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A Brief Introduction

» Cross section from factorization theorem (conjecture)
cross section = parton distribution x partonic cross section

- Spectator-spectator interactions a

» cancel in inclusive cross sections (unitarity)

> = —

« affect final state X

Additional interaction (blue) will be sensitive if we probe X simultaneously

If the second interaction is also hard Double Parton Scattering
eg. pp— 24+ H+X — Il +bb+ X
DPS contributes to signals and to backgrounds in many analyses at the LHC

Inclusive cross section:

1 AéCD

osps ™ Q2 V-S. oDpPS ™ O
Higher energy =\>> Larger parton density = >> enhance DPS

osps X (parton demsity)2 V.S. opps X (parton density)4
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A Brief Introduction

* How to probe DPS at the LHC ?

* Processes of low hard scale Q (but still in the perturbative regime)
- multiply hadron production, e.g. J/vy + J/1

* Processes of large yields

- multi-jet production

* Processes of precision measurements

* multi-lepton production

- Enhancement of parton luminosity
* higher energy [8 TeV to 14 TeV to 100 TeV (FCC)]

» probe in proton-nucleus and nucleus-nucleus collisions
[Strikman, Treleani (2002);D. d’Enterria, A. Snigirev (2013, 2014)]
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A DPS Theory Foundation

Like SPS, we now have a first proven factorisation theorem for DPS
(double DreII-Yan)

caa, = Z f dxdx,dxdxyd*byd*brd™
) 1 +OQ] ;, ™

X r,'j(...\'l..lz,b],bz) a-ikl (\1\ )(T (\2 \»,)l"“(\] \2 b1 b bz — b),

[Diehl, Gaunt, Ostermeier, Ploessl,
Schafer (2015); Diehl, Nagar (2018)]

DPD: Two-b?dy distribution!
) fab(T1,72,9)

Longitudinal
momentum

[Matteo Rinaldi
MPI@LHC 2015]

A NEW WAY TO NCCESS THE INFORMATION OF THE
NONPERTURBATIVE STRUCTURE OF NUCLEONS
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A DPS Theory Foundation

Like SPS, we now have a first proven factorisation theorem for DPS
(double DreII-Yan)

0caaQ = Z fd\la’\zd\ dx: d“bld b,d’b
B ] +(5Q] -’1 ™

[Diehl, Gaunt, Ostermeier, Ploessl,
Schafer (2015); Diehl, Nagar (2018)]

X I'ii(xq, X2, by, bz)O' (X1, X)) ¢ 3'Q’(\z x5) Iy(x}, x5, by — b, by — b),

Generalised double parton distribution

DPD: Two-b?dy distribution!
) fab(T1,72,9)

Longitudinal
momentum

[Matteo Rinaldi
MPI@LHC 2015]

A NEW WAY TO NCCESS THE INFORMATION OF THE
NONPERTURBATIVE STRUCTURE OF NUCLEONS
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A DPS Theory Foundation  PTiE~ =
Like SPS, we now have a first proven factorisation theorem for DPS
(double Drell-Yan)

[Diehl, Gaunt, Ostermeier, Ploessl,
I

, Schafer (2015); Diehl, N 2018
ocaaQ, = \ Z [a’.\'ld.\'gd.\"ld.\'f,dzbld“bgdzb chafer (2015); Diehl, Nagar (2018)]
B | + (5@102 -

i jdd ™

. . ~ Q.. . ~AQH, ' , )
X I';i(x1, X2, by, b)) ot (xy, X7) (le'(_.\g, x5) (X}, x5, by — b, by, — b),

- Widespread simplifications (most phenomenology relies on. Go beyond ?)

° faCtOI"ization I I',-.,-('v.\‘l s X2, b] ] bz) = D,‘j(X] R Xz)T,'j(bl ] bz), -
D,’j(‘.\'] o .\'2) = f,( X1 )f]( X2),

Tij(bi,by) = Ti(by)T (by),
» assume flavor universality in T

° factorization ” PDF

-1

Toff = f(izbl*"('l))2
| 0Q,0 0,

U'QIQ2 —

|+ 000, o | F®= [ TO)Tw=bib,
Pocket Formula
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A DPS Theory Foundation LPTHE==

Like SPS, we now have a first proven factorisation theorem for DPS
(double Drell-Yan)

1 )
raQ, = Z fa’.\'ld.\'gd.\"ld.\'gdzb]d“bgdzb

I+ 0q,0, i gkl ™

[Diehl, Gaunt, Ostermeier, Ploessl,
Schafer (2015); Diehl, Nagar (2018)]

N AQip. oA SV
X r,'j(.\l.. X2, bl- l)p_) (Tikl (X1, \,l) (Tj]'(.\z..\;-) rkl(_.\,],.\;_, b] — b, bp_ —b),

