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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 ’ X29 ZJ_9 //tAa IMB)FkI(X39 X49 ZJ_9 //tAa /’tB)
a2\ R e
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
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DPS can give a significant contribution

to processes where SPS is suppressed

SPS:
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DPS:

DPS W*W ™
DPS WHW*
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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!!

all UNKNOWN
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Fir (X1, %o, ;L) is unknown. For phenomenology @LHC kinematics (small x and many partons produced)
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Fir (X1, %o, E)L) is unknown. For phenomenology @LHC kinematics (small x and many partons produced)
gomeeT
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pQCD evolution > A
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uncorrelated scenario: Fik (Xl7 NOURE J_) Tay g(Xl, X2 )

J

Sum Rules
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Fir (X1, %o, ;L) is unknown. For phenomenology @LHC kinematics (small x and many partons produced)
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Fik (X1, X2, ;L) is unknown. For phenomenology @LHC kinematics (small x and many partons produced)

double PDF & [
S —— Probability distribution
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(no factorization in terms of form factors)
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Fik (X1, X2, ;L) is unknown. For phenomenology @LHC kinematics (small x and many partons produced)

double PDF = PN
S —— Probability distribution
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Pp| PP
eff ». PP ™\
DPS

\/—/ — = 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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pp| PP
pp _ MOA OB

eff — PP
2 Opps

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

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

POCKET FORMULA i
L~ ATLAS (Jiy+W™, Lansberg-Shao-Yamanaka) First observation of
2 .~ ATLAS (np J'y+Z, Lansberg-Shao) T same sign WW via DPS:
== Results for W, Jet productions... B ey
. e~ CMS (Jiy+Jiy, Lansberg-Shao)-1— +2.9
20 3 DO (J/y+Y. Shao-Zhang) | Oleffs 12°2—2,2 mb
== Rasults for quarkonium productions &  — DO (iywdiy)
q P .g et ATLAS (Jiy+Jiy) i [CMS coll.], PRL 131 (2023) 091803
= 19 [ & LHCb (Jiy+D")
% -2+ LHCb (Y(1S)+D°) DPS
10 £ e CDF (4 jets) —_— o~ >~ 6.28 fb
L R4 CDF (v + 3 jets) ) e
g+ DO (v + 3 jets) AT
5 F e ATLAS (W + 2 jets) -
E o+ CMS (W + 2 jets) ZT o0
O ' P ) y wr At
0.1 1 10
Vs [TeV]
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PP, PP

P _ M% Up

T ff ». PP\
DPS

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

\/-y = 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 | -+ ATLAS (Jiw+W?, Lansberg-Shao-Yamanaka) First observation of
L~ ATLAS (np Jiy+Z, Lansberg-Shao) T same sign WW via DPS:
25 - re+ ATLAS (Jiw+Z, Lansberg-Shao)
E —ee CMS (JAp+Jiy, Lansberg-Shaa)-1

: 2 9
20 E DO (Jiw+Y, Shao-Zhang) Oeff — 12. 2+ mb

DO (Jiy+Jiw)

.g ' ATLAS (Jiv+Jiw) i [CMS coll.], PRL 131 (2023) 091803
= 19 [ & LHCb (Jiy+D")
4 -+ LHCb (Y{1S)+D")
10 b = CDF (4 jets) \ AR L DPS , 6.28 b
L 2 CDF (y + 3 jets) o
- v+ DO (v + 3 jets) 4T
5 F = ATLAS (W + 2 jets] :
=+ CMS (W + 2 jets) ZT o0
0 ! —
0.1 1 10
Vs [TeV]
CERN 2024 16




PP| PP
pp m UA B \ . . : : ;
O off = 55— Differential X-section single parton scattering for the process: pp — A(B) + X
2 Qops )
\/_/ =~ Differential X-section double parton scattering for the process: pp — A+ B + X
POCKET FORMULA 30 T . R [
E = ATLAS (JAw+W?, Lansberg-Shao-Yamanaka} ] First observation of
W via DPS:
From the last MPI workshop https://indico.cern.ch/event/1281679/ 129
1) Process dependent? the idea of studying phenomenological 2.2755 mb
2) Sensitive to correlations implications of the dependence of o, on the kinematics came out!! ?RL131(2023) 091803
3) Sensitive to the inner structure? We will work on that
redicted by all models!
p y , — g, 6.28 fb
M.R. et al PLB 752,40 (2016) H+ CDF (y + 3 jets) o [r—— T
M. Traini, M. R. et al, PLB 768, 270 (2017) B+ DO (v + 3 jets) i ] l -
M.R. et al, Phys.Rev. D95 (2017) no.11, 114030 O | ATLAS (W + 2 jets) | I¢ 1]
= CMS (W + 2 jets) . K. oo SN /J
0.1 1 10
Vs [TeV]
Matteo Rinaldi CERN 2024 17
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https://indico.cern.ch/event/1281679/

Cross Section and proton structure

If DPDs factorize in terms of PDFs then i szzl _T_(ZJ_)Z — J

As for the standard FF:

d
T(k
i (ki)

D
(Z9 ) .

Geff %Y

k1 =0

From the asymptotic behavior we got the following relation:

7eff < (22 <

3T LF

O eff
-

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

I\/Iatteo‘RinaIdi
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d’k,
(27)?

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

CMS (W+W), 45=13 TeV

Transverse proton radius




r

1)Increase the DPS cross-section

2) easier to extract o,

)
)
3)in the future we can extract information on NEUTRON DPDs
4YNuclear effects in DPDs!!

)

Are DPDs of free proton the same of those for bound protons?

Ul
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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
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4) B. Blok et al, EPJC (2013) 73:2433

5) B. Blok and F. A. Ceccopieri, PRD 101, 094029 (2020)
6) B. Blok and F. A. Ceccopieri, EPJC (2020) 80:278

/) D. Treleani and G. Calucci, PRD 86, 036003 (2012)

8) M. Strickman and D. Treleani, PRL 88, 031801 (2002)

9) E. Cattaruzza, A. del Fabbro and D. Treleani, PRD 70, 034022 (2004)
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AT A .
1 2 —-82(32121 +T22, )])l

F X1, X, = 2p™ : : :
122 (X1, X2, Y1) P o P In this case we have two mechanisms that contribute:

x (A|02,(0,22) 05, (v, 21) | A)
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dz; dz,

f

—ei(:vlzl"+:v222")p

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!

e e

DPD of te nucleon inside ‘ y
the nucle us \

Light-Cone Transverse momentum
of the NUCLEON

Momentum fraction
carried by a NUCLEON Momentum Distribution

Matteo Rinaldi CERN 2024 22
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AT B A
1 2 —61(33121 +x225 )p’

F X1, X, = 2p™ : : :
a2 (X1, X2, Y1) P or 21 In this case we have two mechanisms that contribute:

4 <A|| oaz (0, 22)031 (yv zl)l‘ A>

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

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

N s

Nucleus wf

3132(X11X21 kL) o</ = '. df.ClI Ptu (Z £ )5(2) (z Pti) i )

