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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)
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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 Momentum fractions carried by the
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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

f_%

~ —>

Fie(x1, %2, Z 1) ~ g(x1,%2)T(Z 1)
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I 1 Double PDFs of the proton

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

1st uncorrelated scenario
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| 1 Double PDFs of the proton

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

1st uncorrelated scenario

,_J%
Fik (X1, X2, ;L) ~ g(Xth)ﬂ_(?l)
o
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b 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

—=
Fik (x1, X2, ;L) ~ g(xlaXQ)“_(E)J_)
)
U
b 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

Fik (X1, X2, E)l) is unknown. However @LHC kinematics (small x and many partons produced)
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1st uncorrelated scenario
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—> PDF(x;)*PDF(x;)

> [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(x1,%2,2 1) ~

Constituent quark models |
used to grasp basic
NON PERTURBATIVE features

M.R,, S. Scopettaetal, PRD 87 (2013) 114021
M.R, S, Scopettaetal, JHEP 12 (2014) 028
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PROBABILITY DISTRIBUTION
—>  OF FINDING TWO PARTONS WITH
GIVEN TRANSVERSE DISTANCE
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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)
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non perturbative feature
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PROBABILITY DISTRIBUTION

—>  OF FINDING TWO PARTONS WITH
GIVEN TRANSVERSE DISTANCE
N
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O
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———> SUM RULES AVAILABLE
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‘ 1 Double PDFs of the proton

\@ Some questions arose:

1) HOW CAN WE BE SURE OF THE ACCURACY OF SUCH APPROXIMATION?
dPDFs are non perturbative in QCD BPCs cannot be accessed from
QcCD

2) WHICH INFORMATION ON THE PROTON STRUCTURE COULD BE
ACCESSED FROM DPS?

elated

Jlo

PERTURBATIVE CORRELATIONS

%
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‘ 2 Double PDFs within the Light-Front

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

Fynefk) = 3(v3)° /Hdk 5 (Zk) & ({Fi} b )®({Fe}, —k )

ki kS _
Conjugate to@ X 8 (331 ) ) (:c2 — P_2+) LF wave-function

A A
_.: ﬁ E O({ki}, £k, ) = @ (kli—E2¢kiEs)
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2 Double PDFs within the Light-Front:GPDxGPD

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

11 =l3, =0

(plO(z, @’ (0,12)lp)|,

F12(£E‘1,.’E2,5J_) X [Hdl— izl pt

i —l;r:z+ 0

Approximated by the proton state!

/ dpl+dpﬂ N
G,oD

Fio(x1, T2, k1) ~ f(21,0,k1)f(22,0,k)
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2 Double PDFs within the Light-Front:GPDxGPD

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

Fia(x1,29,71 )
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t 2 Informatlon from Quark Models

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

2 2
Jd z, z| Fij(x1,%2,21)

<ZJ_>x1,xz = J

b,

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

\.

d?z) Fij(x1,%2,21)
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M.R.and F. A. Ceccopieri, JHEP 09 (2019) 097 -
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2) Correlations
are important

M.R., S. Scopettaetal,
JHEP 10 (2016) 063

M.R.and F. A. Ceccopieri
PRD 95 (2017) 034040
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2 Information from Quark Models

b,

\.

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

1) e.g. the distance distribution of

two gluons in the proton
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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”.
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Differential cross section for the process:

pp — A(B) + X

Differential cross section for a DPS event:

pp— A+B+ X

22



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:
M O, O
pp A B \» . A(B) + X
Oeff = - PP
2
\ Differential cross section for a DPS event:
—~——
POCKET FORMULA pp—A+B+X

color factors

M.R., S. Scopettaetal, PLB 752
3 GGFtReaRtofic) 2

o M. Traini, M.R., S. Scopettaand V. Vento,
i)k, PLB 768 (2017)

Z Ci G fd22¢ Fij(x1,%3, 21 )Fui(x3,%4,21 )

Lok

O-eﬂ"(xla X2, X3, X4) =
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‘3 Data and Effective Cross Section

\.
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I 3 Data and Effective Cross Section

\.

PP __PP

maoj, o
oPP — AYB

DPS

SENSITIVE TO CORRELATIONS

PROCESS DEPENDENT?

