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

dG X J'dZZJ_ Fij(x1 ’ X29 ZJ_9 //tAa /’tB)FkI(X:Sa X49 ZJ_9 //tAa :uB)
.
Double Parton Distribution (DPD)

N. Paver and D. Treleani, Nuovo Cimento 70A, 215 (1982)
Mekhfi, PRD 32 (1985) 2371
M. Diehl et al, JHEP 03 (2012) 089

Transverse distance between two partons

A formal all-order proof of the factorization formulae in perturbative QCD has
been achieved for DPS in the case of a colorless final state, both for the
TMD and the collinear case. Current status is at the same level as for the

SPS counterpart. R. Nagar's talk MPI 2021
Diehl et al. JHEP 03 (2012) 089, JHEP 01 (2016) 076
Vladimirov JHEP 04 (2018) 045
Buffing et al. JHEP 01 (2018) 044

Diehl, RN JHEP 04 (2019) 124
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[\\:‘ /\‘ [\T_: Light-Front wave-function
S U U—

GPD in
Impact parameter
space

2-body
Function!

Sum Rules
Gaunt et al, JHEP (2010) 03, 005
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Scale analysis of SPS and DPS processes

where:
- Q - min(Qz ’ Qz)

- Noep KA <<Q

- /\ transverse momentum scale

Usually:
2 2
First appearance in theory studies: d OSPS ~ d ODPS
Politze
Pavlef, rTreleani d2q1 d2q2 d2q1 d2q2
Mekhfi
Other ground-setting works: )
Gaunt, Stirling O-DPS /\
Blok et al. NO gy
Diehl et al. oSpS Q2

Manohar, Waalewijn
Ryskin, Snigierev

Nagar's slides MPI 2021
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DPS can give a significant contribution
to processes where SPS is suppressed
by small/multiple coupling constants:

S,
+ Ildef"och
W 'u * Ga‘l[”.
u d P1- & W +
SPS: DPS: -
u d N Pa- dE W "
W U

DPS W*W ™
DPS WHW*
DPSW™W ™

Gaunt, Kom,
Kuleszq, Stirling.,
Eur.Phys.J. Cé9

6 8 10 12 14 16  (2010) 53

Colliderenergy (TeV)

Matteo Rinaldi

..Or in certain phase space
regions

.........

LHCDb,

double J /1,

JHEP 086,
047, (2017)

CDF, y + 3j,
ft Phys.Rev. D56
(1997) 3811-
3832
L L L L L L L L
DPS
251 SPS: LO kr B
A\ —-=-=+=SPS: LO CS
201" \ ..... SPS: NLO*CSjy, y _g50a7e
BEAAN — ——-SPS: NLO* CS e
15F - %SPS LO CO kpy=0.5 Ce\""/(? _

KXXXX SPS NLO CS

LHCb 13 TeV
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DPS can give a significant contribution
to processes where SPS is suppressed
by small/multiple coupling constants:

Sligte,
W+ | al fro,,,‘lcaunt

u d 191-;i w

SPS: y J DPS: Pz«:&E W

w U

DPS WHW -~

DPSWW+

DPS W~W ™

: Gaunt, Kom,
10~> I I ] I > Kulesza, Stirling.,

Eur.Phys.J. Cé9
6 8 10 12 14 16 (2010) 53

Colliderenergy (TeV)
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..Or in certain phase space
regions
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LHCD,
double J /1,
JHEP 06,
047, (2017)

CDF, y + 3,
Phys.Rev. D56
(1997) 3811-
3832

in ep Colliders?

do/dy (nb)

= Ll ] ] I ] ] L
L Four-jets (255M4j<50 GeV)

|+ ZEUS121pb’

—— HERWIG+MPI
HERWIG
PYTHIA+MPI
.- PYTHIA

L [ ] HERWIG - direct

DPS
SPS: LO kr

——m- SPS: LO CS
SPS: NLO* CS/),

———-5PS: NLO* CS

E==—=5PS: LO CO, A-T —())(e\/(‘
M SPS: LO CO - cavre

—kaxxxxxsps NLO CS
‘ LHCD 13 TeV

0.4

HERA data, ZEUS coll,
Nucl. Phys. B 729, 1 (2008)
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LHCD,
double J /1,
JHEP 06,
047, (2017)

in ep Colliders?

do/dy (nb)

CDF, y + 3,
Phys.Rev. D56

= Ll ] ] I ] ] L
L Four-jets (255M4j<50 GeV)

|+ ZEUS121pb’
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HERWIG
PYTHIA+MPI
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L [ ] HERWIG - direct
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3832

SPS: LO kr

——m- SPS: LO CS
SPS: NLO* CS/),

———-5PS: NLO* CS

E==—=5PS: LO CO, A-T —())(e\/(‘
[IIITISPS: LO COtyy—2cavre
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XX xxx SPS: NLO CS
LHCb 13 TeV

0.4

HERA data, ZEUS coll,
Nucl. Phys. B 729, 1 (2008)

Access to:

- double parton correlations

- the transverse distance
distribution of partons!!

all UNKNOWN

B Pf

——



Fik(X17 X, ;L) is unknown. For phenomenology @LHC kinematics (small x and many partons produced)




Fik(X17 X5, ;L) is unknown. For phenomenology @LHC kinematics (small x and many partons produced)

Models can help to grasp
general features

M.R., S. Scopetta et al, PRD 87 (2013) 114021
M.R., S, Scopetta et al, JHEP 12 (2014) 028
A.V. Manohar et al, PRD 87 (2013) 3, 034009

fdzbj_biifij (X1,X2, bJ_, Qz)
fdszIEij (X1,X2, bJ_, Qz)