¢Z(€11 621 Pt1, Pt2, - -
k|

xta (€1, €2, P + K1 P — Ki, ) GM (xa/81, Nucleon GPD
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. D. d’ Enterria and A. Snigirev, PLB 718 (201 3)
One can generalize the “Pocket formula”:

RS/ 4 DPS, 1 DPS,2
GPA Wi GpA T UpA
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. D. d’ Enterria and A. Snigirev, PLB 718 (201 3)
One can generalize the “Pocket formula”:

RS/ 4 DPS, 1 DPS,2
GPA Wi GpA T UpA

l

DPS
Aopp

I\/IatteoRinaIdi CERN 2024 25

e e e e




. D. d’ Enterria and A. Snigirev, PLB 718 (201 3)
One can generalize the “Pocket formula”:

RS/ 4 DPS, 1 DPS,2
GPA Wi GpA T UpA

l l

DPS
DP : .
Aapp > Opp  * Oeff,pp FPA

\ FpA Related to the transverse nuclear distribution. Can be evaluated with some models for

heavy ions and realistically for light-nuclei

Matteo Rinaldi CERN 2024 26




. D. d’ Enterria and A. Snigirev, PLB 718 (201 3)
One can generalize the “Pocket formula”:

DRS /.4 DPS,1

DPS.2
GpA — 0] O

PA P PA

l

DPS s
Ao Oop " Oeft pp--| Tpa
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. D. d’ Enterria and A. Snigirev, PLB 718 (201 3)
One can generalize the “Pocket formula”:

DRS /.4 DPS,1

DPS.2
GpA — 0] O

PA P PA

l l

DPS

DPS s
Ao Oop " Oeft pp--| Tpa

Wood-Saxon density

Oeff,ppb ~ 22 UD

Geff,pp ~ 13 mb

I\/Iatteo‘RinaIdi CERN 2024 28




. D. d’ Enterria and A. Snigirev, PLB 718 (201 3)
One can generalize the “Pocket formula”:

RS/ 4 DPS, 1 DPS,2
GPA Wi GpA T UpA

DPS
AcPPs Opp  * Oeff,pp * FPA

IT Otr pa IS €xperimentally obtained then

we Ccan extract o,

ff,pp

I\/IatteoﬂRinaIdi CERN 2024 29




DPS in pA collisions

Some examples of predlctlons

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

DPS in pA collisions e===

W+-di-jets
Pl > 20 GeV P > 25 GeV Pl > 30 GeV
oW [nb] (b (nb)
DPS1 19 + 6 8+3 4+2
DPS2 49 22 11
SPS 81 57 41
Tot 149 + 6 87 + 3 56 + 2

- SPS dominant
- DPS2 bigger then DPS1 has expected

A lot of effort (slides from):

- Boris Blok

1600

1400 +

1200

1000

=00 F

600 +

400

200

- Mark Strikman
- Massimiliano Alvioli
- Daniele Treleani

DPS+SPS @ 67,/ s
DPS1 & 65,/
SPS
DPS2

Wij

-----
------

.....

Sttty
.....

Matteo Rinaldi

CERN 2024

- Federico Alberto Ceccopi
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Same sign WW
D. D’Enterria and Snigirev, PLB 718 (2013) 1395-1400

—A

-
.
o

p-Pb — W,WW cross sections:

NLO (MCFM+VBFNLO): CT10 PDF, EPS09 nPDF
=m, (W), u=150 GeV (WW)

o (pb)

W* W (smgle parton) e ——

10°F
10°F
0D I B
- (:)ES ;;_
) - S .
0°E W'W’ (single parton)
404% -----------------
10%k WW* (DPS) et 7
102E ST
- Z W*Wjj (single parton)
5 /'
10 /-
=/
1 | b | | e o | | b | l L1 1 I | 87 [P I N | l N b T I | | | Pl I 11 1 I Ldl
294X 6. 8 10 1Z201ESLOaEF 26

/s, (TeV)
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DPS in pA collisions - predictions

Matteo Rinaldi

DdE, Sn|g|rev 031 14) 303]‘ £
m Cross sections & rates for DPS processes with Jhp,Y & W, Z bosons

[Also V. Goncalves (2018): double-Jhp; Paukunen (2019): double-D,...]

pPb (8.8 TeV)  J/v¥+ J/¢ J/v+ 7T J /[ v+W J [ V+7Z
OoN—aTpN_sb 4D pb (x2) 45 pub, 2.6 ub 45 pub, 60 nb 45 b, 35 nb
agff)sb 45 ub 5.2 ub 120 nb 70 nb
NPE, (1 pb™t) ~65 ~60 ~15 ~3
T+7T T+W T+Z ss WW
a;‘;;?_m,a;‘ﬁ_)b 2.6 ub (x2) 2.6 ub, 60 nb 2.6 ub, 35 nb 60 nb (x2)
OoPb 150 nb 7 nb 4 nb 150 pb
NP, (1 pb™t) ~15 ~8 ~1.5 ~4

Leptonic final states: BR(JAp,Y,W,Z) = 6%, 2.5%, 11%, 3.4%
Accept.*Effic.= 1% (Jhp, |y|=0,2), 20% (Y, |y|<2.5), 50% (W,Z |y|<2.4)

m Many double hard scatterings processes with visible p-Pb x-sections

at the LHC. (Note: J/hp values are per unit-|y|).

m Useful independent extraction of Ot p |

CERN 2024

D. d'Enterria’s
slide
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m Double-charm production in p-Pb collisions:

o select pairs of D°, D°, D+, D=, DF, D-

and J/

@ sort them into pair production and “DPS”

categories . 0GoG
¢, — &
O eff
RPD: D1l 308 + 0.015 -+ 0.010
9D D,
R\ = 0.391 %+ 0.019 4 0.025

RP’P” = 0.109 + 0.008

Like sign charm fraction tripled!

A/SNN — 82 Te\/ Phys. Rev. Lett. 125 (2020) 212001

Albert Bursche

m Useful independent

extraction of o .. :
eff,pp

effpA

charming DPS

eff.pp

! ol lead i protons
) L gl - .
3 L o D — —
=~ N\ :-::1’
protons lead ions
T
P
.
-!0 &y
E 2 E 1 ' ! T T [ T T T T ]
‘f 1.8 : LHCb ]
= 1.6 _ =
- | 4: \fSNN—S.IGTCV m .
5] e =
@ - o
1 :79-5Z?'-’.I‘t'532'13}':’3?'1.12-122'?2B;lt<Z?§2‘53?‘53?-~’;:E'E:?';’I?'%ff'F,IZ'i3"%2‘ff,\c’,I?"C?'532'Z3?'23?'?.32';’,3?'?:3'{:2*‘-‘T“""'.‘"'.""iil"ﬁ'f'}'f'i'f"'flf'£3<ﬁ>§’é.
0.8F 4 'TI -
0.6 + %dEnterriactal.  —
04F +D°D° c
02 +J 1y D" =
0 C | ! ] ] 1 | ! ] ] !
— 0 5
0
y(D", JIy)
10" October 2021 15 /17
oNo0oy —
o pp(D D% =7-16 mb

NPDF effects visible in -y/+y results.

A+ 04, Foa o, (IPDC) = 13-40 mb

(LHCb should quote the equivalent O st op values...)

