PION AND MODEL
p-p DPS INTERACTIONS COMPARISONS



‘ 1 Double Parton Scattering @LHC

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)
J.R. Gaunt et al, JHEP 07 (2014) 110, JHEP 01 (2016) 076
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DPS processes are important for fundamental studies, e.g. the
background for the research of new physics and to grasp information

on the 3D PARTONIC STRUCTURE OF THE PROTON

Momentum fractions carried by the
parton inside the proton
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‘1 Double PDFs of the proton

Fix(x1, X2, ;L) is unknown. However @LHC kinematics (small x and many partons produced)

1st uncorrelated scenario

Fik (X1, X2, ;J_) = g(X17X2)-T_(;J_)

\.
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1 Double PDFs of the proton

—

Fik(X1,%X2, 21) ~

Fix(x1, X2, ;L) is unknown. However @LHC kinematics (small x and many partons produced)

1st uncorrelated scenario

’_%

g(x1,x2)|T(Z 1)

—> SUM RULES AVAILABLE J.R. Gaunt et al, JHEP 03 (2010) 005,
EPJC 80 (2020) n°5, 468
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1 Double PDFs of the proton

Fix(x1, X2, ;L) is unknown. However @LHC kinematics (small x and many partons produced)

1st uncorrelated scenario
"
Fi (X1, X2, Z 1) ~ g(Xl,Xz)ﬂ_(;l)

—> SUM RULES AVAILABLE

—> MODELS BASED ON SUM RULES
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1 Double PDFs of the proton

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

1st uncorrelated scenario
,_J%
Fir(x1,%2, 2 1) ~{g(x1, % |T(Z 1)

—> SUM RULES AVAILABLE

—> MODELS BASED ON SUM RULES

2nd uncorrelated
scenario

—> PDF(x;)*PDF(x,) }

——> [PDF(x;)*PDF(x,)] ® pQCD EVOLUTION
J. R. Gaunt and W. J. Stirling, JHEP 03, 005 (2010)
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‘ 1 Double PDFs of the proton

Fix(x1, X2, ;L) is unknown. However @LHC kinematics (small x and many partons produced)

1st uncorrelated scenario
—
Fir(x1,%2, 2 1) ~{g(x1, % |T(Z 1)

—> SUM RULES AVAILABLE

—> MODELS BASED ON SUM RULES

2nd uncorrelated
scenario

—> PDF(x;)*PDF(x,) }
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PERTURBATIVE CORRELATIONS
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1 Double PDFs of the proton

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

1st uncorrelated scenario
,_J%
Fir(x1,%2, 2 1) ~{g(x1, % |T(Z 1)

Constituent quark models > SUM RULES AVAILABLE
used to grasp basic
NON PERTURBATIVE features —> MODELS BASED ON SUM RULES
M.R., S. Scopetta et al, PRD 87 (2013) 114021 —> PDF(x;)*PDF(x,) }2n 4 uncorrelated
M.R., S, Scopetta et al, JHEP 12 (2014) 028 scenario
> [PDF(x,)*PDF(x,)] ® pQCD EVOLUTION

PERTURBATIVE CORRELATIONS
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‘ 1 Double PDFs of the proton

Fik (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(X1,%2, 2 1) ~|g(x1,x2)T(Z L

Constituent quark models > SUM RULES AVAILABLE
used to grasp basic
NON PERTURBATIVE features —> MODELS BASED ON SUM RULES
M.R., S. Scopetta et al, PRD 87 (2013) 114021 —> PDF(x;)*PDF(x,) }Zn 4 uncorrelated
M.R., S, Scopetta et al, JHEP 12 (2014) 028 scenario
> [PDF(x,)*PDF(x,)] ® pQCD EVOLUTION

PERTURBATIVE CORRELATIONS
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‘ 1 Double PDFs of the proton

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

Fik(X17X27E)J_)"’ (X1,%2) (;J_

Constituent quark models
used to grasp basic
non perturbative feature

M.R., S. Scopetta et al, PRD 87 (2013) 114021
M.R., S, Scopetta et al, JHEP 12 (2014) 028
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PROBABILITY DISTRIBUTION
—> OF FINDING TWO PARTONS WITH
GIVEN TRANSVERSE DISTANCE

~

—> UNKNOWN: ONLY MODELS
—> SUM RULES AVAILABLE

—> MODELS BASED ON SUM RULES

2nd uncorrelated
scenario

—> PDF(x;)*PDF(x,) }

LS [PDF(x,)*PDF(x,)] ® pQCD EVOLUTION
PERTURBATIVE CORRELATIONS
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1 Double PDFs of the proton

1) HOW CAN WE BE SURE OF THE ACCURACY OF SUCH APPROXIMATION?
dPDFs are non perturbative in QCD w=mmmmp DPCs cannot be accessed from QCD

2) WHICH INFORMATION ON THE PROTON STRUCTURE COULD BE ACCESSED

FROM DPS?