- Widespread simplifications (most phenomenology relies on. Go beyond ?)
° faCtOI"ization I l",-‘,-(_.\'l s X2, b1 ] bp_) = D,‘j(x], Xz)T,'j(bl ] bz), -

» factorization Il D;i(x,.x,) = fi(x)) fi(x2) PDF
Tij(by,by) = Ti(by)T (b2),

- assume flavor universality in T -1

Toff = [\dzb]:('b)2

-

| 0Q,00

U-Qlaz —

F(b) = fT(b,‘)T('b,' - b)dzl),'.

| + (5Q102 T off
Pocket Formula

v

 Even these are complex objects to treat numerically
[Gaunt, Stirling; Elias, Golec-Biernat, Stasto; Diehl, Nagar, Tackmann]
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DPS Theory Progress

- Let us start with the pocket formula and take any deviation wrt experiment as
an indication of calling for a more rigorous treatment.

* Possible deviations (a few examples): |
. dDGLAP evolution (note high x !) o_sacey

_———
I
p—
. p— e ——
B
I
\
\
\

Assuming identical at the initial scale

[Gaunt, Stirling (2009)]
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DPS Theory Progress

- Let us start with the pocket formula and take any deviation wrt experiment as
an indication of calling for a more rigorous treatment.

* Possible deviations (a few examples):

dDGLAP evolution (note high x !) 2v2
« Iv2 (NLO ?) vs 2v2 wwewo s

\".N\A/V\, ﬁﬁfy\/\./
parton luminosity is not suppressed !

[Gaunt, Stirling (201 I); Block et al. (2012);
[Riccardo Nagar @ Quarkonia As Tools 2020] Manohar, Waalewijn (2012)]

lolc

IAY) [AY]

Lggag (mJ/\IN ’mJ/\I/) Lgggg (mw, mJ/\Il)
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DPS Theory Progress

- Let us start with the pocket formula and take any deviation wrt experiment as
an indication of calling for a more rigorous treatment.

* Possible deviations (a few examples):
* dDGLAP evolution (note high x !)
* Iv2 (NLO ?) vs 2v2

parton-parton correlations the first and the last bins differ by 1 sigma

gr(,)]Zagt'eCcZ)ez\ci:r;a;ideiri@Ri?:Ijj:kg:cijaﬁ\tst:-OOIS £ = 1000 b~" is necessary to observe correlations

(2017);Cotogno, Kasemeﬁ, Myska (2020)]
e —

Teff} ] :
bctwee“ 7,
Dtﬂevc“‘ ced in s due 1O

a ecls
L ‘t‘:orre\at'o" cﬂ

fl

—_———

1 T

same-sigh WW

Teff (b

Gluons ® Gluons

Oeff — O-eff(xlax%UF)

HADRONZ2023

HUA-SHENG SHAO
Thursday, June 1, 23



DPS Theory Progress

- Let us start with the pocket formula and take any deviation wrt experiment as
an indication of calling for a more rigorous treatment.

* Possible deviations (a few examples):
* dDGLAP evolution (note high x !)

* Iv2 (NLO ?) vs 2v2
* parton-parton correlations

- A few recent theoretical developments

« DPS shower dShower [Cabouat, Gaunt,Ostrolenk (2019); Cabouat, Gaunt (2020)]

* dDGLAP evolution beyond LO ChiliPDF [Diehl etal. (2023)]

. . : : [Bali et al. (2021); Zhang (2023);
Double parton distributions from lattice QCD Jaarsma et al. (2023)]

Also see the section 7 in arXiv:2012.14161
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DPS Measurements

- Many DPS measurements at the LHC (Tevatron) in pp (ppbar)

ATLAS
AFS (/3 = 63 GéV, 4 jets, 1086)
UA2 (/5 = 630 GeV, 4 jets, 1901)
CDF (/5= 1.8 T&V, 4 jots, 1993)
CDF (/5= 18 TV, v+ 8 jots, 1097)
DO (/5 = 1.96 TV, v+ 8 jots, 2010)
LHCb (5 =7 T&V, J/vA, 2012)
LHCb (/5 =7 TV, J/uD}, 2012)
LHCb (5 =7 TV, J/uD™, 2012)
LHCb (/5=7 TV, J/vDP, 2012)
ATLAS (/5 =7 ToV, W+ 2 jots, 2013)
CMS (5 =7 TV, W+ 2 jots, 2014)