D. d'Enterria’s
slide
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Events / 50 MeV

Events / 0.96

double-J/p meson production in pPb collisions at 8.16 TeV

CMS Preliminary pPb 174.6 nb™ (8.16 TeV
1 1 I I 1 1 I 1 1 I I 1 1

CMS Preliminary pPb 174.6 nb™' (8.16 TeV
I I I 1 1 l 1 1 I I 1 1 L)

10_"'|"'|"'|

- —

* Data

=== Total =]

L ea - The relative cross-section contributions:

Events / 100 MeV
o)
|

8
i
6
5E 6-— N Background | PPb J/¢J/¢+X
g I ] — |
4 ) Wi 1 I dene = 16.5 + 10.8 (stat) £ 0.1 (syst) nb }
3k - 1 |
2 L 2 1 Pb—J/vJ/v+X
; VO Nt] 1] op MK _ 5.4+ 6.2 (stat) + 0.4 (syst) nb 1
f§.§\\§§\’\M§s\\\ N\ \: L DPS
' oL N St —— e —_—_—_—_—_—_———————————— e ——
2.6 2.8 3 3.2 3.4 3.6 2.6 2.8 3 3.2 3.4 3.6 b
m,.,- [GeV] Mg+~ [GEV]
bPb 174.6 nb™ (8.16 TeV) " CMS Preliminary ~ pPb 174.6 nb™ (8.16 TeV) ~
) < pPb — Jiy+Jly ‘ i
2 F 2 eors
© / 7 %5 DPS (6,=4mb) -
e v T he extracted ffective X-section:
a 0 e extracted pp ettective X-section:
0 0 vy A S
[ ///’%ﬁ/?/ VPSS SS /// ; ; A ® 4 O b
SN i i i ) Oeff,pp — J 1 5 m
R N e 2 B
100G ™52 25335 4 45 005 T " 5
Ay(J/\|f1, J/\yz) A¢(J/\|I1, J/\|12)
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A pocket formula for Triple parton Scattering (TPS)

SPS __SPS __SPS
O'a1 O'a2 0-33
OTPS X :

wid © 8 O ff TPS

D.d'E.etal PRL118(2017) 122001

TPS is a new window to access new information on the hadron structure:

- 1 -1
Jgff,TPs S / dszg(b)

/- ‘-»"f-*‘ bCﬁ.IPS — k X O off . DPS With 7{: — 0.82 :t O.].].]

Model calculations °

1) 0. 1ps €ncodes new details on the geometrical structure
2) Triple Parton Distributions (tPDFs) could depend from unknown triple parton correlations!

I\/IatteoRinaIdi CERN 2024 34




A pocket formula for Triple parton Scattering (TPS)

SPS _SPS _SPS
O'a1 O'a2 0-33
OTPS X :
=0y O eff TPS

D.d'E.etal PRL118(2017) 122001

SUM rules can be used to build phenomenological distributions: O. Fedkevych and J. R. Gaunt, JHEP 02, 090 (2023)

1—.’1)1—.’82
Z/ d:1339331-}-13j2j3(331, To,x3) = (1 — 1 — $2)Dﬁj2(m1, Ts) Momentum Sum Rule
j3 V0
tPDF dPDF

1-)— Number Sum Rule
B . B
/0 d:ch'jljgj%(:cl, L2, 333) = (Nj&v ~& 5]'3]'1 o 5j3j2 5 53”1 " d 5]'3]'2)le1]-2 (331, wg)

| Distribution integrated on transverse dependence
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Trlp\e Charm and Beauty productlon

C top++ NNLO ~ top++ NNLO
3 ‘ — X (NNL
10”E ppr=aABMP16 PDF=ABMP16 PP—> bb+X (NNLO)
104 ; pF=|,|R=2mc . ¥ szpR=2mb == np— 3x[bb]+X (TPS)
10%
— 10°}
2 A
= 10 >
wn 7’
Q. - -
ar 1k P
4 G ol . :IILC?ES oy Pb
7] R 7’ © (PP,pPDb) ¥ LHCb (pp)
© 107'F o ¥ LHCb (pp) e ALICE (pp) et
102k ’ + STAR (pp) + CDF (pp) ’
e m PHENIX (pp) ¢ UAT1 (pp) P
1072 /=== pp—sct+X (NNLO) HERA-B (pA) m PHENIX (pp) 27
F o v E653 (pA) & HERA-B (pA) ¢
10_4 - ,I === Dp— 3x[cC]+X (TPS) a4 E743 (pA) v E789 (pA) ,/
10—5 11'1111 1 [ 1 Ll 1 1 111 1 1 LJ 111 lllll'k 1 [ 1 I S
10° 10° 10* 10° 102 10° 10* 10°
Vs (GeV) s (GeV)

AT

- small x-section, but it increases fast
with the c.m. energy e Important channel to extract the DPS and TPS
- Since triple charm is > 15% of the contributions

inclusive charm production
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Trlple Parton Scattermg where7 B

~ i
Triple J/Y product|on| H. S. Shao and Y. J. Zhang, Phys. Rev. Lett. 122, no.19, 192002 (2019)
102 ; Prompt 3-J/y production at Vs=13 TeV LHC
» p k; : SPS K3
= - e
/Y Qe = ”Zgég .
: ) = W RS T = é/“"“‘::::::::1:??:::f:hi:‘_
| B /// 300 £b’
) J/ (STTTTTET Cl J/y X //// 3 ol
b E L NIRRT /fV ““““
g O.]/z, Cl J/ 0;(_ %
: : % , {;% 9_-,'_ 100 events \ ’z
(a’) SPS (b) DPS (C) TPS 10'5 L?/:rl:ei:ing(kT)=3 Gevk -!EIC)
10 Mb,o 4 4=10 M N 15
EE— 10°® ce"?‘l:.be“l .......... t.). ....... & ....................................... 1=
0 1 2 3 4 5 6 7 8 9 10
Pt min [GeV]
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Triple Parton Scattering - where? =5

Triple J/Y product|on| H. S. Shao and Y. J. Zhang, Phys. Rev. Lett. 122, no.19, 192002 (2019)

102 Prompt 3-J/y production at Vs=13 TeV LHC
) . _ SPS X3
i P P . 1 DPS 3
». | } ]/L', > |(\| ]/L' | |(\' ]/L’ F PSS —
; . ) A < i} s
| - Vo % rz77 R 50 _fh!
RO~ . M TR R sy BSOS LS ey e e e e
k 300 fb

—
S 9
w

‘J}iwgfi ‘
. . ;
~ ~
< = -
Y
= c_ffi
-~ -~
¥ ¥
gi
- -
-y -y
~ ~
¥ d ¥ d
O'(PT>PT mm)XBr [fb]
o o g
N -t o

—
f
H

(8.) SPS (b) DPS (C) TPS SPS negllglble' 1%

2 3 4 5 6 7 8 9 1
PT min [GeV]
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Triple Parton Scattering - where?