Some questions arose:

elated

4

\_/

PERTURBATIVE CORRELATIONS

rio
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‘ 2 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:

3 3
Fij(x1, 2, = 3(@)3/Hdgi5 (ZE) *({k;}, k1 )®({ki}, —kL)
‘/@ i=1 H/_/

: ki ki .
Conjugateto z| X 9 <x1 = P—+) 0 <x2 — P—+) LF wave-function

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

F AE/\% {k’}:l:k‘J_) (kj:l:k—J‘ kz:F% ks)

Matteo Rinaldi 16




2 'Double PDFs within the Light-Front: GPDxGPD?

The dPDF is formally defined through the Light-cone correlator:

{plO(z, @’ (0,12)[p)

Approximated by the proton state!
[y
2 PP GPO

F12(£I31,372, EJ_) ~ f(xla()? EJ_)f<$2707 EJ_)

1=l =0

IF=lF=21+=0

2

- _ —  Fapall— T

Fio(x1, 9,21 ) dz [Hdli erili P
i=1
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2 'Double PDFs within the Light-Front: GPDxGPD?

The dPDF is formally defined through the Light-cone correlatas,

2 ‘__,_: : N
Flz(a?l, L9, Z_L) X dz~ [Hdl;emil;p“_ < . 2)|p>

Approxumated
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2 ' Information from Quark Models

ZL, = b_L
=t 1) e.g. the distance distribution of
two gluons in the proton
2 2
< | Jd z; z4 Fij(x1,%2,21)
2 \ij _
<Z_L>X1,X2 _ 5
Jd z1 Fij(x1,%2,21)
5,
M.R. and F. A. Ceccopieri, JHEP 09 (2019) 097
A\
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2  Information from

Q

uark Models

20

I o [
1.8 a=g b=g 2 8 2) C.orrelatlons
i | are important
1.6' ~8 [ :
= 1.4 dPDF (k. =0) .§ g M.R., S. Scopetta et al,
4 rap = K. JHEP 10 (2016) 063
>~ "PDF x PDF a? | (2016)
1.2; ;| 1 M.R.andF. A. Ceccopieri
.~ Small x correlations £ PRD 95 (2017) 034040
M.R. and F. A. Ceccopieri, JHEP 09 (2019) 097 '
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12 ' Information from Quark Models

. 1) e.g. the distance distribution of

018 two gluons in the proton
012
- 14
008 12_\\ ................. dPDF — GPD X GPD

D.04 b ¥ dPDF approximation

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

2 2.
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o

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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2 Information from Quark Models

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

IS IT POSSIBLE TO ACCESS DOUBLE
PARTON CORRELATIONS?

o

1) e.g. the distance distribution of

two gluons in the proton

14
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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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‘ 3  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”.

Matteo Rinaldi
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POCKET FORMULA

Differential cross section for the process:

pp — A(B) + X

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

|
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‘ 3 ' 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 process:
MO, O
AUB [, pp —> A(B) + X

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

POCKET FORMULA

PDF
M.R., S. Scopetta et al, PLB 752
Z CikCJ'| Fi (Xl) Fj (Xg) Fk(X3 F| (X4)
< M. Traini, M.R., S. Scopetta and V. Vento,
. ikl PLB 768 (2017)
Ueff(X1, X2, X3, X4) =
2
Z Ci G f d“z; Fij(x1,x3, 21 )Fu(x3,%a, 21 )

sk
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3  Data and Effective Cross Section

PP __PP 30 : .
m O (0} = ATLAS (Jhy+W™, Lansberg-Shao-Yamanaka)
O-pp —_— & == ATLAS (np J'y+Z, Lansberg—Shao)
eff 2 pp 25 v+ ATLAS (J/w+Z, Lansberg-Shao) 3
UD PS re CMS {Jiy+diy, Lansberg-Shao)
o0 £ = DO (Jy+Y, Shao-Zhang) E
= ra DO (Jiy+diw)
= ret ATLAS {Jhp+Jay) % '
= 15 |- LHCb (Jiy+DY 4 3 o
Dﬂ-‘ & LHCh (Y(1S}+Dﬂ} d J.P. Lansberg's slide
10 L[ e CDF (4 jets) ] MPI-2019 workshop
e CDF (v + 3 jets)
& DO (y+ 3 jets) L]
5 F = ATLAS (W + 2 jets) ] 3
- CMS (W + 2 jets)
0 I
0.1 1 10
s [TeV]
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3 Data and Effective Cross Section

PP _pp
PP — Map Op
eff = 5 PP

DPS
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‘ 3  Data and Effective Cross Section

PP _pp
PP — Map Op
eff = 5 PP

DPS

= SENSITIVE TO CORRELATIONS

= PROCESS DEPENDENT?

= CAN WE DIRECTLY ACCESS THESE
CORRELATIONS?

Matteo Rinaldi
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‘ 4 Same sign W's production at the LHC

Matteo Rinaldi
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M. R. et al, Phys.Rev.
D95 (2017) no.11,
114030

In this channel, the single parton scattering (usually dominant w.r.t to the double one)

starts to contribute to higher order in strong coupling constant.

“Same-sign W boson pairs production is a promising channel to look
for signature of double Parton interactions at the LHC."

28



M. R. et al, Phys.Rev.

‘ 4 Same sign W's production at the LHC | &g~
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In this channel, the single parton scattering (usually dominant w.r.t to the double one)
starts to contribute to higher order in strong coupling constant.