DO (/5 = 1.96 TeV, v+ 8 jets, 2014)
DO (5 = 1.96 TV, J/¥ + J/v, 2014)
ATLAS (/=8 TeV, Z + J/v, 2015)
LHCb (/s = T&8 ToV, T(1S)HY-+, 2015)
DO (/5 = 1.96 TV, J/¢ + T, 20186)
DO (/5 = 1.96 TV, 2v+ 2 jets, 2016)
ATLAS (/5 =7 TeV, 4 jets, 20186)
ATLAS (/s=8"TeV, J/v+ /¢, 2017)
CMS ((5=8TeV, T+ 7T, 2017)
LHCb (/5= 13 TeV, 1/ + 1/v, 2017)
CMS (/5 = 8 T&V, WEWwE, 2018)
ATLAS (/5 — 8 TeV, 4 leptons, 2018)
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DO (/5 = 1.96 TV, v+ b/c + 2 jets, 2014)
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[ATLAS (PLB’19)]

HADRON2023
Thursday, June 1, 23

lllll lJlJllllJlJLlll 111111 1
0 5 10 15 20 25 3

Pt to

¢t b

LHCb (JAp+D°, Shao)

ATLAS (JAp+W™, Lansberg—Shao-Yamanaka)
ATLAS (np JAp+Z, Lansberg—Shao)
ATLAS (JAp+Z, Lansberg—Shao)
CMS (JAp+Jhp, Lansberg—Shao)
LHCb (Jhp+Jhp)

DO (JAp+Y, Shao-Zhang)

LHCb (Jp+Y(1S))

LHCb (Jp+Y(2S))

DO (JAp+Jhy)

ATLAS (Jp+Jhp)

LHCDb (Y(1S)+D°)

LHCb (D%+D°)

mb]

Ge" [ 4

HUA-SHENG SHAO




DPS Measurements

- Many DPS measurements at the LHC (Tevatron) in pp (ppbar)

ATLAS
AFS (/5 =63 GeV, 4 jets, 1986)
UA2 (/5 = 630 GeV, 4 jets, 1991)
CDF (/5 =18 TdV, 4 jets, 1993)
CDF (/5= 18 TV, 7+ 8 jots, 1997)
DO (5 = 1.96 TV, 7+ 8 jots, 2010)
LHCD (/=7 T&V, J/vA_, 2012)
LHCD (5=7 TV, J/vD], 2012)
LHCDb (/=7 TV, J/vD™, 2012)
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LHCb (/s = T&8 ToV, T(1S)HY-+, 2015)
DO (/5 = 1.96 TV, J/v + T, 20186)
DO (/5 = 1.96 TV, 2y+ 2 jets, 2016)
ATLAS (/5 =7 TeV, 4 jets, 20186)
ATLAS (/s=8"TeV, J/v+ /¢, 2017)
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[ATLAS (PLB’19)]
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DPS Measurements

- Many DPS measurements at the LHC (Tevatron) in pp (ppbar)

ATLAS
AFS (/5 = 63 GéV, 4 jets, 1086)
UA2 (/5 = 630 GeV, 4 jets, 1991)
CDF (/5 = 1.8 TV, 4 jots, 1993)
CDF (/5 = 18 T&V, 7+ 8 jots, 1097)
DO (/5 = 1.96 T&V, v+ 8 jots, 2010)
LHCb (/5 =7 T&V, J/uAl, 2012)
LHCb (/5 =7 TV, J/uD}, 2012)
LHCb (/5 =7 TV, J/vD*, 2012)
LHCb (/5 =7 TV, J/vDP, 2012)
ATLAS (5 =7 ToV, W+ 2 jots, 2013)

LHCb (JAp+D°, Shao)
ATLAS (JAp+W™, Lansberg—Shao-Yamanaka)
ATLAS (np JAp+Z, Lansberg—Shao)
ATLAS (JAp+Z, Lansberg—Shao)
CMS (/5 =7 TV, W+ 2 jots, 2014) CMS (JAp+Jip, Lansberg—-Shao)
DO (/5 = 1.96 T&V, v+ b/c + 2 jets, 2014) LHCb (JAp+Jhp)
DO (/5 = 1.96 TeV, v+ 8 jets, 2014 i
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LHCb (/5 = 7&8 ToV, T(1S)DY*, 2015)
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DPS Measurements

- Many DPS measurements at the LHC (Tevatron) in pp (ppbar)

ATLAS
AFS (/3 = 63 GoV, 4 jets, 1086)
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DPS Measurements

Many DPS measurements at the LHC (Tevatron) in pp (ppbar)

ATLAS
AFS (/3 = 63 GéV, 4 jets, 1086)
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DPS Measurements

- Many DPS measurements at the LHC (Tevatron) in pp (ppbar)

ATLAS

DO (/s

LHCb (/5 =

CMS (/5
DO (/5 -

DO (/5 = 1.96 TV

1.96 TaV,
LHCD (/s =7 TV,
LHCb (/=7 TV,
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ATLAS (/3 = 7 To\
7TV, W4 2 jots, 2014)
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AFS (/5 =63 GeV, 4 jets, 1986)
UA2 (/5 =630 GeV, 4 jets, 1991)
CDF (/5 =18 TV, 4 jets, 1993)
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DPS Measurements

- Many DPS measurements at the LHC (Tevatron) in pp (ppbar)

* flavour dependent ?