SENSITIVE TO INFORMATION
ON THE PROTON STRUCTURE?
As predicted by quark models

M.R. et al PLB 752,40 (2016)

M. Traini, M. R. et al, PLB 768, 270 (2017)
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l3 Data and Effective Cross Section

PP __pp
PP maoy 0g
eff — o PP

Ipps

0 SENSITIVE TO CORRELATIONS

0 PROCESS DEPENDENT?

© SENSITIVE TO INFORMATION
ON THE PROTON STRUCTURE?
and phenomenological analyses

T. Kasemets et al, JHEP 10 (2020) 214
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M. R. et al, Phys.Rev.

‘ 4 Same sign W'’s production at the LHC g

u

Jﬁiﬂ\w )

>+

+
w* 1
“L.
vy, (17#‘)

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
forsignature of double Parton interactions atthe LHC.”

Matteo Rinaldi 06/09/2021
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‘ 4 Same sign W'’s production at the LHC Ty

u

4

Y (’:7;1-)

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 06/09/2021
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‘ 4 Same sign W’s production at the LHC

o :’/‘

W% Ni

DPS cross section:

d40pp—>uiuiX

dnlde,l d772de,2 ey

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

Matteo Rinaldi

1 [ - R -
= Z 5/deJ_Fij(fL'laxZubJ_aMW)Fkl(x37fL'4abJ_:MW)
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M. R. et al, Phys.Rev.
D95 (2017) no.11,
114030

Kinematical cuts

pp, /5 = 13 TeV

PRI 5 20 GeV,  prtleading 5 10 GeV
I d bleadi T
|p;|¢; ingl + |P;}_‘# ea Lng| ~ 45 GeV

|| < 2.4

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

+ +x
2 _pp—=utX J2,PPH
Aoy dojy

AUN
dndpr,  dmpdpro s P1.)

In order to estimate the role of
double parton correlations we have
used as input of dPDFs:

2) These correlations pro

pagate to sea quarks

and gluons through pQCD evolution
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M. R. et al, Phys.Rev.

4 ' Same sign W’s production at the LHC .

(Eeff):l
2t Teff ] hetween
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< | Dlﬁerenc re line 15 due ¥
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m-n 1ln$1lnx2 <
17 & 2in—in—
10 e
[ = B0 GG G ] | ¢S 0 T

.

Matteo Rinaldi 06/09/2021



‘ 4 Same sign W'’s production at the LHC

Nllnm—lln@
Uil 7]2—4 .

(err) = 21.04 T2 (0Q0) Lo g7 (0 ) mb |
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M. R. et al, Phys.Rev.
D95 (2017) no.11,
114030

x- dependence of effective x-section
M.Rinaldi et al PLB 752,40 (2016)

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

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

— 1000 fb—"

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

that several experimental observable are sensitive to

«

N % In Ref. S. Cotognoetal, JHEP 10 (2020) 214, it has beenshown
.l ©

double spin correlations.

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

\.
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| § Clues from data?

"\,

If dPDFs factorize in terms of PDFs then =

N

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

(T (k1)

2ﬂeEffective form factor (EFF)

Matteo Rinaldi
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‘ 5§ Clues from data?

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

2ﬂeEffective form factor (EFF)

d?k
If dPDFs factorize in terms of PDFs then —1 = f —J_ T(kJ_)

Matteo Rinaldi 06/09/2021

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

T(kJ_)OC fdxldx2 if(Xl, X2, kJ_)
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M. R. and F. A. Ceccopieri, PRD 97, no. 7, 071501 (2018)

‘ 5§ Clues from data?

2Kk
_ d<k
If dPDFs factorize in terms of PDFs then Uefl = J —_— T(kJ_)LeEffective form factor (EFF)

j (27)?

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

T(kJ_)OC fdxldX2 I'E(xl, X2, kJ_)

k| is the conjugate variable to 7 |. In analogy with the
charge form factor:

d
<22L>OCWT(M)

k=0

Matteo Rinaldi 06/09/2021
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‘ 5§ Clues from data?

