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

dG X J'dzzj_ Fij(x1 9 X29 ZJ_9 //tAa /’tB)FkI(X39 X4a ZJ_9 //tAa /’tB)
N S Lo
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

- o ak = 2
Fi;\'l’A2(33'1,$C2,kJ_) = (—87TP+)%Z /dil e 7Lkl O; (zazl) — Qi(z)O(Ak)Qi(Z,)
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Multiparton interaction (MPI) can contribute to the, pp, pA and AA cross section @ the LHC:

dG X J'dzzj_ Fij(x1 9 X29 ZJ_9 //tAa /’tB)FkI(X39 X4a ZJ_9 //tAa /’tB)
N S Lo
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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to processes where SPS is suppressed
by small/multiple coupling cons’ran’rs
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Eur.Phys.J. Cé69
16 (2010) 53

DPS can give a significant contribution

..Or In certain phase space

regions

LHCD,
double J /1,
JHEP 06,
047, (2017)

CDF, y + 3,
Phys.Rev. D56
(1997) 3811-
3832
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HERA data, ZEUS coll,

Nucl. Phys. B 729, 1 (2008)

Access to:

- double parton correlations

- the transverse distance
distribution of partons!!
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Impact parameter

Vo
GPD in

space

Sum Rules
Gaunt et al, JHEP (201 0) 03, 005
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Fik(X17 X, ;L) is unknown. For phenomenology @LHC kinematics (small x and many partons produced)
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Fik(X17 X, ;L) is unknown. For phenomenology @LHC kinematics (small x and many partons produced)

Models can elp to grasp
general features

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

fdzbj_bil:_,ij(X]_,X2,bJ_,Q2)
fd2bJ_|Eij (X1,X2, bJ_, Qz)

(b ),

M.R. and F. A. Ceccopieri, JHEP 09 (2019) 097
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Fik(X17 X, ;L) is unknown. For phenomenology @LHC kinematics (small x and many partons produced)
double PDF

uncorrelated scenario: Fik(X17 X2, E)J_) Ng(Xl, X2) (E)J_)
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Fik(X17 X, ;L) is unknown. For phenomenology @LHC kinematics (small x and many partons produced)
double PDF
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Fik(X17 X, ;L) is unknown. For phenomenology @LHC kinematics (small x and many partons produced)
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Fik(X17 X, ;L) is unknown. For phenomenology @LHC kinematics (small x and many partons produced)
double PDF _

AR -

Probability distribution

= ~ ‘ | T |
uncorrelated scenario: Fik (Xl7 X2, L _J_) ™~ { g(Xl, X2 ( Z | ;P of two partons at given

e )

Some information . .
Unknown Non perturbative object

from lattice

factorization of Ayg(py = 0, y?) factorization of A,,(py =0, y?)
ylal yla] A ol g
4 6 8 10 12 14 16 4 6 8 10 12 14 16 Comparison from T(y) and the convolution of
3pt all fits i 1 3pt all fits i 5 5 3
008 ptbest? | 0-20- stbesty? | 2 form factors (FT)..this is a test for models in
006 [ KiFUFd (best x2) i [ KiFUFY (best x?) WhICh the

t  4pt

DPD = GPD x GPD

NOT WELL REPRODUCED!
G. S. Bali et al, JHEP 09, 106 (2021)
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Fik(X17 X, ;L) is unknown. For phenomenology @LHC kinematics (small x and many partons produced)
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pp| _pp
B M O 5 UB__

ha 2 6DPS‘ b

\/___/ —Differential X-section double parton scattering for the process: pp — A+ B + X

POCKET FORMULA

_\* Differential X-section single parton scattering for the process: pp — A(B) + X
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\/_/ — = Differential X-section double parton scattering for the process: pp — A+ B + X

POCKET FORMULA
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== Results for W, Jet productions...

ATLAS (Jiw+W*, Lansberg-Shao-Yamanakal
ATLAS {np Jiy+Z. Lansberg-Shao)

ATLAS {J'yw+Z, Lansberg-Shao)
CMS (Jiy+Jdiy. Lansberg-Shao)-1+—

20 _ DO [Jiy+Y, Shao-Zhang)

DO [ Jyr+Jdiur
ATLAS {Jiw+Jiy)
LHCb [Jiw+D"}
LHCb (Y{1S}+DY
CDF (4 jets)

CDF [y + 3 jets)

DO (v + 3 jets)
ATLAS (W + 2 jets)
CMS (W + 2 jets)

== Results for quarkonium productions
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First observation of
same sign WW via DPS:

T SRS

[CMS coll.], PRL 131 (2023) 091803

DPS . 6.28 fb

20



PP _pp
PP — N Oa UB_
e

v 6DPS .

_\* Differential X-section single parton scattering for the process: pp — A(B) + X

\/__/ — = Differential X-section double parton scattering for the process: pp — A+ B + X

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

Matteo Rinaldi

o e ATLAS {J.¢'\p+Wi, Lansber'g—Shao—Yamanaka} First observation of

L == ATLAS {np Ji'y+Z. Lansberg-Shao| T same sign WW via DPS:
25 | re+ ATLAS {Jiw+Z, Lansberg-Shao)

- e CMS (Jiy+Jiy. Lansberg-Shaa) 1—

: 2.9
50 £~ DO (diy+Y, Shao-Zhang) T 12.2j_L2.2 mb

DO [ Jiyr+Jiur]

g i ATLAS (Jryrdiy] i [CMS coll.], PRL 131 (2023) 091803
‘—a‘: 15 - 8+ LHCb [Jiy+D")
A E -8+ | HCb (Y(1S}+D")
10 | =+ CDF (4 jets] — DPS . 6.28 fb
L e CDF (v + 3 jets) o [r—
B DO [y + 3 jets) AT
O F e ATLAS (W + 2 jets) -
e+ CMS (W + 2 jets) D
0.1 1 10
Vs [TeV]
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PP PP
m O, O’B‘

o= 22a%e
e
2 6DPS s

\/__/ — = Differential X-section double parton scattering for the process: pp — A+ B + X