Can double parton correlations be observed for the
first time in the next LHC run ?

Matteo Rinaldi
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M. R. et al, Phys.Rev.

‘ 4 Same sign W's production at the LHC | &g~

”w
W Yu ()
n > 0
W(il/l/z/s Ni

DPS cross section:

d40pp—>#i#iX

dmdpradipdpra 4 =

1) Longitudinal and transverse correlations arise
from the relativistic CQM model describing

three valence quarks

Matteo Rinaldi

Kinematical cuts

pp, V5 = 13 TeV
leadin ¢ subleadin - 1
pry, 9 > 20 GeV, pr) 9 > 10 GeV
Ipé'f::ﬁng] + ]p;ﬂijﬁleading‘ > 45 GeV
.| < 2.4

20 GeV < Mn, < 75 GeV or M, > 105 GeV

+ +x
9 _pp—p~X 42 _PP—i
d oy "o

1 [ .- . .
- Z 5/deLFij(thQabJ_aMW)Fkl(x&LlabJ_aMW)

In order to estimate the role of

I(ﬂi,pT,i) double parton correlations we

have used as input of dPDFs:

2) These correlations propagate to sea quarks
and gluons through pQCD evolution

30



M. R. et al, Phys.Rev.

4 Same sign W's production at the LHC | 35g~»
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4 3 14 20}
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‘ 4 Same sign W's production at the LHC |agmm~n

24

M. R. et al, Phys.Rev.

x- dependence of effective x-section

1
gl e G (A7) w—
> 5 I
Q > e 2 | pi—

2

[mb]

21

1 2.z
n-m= —ln—ln—
4 I3 T4 20 |

Ocff
P

L e
[Fu =200 T msmb ] | G0 v

Matteo Rinaldi

M.Rinaldi et al PLB 752,40 (2016)
M. Traini, M. R. et al, PLB 768, 270 (2017)

Assuming that the results of the
first and the last bins
can be distinguished if they differ
by 1 sigma, we estimated that:

L — 1000 fbh~*

is necessary to observe correlations
* to be updated to new CMS cuts
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| 4 Same sign W's production at the LHC

In Ref. S. Cotogno et al, JHEP 10 (2020) 214, it has been shon

G B 0 that several experimental observable are sensitive to
double spin correlations.

( The LHC has the potential to access these new information!

NV THIS CHANNEL, WE EST, A
FIRST TIME, TWO-PAR

BLISHED THE POSSIBIL
TON CORRELATIONS v

ITY TO OBSERVE, FOR THE
THE NEXT LHC RUN!

Matteo Rinaldi
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‘ B  Clues from data?

If dPDFs factorize in terms of PDFs then

Matteo Rinaldi

_1_
O =

J

d?k |

(2m)?

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

T(ky

)

2ﬂEﬁ‘ective form factor (EFF)
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‘ B  Clues from data?

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

— LT (ky

If dPDFs factorize in terms of PDFs then —1 — f

)

2ﬁEﬁ‘ective form factor (EFF)

Matteo Rinaldi

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

T(M)ocfdxldx2 F(x1,x2, k1)

35



If dPDFs factorize in terms of PDFs then

k | is the conjugate variable to Z| . In analogy with the

charge form factor:

d
2Noc———T(k
@ yori—=Tku)

Matteo Rinaldi

£ U

_]_ .
Oeff =

k=0

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

—T(ky

)

2ﬂEffective form factor (EFF)

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

T(kJ_)OC de1dx2 |E(X1, X2, kJ_)
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M. R. and F. A. Ceccopieri, PRD 97, no. 7, 071501 (2018)

| B  Clues from data?

d2k | .

If dPDFs factorize in terms of PDFs then -1 _ T(kJ_)ﬁEffective form factor (EFF)

Oeff = W

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

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

5 d f — —m— LHCb (2)¥), =13 Tev XmdX2 F(X17 X2, kJ_)
—— ATLAS(2)/W), 15=8 TeV
<ZJ‘ >d: k d k T ( kJ_ ) NE Wl na. Ref.[15] (2J/9), ¥5=7 TeV
1 1 ki1 =0 - :
' —e— CMS (WW), {s=8 TeV
—k— ATLAS (4 jets), {s=13 TeV
o ol jom—- —&—  CMS (W42 jets), {s=7 TeV
& Eo DPS processes: < S IS (W), 45713 Tev
" The vertical line stands for
.l the transverse proton radius (0) (0)
» eff 2 eff
0 e = (Z°) =
) . ~ 31 I
J \ 0 I I I I DfS I I I I 1| ‘ : I I 1?5 I
[fm]
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M. R. and F. A. Ceccopieri, PRD 97, no. 7, 071501 (2018)

B ' Clues from data?

o d?k |
If dPDFs factorize in terms of PDFs then -1 _ J T(kJ_)zﬂEffective 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/l . \~r
(23 Do

e e[|
THE DISTANCE OF THESE PARTONS SEEMS TO
BE SMALLER THEN THE PROTON RADIUS

~

dX]_dX2 F(Xl, X2, kJ_)
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M. R. and F. A. Ceccopieri, PRD 97, no. 7, 071501 (2018)

B ' Clues from data?