* energy dependent !
* kinematic dependent ?

Oeff -
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ATLAS (/3=8TeV, Z + J/¢, 2015)
LHCb (/5 = T&8 TV, T(1S)D%+, 2015)
DO (/5 — 1.96 TV, J/¢ + T, 20186)

DO (/5 = 1.96 TV, 2y+ 2 jets, 20186)
ATLAS (/5 = 7 TeV, 4 jets, 2016)
ATLAS (/s =8"TeV, J/u + /v, 2017)
CMS ((f=8TeV, T+T, 2017)

LHCb (5 = 13 TV, J/9 + 1/1, 2017)
CMS (/5 = 8 ToV, WEWE, 2018)
ATLAS (/5 = 8 TeV, 4 leptons, 2018)

SEEY

[ATLAS (PLB’19)]

jets| [photons
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DPS Measurements

- Many DPS measurements at the LHC (Tevatron) in pp (ppbar)
» Caveats with different extractions (challenging in differ. SPS & DPS)

* How good are we understanding/controlling SPS ?
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DPS Measurements

- Many DPS measurements at the LHC (Tevatron) in pp (ppbar)
» Caveats with different extractions (challenging in differ. SPS & DPS)

* How good are we understanding/controlling SPS ?

30 1 ATLAS (JAp+W*, Lansberg—Shao-Yamanaka)

=~ ATLAS (np JAp+Z, Lansberg—Shao)
25 | e+ ATLAS (JAp+Z, Lansberg—Shao)
e+ CMS (JAp+JAp, Lansberg—Shao) T
20 ¢ <DO J/l])+Y >
DO (JAp+JAp)
ATLAS (JAp+dhp)
LHCb (JAp+D°)
LHCb (Y(1S)+DY%)
CDF (4 jets)

CDF (y + 3 jets)

DO (y + 3 jets)
ATLAS (W + 2 jets)
CMS (W + 2 jets)
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DPS Measurements

- Many DPS measurements at the LHC (Tevatron) in pp (ppbar)
» Caveats with different extractions (challenging in differ. SPS & DPS)

* How good are we understanding/controlling SPS ?

30 -~ ATLAS (JAp+W*, Lansberg—Shao-Yamanaka)

=~ ATLAS (np JAp+Z, Lansberg—Shao)
25 | e+ ATLAS (JAp+Z, Lansberg—Shao)

- e CMS (Jhp+Jhp, Lansberg—Shao) T
o0 | @o (JAp+Y, Shao-Zhang)>
DO (JAp+Jhp)

ATLAS (JAp+Jdhp)

LHCb (JAp+D°)

LHCb (Y(1S)+D?%)

CDF (4 jets)

CDF (y + 3 jets)

DO (y + 3 jets)

ATLAS (W + 2 jets)

CMS (W + 2 jets)
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DPS Measurements

- Many DPS measurements at the LHC (Tevatron) in pp (ppbar)
» Caveats with different extractions (challenging in differ. SPS & DPS)

* How good are we understanding/controlling SPS ?

O Measurements

UA2 4jets (0.63 TeV) | >

Phys.Lett.B,268(1):145-154,1991

CDF 4jets (1.96 TeV)

Phys.Rev.D,47:4857-4871,1993

ATLAS djets (7 TeV) —

JHEP,11:110,2016

CMS 4jets (7 TeV) o

Eur.Phys.J.,C76(3):155,2016. C S 22
MS (JHEP’
CMS 4jets (13 TeV) [ _ J , )] _
P8 + CP5 F—+—
H7 + CH3 | F——

MGS5 LO 2-2,3,4 + CP5 {| Same observable but
MG5 NLO 2—2 + CP5

. ,
PW NLO 22 + CP5 o || different ME+MC
PW NLO 23 + CP5 |

I AT AT A A N

0 5 10 15 20 25 30
O [MD]
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Two novel observables

* In the rest of the talk, | will focus on two novel observables that have been
firstly measured by CMS and LHCDb respectively

Triple Parton Scattering in pp

DPS in heavy-ion collisions
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Triple Parton Scattering in pp
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Triple Parton Scattering in pp

- Analogously, ignoring the parton correlations, the NPS pocket formula:
[D. d’Enterria, A. Snigirev (1708.07519)]

N SPS
xes . mo Lm0y,
Ofl"'fN o N (

N—1
Ueff,N)

- A pure geometric consideration leads to

Oeff,3 = (0.82 T 0.11) X Oeff 2

[D. d’Enterria, A. Snigirev (PRL 17)]

* In general, the inclusive cross sections scale as

2

V.S.
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Triple Parton Scattering in pp

Analogously, ignoring the parton correlations, the NPS pocket formula:
[D. d’Enterria, A. Snigirev (1708.07519)]

N SPS
xes . mo Lm0y,
Ofl"'fN o N (

N—1
Oeff,N)

A pure geometric consideration leads to

Oeff,3 = (0.82 T 0.11) X Oeff 2

[D. d’Enterria, A. Snigirev (PRL 17)]

In general, the inclusive cross sections scale as

2

V.S.