(b )5,

M.R. and F. A. Ceccopieri, JHEP 09 (2019) 097
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Fir (X1, X2, ;L) is unknown. For phenomenology @LHC kinematics (small x and many partons produced)
double PDF

_) f
uncorrelated scenario: Fik(le X2, L J_) ~|

| PDF(x1)*PDF(x2)
Sum Rules &~ B yncorrelated

pQCD evolution ' 'C

—as(t)AtP., . z] 9z
2T J'=3132 \ z1+x2 ) 1420




Fik(X17 X5, ;L) is unknown. For phenomenology @LHC kinematics (small x and many partons produced)
double PDF

~y

(z1)

. N

—> l‘
uncorrelated scenario: Fik (Xl7 X2, L J_) A g(Xl, X2 )

)

—

-
W ;1 &

Sum Rules M uncorrelated

pQCD evolution
J.R. Gaunt et al, EPJC 69 (2010) 54-65 @i /Z o Wela o /2 o 2

scenario

. 7 UD.PS r— 2 10
Sy wtw S
owtW )2 DPS = Vs=3TeV, |y| <50
‘wH+w+ S IGsommorz = 3.17e-01 pb -~ GS0%nol 2
GDPS oasowith12 = 4.17e-01 pb — GS09: with 1 — 2
W—WwW™— [—

35—
P e s e e —— = I I A

—— GS09: with 1 —+2 / GS09: no 1 — 2

m= O. Fedkevych, J. R. Gaunt, JHEP 02 (2023) 090

OGsoone12 = 1.52e+00 pb
oGsnowith12 = 2.02e+00 pb GS09: with 1 — 2

0 2 4 6 8§ 10 12 14 16 ﬁ

lllllllllllllllllll
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Fik(X17 X5, ;L) is unknown. For phenomenology @LHC kinematics (small x and many partons produced)

double PDF . L.
S ———— Probability distribution

uncorrelated scenario: Fik (Xl, X2, L J_) = I g(Xl, X2 ( Z | /P of two partons at given

yV/
A -

distance

Unknown Non perturbative object

Some information . _~"

from lattice

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

0.201 ++ +
0.151 {
0.10- ty

G.S.Balietal, JHEP 09 (2021) 121 .ol "%,

0.00-

Alfm=2]
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Fik(X17 X5, ;L) is unknown. For phenomenology @LHC kinematics (small x and many partons produced)

double PDF . Lo
S ———— Probability distribution

uncorrelated scenario: Fik (Xl, X2, L J_) Nt I g(Xl, X2 ( Z | /P of two partons at given
1‘\-@ Ny A R J/ d IStance

V/
7 e

=)

Unknown Non perturbative object

Some information , _~" T~ Some Constraints from

from lattice general properties

Some constraints
4 6 8 w0 1 1 1 from data

0.20- ++ b

o.15—f {
0.10—3 M
o 1, .

G.S.Balietal, JHEP 09 (2021) 121  ool', e,
| ~w~,+.,,.,MM“"3“§-‘“,~, o
0.00+ v

Alfm=2]
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How to buildupabPD

Fik(X17 X5, ;L) is unknown. For phenomenology @LHC kinematics (small x and many partons produced)

S /dObl P' Probability distribution
uncorrelated scenario: Fik (Xl, X2, L J_) = I g(Xl, X2 ( Z | /P of two partons at given

a distance

=)

Unknown Non perturbative object

T~ Some Constraints from|

Some information . _~"

from lattice (T
' Some constraints |

~ fromdata |

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

0.201 ++ boue
0.151 {
0.10- ty

G.S.Bali etal, JHEP 09 (2021) 121  ...|".. o _ B T 2
O.OO; w«g.wﬁwmw.iﬁ"‘,’é‘; Mo, e d ZJ_ T(ZJ_)

Alfm=2]
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PP, PP
pp _ MOIA OB

Oeff = E \’ Differential X-section single parton scattering for the process: pp — A(B) + X
0
\;smﬁerential X-section double parton scattering for the process: pp — A+ B + X

POCKET FORMULA




PP| PP
m O 5 UB_

PP
eff

< \ Differential X-section single parton scattering for the process: pp — A(B) + X
2 6DPS /

S~ —— pp —> A + B + X

POCKET FORMULA 30
—-= ATLAS {J."'\p+Wi, Lansber'g-Shao-Yamanaka} g
L == ATLAS {np J/'y+Z, Lansberg-Shao) IR :
25 - re- ATLAS (Jiy+Z, Lansberg-Shao) ;
e CMS (Jiy+Jiy, Lansberg-Shaa) 1 :
20 _ DO (Jiw+Y, Shao-Zhang) + _
= e DO (Jiy+Ji) \ %
£ L e ATLAS (Jiy+Jiy) + :
= 15 [ e LHCb (uiy+D") « My
i -+ LHCb (Y{1S}+D") 5
10 E = CDF (4 |ets) :
L 2+ GDF [y + 3 jets) :
B D0y + 3 jets)
O F e ATLAS (W + 2 jets] 1 ﬁ .
- CMS (W + 2 jets)
0.1 1 10
Vs [TeV]
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PP PP
M O, O
oPP — A LB \ Differential X-section single parton scattering for the process: pp — A(B) + X
eff 2 6pp N\