- d%k
If dPDFs factorize in terms of PDFs then -1 _ J T(kJ_)zﬂEffective 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:

— —m— LHCb (2], {s=13 Tev
T ( kJ_ ) —%—  ATLAS(2I/W), {5=8 TeV

HOWEVER FROM PROTON-PROTON

~

dX]_dX2 F(Xl, X2, kJ_)

COLLISIONS ONLY RANGES CAN BE ACCESSED
M.R. and F. A. Ceccopieri, JHEP 09 (2019) 097

Matteo Rinaldi
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6 New ldea: 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:

Matteo Rinaldi

40



6 New ldea: 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 (1992)
2) J.R. Forshaw et al, Z. Phys. C 72, 637 (1992)

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

Matteo Rinaldi 41



‘6 New ldea: 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 (1992)
2) J.R. Forshaw et al, Z. Phys. C 72, 637 (1992)

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

WE EVALUATE THE DPS CONTRIBUTION TO THIS
PROCESS

Matteo Rinaldi 42



‘6 New ldea: 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
M dO_4J . 1 Z de d 2 f’Y e(y, Q2) g’égN(alsg&?t al,PLB319
2 o5 (Q?)

X J dxpa dX'Yb fa/P (Xpa )fb/'y (X’Yb )da-gt (Xpa ) X'7b> oPs?

y*
)
/%VV\NV x JdXPch’YdfC/P(ch)fd/’Y(X’Yd dfﬁi} (Xpe» Xvya) SpS
v

p-PDF 7 -PDF (M. Gluck et al. PRD46, 1973 (1992))
(J. Pumplin et al. JHEP 07, 012 (2002) )

*Single Parton Scattering (SPS)
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‘ 6 New Ildea: 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

M Z Jd d 2 ’Y e(y7 Q2) E’égN(alsggoit al,PLB319
DPQ - T YP/N2) 3 3
efF (Q )

The 2i *
X maj d6 (x,. . x S

y*
) o Guanii X
- Valuate jg. A2
Y 97° ’)do-cd (ch7 X’Yd) SPS
o) (QZ)

eff PDF (M. Gluck et al. PRD46, 1973 (1992))
2002) )

*Single Parton Scattering (SPS)
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6 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

d2 kJ_ Proton EFF

[U;?(Q2)]_l = J (27T2>Tp(kl)T7(kJ_§ Qz)

M. R. and F. A. Ceccopieri, arXiv:2103.13480
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6 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

] dsz_ Proton EFF
028(@)] ™" = [ G TolklT (s @)

.Y
This quantity is
similar to an EFF

M. R. and F. A. Ceccopieri, arXiv:2103.13480
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‘6 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

d2 kJ_ Proton EFF

[0 (@)] " = f ek (ki @)

/

.Y
This quantity is
similar to an EFF

The full DPS cross section depends on the amplitude of the splitting photon ina q q  pair. The latter can be
formally described within a Light-Front (LF) approach in terms of LF wave functions:

M. R. and F. A. Ceccopieri, arXiv:2103.13480
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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

022@)] " = | G Tolku)T, (ks @)

The full DPS cross section depends on the amplitude of

the splitting photon ina q q  pair. The latter can be f’y X, k 2y — | d?%k e L. 02
= 2 (x
formally described within a Light-Front (LF) approach in ( 1 Q ) L1 wqq( kL1 Q )

terms of LF wave functions (W.Fl: . wga (x, T()L,l 4 E)J_; Q2)
q: (X7 kJ_,l)
j q:(1—x,— k11)
M. R. and F. A. Ceccopieri, arXiv:2103.13480
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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
—1 d?k 1
o3(@)] " = [ S Talkes) T, (ks @)
(2m2) "

The full DPS cross section depends on the amplitude of

the splitting photon ina q q  pair. The latter can be f’y X, k 2 d%k e L. 02
=X
formally described within a Light-Front (LF) approach in ( 1 Q ) L1 wqq( kL1 Q )

t fLF functions (W.F.): o e 2
erms o wave functions ( l . wga(x, Ki1+ ki Q )
q:(x ki)
W . . Similar definition of a meson dPDF
q: (1 - X = kJ-,l)
M. R. and F. A. Ceccopieri, arXiv:2103.13480 M. R. et al., EPJC78, 781 (2018)
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‘6 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 Q? virtuality

27172 ke - Q?
[ efF<Q )] J(ZT{' )T (kJ_) fy(kJ_,Q ) Zfdx f’Y X kJ_,Qz)

N - T, (k;Q%) =
fla(x ki; Q%) = szkl,l i (x, k 1,1; Q%) Zde fla(x ki = 0; Q%)

X @bzq(Xa ki1 + kJ_;QZ)

q:(x, T()J_,l)
j q:(1—x,— T{L,l)

M. R. and F. A. Ceccopieri, arXiv:2103.13480
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7k Q) fd S ix £, (x ke = 05 Q2)

[ O eff (Q2

%

=~ k.i1)
M. R. and F. A. Ceccopieri, arXiv: 2103 13480

Matteo Rinaldi

51



‘6 The y-p effective cross section

sy
For the proton EFF use has been '
kL Q2 made of three choices:
-1 o
Q"2
proton EFF
fY Photon WFE