Any chance to see TPS at the LHC ?
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Triple Parton Scattering in pp

Analogously, ignoring the parton correlations, the NPS pocket formula:
[D. d’Enterria, A. Snigirev (1708.07519)]

N SPS
xes . mo Lm0y,
Ofl"'fN o N (

N—1
Oeff,N)

A pure geometric consideration leads to

Oeff,3 = (0.82 T 0.11) X Oeff 2

[D. d’Enterria, A. Snigirev (PRL 17)]

In general, the inclusive cross sections scale as

2

V.S.
Any chance to see TPS at the LHC ?

— > J/PJ/YT/Y = T T e
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Triple Parton Scattering in pp

* A first complete study of prompt triple J/psi as a probe of TPS

P=—C__>=——

SPS

[HSS, Zhang (PRL19)]

inclusive

2.0 < Yi/e < 4.5

‘y.],."l.’l <24

0.41%573, +0.0083

(1.8F1% £0.18) x 102

(8.773°% £0.098) x 102

+501 10 mb
(190_1.30) X Ooff 2

- 418
("0_1 1) % 10 mb
. Teff 2

+140 10 mb
(50_37 ) X T off 2

y 10 mb -
130 x ( Oeff,3 )

10 mb “
1.3 x (C'on.a )

18 % 10 mb \
C
Teff.3

0.4612%, £ 0.022

(3.212% +0.21) x 1072

(5.873% +0.29) x 102

=5.1

) +2900 10 mb
= T
(")()U—-R"” ) X Toff 2

+97 10 mb
(19—10) * Ooff 2

10 mb
Toff 2

(120750)

Teff 3

570 % (l() lnb)z

Y
5.0 % (1[] llll))"
Tuff .3

vy
57 % 10 mb \~
Teff.3

0.5917 %, £ 0.016

(3.072% +0.23) x 1072

(7.278% 4+ 0.38) x 1072

S[(190071450°) x

Toff .2

10 mb

=340 10 mb
(5750 ) X Totf 2

(310:3(7)1:“) % 1“ "I‘)

b

-

3000 x (l() mb)
Totff 3

1]

B Y 10 mb -
b x (0.--11.3

Teff .2
260 x (l() mh)-

4
Toff .3

1.1751 4 0.044

(4573 +0.72) x 102

\ —4.0

(36735° £1.8) x 10~2

—1.0 -
‘ +19000 10 mb
(.3400_.290‘) ) X T!?

55 nb
(100%55") x 19mb

eff.2

+3000 10 mb
(4903357) X vy

6300 % (l() nlh):

Toff .3

HADRONZ2023

Thursday, June 1, 23

- 10 mb \~
45 X ( Coff,3 )

-

9Q 10 mb ‘
380 (———o_‘"‘x)

* With our knowledge of single J/psi
and double }/psi, the process is

predicted to be DPS and TPS
dominant

* The number of events is large
enough to be seen at the LHC
unless Oeff 2 and Oeff 3 are
significantly larger than 10 mb
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Triple Parton Scattering in pp

First observation by CMS at 13 TeV in pp
[CMS (Nature Physics’23)]

Pure prompt production: Nonprompt contributions:

I/

1p2
0 oppg

Y A Y

P

Ol T a

d g"‘
Ol T Tl T Ol T

} Y A
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Triple Parton Scattering in pp

* First observation by CMS at 13 TeV in pp

RN
o
T

Events / 50 MeV

¢ Data
— Total fit

U Jiy Jiy signal ]

133 fb™ (13 TeV
T T | T T T T .

o
o
o
3
2
i
95

Events / 50 MeV

RN
o
T

O O N W & OO N 00 ©
MTTTyTTTTTrTTTrTTT TT T T ITTITTTTT TTTTTTTTT TT

CMS

I T T T

T
+ Data
— Total fit

L iy Jig Iy signal _E

133 fb"' (13 TeV
T T T I ]

Events / 50 MeV

—
o
TT

[CMS (Nature Physics’23)]

= N WO O OO N 00 ©
T[T T TT[TTT T[T T T[T T T[T T T[T T T T[T T T[TTI T JIT

o
TTT

133 fb™ (13 TeV
T I T T T I T T T I T _

+ Data
— Total fit .
 Jiy Jiy Iy signal 3

- Observation: 5 signhal events + 1 background event

* The measurement of fiducial cross section

o(pp = J/J/pJ/wX) = 272114 (stat) -

HADRON2023
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Triple Parton Scattering in pp LPTH