~ i

Triple J/Y product|on| H. S. Shao and Y. J. Zhang, Phys. Rev. Lett. 122, no.19, 192002 (2019)

1 02 - Prompt 3-J/y production at Vs=13 TeV LHC
3 : SPS <3
p p ' M DPS 72
- PSS —
) 3
J/ J/ —_—
| -« (’ 2 10k LA 1 50_fh
RO~ . M TR R sy BSOS LS ey e e e e
' }.3 300 fb
J/P LI Cl I/ X -1
- = ___3_ab___:
= %
- & %
A
o
©

(8.) SPS (b) DPS (C) TPS | SPS negllglble' 1%

2 3 4 5 6 7 8 9 1
PT min [GeV]

=k
o
IIO
=
)

133 fb' (13 Te v CMS 133 fb' (13 TeV)

IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII

—_—
)
I

--------- -0 = 2727, (stat) £ 17 (syst) fb

- < D - D =
= 9:— ¢+ Dat - - o] = 4 Data = Sk ¢+ Data - 1 04
=2 B , R : 3 = E o E _ 3
o | Total fit 4 © 8F — Total fit ;| — Total fit 3
% 7;— J/y J/y J/y signal _; % 7;_ S J/y J/y J/y signal % 7;_ S J/y J/y J/y signal _;
& 6f 1 & 6f D 6fF 3
4t 3 4F 4E E
2F | - oF. ithiad el o 2k e S ssiale
8_ i ele MO NN T 05 sl iingii @ inlicii AN 05 webabol ol el ol LASIONN-L -
9 3 3.1 3.2 3.3 2.6 2.8 3 3.2 2.6 2.8 3 3.2
m,.[GeV] e [GeV] m,, s [GeV]

A. Tumasyan et al [CMS], Nature Phys. 19, no.3, 338-350 (2023)
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Triple Parton Scattering - where? T

Triple J/Y product|on| H. S. Shao and Y. J. Zhang, Phys. Rev. Lett. 122, no.19, 192002 (2019)

102 : Prompt 3-J/y production at Vs=13 TeV LHC
; SPS 3
Pzﬁ p p *M DPS 73
i () J /¥ i () J/Y 4 Cl J/ ) 5 / R
< = WV B N ] 150 fb __
4mn< R A NN R e S———
100000000, LI/ L J/ P LT Cl J/ X 3 ol
- - [ R - N T Tt W N T, NN N, N . D S —— 4 g R R - | & S
R . E %
I/ () J/v () J/v r}'\_ o %
< © — events o
p P o, P o G i
: R
io
(a) SPS (b) DPS (c) TPS SPS ligible!
1 <
— e negligible! -
10"
0 1 10
Pt min [GeV]
1 " .
g PR R ol et ot el .o = 27244 (stat) + 17 (syst) fb
E 9;— ) ¢+ Data _; = 9;— ¢ Data = OF ¢+ Data . 104
— | aoE — Total fit ~; § 8E — Total fit § 8k — Total fit -
..g 75_ J/gp J/y J/y signal _f g 75_ S J/g J/y J/y signal ..g 75_ J/y J/y J/y signal _E
O = 3 ) : 5] = =
@ 6F 1 & 6f D 6f 3
SE 5 s SPS -> 6%
4t v 4k 4F =
3F /\ 3 3 T o B 3 | | = 4
‘ E plise ' DPS -> 74%
25_ ‘ E 25 R i 2k E r I=
1_{ N\ | ‘ 1_ J: Il[ll]{ | \ i ll[l \L : A
sl L0 N 3 AL LN L LT TPS ->20%
-9 3 3.1 3.2 3.3 2.6 2.8 3 3.2 2.6 2.8 3 3.2
m,,.[GeV] m,. . [GeV] m,, 5 [GeV]
"

A. Tumasyan et al [CMS], Nature Phys. 19, no.3, 338-350 (2023)
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Triple J/¥Y production! A.Tumasyan et al [CMS], Nature Phys. 19, no.3, 338-350 (2023)

CIMS' Ll L] L] I L)

¢ Data

| — Total fit

S J/y J/y J/y signal

133 fb' (13 TeV
L) A J l T L L) L) :

Novel way to extract the DPS eftective cross-section:
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: SPS -> 6%
5E 3 = O
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3 | DPS -> 74%
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—— ATLAS*, Vs=7 TeV, W+J/y Ref. *
—— ATLAS", Vs=8 TeV, Z+J/y Ref. *
> ATLAS", Vs=8 TeV, Z+b—J/y Ref. */
—— DO, Vs=1.96 TeV, y+b/c+2-jet Ref. *°
- DO, Vs=1.96 TeV, y+3-jet Ref. *°
S DO, Vs=1.96 TeV, 2-y+2-jet Ref. %
— DO, Vs=1.96 TeV, y+3-jet Ref. **
—— CDF, Ys=1.8 TeV, y+3-jet Ref. **
I > UA2, Vs=640 GeV, 4-jet Ref. *'
e CDF, Vs=1.8 TeV, 4-jet Ref. %2
e ATLAS, Vs=7 TeV, 4-jet Ref. '®
—- CMS, Ys=7 TeV, 4-jet Ref. 2¢
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—_— ATLAS, Vs=7 TeV, W+2-jet Ref.
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I 1 1 1 I L
0 20
Ot pps [MD]
—w

41

. |



TPS1 =TPS TPS2=DPS ® SPS TPS3=SPS ® SPS® SPS
Relative size: 1:4.54:3.56 D. d’Enterria et al, EPJC 78 (2018) 359
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.....

TPST =TPS TPS2=DPS @ SPS TPS3=SPS ® SPS® SPS

Relative size: 1:4.54:3.56 D. d’Enterria et al, EPJC 78 (2018) 359
Pocket Formula:

SPS  _SPS  _SPS G 3F A [mb~} _

TPS _(m IpN—a " IpN—b * IpN—c _ Oeff TPS,pA — > | pA[ ] - Coa [mb_z]
OpA—sabc — F 5 O otf TPS Oeff, DPs
O off TPS,pA <" o -
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.....

TPS1 =TPS TPS2=DPS @ SPS TPS3=5PS ® SPS&® SPS

Relative size: 1:4.54:3.56 D. d’Enterria et al, EPJC 78 (2018) 359

Pocket Formula:

SRS gl SFSE ., SPS A
5TPS _ (M) “pN—a “pN—b = “pN-—c  Ceff TPS.pA = 2 I
A AL o N7/ T eff, TPS
eff, TPS,pA =" N

F
. PA Coefficients that should be calculated |
within a model of the nuclear structure|
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TPS1 =TPS TPS2=DPS @ SPS TPS3=5PS ® SPS&® SPS

Relative size: 1:4.54:3.56 A 3Fpa [mb ]

Oeff TPS,pA — >

D. d’Enterria et al, EPJC 78 (2018) 359 | Octt TPS O eff, DPs

4 —1/2

CpA [mb_z]

Octf,TPs = 12.5 Mb = Oeff, TPS,pPb 0.29 mb

45 times

b OTPS,pPb ~ 450TPS,pp
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TPS1 =TPS TPS2=DPS @ SPS

4 —1/2

Relative size: 1:4.54:3.56 A
, Ocff TPS,pA = | 7=
D. d'Enterria et al, EPJC 78 (2018) 359

Tetf, TPS |}

«‘\_ -

Cpa [mb ]