M. R. and F. A. Ceccopieri, arXiv:2103.13480

Matteo Rinaldi
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6 The y-p effective cross section

ey
For the proton EFF use has been >
" gy . Q? made of three choices:
Q= m
proton EFF 2 5
1) Gl:le_ "1} a1 =153 GeV ™ = o2 =15 mb

Y Photon WE

M. R. and F. A. Ceccopieri, arXiv:2103.13480

Matteo Rinaldi
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6 The y-p effective

Eah
alleZ — | (2m%)

proton EFF

Y Photon WE

M. R. and F. A. Ceccopieri, arXiv:2103.13480

Matteo Rinaldi

Cross section

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

1) GI: e~k a1 = 1.53 GeV ™% = ¢%° = 15 mb

2) G2le= | ap =256 GeV 2 — 0% = 25 mb
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The y-p effective

Eah
(2n%)

proton EFF

Photon WE

v

M. R. and F. A. Ceccopieri, arXiv:2103.13480

Matteo Rinaldi

Cross section

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

1) GI: e~k a1 = 1.53 GeV ™% = ¢%° = 15 mb
2) G2: e~ Ki| ap = 2.56 GeV™? = P2 = 25 mb
ST P 2
3) S 1+F) , mg = 1.1 GeV — o' = 30 mb
g

B. Blok et al, EPJC74, 2926 (2014)
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‘6 The y-p effective cross section

by
For the photon W.F. use has been made of two
" a7k L Q2 choices representing two extreme cases:
QW= F
proton EFF

1) QED at LO (s.. Brodsky et al. PRDS0, 3134 (1994)):

~ Photon WE ¢’\fi(x, le; Q2) = —e Uq(k) v e Vﬁ(q - k)
9,9 (1 ) Q2 + k%L + m2
X — X —
x(1 — x)

M. R. and F. A. Ceccopieri, arXiv:2103.13480
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‘6 The y-p effective cross section

Eah
alleZ — | (2n

proton EFF

fmy

For the photon W.F. use has been made of two choices
representing two extreme cases:

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

fY Photon WE

M. R. and F. A. Ceccopieri, arXiv:2103.13480

Matteo Rinaldi

_ Uq(k) v - vg(g — k
¢é\,ai—(xa kl_L; QZ) = —es C]( ) 8 Q(q )

ki, + m?
@ S

|

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

6(1+ Q*/m?
PR, k113 Q%) = f(z Q /2mp) 5/2
m2 (1+4 l1+ng(1_X))
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‘6 The y-p effective cross

W

fY Photon WE

M. R. and F. A. Ceccopieri, arXiv:2103.13480
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6 The 4 jet DPS cross section

The HERA KINEMATICS:

S. Checkanov et al. (ZEUS), Nucl. Phys B792, 1 (2008)

Matteo Rinaldi

E' > 6 GeV
|77jet| < 24
Q% <1 GeV?

02<y<0.385

Transverse energy of the jets
Pseudorapidity

Photon virtuality

Inelasticity
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‘ © The 4 jet DPS cross section

The HERA KINEMATICS: Ejft > 6 GeV Transverse energy of the jets

S. Checkanov et al. (ZEUS), Nucl. Phys B792, 1 (2008)

Matteo Rinaldi

|Mjet| < 2.4 Pseudorapidity

Q% <1 GeV? Photon virtuality

0.2<y<0.85 |Inelasticity

The ZEUS collaboration quoted an integrated total 4-jet cross section of 200 pb
S. Checkanov et al. (ZEUS), Nucl. Phys B792, 1 (2008)
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6 The 4 jet DPS cross section

KINEMATICS: 4 ) 7 /e (y Q2)
- doting = f dy dQ2 et X, T
R PR ) S R
|77 | < 2.4 A Di i 25; _____ A E
et X depadx%fa /o (Xp, )b Iy (x%)daaf3 (Xpa s Xy ) sl u.._;
Q* < 1GeV® 2 - x
X J dXPch’Yd fc/p (ch )fd/'y (X’Yd )dé\—cé (ch » Xyg ) 1;] __“_‘“‘\a\_\\““_

02<y<0.85 g g

10°% 107 107% 107" 107! 107 1072 107! 1
Q? [GeV?)

M. R. and F. A. Ceccopieri, arXiv:2103.13480
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‘6 The 4 jet DPS cross section

KINEMATICS

EX* > 6 Gel
|77jet| <24
Q% <1 GeV

0.2<y<0.

T
~e

]
[ ™
w ]

]

wl vl vl nqu:
0% 1077 107t 1

opps [pb]
Q*<1072 1072 <@*<1 Q* <1 ZREeS

photon [GeV2] [GeVz] [GeV2] [%]
a7 25 71 35

NP 39 20 59 30
moddl 35 18 54 27
117 72 189 95

QED 73 44 117 58
64 41 109 54

\.

proton

Matteo Rinaldi
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‘6 The 4 jet DPS cross section

KINEMATICS

EX* > 6 Gel
|77jet| <24
Q% <1 GeV

0.2<y<0.