* Theoretical interpretation of the CMS measurement -
[CMS (Nature Physics’23)]
Using the pocket formula, we need to know the following theoretical inputs

SPS single-]J/¢ production SPS double-J/¢ production SPS triple-]J/¢ production

HO(DATA) MGS5NLO+PY8 | HO(NLO*) HO(LO)+PY8 MGSBNLO+PY8 | HO(LO) HO(LO)+PY8 HO(LO)+PY8 MG5NLO+PY8

1np 2p Iplnp 2np 3p 2plnp 1p2np "lnp
Usps Usps Usps Ugps Osps Usps Usps Usps

570+57nb 600" 30nb | 403 pb 24132 fb 430*5,pb | <5ab 52134 14+ ab 12+4fb

HO: HELAC-Onia
MG5NLO: MadGraph5 aMC@NLO

PY8: Pythia8.2

Fixing oet3 = (0.82+£0.11) X 0eqr 2 and fitting Teff,2
Oeff.o = 2.7 175 (exp) T 172 (theo) mb

» Triple-J/psi fractions: ~67% SPS, ~74% DPS, ~20% TPS

HADRON2023 HUA-SHENG SHAO
Thursday, June 1, 23


http://hshao.web.cern.ch/hshao/helaconia.html
http://hshao.web.cern.ch/hshao/helaconia.html
https://launchpad.net/mg5amcnlo
https://launchpad.net/mg5amcnlo
https://pythia.org/
https://pythia.org/

DPS in heavy-ion collisions
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DPS 1n Heavy-Ion Collisions

« Geometrical enhancement because of several nucleons in a nucleus
[Strikman, Treleani (2002);D. d’Enterria, A. Snigirev (2013, 2014)]

N DPS _SPS . 4 _SPS
~ Ao, ", 004" = Aoy,

A2 DPS _SPS 2 _SPS
A = Opp 10AA ~ Aoy,

Assumptions: no nuclear modification and et pp = 15 mb
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DPS 1n Heavy-Ion Collisions

Geometrical enhancement because of several nucleons in a nucleus
[Strikman, Treleani (2002);D. d’Enterria, A. Snigirev (2013, 2014)]

N DPS _SPS . 4 _SPS
~ Ao, ", 004" = Aoy,

DPS _SPS .. 42 _SPS
pp »JAA ~ A Ipp

- Of course, we know we cannot neglect the nuclear modifications ...
* E.g. gluon (anti)shadowing for heavy flavour and quarkonia  [Kusina, et al. (PRL'18)]

nCTEQ15 EPPS16 nCTEQ15 EPPS16 nCTEQ15 at u-=2 GeV EPPS16 at u-=2 GeV
1 oCdgine CJ Reweighted (D _LHCD data 1ol ALICE data o: 1.2 e o oyt ) S 0] ey Onginal [ He=tiy O ?-‘r"S»OP‘c 3 =054, [ Onginal 3 He=iy O l}rfzo.“«:v 03 pe=03y, O3
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DPS 1n Heavy-Ion Collisions

* Let us accommodate both nPDF and geometric effect

[HSS (PRD20)]
1

9 ) 9
cag, = T ) f dxydxzdx;dxsd*byd*hyd*b
0Q @ ik ::
X r’.j('\-l ’ '\.Zs bl s b?_) (}f]zl (.\'] . .\'? ) (j'ﬁz (.\'2, \é) r“(,\',, . _\'g‘ b] — b’ b? —_ b)'
Projectile B

Td(f.‘,l’l A
DPS
TAB—-fifa =

n .5 N .
- e . \ - . v
Ff_{(.’lfl..l‘;g. S1. 892, Uy, U2 )0, I, T I, I-

kl, + o+ = 7 = =
I'g(xy, 25,81 — b + v, s:

f)—A l)_l‘ l)_.‘ f)—k l)—A l)_l‘ l)_h
d°ud“u-d”v,d°vod® s1d°s2d° b,

(a) Side view (b) Beam view

HADRONZ2023
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DPS 1n Heavy-Ion Collisions

Let us accommodate both nPDF and geometric effect [HSS (PRD20)]

, = dxidxydxid d“b d*bd*b
0QQ, ]+()Q|Qﬁ I.Zl\:[[ X1dX2d XA X, 1 ::

Xr,'j(.\'l..\'p_,bl,bp_)a'i \1 X )(T (\’) \q)ru \1 \') b] b,bﬁ—b),

Projectile B Targel A

(1"111(1 u)d 11(1 z>d 51(1 s;d b

- We also need the knowledge of nuclear
modification at different positions

R T (;) (a) Side view (b) Beam view

Mo, b)—1=(Ri(z)-1)G | 2= k=g,q,q
T'A(0)

Ubiquitous in centrality-dependent observables

...but most assume G (T*' C ) — ATa(s)