POCKET FORMULA

_\* Differential X-section single parton scattering for the process: pp — A(B) + X

* [ s ATLAS (Jiw+W?, Lansberg-Shao-Yamanaka 1 First observation of
W via DPS:
From the last MPI workshop https://indico.cern.ch/event/1281679/

+2.9

1) Process dependent? the idea of studying phenomenological e R TR
2) Sensitive to correlations implications of the dependence of o« on the kinematics came out!! fRL 131 (2023) 091803
3) Sensitive to the inner structure? We will work on that
predicted by all models!
» X . ' o ' |.- - 6.28 fb
M.R. et al PLB 752,40 (2016) =~ CDF [y + 3 jets) (1)
M. Traini, M. R. et al, PLB 768, 270 (2017) B+ DO (v + 3 |ets) i ] 11
M. R. et al, Phys.Rev. D95 (2017) no.11, 114030 5 F = ATLAS (W + 2 |ets) " [ 4
F- CMS (W + 2 jets) 0 5 . /J
0.1 1 10
Vs [TeV]
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An example for the calculation of ¢
gluon DPDs at high energy sca
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M. R. and F. A. Ceccopieri, JHEP 09 (2019) 12,

les
125003

- Predictions from the calculation
of same sign W's production at

the LHC

F. A. Ceccopieri, M. R. and S. Scopetta, PRD '
95(2017), no.11, 114030
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22 5 g d’k, 2
f DPDs factorize in terms of PDFs then Occ = dz, T(z,)" = 272 T(k)
T Y.

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

i.e. the probability of finding two partons
at transverse distance z;
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o s P 2 dzki
f DPDs factorize in terms of PDFs then Occ = dz, T(z,)" = 272 T(k)
T =

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

T(kJ_)OC de]_dXQ [E(Xl, X2, k_|_)

First moment of DPD
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o s P 2 dzki
f DPDs factorize in terms of PDFs then Occ = dz, T(z,)" = 272 T(k)
ﬂ —

Effective Form Factor (EFF) =

As tor the standard FF: FT of the probability distribution T
d A
(z5 Hot T(ky) T(kL)OCJdeXz F(x1,%2, k)
dekL K=

First moment of DPD
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o s P 2 dzki
f DPDs factorize in terms of PDFs then Occ = dz, T(z,)" = T(k)

(27)
Effective Form Factor (EFF) =
As tor the standard FF: FT of the probability distribution T
d A
(z5 Hot T(ky) T(kL)OCdeMXz F(x1,%2, k)
dekL k1 =0

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

PR Ve
37 T

M. R. and F. A. Ceccopieri, PRD 97, no. 7,071501 (2018)
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o s P e 2 dzki 2
f DPDs factorize in terms of PDFs then Occ = dz, T(z,)" = 272 T(k)
ﬂ . =

As for the standard FF:
d
2
(2 74 dekLT(kL) BT DPD = GPD ® GPD

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
e <Z_|_> e 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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o s P 2 dzki
f DPDs factorize in terms of PDFs then Occ = dz, T(z,)" = 272 T(k)
ﬂ ~

As for the standard FF:

R AR —m— LHCh{2)/¥) y5=13 Tev

d
i T(k

k1 =0
From the asymptotic behavior we got the following relation:

O eff

2 g s

O eff
o

M. R. and F. A. Ceccopieri, PRD 97, no. 7,071501 (2018)
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ATLASEZ)MY), [s=8 TeV

Ref.[153] [2)/¥) Ys=T TeV
—&—  CMS {WW) 15=8 TeV¥
—&—  ATLAS (4 jets], {5=13 TeV
—@— CMS {W+2jets), {s=7 TeV

CMS {W+W), ¥5=13 TeV

Transverse proton radius




If DPDs factorize in ter—-

2)

O eff

T

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

Matteo Rinaldi

e

d’k,
(27)°

%1 5= szzl T(ZJ_)Z = J

—m— LHCh{2)/¥), ¥5=13 TeV
ATLAS{Z]/W), =8 TeV
Ref.[153] [2)/¥) Ys=T TeV
——  CMS {WW), {5=8 TeVy
—h—  ATLAS (4 jets), {5=13 TeV
—@— CMS (W+2 jets), {s=7 TeV

CMS (W+W), Y5=13 TeV

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

\g\

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 I I 1 ] | [ Vi

— 1 ! )
= : — T T T ] T T T |
Three-jets (M_>50 GeV = - ;
c i jets (M, ) b) ) | Four-jets (M, >50 GeV
- ! ZEUS 121 pb’ X k ZEUS 121 pb"
B HERWIG+MPI B 03~ HERWIG+MPI
< 1 HERWIG " B HERWIG
-------- PYTHIA+MPI | - wweeeees PYTHIA+MPI
B oncivds Y TEA ] S0 G - ;- - PYTHIA :
[ ] HERWIG - direct ‘."r". t 3 | HERWIG - direct ”'0'”; .. ]
| 0.2
L- ~ : N = ‘ : i 1
60 | ool
0.5} il O - ! # L
Y remnant « : + | . lp . ’ :
% MPI : g 1 b - 45 1
. . P R SRR N vy LR b be-
h’lpl = CI\Clg)' , e [ g ; *
n ) By ,—I—J‘ # ' _ain
~ flow ‘ [ A R ks

Proton remnant

Proton

J. R. Forshaw et al, Z phys. C 72, 637
S. Chekanov et al [ZEUS coll.], Nucl. Phys B 792,1 (2008)
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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
Y remnant dU B dy sz f~,/e (Ya Q ) a
> MPI DREN o P(Q?)
MPI cnergy ab Cd T eff
> flow
Proton remnant f dxp dXA’b fa/ p (xp )fb fq, (qu )dé‘-ab (xp Xa/b ) S PS
*