Octf,TPs = 12.5 Mb = Oeff, TPS,pPb 0.29 mb

45 times

b OTPS,pPb ~ 450TPs,pp
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TPS1 =TPS

Triple charm & beauty production:

TPS2=DPS @ SPS

TPS3=5P5 ® SPS® SPS

D. d'Enterria and A. M. Snigirev, Eur. Phys. J. C 78, no.5, 359 (2018)

o 5 [ top++ NNLO o 5 top++ NNLO
E10 E PDF=ABMP164+EPS09 E 107 F ppr=ABMP16+EPS09
£ 10°
P.
& 3
cnb"‘.’:‘lo E !E
10° r
10 r o
s » A W oeaeeee pPb- X (tot. inel.)
P —
’,’ g= pPb-» cC+X (NNLO)
1
10 f /"’ Wi pPb—s 3xcE]+X (TPS)
102!; F 10°?
3 Vi ® ALICE (pPb-»cC), 5.02 TeV 5
10 { F 10
104 10 /
5 EJ' | | | 1 10°5 : | A
10 bkl d A LA A LA L L L A i A A LLL | — AL LA L A& LL
10° 10° 10* 10° 102 10°

Vs (GeV)

MT thanks D. d'enterria for slides
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10* 10°

........ pPb— X (tot. inel.)
s pPb— bb+X (NNLO)
== pPb-— 3x[bb]+X (TPS)

L) 1

P

s (GeV)

S e

CERN 2024

Process pPb(8.8 TeV) pPb(63 TeV) p-Air(430 TeV)
ol 22+04b 2.4+ 0.4 mb 0.61+0.10 b
o 0.96 + 0.45sc = 0.10ppr b 3.4+ 1.95c + 0.4ppr b 0.75 % 0.55c = 0.1ppr b
0wt X 200 + 140¢0t mb 8.7 + 6.2¢ot b 5.0 + 3.6¢0t b
O’Z%‘:_X 72 &+ 125¢ &£ Sppr mb 370 £+ 75s¢c &+ 30ppr mb 110 £ 255¢ =+ Sppr mb
O - o 0.084 + 0.045¢0¢ ub 11 & Teot ub 17 + 110t pb

- Triple charm amounts to ~20% (~100%!) of
inclusive charm x-sections at LHC (FCC).

- Large triple J/Wproduction at FCC:
- Triple beauty amounts to ~3% of inclusive
beauty x-sections at FCC.
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6-jet production in pp (14 TeV) and pPb (8.8 TeV)

M. Maneyro & D. d’Enterria
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ALPGEN (LO) 6j, p=H_

ALPGEN (LO) 4j, p=H_
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10°5 - — SPS
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ALPGEN (LO) 6j, p=H_

ALPGEN (LO) 4j, p=H_
MG5@NLO (NLO) 2i3j p=H_
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osps(6)) = 30 nb (pT > 35GeV, || < 5)

6ops(6]) % 4 b (pT > 35GeV, 7] < 5)
DPS — 20% — 2 %

orps(6)) = 3 pb (pT > 35GeV, || < 5)
TPS <1073 %

Gsps(6)) = 1.2 ub (pT > 35GeV, || < 5)

6ops(6]) % 800 nb (pT > 35GeV, || < 5)
DPS — 40% — 6 %

orps(6)) = 1.2 nb (pT > 35GeV, || < 5)
TPS <2 %
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Nuclear DPD (in momentum space) corresponding to the DPS1 mechanism:

F; 12, (X1, X2, k1) = Z /f a1a; (21 X; ) P/'}\‘(E: Pt,N.) ;dzpt,N

N=p.n
The nuclear light-cone distribution can be evaluated with realistic wave-function (from Av18 +UIV potential)

for light nuclei and modeled for heavy ions.

We can define the double structure functions (dSF): F2A(Xq, X,) = e|2 J2X1X2F (X1, X5, 0)

I
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Nuclear DPD (in momentum space) corresponding to the DPS1 mechanism:

F; 132 (X17X2? kJ- Z /£ aja (Xgl X; ) IO,';“(E pt,N‘) ggdzpt,N

N=p.n

The nuclear light-cone distribution can be evaluated with realistic wave-function (from Av18 +UIV potential)
for light nuclei and modeled for heavy ions.

We can define the double structure functions (dSF): F2A(Xq, X,) = e|2 J2X1X2F (X1, X5, 0)

I

We can generalize the EMC ratio: Ré‘MC(X) =
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Nuclear DPD (in momentum space) corresponding to the DPS1 mechanism:

X . X X
F; 32(X17X2? kJ_ /g aia (; ; ) pX(E pt,N) é.gdzpt,N

N=p.n

We can define the double structure functions (dSF):  F#A(x, x9) = elzejzx x2F (X1, X5, 0)

Calculations with the model of:
D. N. Kim and G. A. Miller, PRC 106, no.5, 055202 (2022)

We can generalize the EMC ratio:

Fo(x) 2
RéMC(X) = 2P > oh
A F5(x) = AP R ES
=== R(x,0.3)

FZ’A(X1 , X9) 2
A F2’2(X1 : X2)

A i
Roemc(X1s Xp) =
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Nuclear DPD (in momentum space) corresponding to the DPS1 mechanisnm

1 ~
Fa 32(X17X27kJ_ /g aia

N=p,n
1) EMC like effect more deep! x2F (X1, X5, 0)

2) A novel way to test our
models of the EMC effect!

We can define the double structure functic

. . 1.0[, : | Calculations with the model of:
We can generalize the EMC ratio: i (short-range correlations,.., D. N. Kim and G. A. Miller, PRC 106, no.5, 055202 (2022)
0.9} off-shelness..)
A - 3) Neutron DPDs
A Fo(x) 2 : )
REMC(X) - A F2 0.8" \ Pb
5(x) —  Rgpe®)
4 Pb
| -===  RyEmc(%x,0.3)
F2’A X1, X ) 4 _ 4 o - N
Ré\EMC(Xqu) e i o 59 N W - R T RO Ph
CUNDS 5 Y AR S| e RPe (x,0.5)
0.1 0.2 0.3 0.4 0.5 0.6 0.7
X
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1) DPS represents a new and unique window towards the inner structure of hadrons

2) DPS in pA will be essential to increase the signal and to access the DPS effective cross-section:
a)J/IV+IJ/P I+ Y, J/P+W, J/P+Z, Y+ Y, Y+W,and Y +Z

b) W+di jets, same sign WW, 4-jet, 2jet+2b

3) TPS and TPS in pA can be very important for the study of new exciting channels (like tirple J/¥
production) offering unique opportunities:

a) Access information beyond 1- and 2- body distributions

b
C)
d)

)
) Access Triple Parton Correlations
poroperly estimate the background for rare processes

Help in accessing information related to DPS

Matteo Rinaldi CERN 2024
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Multiparton interaction (MPI) can contribute to the, pp, pA and AA cross section @ the LHC:

dU X J'dzzj_ Fij(x1 ’ X29 ZJ_9 //tAa //tB)FkI(X39 X49 ZJ_9 //tAa /’tB)
W__/
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

dias

e ————
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Triple J/¥Y production! A.Tumasyan et al [CMS], Nature Phys. 19, no.3, 338-350 (2023)