>

T
~e

n,
e ™
w

]

wl v vl vl nqu:
0% 1077 107t 1

opps [pb]
Q" <1077 1077 <Q* <1 Q* <1 3REs

photon [GeV"’] [GeVz] [GeV2] [%]
47 25 71 35

NP 39 20 59 30
mods! 35 18 54 27
117 72 189 95

QED 73 44 117 58
64 41 109 54

proton

Matteo Rinaldi
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6 The 4 jet DPS cross section

KINEMATICS

EX* > 6 GeV
|77jet| < 24
Q% <1 GeV

0.2<y<0.

Matteo Rinaldi

T
~e

pps [pb]
<1Q <1°gE8
[GCVQ] [(%]
71 35
59 30
54 27
189 95
117 58
109 54
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KINEMATICS

The 4 jet DPS cross section

EX* > 6 Ge

|'r]jet| < 24
Q% <1 GeV

photon

0.2<y<0.

NP

opps [pb] s
: ™
Rl
59 30 '

54 127

189 95

117 o8

109 54

Matteo Rinaldi

65



‘ 6 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:

F(z.)
The probability of finding a parton pair at distance

Z)

M. R. and F. A. Ceccopieri, arXiv:2103.13480

Matteo Rinaldi
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6 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:

~

F(z1)

—1 - -
2@ = | 21 Bz @)

M. R. and F. A. Ceccopieri, arXiv:2103.13480

Matteo Rinaldi
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6 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:

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

oa@) | = [z B P @)

M. R. and F. A. Ceccopieri, arXiv:2103.13480

Matteo Rinaldi
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6 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:

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

oa@) | = [z B P @)
_ ECn(Q2)Idzzll~:g(zl)z’i

n -

S @

n

M. R. and F. A. Ceccopieri, arXiv:2103.13480

Matteo Rinaldi



‘ 6 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:

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

d’z, INZS(ZJ_)IN:g(Zl; Q2)

= > G(@) fd?zllfg(zl)z“l
= Z Cn(Q2 Mean value on proton states

[o@)] " =

M. R. and F. A. Ceccopieri, arXiv:2103.13480

Matteo Rinaldi
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‘ 6 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:

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

(, B )
{[om@)] " = [ 2 B0

If we can measure = Z Cn(Q2)<<ZJ-)n>P

the dependence of the n j
effective-cross section

on the photon
VIRTUALITY

M. R. and F. A. Ceccopieri, arXiv:2103.13480

Matteo Rinaldi



6 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:

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

@] = [z BeoREs )

If we can measure = Z Cn(Q2)<<ZJ-)n>P

the dependence of the

n S——
This coefficient can be determined from the

effective-cross section B :
structure of the photon described in a given approach

on the photon
VIRTUALITY

M. R. and F. A. Ceccopieri, arXiv:2103.13480

Matteo Rinaldi
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6 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:

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

We could access

_ fdzzl IES(ZL)IE;(ZL; Q2) for the first time

a2y |
020(@) |
the mean transverse
distance between partons in

the proton

If we can measure = Z Cn(Qz)E<ZJ-)n>p

the dependence of the

n
This coefficient can be determined from the

effective-cross section B :
structure of the photon described in a given approach

on the photon
VIRTUALITY

M. R. and F. A. Ceccopieri, arXiv:2103.13480

Matteo Rinaldi
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6 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:

_——

g

v Measure?
[C’ off ( 7

If we can measure
the dependence of the
effective-cross section S\ g
structure o . — proach

on the photon
VIRTUALITY

M. R. and F. A. Ceccopieri, arXiv:2103.13480

Matteo Rinaldi

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

the proton
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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,
we considered again the 4 JET photoproduction:

M. R. and F. A. Ceccopieri, arXiv:2103.13480

Matteo Rinaldi
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6 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°<10? and 10°2<Q’<1 GeV?

M. R. and F. A. Ceccopieri, arXiv:2103.13480

Matteo Rinaldi

76



6 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°<10? and 10°2<Q’<1 GeV?

2) We have estimated for each photon and proton models a constant effective cross section 72

(with respect to Q2 ) such that the total integral of the cross section on Q2 reproduce the full
: . YP [ (2
calculation obtained by means of 0. (Q°)

M. R. and F. A. Ceccopieri, arXiv:2103.13480
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‘ 6 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,
we considered again the 4 JET photoproduction:

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

Q°<10? and 10°2<Q’<1 GeV?

2) We have estimated for each photon and proton models a constant effective cross section 72

(with respect to Q2 ) such that the total integral of the cross section on Q2 reproduce the full
: . YP [ (2
calculation obtained by means of 0. (Q°)

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

M. R. and F. A. Ceccopieri, arXiv:2103.13480

Matteo Rinaldi



The effective cross section: a key for the proton structure

G 0%, =15mb Gy, 0¥, =25mh 8, o, =30 mb
Proton ——> | [
h o ZFI(QZ) S UZ;’,!(Qz) o O'fo(Qz)
<=
j—t
o 2 20~ ~ 6%, =10.6 mbf- -~ 5%, =172 mb- ~ 5%, =106mb
[
3
t = 150 L L
: é
10- L -
n | 3 3 —_—
. QED ~ QED ~ QED
10- T T
== UZ?_f(Qz) [ == Z;;(Qz) = UZ?;(QZ)
"30_37 G — 28 mb - g% =34mb - o =373 mb
& —Oyy=28mb IS O, ;= 34m == =wlam
= L P e
= .|
|5 o6
= L .
£ —
50.4»
|1 e
. NP NP NP e
Q% < 0.01 GeV? 001 GeV? < QF < 1 GeV? - Q7 < 0.01 GeV? 0.01 GeV? < Q% <1 GeV? @ < 0.01 GeV*® 0.01 GeV® < Q* < 1 GeV?
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The effective cross section: a key for the proton structure