Proton

g depcdxﬁf'dfC,."' (XP )fd Y (X’}d)d&cd(xp X’Vd) 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

OO0 : ;
¥ remnant T SR B ¢ AOQ fA,",’e(Ya Q ) 2
.. : YP (2
MPI < ;}111511'0\" h > Maip Quant; 9 eff (Q )
> flow eva lua ta 7 e
Proton remnant €|

<6 4 ' (X, )dé\f{)(xpa Xy SPS
56! | .
o P | (x3,)d6% (xp, x2,) [ SPS

Proton

[ Photon PDF

(J. Pumplin et a (M. Gluck et al. PRD46, 1973 (1992)
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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

Protonial

d2k
@] = | Grletku )Tk

Photon EFF

The tull 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:

)Gl |e@k| @y = 1.53 GeV 2 —s 6™ = 15 mb

Photon WFE

2)G2 |e=2¥i|  ap =256 GeV 2 —s 0" = 25 mb

3\
3)S 1 L) : mé = 1.1 GeV?® = a:f‘; = 30 mb
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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)):

Uq (k) 7 - e* vg(q — k)
; k?, + m?

/x(1 —x) | Q2 4 ST

Yozt (%, ki3 Q%) = —ef

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

6(1 + Qz/mﬁ)
K2+ Q2x(1 — x))5/2

2
mp<1+4 3
1o,

Vi (x, k113 Q%) =
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Proton Models

10 -

NP model

N \\ of the photon
&
éj%: 20 B
e
15
} ce0

J

0= 10 10" 1w 1w* 1w w* 1wt 1
Q* [GeV?|
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Proton Models

o —

1 A G, " G, <8
0 _
'---.---.---'---’---*-~""~~o
A DA ERE IS
: TG
30 t=
———drm e —— e e \
Al b NP model
=~ F *, 7 [ of the photon
F - b
/)fy Photon W &
5 = 20k
s
& B
z
15
l()g_‘_ﬁ‘\g\ﬂ } QED

)

The effective cross-section depends on a-* 10-7 10-° 16-° 10-¢ 10-° 10-2 10~} 3
the photon virtuality! (NEW) Q? [GeV?
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Proton Models

Q2
dO‘DPS = de dQ? ’/e(y > )x
ab cd eff (Q )
AT : q : %‘""""""'"*’"*“‘*“~A » NP model
X Xp, AX~ a/p(xp ) b/~ (Xy) Uab(xp X)) 25 \\,\5 of the photon

o ARG PRCSR TR

10 T \‘.“} QED
KINEMATICS: ;
5 mnd siiund

jet : 10 10°7 10-* 10 10=% 107% 10-% 1070 ]

7§ (QF) [mb)]
- be
/ S8y

Miet| < 2.4
The ZEUS collaboration quoted an integrated total 4-jet cross section of 136 pb

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

02<y<0.385
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M. R. and F. A. Ceccopieri, PRD 105 (2022) LO11501

Proton Models

P i

A " G a N

~ / ~ I
DPS T abZC:dJr ocpps |pb]

»
2 2 92 2 2 opprs B Atz
v, J-dxpadx’)rbfa/p( Proton Q < 10 10 < Q < 1 Q < 1 oo 7 ‘“‘\\\_5> fl\tll': m?]dilm
Photon [Ge\/Q] [Ge\/"z] [GeVQ] K4 ‘*‘_ L 2 g
dep dxﬂydfc/p( (31 30.1 18.6 03.7 4()
MNS | (Go 29.1 15.2 44 .3 33 —} o
ode A . . :
KINEMATICS: - 20.4 13.7 40.1 30 .
20 (1 87.8 H4.3 142.1 101 o e
5~ 0 5o cep |G|  54.3 33.4 87.7 |65
|7jet]| < 2.4 S H0.H 31.1 81.6 60
iR : 136 pb
et 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

A (, m -5
. 1 ~ / ~~ D\ " Vo % .
4 R
dO'[)PS i 2 a;dJr [n}ﬂ
J 2 ODPS
 Prot G w ) <1
[t o ey O e,
Photon Proton Stfucture?o . rGCV“] [%] ]
5 fdxpcdx‘rdfC/p( (1 3.7 4()
o |Ge -7 44.3 |33 } 8
ode : ‘ q
KINEMATICS: S ‘ : 40.1 |30 |
jet G L. 1421 101 —
2N aep | Go ‘ 877 165
Injetl < 2.4 S 1 - 21.6 60)
Q% <1GeV? Phe ZEUS collaboration qu.. 136 pb

S. Checkanov et al. (ZEUS), Nucl. Phys b/ . _,

02<y<0385
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M. R. and F. A. Ceccopieri, PRD 105 (2022) LO11501

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

Matteo Rinaldi

O off (Qz)

F=1

= szzL ﬁg(ZJ_)IEg(Z_L; Qz)
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1 348 & i SR A Coccoir PRD 105(2022) L0115

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

F=1

@) = f Pz, BR(z1)F](z1: Q)

We can expand the distribution related to the photon:

5 4 ; Coefficients determined in a given
Fg (ZL? Q ) o Z Zrl approach describing the
> M

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

F=1

@) = f Pz, BR(z1)F](z1: Q)

We can expand the distribution related to the photon:

5 4 . Coefficients determined in a given
Fg (ZL? Q ) o Z Zrl approach describing the
> ’

photon structure

[Geyfr])c Qz)] —1 — Z Cn(Qz) Mean value of the tran.sverse distance
ON
n

between two partons in the PRO
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M. R. and F. A. Ceccopieri, PRD 105 (2022) LO11501