% 10§;|y|s' RIS EEEs .1§3lfb'.‘(33,T<?V§ % 1O?MSI EER — -~ n oS 133fb‘(13P B 272+141 + 17 fb
2 o ~ + bata {12 o c 0 = Toa (stat) £ 17 (syst)
i 8F fTotalfit 3 O 8;—
% 75_ S J/w J/y J/y signal _'; % 7;_ u
o1 = Promising also the study of TPS for the SPS -> 6%
4 = E— .
* 1 oroduction of 2 J/¥ and a D * DPS -> 74%
21‘ i M. E. Ascioti [CMS], Nuovo Cimento 46 C (2023) 82 TPS ->20%
9g— SR T 1

-+ SPS
+ DPS
<+ TPS CMS, Vs=13 TeV, JAy+Jy+J/y  This work
CMS*, Vs=7 TeV, Jy+Jhy Ref. *
ATLAS, Vs=8 TeV, JAy+J/y Ref. %
Novel way to extract the DPS efte DO, /s=1.96 TeV, Jyliy Fol.*
D0, Vs=1.96 TeV, J/y+Y Ref.
ATLAS*, Vs=7 TeV, W+J/y Ref. ¥
ATLAS", Vs=8 TeV, Z+J/y Ref. *
ATLAS", Vs=8 TeV, Z+b—J/y Ref. ¥’
DO, Vs=1.96 TeV, y+b/c+2-jet Ref. *°
DO, Vs=1.96 TeV, y+3-jet Ref. *°
. DO, Vs=1.96 TeV, 2-y+2-jet Ref. %
DO, Vs=1.96 TeV, y+3-jet Ref. **
CDF, Vs=1.8 TeV, y+3-jet Ref. **
UA2, Vs=640 GeV, 4-jet Ref. '
CDF, Ys=1.8 TeV, 4-jet Ref. 2
ATLAS, Vs=7 TeV, 4-jet Ref. '
CMS, Vs=7 TeV, 4-jet Ref. 24
CMS, Vs=13 TeV, 4-jet Ref. '
25 30 35 40 - CMS, Vs=7 TeV, W+2-jet Ref. '
pr ) [GeV] ATLAS, Vs=7 TeV, W+2-jet Ref.
et CMS, Vs=13 TeV, WW Ref. "®
L

J

Ot pps [MP]
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A lot of effort (slides from):
- Boris Blok

- Federico Alberto Ceccopi
- Mark Strikman

- Massimiliano Alvioli

- Daniele Treleani

DPS in pA collisions

W--+di-jets

1600 ey e e g
1400 | DPS1 ®© 05,
SPS
1200 | DP52
N | '
pp > 20 GeV pp > 25 GeV pp > 30 GeV 10 |
oI [nb] b (nb]
DPS1 19 + 6 8 +3 442 > 800 |
DPS2 49 22 11 o
, P T
SPS 81 57 41 | - e
Tot 149 + 6 87 + 3 56 + 2 100 |
. 200 :h....__J
- SPS dominant |
- DPS2 bigger then DPS1 has expected 0

B [t:rrl]
i T R R R —————————=—=—————=—=————==—————————wmme
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Ny 4 A e\ =50 6 d’k, 2
f DPDs factorize in terms of PDFs then Ocr = dz, T(z,)" = 27 T(k )
ﬂ _

As tor the standard FF:
d
2
(21X dekLT(ki) g 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
< < > 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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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 C:_—_>cou|d be difficult to extract some information on the proton DPD
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2) for 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 C::$c0u|d 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 C::>cou|d be difficult to extract some information on the proton DPD

2) for 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 E‘:_?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?
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For example in DPS1:

~ ~ X X 1
Felalag (Xla X2, k_L) 2 _F'a\llaz 1 9 = . k_l_ pk (5 pt,N) €dzpt,N
§ . Mg §

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)

e4 from F. Fornetti, E. Pace, M. R., G. Salmé, S. Scopetta and M. Viviani, PLB submitted
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N -

. = X1 X A& Ne
For example in DPS1: F; (X1, X0, k1) = Z /g A ( kl> (f Pt.N) ¢ dth,N

Let us check sum rules:
1 e N;N; fori, # i, Gaunt's sum rules

d.xl dsziliz (xl, ‘XZ’ kJ_ — O) — . . J.R. Gaunt and W. J. Stirling,
= mrseget) <Ni1 = 1) Ny, tori; =1, JHEP 03, 005 (2010)
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=\C g

) Px(f pt,N) E

X1 X2

Kk
£a€, L5

For example in DPS1: Elaz(xl,xz, k1) = Z /El:_'la\lla,2 ( d2pt,N

N=p.n

Let us check sum rules:

N ey N;N;, fOR Gaunt’s sum rules
dxl dsziliz (xl, Xz, kJ_ — O) — . . J.R. Gaunt and W. J. Stirling,
= mrseget) <Ni1 = 1) Ny, tori; =1, 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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N
~ N

Ot

k
A A

For example in DPS1: ?;m (X1,%2, k1) = Z /Eﬁgaz ( ) P/N\(‘f: Pt,N)

N=p.n

1 =1 N; N, for i, # i, Gaunt's sum rules
dx, dx,F; ; (xl, X, k| = O) = . J. R. Gaunt and W. J. Stirling,
Joo o (Nq = 1> A ) JHEP 03, 005 (2010)

APSR: Since (&) = szpt’N pAN(é, p.n) is peaked around 1/A . ,
— vy Gaunt's sum rules

A A—x; oy . _ for the nucleon DPD:
J dx; J' dsz:\i’; (x1, Xo, O) ~ 2 ', i numbers of quarks
0 0 N=N, Pliesmmmmead § ' with given flavor i

iNn the nucleon n
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M.R. in progress

| - ~ X1 X2 oq
For example in DPS1: Fglaz(xhxz, Ry /)= Z /EFI3\1132 ( ¢ ; ¢ akJ_> P/N\(‘f: Pt,N) dzpt,N

N=p.n €

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

@ verified approximated partial sum rules (numerically) O<xi<A
= 15 S 15
| |
o A ¥\
=2 =2 10
< 5P
= A b |
) & 5l
RS SN
.......... 0

Matteo Rinaldi CERN 2024

6/




X1 X2

k
A A

For example in DPS1: IE;132 (X1,X2, kL) = Z /EIE';'laz ( d2Pt,N

N=p.n

> :O,ll\‘l‘ (€ pt,N) gg

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

@ verified approximated partial sum rules (numerically)

— 10_— \\\\
< |
L ~
ﬁ-‘.\ 8__ \\\\
o l e~
. 6_ \\
N B \\
: ; ~
o £3 V<
N—— 4_ \\
< =3 K Wl
RN QY
2 B 1
O__l 1 1 1 | ] ] 1 1 I 1 1 1 ] | 1 1 1 1 |

0.5 1.0 1.5 2.0
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For example in DPS2:

I=A B2y ¢ \
IA'_,il.az(xl,xz, ki) oc /51—152 H df.zi " 5(2 &5 A) 5 (Z pti) Va (€1, &2, Py Pr2)¥a (51, 2, Pe1 + K1, pr2 — kJ_)

=
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For example in DPS2:

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

S,
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:

Zfi—A

)5 2 Z pti) YA (&1, €2, Pr1s Pr2) YA <€1, £, Pt F Ky Pro — EJ_)

5(‘ "A(fl,fz,Ptl +E¢,Pt2 —h)}
WE HAVE A LINK BETWEEN

2 DIFFERENT PROCESSES! N
Nuclear . £ kJ_)
— BT |
Calculated F2(k2’ 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°5llll|llll|llll|llllllllllllllllll

o 1 - body
B 2-Dbody

Pt1 + KJ_; P2 — KJ.)