If dPDFs factorize in terms of PDFs then

ki

charge form factor:

(z] Yo
“W '
w’

Matteo Rinaldi

kdk

T(ky)

DPS processes:

k=0

The vertical linestands for the
transverseproton radius

f

06/09/2021

1
O off

is the conjugate variable to 7. In analogy with the

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

d?k |

(2m)2

EFF

T ( kJ_ ) 2ﬂeEffective form factor (EFF)

can be formally defined as

FIRST MOMENT of dPDF

in momentum space

T(ky) f dxidxo F(x1,%2, ki)
—— —g— LHCB (W) {5=13 Te
ATLAS{ZIW), 58 Tey'
v Red [13] (2pw), 1557 Tev
BT - —— M5 WOW), {5=8 TeV
il ATLAT [ jets), 45713 Tl
K e OWAS (VW2 jots), 1577 Te¥
[ CAAS (Weteh), 05213 Tad
—_—— 3m T
| M| I !
0s 1 1.5
[fm]
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M. R. and F. A. Ceccopieri, PRD 97, no. 7, 071501 (2018)

5§ Clues from data?

2
o -1 dok 2 .
If dPDFs factorize in terms of PDFs then = S —— T ( kl)\eEffectlve form factor (EFF)

EFF can be formally defined as
FIRST MOMENT of dPDF

k| is the conjugate variable to 7. In analogy with the in momentum space

charge form factor: J- .
d —— IB(TI})(K dxydxo F(x1,x2, k)
(BB yoc——T(k )| T T
THE DISTANCE OF THESE PARTONS SEEMS TO BE SMALLER
THEN THE PROTON RADIUS

Matteo Rinaldi 06/09/2021
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M. R. and F. A. Ceccopieri, PRD 97, no. 7, 071501 (2018)

5§ Clues from data?

-1 d2 kJ_ 2
If dPDFs factorize in terms of PDFs then JefF = ﬁ T ( kl)\eEffective form factor (EFF)
( 7T) EFF can be formally defined as
FIRST MOMENT of dPDF
k| is the conjugats vari?cble t(f) Z |. In analogy with the in momentum space
charge form factor:
2 d ——— LHCh (3] :I:I;('IE\I'_L)(( de]-dX2 F(X]-?XZ? kJ_)
<Z_L>QX: T(kJ_) w  ATLASZIW, f5=8 TeV

HOWEVER FROM PROTON-PROTON
COLLISIONS ONLY RANGES CAN BE ACCESSED

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

Matteo Rinaldi 06/09/2021
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‘ & New Idea: DPS via y-p interaction

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

e(k)

Matteo Rinaldi 06/09/2021
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& New Idea: DPS via y-p interaction

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

In

=

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

Tt
)
It has been shown that the agreement with data
/%\W improves if MPI areincluded in the Monte Carlo

Matteo Rinaldi 06/09/2021 41



& New Idea: DPS via y-p interaction

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

In

=

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

Tt
)
It has been shown that the agreement with data
/%\W improves if MPI areincluded in the Monte Carlo

WE EVALUATE THE DPS CONTRIBUTION TO THIS
PROCESS

Matteo Rinaldi 06/09/2021 42



‘ & New Idea: DPS via y-p interaction

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

For this first investigation, we make use of the

POCKET FORMULA:
Flux Factor
4j 1 > f"y/e(y? Q2) [ P.Nasonetal,PLB319
dJDPS = 5 Z dy dQ O"YP(Q2) 339 (1993)
ab,cd eff

= J dXPa dX’Yb 1:a/p (Xpa )fb/'y (X'Yb )da'?b (Xpa 1 Xy ) 3Pt

'}"‘
)
., A2
/o(ww [ o (00 o ()00 05 50) [

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

*Single Parton Scattering (SPS)

Matteo Rinaldi 06/09/2021

43



‘ & New Idea: DPS via y-p interaction

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

o

*Single Parton Scattering (SPS)

Matteo Rinaldi

)

For this first investigation, we make use of the

POCKET FORMULA:
Flux Factor
1 1 f /e(y? Q2) P.Nason etal,PLB319
ClO'4J — d sz L 339 (1993)
DPS , .Y‘J y o2 (Q2)
. The _
maj 2] SPs*
X hay g Quantjt )6, (Xp,, X5)
€to g, Y we
aluate ... : X
Is. d A2J
4 ’) Ocd (XPUX%I) SPS

-... PRD46, 1973 (1992))

%1 (Q?)