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

O off (Qz)

F=1

- J d*z. F5(z1)F)(z1; Q%)

We can expand the distribution related to the photon:

5 4 . Coefficients determined in a given
Fg (ZL? Q ) o Z Zrl approach describing the
> ’

[Ge}/gc(Qz)] —1 — Z Cn(Qz) Mean value of the tran.sverse distance
ON
n

photon structure

between two partons in the PRO

if we could measure 6”?(Q?%) we could access NEW INFORMATION ON THE PROTON STRUCTURE

eff

Matteo Rinaldi
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M. R. and F. A. Ceccopieri, PRD 105 (2022) LO11501

The effective cross section can be a

lso written in terms of probability distribution:

= 5/ _1 {‘ Y 2
YP [ ()2 S S cCR s A2
Og(QT) 1 = 1L F5(z1)Fs (215 Q%)
We can exp. .. photon:
5 Coefficients determined in a given
Fg (Z_ Wg estimatedt | approach describing the
'ntegfateci /Um?,: W'.th an photon structure
of Osity
QzeffeCtS 200 pb"l

(€

Can pe Obsere d

between two partons in the PRO

if we could measure 6”?(Q?%) we could access NEW INFORMATION ON THE PROTON STRUCTURE

eff

Matteo Rinaldi
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lllustration of DPS fory+p — J/w + J/w + X

TSI,

W
‘/W(/ h »
\d

»\\\% : >

\\«1{’
%

\:."

_-—..—

I= 3
a
1977
3
N
N -
= S
~

)

ey
7y
rrrrr

JI¥

»‘(‘ﬂ«””.,

- resolved photon to estimate the DPS cross section

konium-pair photoproduction at the EIC

We consider the possibility o
In quar
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*Slide from R. Sangem

J/,J
OL(GP/TQP A Z /dxp

unresolved/direct
a=g,q
g<J/¢,J/¢> Z B | ab_**]/‘““]/w resolved
SPS | |
a,b=g,q '
Proton PDF
T/, J ) ~ab—sJ w
O-g)léié / ) Z /dm%b dprm b/p('rpbhu) dUSPS / LL)’Ya, ) '/“Upb) Photon PDF
eff a,b,c,d . .
s Partonic x-sections
<o deffos (o 1y
Single SPS resolved (namely same partonic cross section as hadroproduction)
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*Slide from R. Sangem

Unresolved

5

A Y
B |
A ; L |

e Y

\ Y
1 9

3 4

4 1

A ' 1
i

“ops

* GRYV photon PDF is used PRD 46, 1973 (1992) , while CT18NLO PDF for proton T.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)

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

Matteo Rinaldi
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Numerical Results S

Absolute rapidity difference between the two J/y

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

\/3,, = 100 GeV /S, = 140 GeV

““HELAC-ONIA
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- Vsy, =100 GeV EIC o 1 - DPS dominates at h|g N | Ay | E Vsep =140 GeV EIC SPS Unresolved CS #2272
SPS Unresolved CS Z22507% - SPS Resolved CS
SPS Resolved CS E=—3 | e DPS Resolved CS %%
1 DPS Resolved CS 757502 - DPS is suppressed at low N 27 esolve
10" BedadsdlaeedXS 8RS8 E 100 E : -
- ‘ 1< 3 :
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Numerical Results s

Invariant mass of the J/y pair

/S, = 100 GeV

1()2 ' | | | |
Vsyp =100 GeV EIC SPS Unresolved CS #252%01 1
SPS Resolved CS 0 -
101 & DPS Resolved CS #225200 | <
-------- 1Z
o R ) 1Q
% ! D Yk | %
& I 9.9, 9.9.9.4 w
S 107 BRSOk 47
g 1 r'_':-_-_'_'_‘_-_‘l KK/ /
> 107 SRR LN v .
~ R 9.9.9.9.C 4 N 5 v« %% “{ ________
[=
2L 0 ARSI IR L S%0%
X 102F TR RS :
- \ .
L L A NN X!
10-3 2 3
10-4 | I | I
6 8 10 12 14 16
™ *I ”*ﬂ'

rI\/Iatteo Rinaldi
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S = 140 GeV

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

Invariant mass of the J/y pair

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

\/3,, = 100 GeV /S, = 140 GeV

02— el enainaiianimass: N e, SN SR S Rl

HELAC-ONIA

Vs .= 100 GeV EIC Lo I, ‘ > e gV EIC SPS Unresolved CS CT_j__:_ 5
g gy SPS Unresolved CS 2232300 ] N :
T T Sl - DPS smaller then SPS, but not SPS Resolved CS
1M DPS Resolved CS N T v e N DPS Resolved CS
10 . o Kesolveda Lo = % ) 2 100 FE. : % 4
f E \ 13 negligible 3. o LY
XA - DPS negligible s \
...... ) : = ‘ E
= 10" %%t ates R J S { :
2R OXYZA L - T S A i LR AT > § e T {
: N 2'3’ - h &
) = N y
m e S o Sl 3 : “ X
L Py -
%-1 oS L= - ,
]- Y RN : 3 (\i< : -
E m 10774 P E
103 3 et E '
: : 10
1074 h . 1 . | : 1 : 1 : 1 :

6 8 10 12 14 16 6 3 10 12 14 16
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Br2Xd0/dM¢¢ (fb/

Numerical Results s

Invariant mass of the J/y pair

/S, = 100 GeV

a) at low invariant mass:

- DPS smaller then SPS, but not
negligible

- DPS negligible

b) at low invariant mass:

102 ' I ' I ' 1 ' I E
: VP 2 100 GeV EIC SPS Unresolved CS &232303 1
: SPS Resolved CS
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F. A. Ceccopieri, H. S. Shao, J. P. Lansberg, M. R. and R. Sangem in prep.
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Numerical Results [preet]