‘\~___\\/,_;::7

POCKET FORMULA

<DPS
pp— A+B+ X

30 ¢ - B -
E - ATLAS (J'w+W™, Lansberg-Shao-Yamanaka)
- L ATLAS (np Jiy+Z. Lansberg-Shao} T
. : = ATLAS {J'w+Z, Lansberg-Shao)
= Results for W, Jet pr tions... 2 | -
© ,Je P oductions E ~»= CMS (Jiy+Jiy, Lansberg-Shao)-1—
20 : DO (Jiw+Y. Shao-Zhang) |
= L - DO (JYy+Jiw)
= et ATLAS (Jiw+Jiy)
= 15 [ e LHCb (uiy+D")
i v+ LHCb (Y{15}+D%
10 . re+4 CDF (4 jets)
- e CDF v+ 3 jets)
B D0y + 3 jets)
O F e ATLAS (W + 2 jets]
o CMS (W + 2 jets)
0t ‘ —
0.1 1
VS [TeV]
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op MON 0B [~
o — — Differential X-section single parton scattering for the process: pp — A(B) + X
eff 9 6PP N
< DPS

pp — A+B+ X

POCKET FORMULA

30 1 B ——————
E - ATLAS (J'w+W™, Lansberg-Shao-Yamanaka)
oF == ATLAS {np Jiy+Z, Lansberg-Shao) I
S . Y ATLAS (J'w+Z, Lansberg-Shao)
=~ Results for W, Jet pr tions... N | -
Je P oductions E ~»= CMS (Jiy+Jiy, Lansberg-Shao)-1—
20 : DO (Jiw+Y. Shao-Zhang) |
= Results for quarkonium productions & S MBS GARL
= E e ATLAS (Jiy+Jiy) ¥
= 19 & LHCb [Jiy+D") 4
o -2+ LHCb (Y({1S}+D" 4
10 L+ CDF (4 jets) . DE—— | - Y
L 4 CDF (v + 3 jets) o f—— \
= w5 DO [y + 3 jets) AT
O | ATLAS (W + 2 jets) :
E r4 CMS (W + 2 |ets) S
0.1 1 10
V8 [TeV]
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PP __PP
PP _ MO Op
eff 9 PP N

UDPS /

\/_/

POCKET FORMULA

30 ¢ R .
E - ATLAS (J'w+W™, Lansberg-Shao-Yamanaka)
L = ATLAS (np Jiy+Z, Lansberg-Shao) I
25 - re- ATLAS (Jiy+Z, Lansberg-Shao)
- e CMS {JAy+Jiy, Lansberg-Shaa)-+
1) Process dependent? o0 | - DO (Jiy+Y, Shao-Zhang) |
" : — L b DO (Jiy+Jiy)
2) Sensitive to correlations Z et ATLAS (iprdip) ’ +
3) Sensitive to the inner structure? = 15 F e« LHCb (Jiy+D" !
. ® -0+ LHCb (Y({15}+DY)
| o : VAT
predicted by all models! 10 b e+ CDF 4ets) S | ]
M.R. et al PLB 752,40 (2016) e+t GDF {y + 3 jets) T — \
M. Traini, M. R. et al, PLB 768, 270 (2017) - w5+ DO [y + 3 jets] (-]
M. R. et al, Phys.Rev. D95 (2017) no.11, 114030 5 - e ATLAS (W + 2 jets) | 4
4 CMS (W + 2 jets] L
0.1 1 10
V8 [TeV]
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PP _pp

PP _ MOpA Op

Teff = PP~
2 UDPS J

\/_/

POCKET FORMULA

1) Process dependent?

2) Sensitive to correlations

3) Sensitive to the inner structure?
predicted by all models!

M.R. et al PLB 752,40 (2016)
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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30 . - T
E - ATLAS (J'w+W™, Lansberg-Shao-Yamanaka)
== ATLAS {np J'y+Z, Lansberg-Shao) I
25 F re+ ATLAS (J'w+Z, Lansberg-Shao)

20 _ DO (Jiy+Y,. Shao-Zhang)
DO (Jiyr+Jiw)

ATLAS (Jiw+Jiy)

LHCb (Jiw+D")

LHCb (Y{1S}+D"

CDF (4 |ets)

CDF [y + 3 jets]

-
-
of
15
of
o
-

Gt [MD]

CMS {Jiy+Jiy, Lansherg-Shaao) 1

DO (v + 3 |ets)

=
BENEEEEEN.

5 F ATLAS (W + 2 jets)
CMS (W + 2 jets] L
O ) ) . X - N
0.1 1
Vs [TeV]
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\ Differential X-section single parton scattering for the process: pp — A(B) + X

pp — A+B+ X

First observation of
same sign WW via DPS:

Oeff =— 12. 2+2 2 mb

[CMS coll.], arXiv:2206.02681
accepted in PRL

P>+ 6.28 fb
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Etfective Cross Section

’k
't DPDs tactorize in terms of PDFs then Ge_ﬁl — szzl _T_(ZJ_)Z = J (dz )J'z T(kJ_)2
U

Effective Form Factor (EFF) =
FT of the probability distribution T
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Etfective Cross Section

’k
't DPDs tactorize in terms of PDFs then Ge_ﬁl — szzl _T_(ZJ_)Z = J (dz )J'z T(kJ_)2
U

Effective Form Factor (EFF) =
FT of the probability distribution T

T(kJ_)OC J\dX]_dXQ |E(X1, X2, kJ_)

First moment of DPD
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Etfective Cross Section

’k
't DPDs tactorize in terms of PDFs then Ge_ﬁl — szzl _T_(ZJ_)Z = J (dz )J'z T(kJ_)2
U

Effective Form

~actor (EFF) =

As for the standard FF: FT of the probability distribution T
d ~
<Zi>OC T(kJ_) T(kJ_)OCdeldXQ F(Xl,Xg,kJ_)
dekL k| =
First moment of DPD
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Section and proton structure

’k
't DPDs tactorize in terms of PDFs then Ue_ﬁl — szzl T(ZJ_)2 = J (dz )J'z T(kl)z
U