(J.
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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 describinga DPSfroma
vector bosons splitting with given Q2 virtuality

Proton EFF
d%k |

[sz?(Q2)]_1 = J (27T2)Tp(kJ_)

Tfy(kJ_;Q2)

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 describinga DPSfroma
vector bosons splitting with given Q2 virtuality

o , L B d2kJ_ Proton EFF | ,
7 (@) ] = | ek, (ki Q)

. Y
This quantity is
similarto 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 describinga DPSfroma
vector bosons splitting with given Q2 virtuality

d?k |

Proton EFF

w2y _
[JefF(Q )] = J (272)

Tp(kJ_)

Ty (ks Qj)

. v
This quantity is
similarto an EFF

The full DPS cross section depends on the amplitude of the splitting photon ina g g 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

Matteo Rinaldi 06/09/2021
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M. R. and F. A. Ceccopieri, arXiv:2103.13480
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For the proton EFF use has been
made of three choices:
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For the proton EFF use has been

made of three choices:

€

—O!]_ki_

a1 =153 GeV ™% = ¢ = 15 mb

49



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

Matteo Rinaldi

06/09/2021

For the proton EFF use has been

made of three choices:

€

—O!]_ki_

€

—Cllgki_

a1 =153 GeV ™% = ¢ = 15 mb

ap = 2.56 GeV ™2 = o™ = 25 mb

50



M. R. and F. A. Ceccopieri, arXiv:2103.13480
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bey
For the proton EFF use has been
made of three choices:
1)61:le=K] a3 =153 GeV 2 = 6% = 15 mb
2)G2: e—o2kl ap = 2.56 GeV 2 = oPf =25 mb

k3\ "~
1+ _l> A‘ m: = 1.1 GeV? = 0% = 30 mb

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

For the photon W.F. use has been made of two
a7k - Q? choices representing two extreme cases:

n1t = L=<
7 27
proton EFF

1) QED atLO (SJ. Brodsky etal. PRD50, 3134 (1994)):

Ug(k) 7 -€” vg(q — k)

A=+ 2
i Al wq,a_(xa li_; Q ) = —€f

x(1 — x) {Qz + %}

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

For the photon W.F. use has been made of two
a7k - Q? choices representing two extreme cases:

n1t = L=<
7 27
proton EFF

1) QED atLO (SJ. Brodsky etal. PRD50, 3134 (1994)):

Ug(k) 7 -€” vg(q — k)

A=+ 2
i Al wq,a_(xa li_; Q ) = —€f

x(1 — x) {Qz + %}

2) Non-Pertubative (NP) effects (erarniola etal, Pro74,054023 (2006))

6(1 + Q?/m?
IDX(X, kLl;QQ) = (2 /Zmp) 5/2
. (1+4ku +Q x(l—x))

P 2
my

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

Proton Models

-.3";:!:/
‘ G . G g

TTTTy T T TEy T T THE TTTHT

TTTr T YT
f-——@mm g m = o= =

AL EEELLL B
.

2 i
" doky ; . 3
w1 ==y ] e il b i e N w
3 27 F -— -

C T ey
proton EFF " L

b———le—— — i ——h——— b — — e g
¥ --a ] NP model
of the photon

Y Photon WF

a ¥ () [mb]

d
Tef i
= BB
/ _
il AT e

10 F—_‘_._‘\-—\‘\“g } e

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

The HERA KINEMATICS: EX* > 6 GeV
S. Checkanov et al. (ZEUS), Nucl. Phys B792, 1 (2008)

|77jet| < 24
Q% <1 GeV?

02<y<0.85

Matteo Rinaldi 06/09/2021

Transverse energy of the jets
Pseudorapidity

Photon virtuality

Inelasticity
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‘ 6 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)

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

Matteo Rinaldi 06/09/2021
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6 The 4 jet DPS cross section

KINEMATICS:

. 2 ’y/e( Q)
Elt > 6 GeV dUDPs—§ 2, Jd o x

ab,cd eff (Q2)
X J dxp, dxay, f /5 (Xp, )b/ (X4, ) dE ?b (Xpas X, )

X f dXPch’Yd fc/p (ch )fd/fy (X’Yd )d‘f’gé (ch » Xyg )

|77jet| <24
Q2% <1 GeV?