10 —————

102 £ Vs, =140 GeV EIC

70 GeV < WYp < 100 GeV

s
o
WY
a1

pd
(@)
o

Br-Xdo/dz (tb)

r ; r ; r 3
SPS Unresolved CS+CO (HU) £2Z233 3
SPS Resolved CS+CO (HU) ==/ ]

DPS Resolved CS -

HELAC-ONIA

0.6 0.8 1

* for z<0.1, SPS resolved dominates ==—fpunique opportunity to investigate the PHO
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Numerical Results o

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

103 3 ' I I ' T ' I ' 101 : : . , . .
: SPS Unresolved CS+CO (HU) #2321 3 E Vsep = 140 GeV EIC ! ! ' .
[ SPS Resolved C5+CO (HU) =221 SPS Resolved CS (scale variation) £Z5I%23
102 F  Vsep =140 GeV EIC DPS Resolved CS =25 . DPS Resolved CS (Crystal ball)
: - 10V E E
1 70 GeV < Wy, <100 GeV ]
10" F E ]
S ] . MO SN KRR NS 4
::4/ . i % \% 10 1 L 00 ¢ ¢ O¢ ¢ ¢ oC 30 ¢ K X B¢ B¢ N B OS¢ 3 3 0 oC K ¢ 3¢ _?
N 10 E g): .
o 1] =
B Ik < L) 2
< 10! < 10“ F 1=
X P 15
N ®) 15
§ Z
-2 r ST --------—T-Lu
10 ?IE 10-3 3 M‘n\ —EI
1083 000 OO E gt EREETTTOO ALY
_________________ 10* F 3
w4ty 3
l ! ! 1 - :
0 0.2 0.4 0.6 0.8 1 e
7 0 (:5 1 15 2 2:0 <
|Ad | between U

* for z<0.1, SPS resolved dominates ==—jpunique opportunity to investigate the PHOTON structure

* for high z, the direct SPS contribution dominates==§p we test the quarkonia production via direct photoproduction
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Numerical Results

F. A. Ceccoplerl H. S. Shao, J. P. Lansberg M. R. and R. Sangem in prep
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; SPS Unresolved CS+CO (HU) &1 3 E Vsep — 140 GeV EIC ! ! ! b
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* for z<0.1, SPS resolved dominates ==—fpunique opportunity to investigate the PHOTON structure

* for high z, the direct SPS contribution dominates==§p we test the quarkonia production via direct photoproduction

* asfor DPS studies @LHC, the cross-section dependence on the relative azimuthal angle is relevant
to access the DPS contribution!

Matteo Rinaldi Quarkonia as Tools 2024 57/




Numerical Results

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

103 T T T T T T 3 101
; SPS Unresolved CS+CO (HU) SN ] 5 ‘/'Sep — 140 GeV EIC ! ' ' ' ' ' I
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* for z<0.1, SPS resolved domir. —=gpunique opportunity to investigate the PHOTON structure

* for high z, the direct SPS contribution dominates==# we test the quarkonia production via direct photoproduction

* asfor DPS studies @LHC, the cross-section dependence on the relative azimuthal angle is relevant
to access the DPS contribution!
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For DPS in pA and AA collisions the following references were missing:

1)Same-sign WW production in proton-nucleus collisions at the LHC as a signal for double parton scattering
D. d’E. & A. Snigirev, PLB 718 (2013) 1395-1400

' 2)Enhanced J/WJ/\PsiJ/W-pair production from double parton scatterings in nucleus-nucleus collisions at the Large Hadron Collider
. D. d’E. & A. Snigirev, PLB 727 (2013) 157-162

! 3)Pair production of quarkonia and electroweak bosons from double-parton scatterings in nuclear collisions at the LHC
| D. d’E. & A. Snigirev, Nucl. Phys. A 931 (2014) 303-308

l and for TPS:

_—msM sM r——

Triple-parton scatterings in proton—nucleus collisions at high energies

- D. d’E. & A. Snigirev, EPJC 78 (2018) 5, 359 |
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B2 B RN e
Fa1ag(X1,X2,YJ_) — 2p+/ 27r 27r dy e( 1 1+ 2 2)p

x (N|0s,(0,22) O, (¥, 21) | A)

{

In this case we have two mechanisms that contribute:
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dzl_ dzz— ~ _lx12] +T22,
Falaz(XI. x21 y_l_) — 2p+/ 27'_ 27r dy e( 12, +T2 2)p

x (A|03,(0,22) Oay (v, 21)| A)

‘ :

In this case we have two mechanisms that contribute:

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

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

N s

DPD of te nucleon inside
the nucleus

Xk —dé )
F;132 (X17 X2, k_l_ Z / a1 g ; kJ_ pA (5, pt,N) €

N=p,n
Light-Cone Transverse momentum
Momentum Distribution of the NUCLEON )
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dzl_ dz; ~ _tx12, +222,
Falaz(XI. x21 y_l_) — 2p+/ 271_ 27r dy e( 12, +T2 2)p

% <A“032 (0' 22)031 (Y. 21)§|A>

‘ :

In this case we have two mechanisms that contribute:

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

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

/- — p
O 4
> --":,'f{;.;;%?‘,:':ij ........
1 dﬁ'dzpt' @) * leus wf —
a132()(]")(2’kJ—) OC/ 5162 . Zgl 5 Zpti ¢A(11€21pt11pt21°-°) NUC eus w

EJ_l G2|22 X2/€2, EJ_| Nucleon GPD
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In p-Pb collisions there are some difficulties (personal view):

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
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In p-Pb collisions there are some difficulties (personal view):

1) both cross-sections (DPS1 and DPS2) depends on proton D
mechanisms are very important could 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
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In p-Pb collisions there are some difficulties (personal view):

1) both cross-sections (DPS1 and DPS2) depends on proton D
mechanisms are very important could be difficu

D (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-function obtained from realistic potentials

POSSIBLE SOLUTION?
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In p-Pb collisions there are some difficulties (personal view):

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-tunction (Av18 or chiral potential)!