With an
integrated
luminosity
of 200 pb-!

we can separate:

lﬂumber of Evengs)

Matteo Rinaldi

—
[Number of Events]/10"

NP

Gy, °f;;=15 mb H=25mb S, o:},=30 mb
— ol (@) — a7, (@) o)
572, =106 mb -~ 67, =172mb- ~ - 07 = 10.6 mb|
—o@) - — (@) — 7@
--o =8 ub S 0. = 34mb - 80 =373 mb

NP —_—

Q% < 0.01 GeV*

0.01 GeV? < Q* <1 GeV?

Q? < 0.01 GeV?

0.01 GeV? < Q% < 1 GeV?

Q? < 0.01 GeV* 0.01 GeV? < Q* < 1 GeV?




‘ { Double PDFs of pions and lattice data

The dPDF expression, at the hadronic scale, in term of the meson qq wave function:

1 d’k - - o
E‘2($» ki) = %;/ 2(2—1)J:o,¢h,h’ (2, k11)Vh po(x, k1 + K1)
hoh & yd \
/

Parton helicities Intrinsic parton momentum Meson-Wave function

M. R., S. Scopetta, M. Traini and V.Vento, EPJC 78, no. 9,782 (2018)

W. Broniovski et al, PRD 101 (2020) n°1. 014019
S. Scopetta et al, EPJC80 (2020) n°10, 909

Matteo Rinaldi
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| ¢ Double PDFs of pions and lattice data

/,’The dPDF expression, at the hadronic scale N
" in term of the meson qq wave function:

Il
I { T, k)= Z/ Py U (x, ku)dih (kg +h} I

h.h/

U M. R., S. Scopetta, M. Traini and V.Vento, I
\ EPJC 78, no. 9,782 (2018) 4

1) Also for pion, model calculations indicate that
factorization does not work!

2) The approximation:
f2(x) A_L) ~ H(X707AJ_)FTF(A3_) :'m‘

does not work
//
-

e

k. =00 Gev
k. =02 GeV
kL =05 GeV
kfl =0.6 GCV/'/

corr

elations

o

FIo(a kL)

Matteo Rinaldi
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In G.S. Bali et al, JHEP 12, 061 (2018) a first analysis of the moments of dPDFs within the
lattice QCD have been discussed. In M.R., EPJC 80 (2020) n°7, 678 lattice data have been
compared with pion quark models.

2 parametrizations of
Q2 ]—n : nand M

Fo(Q?%) ~ [1 il

FIT OF LATTICE DATA FOR THE FORM FACTOR

Matteo Rinaldi



— T N ™ . = =
4 ) 21 ra) ) 1 B . 7~ A T ol 2l = - i o P s YT P Bt ok’
il AV AFRY |, - —d W | L b [ & v Ca L L | W W SACE L CE

lattice QCD have been discussed. In M.R., EPJC 80 (2020) n°7, 678 lattice data have been
compared with pion quark models.

THE EFFECTIVE FORM FACTOR: o
o.e}
=g 2 2 Q2 - & 06f
1) Fullline: F,. (Q°) ~ |1 +((d \6— <
n N
< 04f
mean transverse distance fitted from lattice data: 0_2:
1/ (d?) ~ 1.046 fm

1074 0.001 0.010 0.100 1
Q2 “}eVz]
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In G.S. Bali et al, JHEP 12, 061 (2018) a first analysis of the moments of dPDFs within the
lattice QCD have been discussed. In M.R., EPJC 80 (2020) n°7, 678 lattice data have been
compared with pion quark models.

1.0
THE EFFECTIVE FORM FACTOR: : =
08] 4/(d2) ~ 1.046 fm
ArmyEo 2 2 Q2 o a 0.6f
1) Fullline:F,, (Q°) ~ |1+ {d >6— S f .
n = | *
< 04f
However, results have been obtained in the '
pion rest frame! p =0 021 N
Therefore in order to compare these - | | | |
results with LF models (IMF) calculations we consider 107 0.001 0.010 0.100 1
Q* << m2, m;~0.3GeV Q" [GeV?]
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In G.S. Bali et al, JHEP 12, 061 (2018) a first analysis of the moments of dPDFs within the
lattice QCD have been discussed. In M.R., EPJC 80 (2020) n°7, 678 lattice data have been
compared with pion quark models.

1.0

08) 1/(d?) ~ 1.046 fm

THE EFFECTIVE FORM FACTOR:

Q1"
1) Fullline: Fy, (Q%) ~ [1 i <d2>6_n]
2

T

Q°> << m

2) Dashed line:

(my + Eq)? S 0.2} S
For(Q%) ~ ~———9 F, (2m,Eq — 2m?) i
4mEq a

\ Y J 107 0.001 0.010 0.100 1
1-body approximation in the pion rest frame and E; = y/m2 + Q2 Q2 [ “}9\,’2]
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lattice QCD have been discussed. In M.R., EPJC 80 (2020) n°7, 678 lattice data have been
compared with pion quark models.