Effective Form Factor (EFF) =

L7 S o ST iy -

As for the standard FF: FT of the probability distribution T
d -
<Zi>OC T(kJ_) T(kJ_)OCdeldXQ F(Xl,Xg,kJ_)
dekL k1 =0

First moment of DPD
From the asymptotic behavior we got the following relation:

> (2
37T T

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

. 1 2 & \2 d’k, 2
f DPDs factorize in terms of PDFs then Ocr = dz, T(z,)" = 27 T(k )
JU

As for the standard FF:
d
2
(Z1 ) dekLT(kL) =0 DPD = GPD ® GPD

o

From the asymptotic behavior we got the following relation:

Constituent quark models for:

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

O eff 2 O eff
< < > Veritied in all model calculations:
37T s Pion
M.R. EPJC 80 (2020) 7, 678
W. Broniovski and E. R. Arriola PRD 101 (2020), 1, 014019

M. R. and F. A. Ceccopieri, PRD 97, no. 7,071501 (2018) P
M.R. EPJC 80 (2020) 7, 678
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Etfective Cross Section

. 1 2. S N2 d’k, 2
f DPDs factorize in terms of PDFs then Ocr = dz, T(z,)" = 27 T(k )
JU

As for the standard FF:

IR, —m— LHCb (2)/9), ¥5=13 TeV

d —y— ATLAS(2)/W), {s=8 TeV
< Zi >OC T ( k i ) — Ref.[15] (21/¥), {5=7 TeV

kJ_ d kJ_ k1 =0 . —o—  CMS (WW), {5=8 TeV
—&— ATLAS (4 jets), {5=13 TeV
. . : . —@— CMS (W+2jets), 5=7 TeV
From the asymptotic behavior we got the following relation:
L CMS (W+W), 5=13 TeV
—a—
O eff 2 O eff
<(z1) <
37 7
| | |
I I 1 1

M. R. and F. A. Ceccopieri, PRD 97, no.7,071501 (2018) Transverse proton radius
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Section and proton structure

If DPDs factorize in ter=-

N
\NERTHE
N DISTANCE LOUS\
1) THE ME‘?\(\—\E oR ON RADI 'e - not
h dron-hadron © \“S‘Orzstance‘
2) " aCcCess d.‘re;te\z t EeP 09 (201907
M.R and A CeccO

Froi ior we got the following relation:

O eff
37 T

d’k,

Eg ~ szzl T(ZJ_)Z = J

(271-)2

+

+

LHCb (2)/¥), ¥5=13 TeV
ATLAS(2)/W), {s=8 TeV
Ref.[15] (2)/¥), ¥5=T7 TeV
CMS (WW), ¥5=8 TeV
ATLAS (4 jets), {s=13 TeV
CMS (W+2 jets), {s=7 TeV

CMS (W+W), is=13 TeV

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

Matteo Rinaldi

w
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DPSiny — pinteractions

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

M. R. and F. A. Ceccopieri, PRD 105 (2022) LO11501
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Already at HERA the importance of MPI for the 3,4 jets photo-production has been addressed:

1 L L) ' ] 1 ) l 1 L} 1 l N
Three-jets (M&zso GeV)
* ZEUS121pb’

HERWIG+MPI

1 HERWIG
-------- PYTHIA+MPI

L .- -. PYTHIA
HERWIG - direct

1 Ll L] ] L) 1 Ll
- Four-jets (M "250 GeV)

0.3 HERWIG+MPI 4
! HERWIG -
-------- PYTHIA+MPI

" ... PYTHIA
- [77] HERWIG - direct

do/dy (nb)

=

=

S’ -

& b * zEUS121pb’
=

=

0.5

0.1
" MPI '
MPI .- cnergy

— 45 . -
rte L)
ﬂow .............. 1 3 - o e e
.................. ' ] A,
IR IR A I IR IR AL RN ! 7 i

LR

C72, 637
s B 792,1(2008)




In order to study the impact of the DPS contribution to a process initiated via photon-proton interactions
we evaluated the 4-JET photo-production 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
P. Nason et al,PLB319

CIIIIR E
Y remnant d (7 w S fe\)s Y
> MPI DPS J y dQ ff P(Q?)
MPI cnergy ab .cd Oe
B - flow .
Ol g ant A
FOTOT TETTA fdxp dx“/bfa/p (XP )fb/v (X‘Yb)doab(xpa y x".f'b) SPS
*

Proton

dep dXy fe/p (Xpe )fd/7(x7d)d0cd (Xpes Xvq) SPS

Proton PDF Photon PDF

(J. Pumplin et al. JHEP 07, 012 (2002) (M. Gluck et al. PRD46, 1973 (1992)
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In order to study the impact of the DPS contribution to a process initiated via photon-proton interactions
we evaluated the 4-JET photo-production 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
P. Nason et al,PLB319

I - ,,
¥ remnant ™ A0 : ;
— MPI & maj P02
y flow €lo Svalyat Y we |
Proton remnant e s (X"Yb )d 5§Jb (Xp ' b) SPS

Proton e f/: ( Q 2 ) y(de)dac;i

[ Photon PDF

(J. Pumplin et a (M. Gluck et al. PRD46, 1973 (1992)
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d , ‘_ \ M R-and | A Ceccopler, PRD 105 (2022) 011501

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 dsz_ Proton EFF 2
0R(Q%)] ol )T (k. Q%)

Photon EFF

The full DPS cross section depends on the amplitude of the splitting photonina g — g pair. The latter can be
formally described within a Light-Front (LF) approach in terms of LF wave functions
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The main ingredients of the calculations:

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

, 2YAY
i :J%ETPKkL)T'(k¢ ) Q )

= 2\
27

1) G1 e_alkiL a; = 1.53 GeV™? — ot = 15 mb

Y Photon WF
?T/)

2) G2 e_azkiL as = 2.56 GeV > — ot = 25 mb

2 \ill
3)S 14 J‘) : mé = 1.1 GeV? = asﬁ = 30 mb
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The y — p eftective cross-section ... ... cmm s

The main ingredients of the calculations:

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. PRD50, 3134 (1994)):

Ug(k) v - e* vg(q — k)
[ k?, + m?