Could we access the DPD of bound nucleons? Double EMC effect?

Matteo Rinaldi | Quarkonia as Tools 2024 | 6/




For example in DPS1:

~ ~ X X U
Filaz(xhxzi'k—]—) TN Z /EFl;Ilaz (ga ;akl> )02(5 pt,N) é;gdzpt,N

N=p,n

The nuclear light-cone distribution can be evaluated with realistic wave-function

(from Av18 +UIV potential) 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), M.R. et al, PLB 839 (2023), 137810

3) Hed from F. Fornetti, E. Pace, M. R., G. Salmé, S. Scopetta and M. Viviani, PLB submitted
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For example in DPS1: ﬁilaz (X19X2, kJ_) 5 Z /EIEaNIEQ

N=p,n

Let us check sum rules:

i ol N;N;, for i, # i, Gaunt’s sum rules
dxl deFiliz (xl, Xz, kJ_ — O) — . . J.R. Gaunt and W. J. Stirling,
AN, <Ni1 % 1) Ny, fori; =1, JHEP 03, 005 (2010)
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| £ X1 X2 | d o
For example in DPS1: F; 2 (X1y X2, k1) = / s ( ) PIA\\!(f: Pt.N) d2pt,N
S T elw R ¢

Let us check sum rules:

i ol N;N;, fori, # i, Gaunt’s sum rules
dxl dsziliz (xl, X2, kJ_ — O) — . . J.R. Gaunt and W. J. Stirling,
A2, 2 (Nil % 1) N for iy = i JHEP 03, 005 (2010)

However for the nuclear case one needs also the DPS2

hus we can introduce approximated partial sum rules (APSR)
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For example in DPS1: F: az(X17X2,k_l_ / £~3182 (xfl X; )€€d2pt,N o

i a7 N; N for i, # i, Gaunt’s sum rules
dx, dx,F; ; (xl, Xy, k| = O) = SRV J. R. Gaunt and W. J. Stirling,
Jo o <Ni1 2 1) Iy i JHEP 03, 005 (2010)

APSR: Since (&) = J Pi N pa(E, p.n) is peaked around 1/A
Gaunt's sum rules

for the nucleon DPD:
i numbers of quarks

with given flavor i
in the nucleon n
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M.R. in progress

, X1 X2 NS o
For example in DPS1: F; P (X1,%2, k1) = / ajas ( ) PK(f: PN ) d2Pt,N
S/ Tt g ¢

@ Only for valence quarks. We used a relativistic constituent quark model for the nucleon DPD

@ verified approximated partial sum rules (numerically) O<x <A

S 15 = 15! = 1)
| | : |
~ = :
e 0.
'Y e Y.
@ = :
o) 5 s
<3 <s |
< £3 |
] ] O__Il ] ] ] ] ] ] ]
1.0 0.0 0.5
X1
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For example in DPS1: F:Iaz (St ke == / _F';‘Iaz ( Ao kl) oAl pen)E2d’pen ™ ;
2. [ gwe kel ¢ Y

N=p,n

@ Only for valence quarks. We used a relativistic constituent quark model for the nucleon DPD

@ verified approximated partial sum rules (numerically)

B T 10t \\\\
o2\ S
~ 8l o
=Rl IR
oS : DY
~ Or S
9 4_ = \\\\\
<<L§ | B
2:_ \\ ~~~~~~
1] T R s R IR S E RN N R T T
0.5 1.0 1.5 2.0
]CJ_[GGV]
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For example in DPS2:
~2 — 1 B dgidzpti (2) > = oF
Falaz(xlvx2' kL) X /EE; H ¢ 5(2 Gl A) 5\ (Z pti) @bA(fL &2, Pti, Pt2)¢A (gl, E2,Pt1 + ki, pr2 — kl)

Ny [ &L No [ 74
3 <§1 |kL‘>G (52 |ki‘)

Gl (x1 |kL\)GN2 (x2 |kL|)

I=A 2
/6152 [ d’gld ptl (Zg. —A) 5(2) Zpti @bZ(fl,fz,Ptl,Ptz)@bA(&,fz,pt1—I—EL,ptz _EL)]

gN

—

Nuclear 2-body form factor ~ Fo(k, — k)
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For example in DPS2:

= '

I=A 2 % 7
Fonao (X1 %2, k1) / 5152 dgld &% (Z Ay )5(2) (z pti)@b/’f\(ﬁl,{z,pu,ptz)% (El,ﬁz,pu + ki, pe2 — kJ_)

A) 5t ZP. YA (&1, &2, Pe1s Pe2) YA (fl &2, Pu1 + kL Pr2 — kL)]

—

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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For example in DPS2:

: 7 = dé&id?py 3 2
Fjlaz(xl’ X2, kJ—) X /‘é H gg 3 5(2 gi A% A) 5 2) Z pti) ¢Z(§11 §21 Pt1, pt2)¢A (611 §21 Pt1 -5 kJ_v Pt2 — kJ_)
=4 : i i

A (fl, £, Per + Ko, pe2 — RL)]

WE HAVE A LINK BETWEEN

2 DIFFERENT PROCESSES! -
Nuclear . o kJ_)
- -
Calculated Fz(k29 kl) for 3He and 4
V. Guzey, M.R,, S. Scopetta, M. Strikman and . " electroproduction on
He4 and He3 at the EIC: probing Nuclear shadowin L 129 (2022) 24, 242503
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For example in DPS2:

O-Slllllllllllllllllllllllllllllllll

1 - body
Il \\ H 2 -bo dy

t1 + EL, P2 — RL)

i
i
i
4
P
E
g
,E
f{
?!.