1.0 -
THE EFFECTIVE FORM FACTOR: — j ~
21" 2N
1) Full line: sz(Qz) -~ [1 + <d2>6_] . 0.8: <d > 1.046 fm
n L
L g .::19; 0.5:— .
2) Dashed line: & 04l
- E 2 T dl 2 2
Far (@) ~ Mt B e o o om2)2 < =<m
4mrEq — 0.2f <
. 2 212 , . . . .
3) Dotted line: F»-(Q%) ~ F#(Q°) 107 0.001 0.010 0.100 1
1-body approximation in the IMF Q? [GeV?]

Matteo Rinaldi
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In G.S. Bali et al, JHEP 12, 061 (2018) a first analysis of the moments of dPDFs within the
lattice QCD have been discussed. In M.R., EPJC 80 (2020) n°7, 678 lattice data have been
compared with pion quark models.

1.0

THE EFFECTIVE FORM FACTOR: :
Q4 08F 4/(d2) ~ 1.046 fm

1) Full line: F», (Q?) ~ [1 +{d>
0.6}

2) Dashed line: )

Q% << m? \

Y
£
Fored)

0.4l

For (Q%) ~ COQL

0.2 i NS

3) Dotted line: } ) 1074 0.001 0.010 0.100 1

Q? “}eVz]
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In G.S. Bali et al, JHEP 12, 061 (2018) a first analysis of the moments of dPDFs within the
lattice QCD have been discussed. In M.R., EPJC 80 (2020) n°7, 678 lattice data have been
compared with pion quark models.

| considered HOLOGRAPHIC models:
ms+k3 ;  [ORIGINAL MODEL

47T _x(lfx)2n2
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¢ Double PDFs of pions and lattice data

THE EFFECTIVE FORM FACTOR:

THE FORM FACTOR:
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‘ { Double PDFs of pions and lattice data

THE EFFECTIVE FORM FACTOR:
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‘ { Double PDFs of pions and lattice data

THE FORM FACTOR: THE EFFECTIVE FORM FACTOR:
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{ Double PDFs of pions and lattice data

CORRELATIONS? A(Q?) = Fsy (02) — Fr(Q%?
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{ Double PDFs of pions and lattice data

A(Q%) = F, (Q) — Fr(0%)° DOES THE DPS UNDERLYING PHYSICS
ORIGINAL MODEL REQUEST SOME IMPROVEMENTS?
L P ter d d
o4 IS Gey
aal YESI
— If we change the parameter of the model we can get
g]i 0.0 === a better description of the FF but we lose the agreement
oal e, T with the EFF and viceversa. In fact the correlation
-t | == > distribution is not well reproduced.
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{ Double PDFs of pions and lattice data

DOES THE DPS UNDERLYING PHYSICS
REQUEST SOME IMPROVEMENTS?

YESI SOLUTION:

If we change the parameter of the model we can get

a better description of the FF but we lose the agreeme!

with the EFF and viceversa. In fact the correlation
distribution is not well reproduced.

add an explicit |dg dq > Fock state!

Y(Xay X2, x3, k11, K19,k 3)
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| { Double PDFs of pions and lattice data

DOES THE DPS UNDERLYING PHYSICS
REQUEST SOME IMPROVEMENTS?

Y(x1, X2, %3, k11, k12,ki3)

YESI The model of
If we change the parameter of the model we can get
a better d iption of the FF. but we lose the agreeme: G.F. de Teramond et al., PRL. 120(18), 182001 (2018)

with the EFF and viceversa. In fact the correlation | already contains: 7 = 4 — |qqqq)
distribution is not well reproduced. but only the contribution at the PDF and GPD

level has been investigated. The full dependence
should be studied=—= This analysis could help in

improving the model
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| { Double PDFs of pions and lattice data
DOES THE DPS UNDERLYING PHYSICS
REQUEST SOME IMPROVEMENTS?
P (x1,%2,%3, k11,k12,k3)
If we change the parameter of the model we can get The model of

a better d iption of the FF. but we lose the agreeme: G.F. de Teramo.nd et al., PRL. 120(18), 182001 (2018)
with the EFF and viceversa. In fact the correlation already contains: + = 4 — |q€]q€]>

YESI

distribution is not well reproduced. but only the contribution at the PDF and GPD
level has been investigated. The full dependence
New information from: should be studied=—=This analysis could help in

improving the model
G.S. Bali et al, JHEP 02 (2021) 067
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1) We investigated the impact of correlations in DPS proton-proton collisions to learn
something new on the parton structure of the proton

2) We demonstrated that in p-p collisions only some limited information on the proton can be obtained

3) 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
* The dependence of o'zf?(Qz) on the Q2 can unveil the mean distance of partons in the proton

* We show that by increasing the luminosity such a dependence can be exposed in future facilities
such as the Electron lon Collider

* In the future could be interesting to study other processes with different final states such as those
associated to the QUARKONIUM PRODUCTION