02<y<0.385

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

ﬂﬂﬂﬂﬂ
e
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6 The 4 jet DPS cross section

KINEMATICS:
EX* > 6 Ge)

opprs [pb]

_..,.'ﬁ_"_\:\_
el < 2.4 Q? <1077 102<Q* <1 Q<1 9pEs [+
2 hot 2 2 2 ]
Q* < 1Ge}| Photon (GeV7] (GeV7] (GeV7] %] S
02<y<0 G1 35.1 18.6 53.7 40 L.
ESYSE w o |Ga| 201 15.2 443 33 |emm

model S 26.4 13.7 40.1 30

G1 87.8 04.3 142.1 101

QED Go 4.3 33.4 87.7 65

S 50.5 31.1 81.6 60

proton

Matteo Rinaldi

06/09/2021




6 The 4 jet DPS cross section

KINEMATICS 2 o
E'llcjt > 6 Ge ODPS [pb] - ":\:'.‘_
: 2 92 92 2 2 o s ™
et < 2.4 Q<1077 1077 <Q <1 Q<1 FRES |
Q® <1 Gey Photer GeV?] GeV?]  [GeV?] (%] [P
02<y<0 G1 35.1 18.6 03.7 40 [
NP 1Gs| 29.1 15.2 44.3 33 [

model | g 26.4 13.7 40.1 30

G.| 878 54.3 1421 101

QED 1@, 54.3 33.4 87.7 65

S 50.5 31.1 81.6 60

proton
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6 The 4 jet DPS cross section

KINEMATICS:

EX* > 6 Ge)
|’I7jet| < 24
Q% <1 GeV

02<y<0

photon

Matteo Rinaldi

06/09/2021

&S [pb)

MATTERS

Q* <1 %pes

GeV3]  [%]
3.7 40
44.3 33
40.1 30
142.1 101
R7.7 65
81.6 60
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6 The 4 jet DPS cross section

KINEMATICS:
EX* > 6 Ge) _ ODpPsS |ﬁih]
— 2 2 ;
] < 2.4 o LO" <1 52
at 1 2
Q2 <1 GeV| Photon [ the pC N we learn aboyt eV %]
e G]_ Oton StrUCTUre? 13.7 4:0
s NP Go g, Y, _ ' 14.3 33
model | S 7" ¢ W, 40.1 30
G, L 1421 101
aep | Ga <\ 87.7 65
S ol.o ’ 81.6 60
proton
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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(z.)
The probability of finding a parton pair at distance

Z|

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

Matteo Rinaldi 06/09/2021
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© The effective cross section: a key for the proton structure

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

1 = o
@) = [z Be)R e )

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

Matteo Rinaldi 06/09/2021
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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:

FI(z1; Q%) = Z Cn(Q?)z]

(@) ] = |2 FranFas @)

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

Matteo Rinaldi 06/09/2021
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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:

FI(z1; Q%) = 2 Cn(Q?)z]

(@) ] = |2 FranFas @)
= (:H(QQ)ICFZJEQ(ZL)Z"L

n

= @

n

-

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

FI(z1; Q%) = 2 Cn(Q?)z]
-1 ~ &
| = |2 Bef e
= Z Cn QQ) szzLIES(ZL)Zl

(@ )
(
Cn(Q2 Mean value on proton states

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

Matteo Rinaldi 06/09/2021
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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:

FI(z1; Q%) = Z Cn(Q?)z]

. » \
{[o#@)] " = [ €2 BeofEse

If we can measure = Z Ca(Q%){(z1)"™s

the dependence of the n
effective-cross section \ /

on the photon VIRTUALITY

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

FI(z1; Q%) = 2 Cn(Q?)z]

(@) ] = |2 PP @)

If we can measure = Z Ca(Q%){(z1)"™s
the dependence of the

n v
This coefficientcan be determined from the

effective-cross section L
structure of the photon describedina given approach

on the photon VIRTUALITY

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

Matteo Rinaldi 06/09/2021
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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

If we can measure
the dependence of the

effective-cross section
on the photon VIRTUALITY

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

Matteo Rinaldi

Fourier Transform of the EFF:

Fl(z1; Q%) =

@]

06/09/2021

= Z Cn(Qz)

n
This coefficientcan be determined from the
structure of the photon describedina given approach

- c@

= fdzzL ﬁg(zi)ﬁg(zi; Q?)

(21)"p

We could access
for the first time
the mean transverse

distance between partons in
the proton
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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:

We could access
for the first time
the mean transverse

distance between partons in
the proton

If we can measure
the dependence of the

effective-cross section N
structure oie
on the photon VIRTUALITY

jroach

M. R. and F. A. Ceccopieri, arXiv:2103.13480
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© The effective cross section: a key for the proton structure

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

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

Matteo Rinaldi 06/09/2021
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© The effective cross section: a key for the proton structure

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

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

Q°<107? and 1072<Q’°<1 GeV?