/(1 —x) | Q2 A x(1—%)

Yoz (% ki Q%) = —e

2) Non-Pertubative (NP) effects (E.R.Arriola et al, PRD74,054023 (2006))

6(1 + Q2/m%)

2
¢X(Xa k11;Q%) = 5 5 5/2
) ke £ Q x(1 — x)
ms(1+4 -
mp
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Proton Models

i

3

-1\ NP model
s, 1 | of the photon

} QED

I
-
T

—

IIIIIiIPrlilrll

0
=" 1wt owt o owet owet owt w1t 1
(F GeV=)
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Proton Models

2

The effective cross-section depends on

the photon virtuality! (NEW)

A G, " G ® 5
i
ptl DOld DOl DL Dl DDl
.‘-5&
- .\
Gy el DLEd DO JDTD LUl T
‘~‘-
-\‘;\5.
A
e ey it TR SR S .\
I - H——a NP model
= B A of the photon
N S
—
;Ei 20 f
0-6‘ :
l-’)‘E‘
T

=" 1wt 1wt owet o wett owt w1t 1

(° GeV=
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Proton Models

2
doth . — de 1Q2 ,e(y Q)

ab cd
] o S -‘f
' : ~eee . NP model
X J dxpadx,?.bf;:\,..fp(Xpa )fb (X4, )dG ab(xpa Xy ) 2L A\\;: of the photon

dep dxy, fe/p (Xp. ) fd, ,\(x,}d)d&Cd(xpc Xnvy )

lu:— "y ‘_\.‘j} QED
KINEMATICS: : :

-’4-_4.1.uul...t.4.ud_u.u.d_uunl_s.uud T EERETTT EERTTTT

jet \/ Y W0 10t 10t 107t 1003 10 1070 ]

‘.,o )
n‘_‘”(() } (b
— e
,,/ »
1 l 2 L 1.4 l 1.1

Mjet| < 2.4

The ZEUS collaboration quoted an integrated total 4-jet cross section of 136 pb

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

0.2 <y <0.85
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M. R. and F. A. Ceccopieri, PRD 105 (2022) LO11501

Proton Models

—

1 ~ / ~ D A G, m G, a s
4. w
dUDJPS ~ 5 Z ' A
2 b opps [Pb) N

x| dxo.dx, f,o( Froton Ttot
J ps X fa/p of the photon

2 —9 9 2 2 * g
Q- <10 10 <R<1 Q<1 “DES e .‘} NP model

f Photon (GeV?] (GeV?] [GeV?]  [%] -
x| dxp dxy,fe/p( G 35.1 18.6 53.7 (40 k
M'\'z - |G2|  29.1 15.2 14.3 |33 N&} -

ode ‘ .

e ATICE S 26.4 13.7 40.1 (30| P

» _ G| 878 54.3 [42.1  [101] o
Er > 0 GeV oep |Ga|  54.3 33.4 ’7.7 |65
Mjet| < 2.4 S 50.5 31.1 81.6 60

Q2 < 1 GeV? ollabc 136 pb

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

02<y<0385
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Proton Models
~ / ~ D |
DPS o ' P
2 ab,cd |

X depadx%fa /ol Proton

Photon
X f dxpcdx.,dfc/p(

A G, m G

NP model
of the photon

NP
Model
KINEMATICS:

EX' > 6 GeV

| el () S B |

QED
|7)jet| < 2.4

Q% < 1 GeV?

< 0.85



The effective cross section can be also written in terms of probability distribution:

= f d’z; Fb(z1)F)(z1; Q%)

—1

02(QY)




. | | . ‘Stru Ctu re M. R. and F. A. Ceccopieri, PRD 105 (2022) LO11501

R P A S B e o I P S s P S S N T s PSS A Py B N S R P P I P IS S R A R I s AR AP TS e ol ]

The effective cross section can be also written in terms of probability distribution:

71—1

@) = J 2, BB(z)F] (z0: Q)

We can expand the distribution related to the photon:

4 ) ; Coefficients determined in a given
Fg (ZL? Q ) . Z Zrl approach describing the
n

photon structure
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The effective cross section can be also written in terms of probability distribution:

71—1

@) = J 2, BB(z)F] (z0: Q)

We can expand the distribution related to the photon:

4 ) ; Coefficients determined in a given
Fg (ZL? Q ) . Z Zrl approach describing the
n

photon structure

—1
YP (M2 - Z 2 Mean value of the transverse distance
[Geff(Q )] Cn(Q )<ZJ—> : between two partons in the PROTON
n
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The effective cross section can be also written in terms of probability distribution:

71—1

@) = J 2, BB(z)F] (z0: Q)

We can expand the distribution related to the photon:

4 ) ; Coefficients determined in a given
Fg (ZL? Q ) . Z Zrl approach describing the
n

photon structure

—1
YP (M2 - Z 2 Mean value of the transverse distance
[Geff(Q )] Cn(Q )<ZJ—> : between two partons in the PROTON
n

If we could measure agfﬁc(Qz) we could access NEW INFORMATION ON THE PROTON STRUCTURE
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The effective cross section can be also written in terms of probability distribution:

S -1 ~ ~
o2@) | = L B s @)

We can exp. .« photon:

Coefficients determined in a given
approach describing the

edt :
Ntegr ateq |y h?t With an photon structure
of 200 1 Nosity
Q2 200 pb-1
effects can
be Obseryey
G;/p(c /N > l Mean value of the transverse distance
eff ) L between two partons in the PROTON
if we could measure 6”?(Q%) we could access NEW INFORMATION ON THE PROTON STRUCTURE
eff =
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lllustration of DPS fory+p — J/w + J/w + X

o
o
g

-----
siit

>

We consider the possibility of resolved photon to estimate the DPS cross section
in quarkonium-pair photoproduction at the EIC
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*Slide from R. Sangem

J/,J p
05913/26 ) X Z /dmp fa/p(%?amu) oI/t vt unresolved/direct

a=g,q
Jg‘ggp"]/w) X Z /da:% dxpy| fa/~ (T s b /p(Tpy > 1) doob—= I /v +I/Y resolved
a,b=g,q y
L Proton PDF
J/,J \C
Ug)léié & O<2 YD Z /dmva d'pr a/v(aj%m,u Photon PDF

o
eff a,b,c,d

Partonic x-sections
X dx., dass

fc/v(x’yca 1%

Single SPS resolved (namely same partonic cross section as hadroproduction)
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*Slide from R. Sangem m

Unresolved Resolved Resolved
,::@; — R | f ; : . : *
' ) pe P -»(E a_)b-"

R2000009%

* ). P P

e a— Thy 4+ T : l+]— JIv+ Jly i =
y+q— JIy+ Jly+q 1,] =4.q G+ — J/w+ gl

* GRV photon PDF is used PRD 46, 1973 (1992) , While CT18NLO PDF for proton T1.J. Hou et al., PRD 103, 014013 (2021)

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

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

Unresolved Resolved Resolved
> >~ J\Pﬁr ' g yw : w j/y/{ | ?ﬁ?
| P : "-D-(E g

2000009

‘ ). P P

~ -’

v+q- Jlv+JIv+q L+ )= JIv+ JIw i,j=g.,q

Range of cross sections in CSM =100 GeV
oIV xBrz= 4 —-30fb

oIV xBr2= 2 —12fb  (Unresolved)

g+g— J/y+ gl?

—(Resolved) 0.} s = 10 mb for DPS

Matteo Rinaldi Electron-ion Collider User Group Meeting 2023 54




’. . DO Ceccopren B e T e L R anc R anoem npree

Br’xdo/d|Ay| (fb)

103 - ' | ! | ' I | ' | T
£ Vsyp =100 GeV EIC  SPS Unresolved CS+CO (HU) Tsix
I SPS Resolved CS+CO (HU) ==
- DPS Resolved CS —-22%
102 3
i//

0% %% %% % % % % %0 % 74

0200505020 %0 %0 %0 %0 %0 Y0 e e e
SREKKKS
SRR s msms s

CRIRRRRIRRKK,

RIS RIS
SRR K S I SRRISIIN

HELAC-ONIA

XX XX X XX XX X XX KR XX PO XA 2
20 9.9.9.9.9.9.9.9.9.9.9.9.9.9.9.9.9, V,2.9,% VNN
B S R RN ASSS
XX AR BAKLLS
770

10-2 . ] . | . | . |
0 0.5 1 1.5 2 2.5 3

|Ay| between ¢

For z < 0.1 resolved SPS dominates over
yton str

Unigque opportunity to study tf
At larger z one can test quar
Resolved case: gluon ¢
CS and CO states are
ved but r

od

C

102§ T T T ! ! 1 ' !

‘/Svp =100 GeV EIC SPS Unresolved CS £2:2500
SPS Resolved CS &=—
DPS Resolved CS 222202

]
ORISR

s\\‘gm,:;:@ AT

KR

2 KKV
SR ERORIR

HELAC-ONIA

SN

10 12

14

16

Br’xdo/dz (fb)

103

101

1073

1074

3

E T T T T T T T

- SPS Unresolved CS+CO (HU) 22353 3

) SPS Resolved CS+CO (HU) E=—3 ]

E \/Sep = 140 GeV EIC DPS Resolved CS ~=i22ia -
40 GeV < Wy, < 70 GeV

NN SR =

s A ’\\\ i
D000 0.0 0.0 000 v.v.v. v RN N
Sy
SSEPLXITIIITRIRI

\ NN eﬁasm’?/

N 7

<

/

PRELIMINARY

HELAC-ONIA




’. . DA Ceccopen L ohae e M R and t nem npree

10° Vyp =100 GeV FIC 5PS Unresolved CS.4CO (HU) i 10% T S 10 E " SPSUnresolved CS+CO (HU) s ]
- nresoive - Lo N = ————— i ]
F SPS Resolved CS+CO (HU) =1 Z Svp ¢ SPS Unresolved CS #252502 2 L SPS RESOI‘]’;gS Cg;gge(ngg 'ci_zn\;- .
. DPS Resolved CS ©--x : S Resolved & i 1 107 Vsep=140GeVEIC 3
10° £ 5 40 GeV < Wy, < 70 GeV
; < 10!
—~ . w —
I ' S <
PRSI XD ‘ ~ 0 reencm-{ &
= 107 RRXXRRIKKR 10 AN
> ?‘“"”””"““"”‘ < 4 - N , / R — 7\\\‘ : %
TR : e S e NN\
P NSNS 2 RUERGEAXRX < 10! ""?‘?‘-)’0’0’0’0’0’0‘0’0’0’0’0’0’0’0’0’0’0:1;" N e
T RS i 0&%3“6 ERAREKY v RIS
X 100 0NN 2020 20 AN N * @’&3\;’;’9". & §> yo <l ‘iﬂ;ﬁ/ ‘
LI e AN\ T 02 P /.
R LRSI DL HKIIRGR K I
0000 00000 s w05 zs7o 0 NNNNNN : (XK
1 IR I I LA -
1071 BRI KKK I AKX KPR KRR .. 103 E :
KRR A LRI R R s
%704 104 . . . . l . 7 10-4 E_ ”"”:“@
10-2 . | : 1 . I . | . . I : | ; | ; - '
0 0.5 1 15 2 25 3 6 5 0 2 1 16 0 0.2 0.4 0.6 0.8 1
|Ay| between ¢ z
The error analysis needs to be concluded
* For z<0.1resolved SPS dominates over ct |