Ta(0) Taa(0)
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DPS 1in Heavy-Ion Collisions

- For example, considering pPb — DYDY X [HSS (PRD’20)]
RDPS _ 31—2a(a + 3)2@ N O-eff,gp (A B 1) 91—a(a + 3)2(1,
2a + 3 TR 4(a + 2)
31—2a(a_|_ 3)2@ T off pp 32—a(a_|_ 3)a B 91—a(a_|_ 3)2a
2a + 3 TR% 2(a +4) 4(a + 2)

9 97%@+3)*  3279%a+ 3)®
A(A_l)(§+ 4a+2)  (a+4) )]

(-1 (
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DPS 1in Heavy-Ion Collisions

- For example, considering pPb — DYDY X [HSS (PRD’20)]
RDPS _ 31—2a(a + 3)2a X O-eff,gp (A B 1) 91—a(a + 3)2&
2a + 3 TR 4(a + 2)
31—2a(a 4 3)2& O off pp (A B 1) 32—a(a_|_ 3)a B 91—a(a_|_ 3)2a
20 4+ 3 TR% 2(a +4) 4(a + 2)

9l=a(q + 3)2@ B 327%a + S)G)_
4(a + 2) (@ +4)

Nner measurements
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DPS 1in Heavy-Ion Collisions

- For example, considering pPb — DYDY X [HSS (PRD’20)]

31—2a(a + 3)2@ O off 91—a(a + 3)2&
RDPS _ RDO RDO elt,pp A—1
pPb="pPb 2a + 3 i TR ( ) 4(a + 2)

pPb— DO+ D0 —
31—2a(a_|_ 3)2& Toff pp 32—a(a_|_ 3)a B 91—a(a_|_ 3)2a
20 4+ 3 TR 2(a +4) 4(a + 2)
9 97 %a+3)* 32_a(a+3)a)]

+ (RBpy + Ripy ) [1 - (A—1) (

31—2a(a + 3)2a Toff pp

b1+

20 4+ 3 TR% (A_l)(§+ 4(a + 2) (@ +4)

G TA(E)>O( (T‘”‘(E)> Zeflpp (4 1)~ 5.2 (
<T44(o> Ta(0) TR, ( ) = 5.23
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DPS 1in Heavy-Ion Collisions

- For example, considering pPb — DYDY X [HSS (PRD’20)]

1—2a 2a l—a 2a
DPS B DO PO 3 (CL + 3) Oeff,pp 9 (a’ + 3)
Ryppspotpo = Lpplippy [ 2a + 3 N TR (A=1) 4(a + 2)

31—2a(a 4 3)2& Toff pp (A B 1) 32—a(a_|_ 3)a B 91—a(a_|_ 3)2a
20 4+ 3 TR 2(a +4) 4(a + 2)

9 97 %a+3)* 32—a(a+3)a)]

+ (prb + RpDPb) [1 ~

3172%a+3)%" et pp

b1+

2a + 3 TR% (A_l)(§+ 4(a + 2) (@ +4)

G TA@) x (TA@) ' Zeflop (A~ 1) ~ 5.23(
< 4 Ta(O0) 7TR124 ( )

HADRON2023 HUA-SHENG SHAO
Thursday, June 1, 23




DPS 1in Heavy-lIon Collisions LPT7T

* First DPS measurement in heavy-ion collisions by LHCb [LHCb (PRL20)]
OpPb— f1 O pPb— f2

OpPb— f1 f2

Caveats: Oeff = Oeff pPb 7 Teff,pp

LHCb
[Sxy = 8.16 TeV

Only geometric effect

1]
1]
|

1]
Lk

d'Enterria et al.
-+ D°D°
< JyD’

lllllllllllllllll!lllllllllllllllllllll
llllllllllllllIll!IlllIlllIlllIlllIll

5
y(D°, Jly)

* Observe ~3A enhancement in DPS wrt ~A enhancement in SPS by comparing pA vs pp xs

5

* The pure geometric effect cannot explain the rapidity dependence
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DPS 1n Heavy-Ion Collisions

- Theoretical interpretation of the LHCb measurement
» J/psi+D0 has the sizable SPS component [HSS (PRD"20)]

» The SPS of D%+D? is negligible in NLO pQCD caclulations

[Helenius, Paukkunen (PLB20)]
* The b-dependent gluon shadowing can explain the rapidity dependence

[HSS (PRD20)]

fwd — ) . - fwd —
bwd —

[ } Or bwd —
[ LHCD data + A [ LHCD data +

arXiv:2001.04256

arXiv:2001.04256
G(x)eex?

G(X)ex?