, Pt1 EL, P2 — EL)}

K )

3He
- -
CalCUlated Fz(kz, kl) fC01 1 1 1 1 I 1 1 1 1 I L L Ll l L1 1L 1 l L1 11 I L1 11 I L1 11

Illlllllllllillllllllllllllll
llllllllllllllllllllllllIllll

k
V. Guzey, M.R., S. Scopetta, Nmn—nwa}nrémoproducﬁon 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:

OoslIIIIIllIIIIIIIIllI l]]ll]ll]ll]]l

1 - body
B 2-body

Pt1 + KL, Pt2 — KJ.)

) Pt1 T RL, P2 — RL)}

K|)

lll]l]llllllIlIllIlIlIlIlllII
llllIllllIllllIllllIllll|llll

— —
CalCUlated F2(k2,k1) fo_o‘lllllllllllllllllllllllllllllllllll

0.5 0 0.5 1 f, L5 2 2.5 3 _
V. Guzey, M.R., S. Scopetta, M Rifanm and IVITViviant et al, "Conerent J7®=eléetroproduction on

He4 and He3 at the EIC: probing Nuclear shadowing one nucleon at a time", PRL 129 (2022) 24, 242503
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Gy, oy, =15mb Gy, olf;=25mb S, o¢f; =30 mb

:}}(Qz) | :?;(Qz) | ¢]f(Q2)

2 727 = 10.6 mb 5%, = 17.2 mbr 577, = 10.6 mb
With an g -
integrated s L T ——
luminosity Z 1o 5 -
of 200 pb-1 : -

we Can separate: 1.01 I r
0071(Q%) f 0271 (Q%) ; 025 (Q%)

o
co
—p

2‘\ _"}’} = 28 mb r _:}’f = 34 mb r '}’f — 37.3 mb
= 0.6~
o -— —
Z 04 _
0.2+ | |
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?
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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:

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 ] | ] ] 1) 1 1 ] 1 L 1 l
4= i ) R — T T T | T T T | T T T I
) Three-jets (M,=50 GeV) b) = [ Four-jets (M, =50 GeV | ]
- ] . N’ . (1) T
- ZEUS 121 pb - I ZEUS 121 pb’ -
B HERWIG+MPI B 03k HERWIG+MPI "
- 1 HERWIG == S - L HERWIG :
-------- PYTHIA+MPI 4 - oeeees PYTHIA+MPI
L siciews: PYTHIA cafest |- [y = TS 4
s [ ] HERWIG - direct .-:-ﬂ.-.“. t g F [[] HERWIG - direct #'J . .7
_ + T 02 -
6‘6‘66‘6 0.5 ;‘:.‘i:_t i I
¥ remnant : + ‘ 0.1-
> MPI ; - | *
MPI energy g i e
g flow s 1 CRN [ 1] At
Proton remnant 8 > 014 016 018 8 - ~ 016 L 0L8
> y TR —=s Y

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

CLLILR — &
¥ remnant e P J Z dv d A& v
e T [y
MPI energy ab,cd e
. '\ flow )
e 2
< [ st 5, o (2 )6 (x5 3) | SPS
*

Proton

A 21
< [ tpdnfeo 0 (620) 403 05 52,) [ 5PS

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

00000 -
Y remnant - gt [ ™ JelYs
MPI Q X ~ P >
MPI g cnergy haVeTaln quantity T off (Q )
( flow O evg luate ; We .
Proton remnant €Js: (Xw )d 32{) (Xp X, ) SPS
b a a Yb

Proton

i 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

. 1 dsz_ Proton EFF 2
o (@) ] e T (ki Q)

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

—— e
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The main ingredients of the calculations:

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

— T (k)T (ki Q)
)

1) G e_‘“kLL 1= 1.3 GeV™° — aeff =V158D

Photon WE

2) G2 e_a'zkil, Oy ="2800 GeV™° — aeff & 25900

ARS
3)S Kl | L) : mé = 1.1 GeV* = oeff =BUNnhb
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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)):

(k) - € va(q — k
w;\’gi(X’ k;u_;Q2) = Uq( ) /7_ < Vql((czl _I_) =
Y Photon WF o 2 | 1.1 ik
A _Q x(1—x)

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

6(1 + Qz/m%)
k2 | + Qx(1 —X)>5/2

%
mp<1+4 N
Jo,

Vr(x, k11; Q%) =
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Proton Models

o —

A G, n G, ® 5
40 -

]ﬂrr
7’

R SN ¥
\

NP model
» of the photon

} QED

T

TfT

0‘2}'].( Q%) [mb]

—
/1

)

10°* 10 10°° 107 10°* 10 102* 10 1
Q°? [GeV?
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Proton Models

e —

A G, m G ® 5

?
+
i
é
;

]f'FTT
7’

2

“T Ty

_--g---g---‘---i----b-~-*~~~‘ .\
\

= NP model
= B A of the photon
S "a
ag 0F
o ¥

19

g

The effective cross-section depends on 4% 11 S vt Mo 10 10103
the photon virtuality! (NEW) Q2 [GeV?
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Proton Models

2 ,/e(y Qz)
dopps = de dQ o eff(Qz)J

ab cd
30 -___‘___‘-_-‘---*----a-.._* Wy
~~- : NP model
X dep dXA fa/p(xp )fb/"y (wa)daab(xpa Xy ) 25 A\\\“: of the photon

;f_ 'f(Q‘Z) [mb|

!
o
f
e =
- —
/

dep dX, e p(xp )fd/v (de)dacd (Xpes Xvq)

|} o
KINEMATICS: :
. sosuad vl 4iued
jet - 10-* 1077 10° 10°® 10~* 10~ 10°? 107! 1
Ex > 6 GeV 0? [GeV?