* Unique opportunity to study tt
* Atlarger z one can test quar
Resolved case: gluon che

JOd
_CS.and CO states are

‘ ed b“t 4 ".'.»’

yton str
rodt




DPS col [

dz 4z - (o2 a2z )p" hanisms that contribute:
=2p" | o dy " In this case we have two mecha
F3132 (xlv X2, Y.L) T 2p 2t 27
X { A)




dz, dz, wr
F..a (X1, X2, —opt [ =L 2 gy eilma tman)p . . .
(X1, X2, Y1) P 2T 2T Y In this case we have two mechanisms that contribute:

A)

B. Blok et al, EPJC (2013) 73:2422

DPS 1: The two partons belong to the SAME nucleon in the nucleus!

) D>

Momentum fractior
carried by a NUCLI



dzl dz2 d --ei(:clz,_~+-:c2z§)p'

F X 1X ' —_— 2 J . : "
12 (X1, X2, Y1) P / 2w 2T In this case we have two mechanisms that contribute:

% (A|02,(0,22) 05, (v, 21)|A)

B. Blok et al, EPJC (2013) 73:2422

DPS 2: The two partons belong to the DIFFERENT nucleons in the nucleus!

I e

Nucleus wf

I=A 2
a1az (Xl’ X2, kJ—) OC/ 5152 . dgld ptl (Z §I )5(2) (Z Pt

X WA (51,52, Pt1 + ki, Pt2 — ki,.. ) GaNll (X1/§1, Nucleon GPD

kJ—| | =)
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The DPS cross-section

opps = Z dé) /d2bL Fg(xl,XQ,EL)/d2B{

1,J,kK,|

the thickness function as a function
of the impact parameter B

T(b, + B) ~ T(B)

T (B) = /dz\p,/q/(\/Bz T 2)

Wood-Saxon distribution for pb normalized to A

'



DPS in pA collisions

Some examples of predlct|ons

W-di-jets
B. Blok and F. A. Ceccopieri EPJC (2020) 80, 278

e e .
1400 | DPS1 & 05,4y ]

| SPS ;
1200 f DP52 -

| - SPS dominant
1000 |

- DPS2 bigger then DPS1 has expe
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Sl s e s s i Femarmrm s
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Same sign WW
D. D’Enterria and Snigirev, PLB 718 (2013) 1395-1400
=10"
-8_ ~ p-Pb - W,WW cross sections:
‘6 1 09 NLO (MCFM+VBFNLO): CT10 PDF, EPS09 nPDF
' u=m_ (W), u=150 GeV (WW)
af
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DPS in yA collisions with light nuclei? ...

In p-Pb collisions there are some difficulties:

1) both cross-sections (DPS1 and DPS2) depends on proton D
mechanisms are very important C‘:_i{>cou|d be difficu

GO II L7 S o ST iy -

PD (still almost unknown) therefore both

t to extract some information on the proton DPD
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DPS in yA collisions with light nuclei? ...

In p-Pb collisions there are some difficulties:

1) both cross-sections (DPS1 and DPS2) depends on proton D
mechanisms are very important C‘:_>cou|d be difficu

i GO II L7 S o ST iy -

PD (still almost unknown) therefore both

t to extract some information on the proton DPD

2) tor heavy nuclei is difficult to perform calculation with wave-tfunction obtained from realistic potentials
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In p-Pb collisions there are some difficulties:

1) both cross-sections (DPS1 and DPS2) depends on proton D
mechanisms are very important C:$c0u|d be difficu

PD (still almost unknown) therefore both

t to extract some information on the proton DPD

2) tor heavy nuclei is difficult to perform calculation with wave-tfunction obtained from realistic potentials

POSSIBLE SOLUTION?
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DPS in yA collisions with light nuclei? ...

R ALpmy. o

In p-Pb collisions there are some difficulties:

1) both cross-sections (DPS1 and DPS2) depends on proton DPD (still almost unknown) therefore both

mechanisms are very important could be difficult to extract some information on the proton DPD

2) tor heavy nuclei is difficult to perform calculation with wave-tfunction obtained from realistic potentials

POSSIBLE SOLUTION?

1) In YA the DPS2 will not contain any DPD of the proton this mechanism can now be viewed as a

background that can be evaluated it we properly treat the photon (as previously discussed) and the
Nuclear geometry

2) For light nuclei these calculations can be done starting from realistic wave-function (Av18 or chiral potential)!
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For example in DPS1:

~v

1
Fala (Xl X2, k_|_

an

\// The nuclear light-cone distribution can be evaluated with realistic wave-function
In a fully relativistic and Poincaré covariant approach for:

1) H> in E. Pace and G. Salmé, TNPI2000 (2001), arXiv:nucl-th/0106004

2) He® in e.g. A. Del Dotto et al, PRC 95, 014001 (2017)

3) He*work in progress
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DPS in yA collisions with light nuclei? ...