E ROSWd o 65 E RS o 66 \
[ Fpb = A=208 "oPb =0, A=208
D° bwd

- Rgpp  =0.98 Rp=6.624 fm \ Rppb =0.98 Ra=6.624 fm \
X O'efflpp=34.8 mb ] s oeff'pp=21 mb

d

DO

°§Pb->0°/(20ppb—>ooo°) [b]

)
=
o
(=)
o
T
o
=t
©
N
=
(=)
o
T
o
o
NE

G (? favoring a~2 and disfavoring a~|
\ _4
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Conclusion

- LHC program offers an unprecedented avenue to study DPS & TPS.

* A lot of theoretical, phenomenological and experimental progress.

* NPS will reveal the first-ever multiple-body parton correlations in
nucleon and nucleus

- Some novel observables can even tell us more (e.g. the impact
parameter-dependent gluon shadowing)

- Don’t be shy to attempt a 1st-ever measurement (e.g. TPS in pPb or
DPS in PbPb ?)
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Conclusion

- LHC program offers an unprecedented avenue to study DPS & TPS.

* A lot of theoretical, phenomenological and experimental progress.

* NPS will reveal the first-ever multiple-body parton correlations in
nucleon and nucleus

- Some novel observables can even tell us more (e.g. the impact
parameter-dependent gluon shadowing)

- Don’t be shy to attempt a 1st-ever measurement (e.g. TPS in pPb or
DPS in PbPb ?)

Thank you for your attention !
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DPS 1in Heavy-Ion Collisions

- As a concrete example, let us take pPb — J /1 + DY [Hss (PRD20)]

31—2a(a + 3)2a Toff 91—a(a + 3)2a
RDPS . RJ/"pRDO elr,pp A 1
pPb=7pEb 2a + 3 i TR% ( ) 4(a + 2)

pPb—sJ /p+DO =
31—2a(a + 3)2& T off 32—a(a + 3)a 91—a(a + 3)2a
RJ/Y . pD° ) 1 _ effpp (4 _ 1 B
-+-( pPb T P 2a + 3 i TR ( ) 2(a+4) 4(a + 2)

31—2a(a + 3)2a Toff pp

N [_1 N 9 97 %a+3)* 32—a(a+3)a)]

20 4+ 3 WR%LA_D(§+ 4(a + 2) (@ +4)

— - a
G (TA(_";)) x (‘“@)
Ta(0) Ta(0)
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DPS 1n Heavy-Ion Collisions

- As a concrete example, let us take pPb — J /1 + DY [Hss (PRD20)]

pPb—J/1p+DO0 =

RDPS RJP/)”%RDO 31_2a(a’ T 3)2a i Oeff,pp (A o 1) 91_a(a’ T S)QCL]
p

pPb 2a + 3 7TR124

4(a + 2)

pPb pPb

4+ (RJ/¢ 4 RDO ) [1 B 31—2a(a + 3)2a n Oeff,pp (A _ 1) <32;26(La+—|—4;3)a B 91—;,(;&:2?;)%)]

2a + 3 TR

31—2a(a + 3)2a Oeff,pp

9 9% a+3)* 3 %a+3)

+[_1+ 2 +3 TR M‘”(é* 1(a+2) (a+ 4)

¥

TA(O) TA(O)
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DPS 1in Heavy-Ion Collisions

- As a concrete example, let us take pPb — J /1 + DY [Hss (PRD20)]
31—2a(a_|_ 3)2a Ooff pp 91—a(a_|_ 3)2a
2a + 3 TR% 4(a + 2)

(A=1)

DPS - J/Y »D°
Rpr—>J/¢+D0 — RprRpr

0 31—2a(a + 3)2a T off 32—a(a + 3)a 91—a(a + 3)2a
RJ/w RD ) 1 _ effpp (4 _ 1 B
i ( pPb T P 2a + 3 i TR% ( ) 2(a+4) 4(a + 2)

31—2a(a + 3)2a Toff pp

N [_1 N 9 97 %a+3)* 32—a(a+3)a)]

20 4+ 3 TR% (A_l)(§+ 4(a + 2) (@ +4)

e TA(E)> - (TA(E)> | Oeff,pp A1) ~ 523( Oeff,pp )
<T44<0> TA(0) Rz AT 34.8 mb
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- As a concrete example, let us take pPb — J /1 + DY [Hss (PRD20)]

1—2a 2a l1—a 2a
DPS _ I/ D0 |93 (a+3) Oeff,pp 9 (a+3)

0 31—2a(a + 3)2& T off 32—a(a + 3)a 91—a(a + 3)2a
RJ/w RD ) 1 _ effpp (A _ 4 B
i ( pPb T P 2a + 3 i TR% ( ) 2(a+4) 4(a + 2)

31—2a(a + 3)2a Toff pp

N [_1 N 9 97 %a+3)* 32—a(a+3)a)]

2a + 3 TR% (A_l)(§+ 4(a + 2) (@ +4)

G TA@) x (TA@) B ECE XTI 5.23 ()
(TA<0> TA(0) Ry A 34.8 mb
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