Mjet| < 2.4

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

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

02<y<035
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M. R. and F. A. Ceccopieri, PRD 105 (2022) LO11501

Proton Models

~ / ~ D\ A (, m (. a 5
ops = ::ach;dJ‘r opps |pb) N A
, I , | , o
% | dxo dx., f, o (  Proton Q<1077 1077 <Q* <1 Q* <1 FRES B ™Il Npmode
- AL 9 5 5 \“: of the photon
Photon GeV~] GeV~] GeV©] %] :
X fdxpcdxwdfc/p( Gi] 35.1 18.6 53.7 [40) &
ol [Ga| 201 15.2 44.3 |33 e
R 0S| 264 13.7 40.1 |30 } iy
o | Gi| 8738 54.3 142.1  [101] [eosesees
e Qe |Ga|  54.3 33.4 87.7 |65
iet| < 2.4 S 50.5 31.1 81.6 160, |
Q* <1 GeV? ZEUS collaboration quot ntegrated total 4-jet cross sectionrof 136 pb

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

2
dod . = 1 Z " . - t-«-,, 5
DPS = 5 i NN B \M
p \‘ .
2 ODPS u
. O s Proton G What cap, - <1 Otor  Br s I\ NP model
Pa™ b Ta/p L the prog We learp, aboyt X2 " *s, 1 [ of the photon
Photon ON Structyre eVe] %) :
X | dxp dXq,fep( G 53.7  [40 ?
Pc d C/P 1 ). _ | o
f | oo | Ge 44.3 |33 %\-1.> =
ode - . 3
KINEMATICS: S | ~ ; 4().'1 30 N\‘*ﬂ-
et G | 142.1  [101] [t
| Mjer| < 2.4 S . \ 81.6 60
e ZEUS collaboration qu. (otaldsjet'eross'section of 136 pb

2 <1GeV?
R S. Checkanov et al. (ZEUS), Nucl. Phys b/ , —, | (2008)

02<y<035
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The effective cross section can be also written in terms of probability distribution:

L

@) = f 2, BB(20)F) (21; Q)
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The effective cross section can be also written in terms of probability distribution:

L

@) = f 2, BB(20)F) (21; Q)

We can expand the distribution related to the photon:

= > ; Coefficients determined in a given
Fg (ZJ_§ Q ) g Z 21 approach describing the
n

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

L

@) = f 2, BB(20)F) (21; Q)

We can expand the distribution related to the photon:

= > ; Coefficients determined in a given
Fg (ZJ_; Q ) g Z Zrl approach describing the
n

photon structure

lggg(Qz)] W = Z Cn(Qz) Mean value of the transverse distance

between two partons in the PROTON
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The effective cross section can be also written in terms of probability distribution:

L

@) = f 2, BB(20)F) (21; Q)

We can expand the distribution related to the photon:

= > ; Coefficients determined in a given
Fg (ZJ_; Q ) g Z Zrl approach describing the
n

photon structure

between two partons in the PRO

[GG}/EC(QZ)] 0\ — Z Cn(Qz) Mean value of the tran.sverse distance
| ON
n

If we could measure agf‘;(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:

SO 3 7 ~
2@ = e Be)Hes@

We can exp. . photon:

Coefficients determined in a given
approach describing the

led ¢ :
”tegrated lurg?t W’_th an photon structure
Qefrogre 200 Pb: oSty
r'veq
G?’P C 7' Mean value of the transverse distance
ff
3 between two partons in the PROTON

If we could measure agf‘;(Qz) we could access NEW INFORMATION ON THE PROTON STRUCTURE
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lllustration of DPS fory+p — J/w+ J/y + X

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

R i
\‘“um///’;)
,&\ v |">

y -
‘f/)////”)))‘“ ‘////lm

: >

We consider the possibility of resolved photon to estimate the DPS cross section

in quarkonium-pair photoproduction at the EIC
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I W ‘ OtO ‘ rO u Ct I O n F. A. Ceccopieri, H. S. Shao, J. P. Lansberg, M. R. and R. Sangem in prep.
PN A =SNG G I S N O S R R S S S T O S e I e e S e 0 O A e i R s N O e S o SRRt e R ) SRS LA =S £ SR S A NG L B S O AN 3= S N I T el D S = I I, S e N A T T T L O P O A R SEETNST e // AASERAES - P B S R D O R I N N A
X J/l}f

*Slide from R. Sangem

J/,J
Ok(?P/gp ~a Z /dxp

unresolved/direct
a=g,q
T/, J . b |
Jgp/gp /%) x Z /dx% dTp,| fa /v (T s b /p(Tpy » )} 2/t resolved
a,b=g,q
e Proton PDF
J/,J
U%été y O<2 YD Z /daj'Ya di’jpb fa/v(xvaaﬂ) Photon PDF

5
eff a,b,c,d

‘ : —70 Partonic x-sections
X dw’)’c dmpd fc/’y(x’ycv :u) fd/p(ajpda 2.

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

Unresolved Resolved Resolved
> > J\Pﬁr ’ g ?\ﬂf W : w j/y/{ | ?ﬁ?

000008% é

p ---(E | -

) — iV

- - T I+ = Jlwv+ Jy y 4 ,
y+q-=Jly+Jv+q L,J]=9.q g+3g— Jlw+ gl

* 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 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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Absolute rapidity difference between the two J/y

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

/S, = 100 GeV /S, = 140 GeV

" HELAC-ONIA

102 ! | ' I | ! | ! | ! 101 = ! | ' | . | ! | ' | !
f Vsyp =100GeVEIC i - DPS dominates at hlg N | Ay | E Vsep =140 GeV EIC SPS Unresolved CS 222223
i SPS Unresolved CS T332 1 i SPS Resolved CS =1
B SPS Resolved CS E=—3 | . i DPS Resolved CS =3~
1 DPsResolved Cs =2 | - DPS is suppressed at low b seonve
10" R3S oSSR A E XSS i -
B IRIRRIIIRR < i< A RIS
N RRRRRRIIIR: 15 | Ay ]| RHILLRALLE
5% .................. dé é ¢ X XK XA A LA A A A A
B 10, NN SR RRNNE 050,0,00%% 4= 101 0.0.0.9.0°0. _
E‘ b E\ XK AL A
— E 5 N N Y Y YW Y Y ettt N M ol el (m e - 1« 0«4 SETEUEEE O F AT 090 i e e e & d O INONONENONEINEINEOININEINE NN
-E ................ -\‘*"\7’.‘1:".‘-‘_" ________________ _E ........................
O BN S \ ........ A4 N *o %o %4 %4 %+ %
T 1 DN _\f"','"_'"‘_”" ------------- % D OO 0 Q%2999
X 10 B R RN 2 102 POXRXXRRKRLKKL R
oa) -3 e AL XX X X X 26 XN X ORREORN 4 N L,
- e AL A R LR POUK A m
i B’.".'".L ....... ] SRR VR 47 DR« -.© W\ W PAAINNININOND)
102 RN E 103 £
- RS
oot VSV AN TR AT R B O 7 e N 0 00 000 ¢ ¢ :
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Invariant mass of the J/y pair

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

/S5 = 140 GeV
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Invariant mass of the J/y pair
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F. A. Ceccopieri, H. S. Shao, J. P. Lansberg, M. R. and R. Sangem in prep.
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* for z<0.1, SPS resolved dominates ==—jpunique opportunity to investigate the PHOTON structure
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* for z<0.1, SPS resolved dominates ==—jp unique opportunity to investigate the PHOTON structure

* for high z, the direct SPS contribution dominates==#r we test the quarkonia production via direct photoproduction
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* for z<0.1, SPS resolved dominates ==—jp unique opportunity to investigate the PHOTON structure

* for high z, the direct SPS contribution dominates==#r 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 z<0.1, SPS resolved domir. ———ppunique opportunity to investigate the PHOTON structure

* for high z, the direct SPS contribution dominates==#r 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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