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

Matteo Rinaldi

06/09/2021
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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 Q? in two intervals:

Q2<10?2 and 102<Q®<1 GeV?

2) We have estimated for each photon and proton models a constant effective cross section 7

(with respect to Q? ) such that the total integral of the cross section on Q? reproduce the full
calculation obtained by means of 02 (Q?)

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

Matteo Rinaldi 06/09/2021

73



‘ 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 Q? in two intervals:

Q2<10?2 and 102<Q®<1 GeV?

2) We have estimated for each photon and proton models a constant effective cross section 7

(with respect to Q? ) such that the total integral of the cross section on Q? reproduce the full
calculation obtained by means of 02 (Q?)

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

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

Matteo Rinaldi 06/09/2021



The effective cross section: a key for the proton structure

LE aﬁ,:liuh G, ﬂf'nzziu'h 5 :I'_':'J. = 30 mb
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h [ iy [ a3 ) i e ()
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Y E
15 f i
n t 1 —— —
- QED - QED ————————_  QED e
o5 1 1
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os: . .
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The effective cross section: a key for the proton structure

L d’,l’r'_r=lil-:lb G;. of}, = Hmb 5 nﬂ;:-ﬂlmb
A e I IAF o Q)
With an 7, = 106 mb- 87, =172 mb &3, = 106 mb
integrated 4
. . 1 i
luminosity g
of 200 pb* 1o [ -
we can separate: . QED - QED - QD
'lﬂ_' L
- iy 2o I Ao
= 0% =B uh C—— 5, = Msb - ay =wWas=b
f _—
; 06~
F
Z os : .
- NP " NP ———L NP ——————
(TS
@ < 0m GAT Ml CAT<FS16A" F <0m G I GAT < F=16AT  §F <o GAT 00l G < gF = L Gt
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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
" YP A2 5 . : )
The dependence of 0 ¢ (Q ) on the Q2 can unveil the mean distance of partons inthe 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




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 describinga DPSfroma

vector bosons splitting with given Q2 virtuality

[o2(@)] ™ = [ G Tolk)T, (s @)

The full DPS cross section depends on the amplitude of th

splitting photon ina g g pair. The latter canbe formally ¥ Co.N2\ 2 Yo .2
described within a Light-Front (LF) approach in terms of LF a9 (X’ k1;Q ) = | d kJ"l wqﬁ (X’ k1,13 Q )

wave functions (W.F.): T g 2
A - X e ki1 + k13 Q)
i q:(x, ki)
E: (]-*Xa* kJ_,l)
M. R. and F. A. Ceccopieri, arXiv:2103.13480

Matteo Rinaldi 06/09/2021
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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 describinga DPSfroma

vector bosons splitting with given Q2 virtuality

[o2(@)] ™ = [ G Tolk)T, (s @)

The full DPS cross section depends on the amplitude of th

splitting photon ina g g pair. The latter canbe formally ¥ Co.N2\ 2 Yo .2
described within a Light-Front (LF) approach in terms of LF a9 (X’ k1;Q ) = | d kJ"l wqﬁ (X’ k1,13 Q )

functi W.F.): g -
wave functions ( ) . % Qv[};/a(xa kL,l + ok Qz)
q: (Xa kJ_,l)
W_ . Similar definition of a meson dPDF
q: (1—x—ki1)
M. R. and F. A. Ceccopieri, arXiv:2103.13480 M. R. etal., EPJC78, 781 (2018)
Matteo Rinaldi 06/09/2021
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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 describinga DPSfroma

vector bosons splitting with given Q2 virtuality

42k _
[o3(@)] " = [ G Tolku)T, (ks @) 5[ s
T, (k1; Q%) =
Zfdxf7 x, k= 0;Q? )

fla(x,k1; Q%) = Jd2k¢ 1 le (x, K ; Q%)
X g (X, ;¢1 + k@)

—

i q: (Xa kJ_,l)
E: (]- — X, = T()J_,l)
M. R. and F. A. Ceccopieri, arXiv:2103.13480
06/09/2021 80
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‘ 6 The y-p effective cross section

The expression of this quantity j§ very.spgilar jgth pllision /5,/
case and can be faxaa sections

and the DP ‘ . scions
ﬂ |NGRED|ENTS OF THE CALCULATlON.