Soaps o ~m~ > W“m = T‘”M— o

For example in DPS2:

I=A 2 o _
F e (<1, %2, K1) 06 / 5152 d§,d P (Z &i — ) 5% (Z pti)¢2(§11€21 Pt1, Pr2)¥A (51,52, Pt1 + K1, pr2 — kL)

GNI(—EL\)GI”Z(— )

it we approximate: & ~ 1 we get:
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For example in DPS2:
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o o L7 S o ST iy -

For example in DPS2:

Nuclear 2-body form factor ~ Fo(k, — k)

- -
Calculated FZ(kZ’ kl) for 3He and 4He in:

V. Guzey, M.R., S. Scopetta, M. Strikman and M. Viviani et al, “Coherent J/W electroproduction on
He4 and He3 at the EIC: probing Nuclear shadowing one nucleon at a time", PRL 129 (2022) 24, 242503
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DPS in yA collisions with light nuclei? ...

i GO II L7 S o ST iy -

For example in DPS2:

Nuclear 2-bod

- -
Calculated FZ(kZ’ kl) for 3He and 4He in:

V. Guzey, M.R., S. Scopetta, M. Strikman and M. Viviani et al, “Coherent J/W electroproduction on
He4 and He3 at the EIC: probing Nuclear shadowing one nucleon at a time", PRL 129 (2022) 24, 242503

Matteo Rinaldi Electron-ion Collider User Group Meeting 2023 /1

— —J-




1) We demonstrated DPS represents a new way to access new information of hadrons

2) Several experimental analyses and theoretical developments are on going

3) We proposed to consider DPS initiated via photon-proton interactions:

a) DPS@EIC b) Nuclear DPS@EIC

a) DPS contributes, in particular i
b) We have ¢ ted SPS @&
framework

BEIC usil

ndence of

B structure

. E



1) We demonstrated DPS represents a new way to access new information of hadrons

2) Several experimental analyses and theoretical developments are on going

3) We proposed to consider DPS initiated via photon-proton interactions:

a) DPS@EI|IC b) Nuclear DPS@EIC

ets photoj uction
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1) We demonstrated DPS represents a new way to access new information of hadrons

2) Several experimental analyses and theoretical developments are on going

3) We proposed to consider DPS initiated via photon-proton interactions:

a) DPS@EI|IC b) Nuclear DPS@EIC

a) DPS contributes, in particular in the 4-jets photoproduction
dIRRS 5 sections for quarkonium-pair photoproduction at the

c) The depel Ggfﬂ(Qz) on the Q2 can unveil the mean distance of partons in the proton

d) Quarkonium-pair photoproduction is a promising channel to probe the gluonic content of the photol
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1) We demonstrated DPS represents a new way to access new information of hadrons

2) Several experimental analyses and theoretical developments are on going

3) We proposed to consider DPS initiated via photon-proton interactions:

a) DPS@EI|IC b) Nuclear DPS@EIC

a) DPS contributes, in particular in the 4-jets photoproduction
b) We have estimated SPS and DPS cross sections for quarkonium-pair photoproduction at the EIC using the NRQCD

framework
C) e1;:c(Qz) on the Q2 can unveil the mean distance of partons in the proton
d) Quarkoniun ohotoproduction is a promising channel to probe the gluonic content of the photc
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1) We demonstrated DPS represents a new way to access new information of hadrons
2) Several experimental analyses and theoretical developments are on going

3) We proposed to consider DPS initiated via photon-proton interactions:

a) DPS@EI|IC b) Nuclear DPS@EIC

a) DPS contributes, in particular in the 4-jets photoproduction
b) We have estimated SPS and DPS cross sections for quarkonium-pair photoproduction at the EIC using the NRQCD

framework
c) The dependence of aé'fﬂ(Qz) on the Q2 can unveil the mean distance of partons in the proton
d) Q hotoproduction is a promising channel to probe the gluonic content of the phot
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1) We demonstrated DPS represents a new way to access new information of hadrons

NG A I

2) Several experimental analyses and theoretical developments are on going

3) We proposed to consider DPS initiated via photon-proton interactions:

a) DPS@EI|IC b) Nuclear DPS@EIC

a) DPS contributes, in particular in the 4-jets photoproduction
b) We have estimated SPS and DPS cross sections for quarkonium-pair photoproduction at the EIC using the NRQCD
framework

c) The dependence of agfﬂ(Qz) on the Q2 can unveil the mean distance of partons in the proton

d) Quarkonium-pair photoproduction is a promising channel to probe the gluonic content of the photon structure
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Backup - Luminosity |

5 i ias sl e s o s o e o i gias

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 1072<Q%?<1 QQeV?

2) We have estimated for each photon and proton models a constant effective cross section
(with respect to Q2) such that the total integral of the cross section on Q2 reproduce the full

calculation obtained by means of agfﬂ Q%)

3) We estimate the minimum luminosity to distinguish the two cases
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With an
integrated
luminosity

of 200 pb-1

wWe Cahn sepa rate:

[Ntiinber of Events|/10"
o
)

‘Number of Events

0.5

o
(o)

o
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1) 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.:

) ([ APk 1
o2y(Q* = 00) = oty = | [ TEET ()

2) In Ref. M.Rinaldi and F.A: Ceccopieri JHEP 09, 097 (2019), we prove, in a general framework:

> <b2> < 0)7:(Q° — 00) < 27(b%)
Being: Ge}/fF:C(QZ —> OO) — 2\”
pp Extracted from data
eff 2
6 <054 (Q° — 00)
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d?ky

(21!)2 Tp(k.l.)Ty(k.Li 02)

[Ueff(oz)]—l

d?k,
YP (A2y1—1
~ 3%;22 m% [Ueff(Q )] 02>>1f (27)2 Tp(kp)x1
9 m

For the proton models we have used:
d?k d?k,
~15/2 mb a §

Tp(kJ.)2

hus fr QED: (] 2