E; Pt1 T+ RJ_; Pt2 — E_L)]

K )

3He
ORI
Calculated Fz(kz,kl) fCOI1111]1111|1111|1111|1111[1111|1111

—
—
o
A

—
—
—
—
4

pu——
—
—
A
e

R —
—_
—
4
—

 —
—
—
B
—

 e—
—l
S
A
—

lllllllllllllllllllllllllllll

k
V. Guzey, M.R., S. Scopetta, Nmmunrémr—cmoproducﬁon on

He4 and He3 at the EIC: probing Nuclear shadowing one nucleon at a time"”, PRL 129 (2022) 24, 242503
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For example in DPS2:

05 L I L I P I PP L | L L I L ;
1 - body ’; $ Y
N o k k
N 2 - body Pt1 T K1, P2 — KL

E, — —
3 pi1 + ki, pr2 — ki

)

K )

lllllllllllllllllll]lllllllll
lllllllllIlllllllllllllllllll

— —
CalCU|ated F2(k2,k1) fo_o.lllllllllllllllllllllllll[lllllllll

0.5 0 0.5 1 k. 15 2 2.5 3 |
V. Guzey, M.R., S. Scopetta, MTStfiRTam and VI Viviani et al, "Conerent J7®=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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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 NRQC
framework

c) The dependence of Gey]f:c Q% on 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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CONCLUSIONS

Thanks for the attention

/
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Numerical Results

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

We also considered to use the Crystal Bal parametrization 2. ”
exp(—x —+ when Pt < (Pr)
My Mo
of the square of the amplitude gg — O+ X 2 ; p2_(pry2) "
’}W’{S exp(—k %’2) ) (1 + % > d ) when Pt > (PT)
Q Q Q
102 '\/ T . I ; I ' I ' 3
5 Sep = 140 GeV EIC g — —
[ 70GeV < Wy, <100 GeV :
10 _ DPS Resolved (scale variation) 25231 3
¥ DPS Resolved (sigma variation) ]
DPS Resolved (Crystal ball) E—== -%
107 15
= 12
1T
N 10_1
3
@)
o
X
NH
=
1
zZ
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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:

e AR et 1072 < ) e A

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(Qz)

3) We estimate the minimum luminosity to distinguish the two cases
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o UZ}Df Q%)

~ -0k =1T. -~ 0)7;=10.6 mb

vents NLO

\umber o

=
3
:
S
=}
2

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?




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.:

: ([ A%k T
Ty (Q@ — 00) = oty = | [ TEE T (i)

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

2 2 2
207 < 072,(Q* — 00) < 2m (D)
Being: Geyffc(Qz < OO) — 2V1
Extracted from data
pp
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1)

hus for QED: Q2

Matteo Rinaldi

l

>> 1 GeV?

d?ky ;
( ) Tp(k_L)Ty(k_L Q )

[02:/(0°)] 7 =

2)]- F B
(030N~ | S Tolka) x

For the proton models we have used:
J dsz_ (k1) dsz_
@) P (2m)?

Tb(kL)z

2 2
efj,(Q >>1 GeVe) ~ oeff/2

almost approximates the asymptotic
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The DPS cross-section

g Zda,kd6 /d2bL Fg(xl,xz,&)/d%{

1,J,kK,|

the thickness function as a function
of the impact parameter B

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

Tn(B) = / dz pn(VBZ 1 2)

Wood-Saxon distribution for pb normalized to A

B e
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DPS in pA collisions

Some examples of predlct|ons

W+di-jets Same sign WW
B. Blok and F. A. Ceccopieri EPJC (2020) 80, 278 D. D’Enterria and Snigirev, PLB 718 (2013) 1395-1400
—~10"%
1600 o = p-Pb — W,WW cross sections:
To/ 10°%L  NLO (MCFM-VBFNLO): CT10 PDF. EPS09 nPDF
t1oo L = u=m_ (W), u=150 GeV (WW)
| 8|
| 10 3 W™ W (smgle parton) . _ .
I ] 107E R
| | - SPS dominant N:
1000 | A : . 10 =
vvvvv ' - DPS2 bigger then DPS1 has expected i
— e : 10°F W'W (single parton)
| 10%E
GO0 — ............... :
10%F WW* (DPS) e
o0/ Rl 25 ffffffff
| 10°E e i w5
= - // — W-W-jj (single parton)
200 1 1 O E_ o
E
T ol e SRRy ey e 1 |Llllllll‘lllllllllllll}llllll|lJlJL
i L5 6 7T 8 0 10 2 4 6 8 10 12 14 16 18 20
B [fm /s, (TeV)

Matteo Rinaldi
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For example in DPS2:

- I=A 12 $ = &
ﬁiaz(xhxz' k1) o /&—1& |1 df.zl. - 5(2 S A) 5% (Z pti) Va1, &2, Pr1, Pr2)Pa (51, &2, Pt1 + K1, Pr2 — kL)
s i i

it we approximate: & ~ 1 we get:
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ﬁ . . 1 . e T s R e npree
*Slide from R. Sangem m

ﬁl-’ “ - - w
! ' ' N
'
Y X 4
r
4,

A
| : | 2000009
'

i+ j—= Jjw+ iy 1, ] =43,q |
d

Range of cross sections in CSM =100 GeV

oIV xBre= 4 —-30fb ; |
. (Resolved) o.% =10 mb for DPS

(JIw.,Jly) )
oY) xBrz= 0.2 —5fb_

oI xBra= 2 —12fb  (Unresolved)
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PP PP
mop Og

PP
eff

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

\/_/ — = Differential X-section double parton scattering for the process: pp — A+ B + X