-y

Hx ] 5(%, ki =0;Q%)

foalboki; Q) = Jd Y Photon WE —
‘4, , ——

X5 kJ_,l)

O T e

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

Matteo Rinaldi 06/09/2021



2 Information from Quark Models

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

\.

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

14

127\\ ................. dPDF: GPD x GPD

. dPDF approximation

2 2
Fyyuy(wr, @0, k7, )

0 0.1 0.2 0.3 0.4 0.5

2) Correlations
are important

M.R., S. Scopettaetal,
JHEP 10 (2016) 063

M.R.and F. A. Ceccopieri
PRD 95 (2017) 034040

Matteo Rinaldi 06/09/2021
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M. R. et al, Phys.Rev.

‘ 4 Same sign W'’s production at the LHC g

u

Jﬁiﬂ\w )

>+

+
w* 1
“L.
vy, (17#‘)

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
forsignature of double Parton interactions atthe LHC.”

Matteo Rinaldi 06/09/2021
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M. R. et al, Phys.Rev.

‘ 4 Same sign W'’s production at the LHC Ty

u

4

Y (’:7;1-)

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 06/09/2021
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‘ 4 Same sign W’s production at the LHC

o :’/‘

W% Ni

DPS cross section:

d40pp—>uiuiX

dnlde,l d772de,2 ey

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

Matteo Rinaldi

1 [ - R -
= Z 5/deJ_Fij(fL'laxZubJ_aMW)Fkl(x37fL'4abJ_:MW)

06/09/2021

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

Kinematical cuts

pp, /5 = 13 TeV

PRI 5 20 GeV,  prtleading 5 10 GeV
I d bleadi T
|p;|¢; ingl + |P;}_‘# ea Lng| ~ 45 GeV

|| < 2.4

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

+ +x
2 _pp—=utX J2,PPH
Aoy dojy

AUN
dndpr,  dmpdpro s P1.)

In order to estimate the role of
double parton correlations we have
used as input of dPDFs:

2) These correlations pro

pagate to sea quarks

and gluons through pQCD evolution

85



M. R. et al, Phys.Rev.

4 ' Same sign W’s production at the LHC .

(Eeff):l
2t Teff ] hetween
8]
< | Dlﬁerenc re line 15 due ¥
3 a un-glatlﬂn
m-n 1ln$1lnx2 <
17 & 2in—in—
10 e
[ = B0 GG G ] | ¢S 0 T

.

Matteo Rinaldi 06/09/2021



M. R. et al, Phys.Rev.

4 Same sign W's production at the LHC

24

T x- dependence of effective x-section
Gy m— M.Rinaldi et al PLB 752,40 (2016)

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

23+

mb]

firstand the last bins
I can be distinguished if they differ

2y I 1 Assumingthat the results of the

21

—_

B

=

[\
Oeff

4 a3 14 w0l by 1 sigma, we estimated that:

L = 1000 fb—"

is necessary to observe correlations
* to be updated to new CMS cuts

4 3210 1 2 3 45
12

o

(Tepp) = 2104 Zg 07 (0Q0) Zg,07(0pur) mb | 0

Matteo Rinaldi 06/09/2021 87



I 4 Same sign W’s production at the LHC

that several experimental observable are sensitive to

«

N % In Ref. S. Cotognoetal, JHEP 10 (2020) 214, it has been shown
.l ©

double spin correlations.

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

\.

Matteo Rinaldi 06/09/2021
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I 2 Multidimensional Pictures of Hadron

\.