POCKET FORMULA

.~ ATLAS {Jiw+W™, Lansberg-Shao-Yamanakaj : First observation of
E 4 ATLAS {np Jiy+Z. Lansberg-Shao} Py s s sign WW via DPS:
23 | ve+ ATLAS {Jiy+Z, Lansberg—Shao)
- e CMS (Jiy+Jdiy. Lansberg-Shaa) g +2.9
50 3 DO [Jiy+Y, Shao-Zhang) B Oeff — 12°2_2,2 mb
—~ L e DO (g Jiw) T
g e ATLAS (Jiy+di) il § [CMS coll.], PRL 131 (2023) 091803
'_:‘: 15 - w8+ LHCb (Jiy+D") &1 k
o E -+ LHCb (Y(1S5}+D") ; DPS
10 | = CDF (4 jets) ; o ~ 06.28 fb
L =24 CDF (v + 3 jets) E
3« DO (v + 3 jets) : Z
5 F = ATLAS (W + 2 jets) 4 ;
o+ CMS (W + 2 jets)
0.1 1 10
"v.'S [TeV]
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PP PP
M O, O
ngF ALD \ Differential X-section single parton scattering for the process: pp — A(B) + X
2 6DPS A

\/_/ — = Differential X-section double parton scattering for the process: pp — A+ B + X

POCKET FORMULA

.~ ATLAS {Jiw+W™, Lansberg-Shao-Yamanakaj First observation of
L == ATLAS {np Jiy+Z. Lansberg-Shao} | same sign WW via DPS:
== Results for W, Jet productions (e AILAS (U2, arenery Sk
; E ~ea GMS (Jiy+diy. Lansberg-Shao)-1— +2.9
20 3 DO {Jw+Y. Shao-Zhang) | Oeff = 12°2—2,2 mb
f— L re DO [ Jigr+Jiur)
g et ATLAS (Jiydiy) [CMS coll.], PRL 131 (2023) 091803
= 19 F & LHCb [Jiy+D"
A E -8+ | HCb (Y(1S}+D")
10 L+ CDF (4 jets) DPS ~ 628 fb
L+ CDF [y + 3 jets)
B+ DO (v + 3 |ets)
O F e ATLAS (W + 2 jets)
o+ CMS (W + 2 jets)
0.1 1 10
VS [TeV]
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Scale analysis of SPS and DPS processes

where:
2 Q e min(Qu Qz)

- Mo <A <<Q

la + a5 | ~ A K Q

Usually:

First appearance in theory studies:

- A transverse momentum scale

> >
d“osps d“opps

~
Politzer 2 2 2 2
Paver, Treleani d q]. d CI2 d q]. d q2
Mekhfi

Other ground-setting works: /\2

Gaunt, Stirling O-DPS
Blok et al. NO

Diehl et al. oSpS QA

Manohar, Waalewijn
Ryskin, Snigierev

Nagar's slides MPI 2021
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to processes where SPS is suppressed

S,
N Ildeﬂ,o'hJ
W 'u * Gauht
u d P1- CI W *
SPS: DPS: -
u d N Do d E W "
W U

D
D

PSWTW ™
DS W+w+

SW-W™

Gaunt, Kom,

10-5 I i i | - Kulesza, Stirling.,

Eur.Phys.J. Cé69

6 8 10 12 14 16  (2010) 53

Colliderenergy (TeV)

Matteo Rinaldi

e

...0r in certain phase space
regions

LHCD,
double J /1,
JHEP 06,
047, (2017)

I T T T T I T T T T
) DPS
2y SPS: LO kr -
2N ———eme- SPS: LO CS
20 —_XXX \\ _____ SPS: I\L()x CS:(:/fﬂ_().S cov/e
F oo ———-SPS: NLO*CS/, s care
15+x %SPS LO CjO<A.T>:0._r) C(‘\“"/(’ |
- [T SPS: LO CO gropy=2 Gevye
10 XX xxx SPS: NLO CS
’ LHCb 13 TeV
5 ]
e T i SV
0 e "“Lﬁ:m-—_g T ——
0 0.5 | 1.5 2 2.5
| Ay|

CDF, y + 3,

DPS can give a significant contribution

Phys.Rev. D56

(1997) 3811-
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to processes where SPS is suppressed

SPS:

o (Nb)

W |
d P1-

DPS: :
d N P2-
W L

DPS W¥W ~
DPS WHW™
DPSW~W~

Gaunt, Kom,
Kulesza, Stirling.,

é

8 10 12 14

Colliderenergy (TeV)

Matteo Rinaldi

e

Eur.Phys.J. Cé69
16 (2010) 53

DPS can give a significant contribution

...0r in certain phase space
regions

LHCD,
double J /1,
JHEP 06,
047, (2017)

CDF, y + 3,

Phys.Rev. D56

(1997) 3811-
3832

X %
— A
X N
— -
X *
— »
X +
o
[~ X .
| X
X
- X

- | DPS |
o SPS: LO kr ]
A\ S SPS: LO CS

..... SPS: NLO* CS,. s _o5cav/e

— ——-5PS: NLO* CS’{A_ O/

T)=2GeV/c
EE}SPS LO CjO<A.T>:0.5 C(‘\“"/(’
s [ SPS: LO COgkpy=2cevye
XxxXxx SPS: NLO CS

LHCb 13 TeV
xxxx;):x;;; " E { + ]
-J.—T@g&% So—— =t -
1.5 2 2.5
| Ay|
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do/dy (nb)

0.2

in ep Colliders?

0.1

3 L ] ] I L] L] L] I L L 1 I )
L Four-jets (25=M 4j<50 GeV)

e ZEUS121pb’
| —— HERWIG+MPI
o A PYTHIA+MPI -
L - PYTHIA L
L [ ] HERWIG - direct i

' T ""-:‘,...“_ L PSIRTETE! CERTERTRTS
- I B T L H
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- mimimimr ke P4
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1 e
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HERA data, ZEUS coll,

Nucl. Phys. B 729, 1 (2008)
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