B 1-body

] 2-body

LFWFs

—

—— e e

Phase-space (Wigner)

distribution

_ﬂ'.‘l.p
EL|
£=0 \
o Z-axe N b,
2+3D

=1 " b
R
z, by 2+1D
N
A 2+0D
—_ A=10
— [dz l—-— [z [a

Matteo Rinaldi

06/09/2021
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4 Further implementations

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

Homogeneous term (double DGLAP)

In pQCD evolution: dDj, j, (1, 23 1) _ *
dt F ( I
x1+ 5”2: t) Py 1
Gaunt J.R. and Stirling W. J., JHEP 03 (2010) Z /1 N1+ 22
—_——
2V2 SPLITTING TERM

FPIn (1, 2, k) = 0;1)

i:o- 3 (o} I W 12
%;}’ — ?%f (1 + 2%) < (1) < °’ff(1 +U,:g2,kl = 0:1)

T with:
J.R. Gaunt, R. Maciula and A. Szczurek, D he difficulty in
PRD 90 (2014) 054017 the estimate of the 2 0<r, <1
ntribution

Absolute minimum | Zeff (b2> < 3 O Absolute maximum
TL‘ f— 0 Sﬂ- s Iy 1

Matteo Rinaldi 06/09/2021
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‘ 4 Further implementations

Relevant for processes involving heavv particles is the solitting term (1v2 mechanism) i.e.: .

r - ‘):fdeJ_F' '(x1:X2,bJ_)

14 r g Ji.J2
L e
i L7 : DGLAP)

1.2 j ”-’
L o "’
L I Il

10 B it B A -
i '/" ---------- ;?132 (3:1 ar :82)

i + 7’ ="

0.8¢ AR N T
[ R I Bl

0.6/ A T

bor oA ) L 3 Lot

:" """"" R —— - J'Slg;'l:tmng(ml? T,k =0; t)

04} I/ L - Fj 2 (z1, 22, k1 = 0;t)
- r] v‘ —
L7 'o‘

0.2j e .

1) Minimumas functionof 7 ¢ 0.0 N . 0< \7’lq\qul't§|'11
m(rv) 0 5 10 15 20 25 30
Tess [mb]
2) Maximum as function of T’U Absolute minimum | Yeff (b2> < D Yeff Absolute maximum
M(Trv) TU — 0 371- v Ty 1

Matteo Rinaldi 06/09/2021
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l4 Further implementations

3

,,,2112 (551, 332) —

\.

o r1,T 3
Tegs(@1,2) [r%z(m1,3}2)2 + 52 @1, 22)° rv} < (b%)ar,m, <

F(z1, 29,k =0;1)

F(zy;t)F(xo;t)

oeff(21,22)

T

IF WE DO NOT CONSIDER ANY FACTORIZATION ANSATZ IN DOUBLE PDFs:

T2v1 (331, .’L‘g) —

22 (21, 20)* + 202 (21, 22)% 7y

Fsp“tﬁng(mtha kL — Oit)

F(xl;t)F(.’Bg;t)

Matteo Rinaldi

06/09/2021
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i ' Use diagrams to explain your ideas

Lorem Ipsum

== <=

Lorem Ipsum Lorem Ipsum Lorem Ipsum Lorem Ipsum
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@ Our process is easy

Vestibulum congue
tempus

03
Lorem ipsumdolor sitamet,
consecteturadipiscing elit, sed do
eiusmod tempor. Donec facilisis lacus
eget mauris.

Vestibulum congue
tempus

Lorem ipsumdolor sitamet,
consecteturadipiscing elit, sed do
eiusmodtempor. Donec facilisis lacus —

eget mauris.
01 02 Vestibulum congue
\J tempus

Lorem ipsumdolor sitamet,
consecteturadipiscing elit, sed do
eiusmod tempor. Donec facilisis lacus
eget mauris.
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4000

3000

2000

1000

You can insert graphs from Excel or Google Sheets

&




Show and explain you

web, app or software
projects using these
gadget templates.




) Timeline

Blue isthe colourof the Yellowisthe colorof Blue is the colour of the
clearskyandthedeep  Redisthecolourof Blackis the colorof gold, butterand ripe White is the colorof milk clearskyandthedeep
sea dangerandcourage ebonyandofouterspace lemons and fresh snow sea
Yellowis the color of White is the color of milk Blue isthecolourofthe Redisthecolourof Blackisthe colorof Yellowis the colorof
gold, butterand ripe and fresh snow clearskyandthedeep dangerandcourage ebonyandofouterspace gold, butterandripe
lemons

lemons sea
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Gantt chart




) SWOT Analysis

STRENGTHS

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

Black is the color of ebony
and of outer space

OPPORTUNITIES

WEAKNESSES

Yellow is the color of gold,
butter and ripe lemons

White is the color of milk
and fresh snow

THREATS
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Diagrams and infographics
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Free templates for all your presentation needs

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



https://www.slidescarnival.com/?utm_source=template

