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A Brief Introduction LPT@

LABORATOIRE DE PHYSIQUE

* Cross section from factorization theorem (conjecture)

cross section = parton distribution x partonic cross section
. . g-l— E_
- Spectator-spectator interactions

- cancel in inclusive cross sections (unitarity) )
g —
- affect final state X P )—(&

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

T —

1
)

If the second interaction is also hard Double Parton Scattering
eg pw—oZ+H+XU+bb+X

DPS contributes to signals and to backgrounds in many analyses at the LHC

* |Inclusive cross section: ,
L1 AGep
OSPS QQ VS ODPS 7 Q4

Higher energy => Larger parton density => enhance DPS

ogpg < (parton density)® vs opps x (parton density)*
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A DPS Theory Foundation Lmﬁ-‘é’%

EEEEEEEEEEEEEEEEEEEE
THEORIQUE ET HAUTES ENERGIES

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

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

_ 2h P2k g2
ocaaQ = ] +0al " Izufa’\]a’\od\ dx,d b,d*b,d*b

. ~ . . ~ Q') . N J .
X I'ii(x1, X2, by, by) (Tik' (X1, X)) T (x2,Xx5) Tiy(x}, x5, by — b, by — b),

%

|
|
DPD: Two-body distribution! |
A a \ ¢ | /
S/ T1.T9. 2 !
/ " ,_ “ / fa'b( 1 - y) Hy ~~ : v Hy
Longitudinal (o) » / |
momentum ,/—/< = o? / \
! pr T « %
2l BN Ny y
. @ ; :A-b
| o o [Matteo Rinaldi H>
f . MPI@LHC 2015] \
g 75,
k| r P ‘s,
A Ll

A NEW WAY TO ACCESS THE INFORMATION OF THE
NONPERTURBATIVE STRUCTURE OF NUCLEONS
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A DPS Theory Foundation Lmﬁ%

EEEEEEEEEEEEEEEEEEEE
THEORIQUE ET HAUTES ENERGIES

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

— dxidx,dx|dx,d*bid*byd*™b
JQ,Q, ]+(‘)Q]O Izklf X1dXx2dX{dX, 1

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

X I'i(x1, x2, by, bz)a' '(xq, \1)0- (X2, X5) Ty(x}, x5, by — b, by — b),

Generalised double parton distribution |

% |
|
DPD: Two-body distribution! |
"‘ /? ’ \( ¢ | S /
) JablT1, T2, a | ‘
Ve . fab( 1, &2 y) Hy ~~ : v Hy
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momentum e % o® /
// ® ._A “.
l ! I) —d s - |
- o .® e |
el ' :.\.‘:
| o o [Matteo Rinaldi
¥ e MPI@LHC 2015]
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A NEW WAY TO ACCESS THE INFORMATION OF THE
NONPERTURBATIVE STRUCTURE OF NUCLEONS
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A DPS Theory Foundation Lm‘.ﬁ%

LABORATOIRE DE PHYSIQUE

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

1 ) ,
Q@ = Z [d.\'ld.\'gd.\']d.\"zdzbld“bgdzb

L +0aa 7

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

X r,'j(.\'] s A2, bl ] bp_) (}le (‘_.\'1 ] .\'II ) (3'22 (“.\'2. \,2) l"k,(’_.\"l ] .\",2, b] - b, bp_ - b),

- Widespread simplifications (most phenomenology relies on. Go beyond ?)
¢ faCt0r|Zat|On I r,'j(-v.\] s X2, b] ] bz) = D,-j(xl, .X'z)T,'j(bl ] bz), -

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

- assume flavor universality in T -1

Toff = I f\dzbl*"('b)2

I 0Q,0 0,

g, = F(b) = [ T (b/)T (b; — b)d’b;,

-

| + (501 Q Oeff

Pocket Formula
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A DPS Theory Foundation LPT‘H%‘:%

LABORATOIRE DE PHYSIQUE
""""""

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

1 ,
Q@ = Z fd.\'ld.\‘gd.\‘jd.\"zdzb]d“bgdzb

I+ 000, i jkd

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

X [i(x1, X2, by, by) é’i' (x1,Xx7) Cr% (X2, x5) T(x}, x5, by — b, by — b),

- Widespread simplifications (most phenomenology relies on. Go beyond ?)
¢ faCt0r|Zat|On I I“,-.,-(.\'l s X2, b1 ] bz) = D,'j(.l'I, Xz)T,'j(bl ] bz), -

» factorization Il D;i(x;.x;) = fi(x))fi(x2) PDF
T'ij(b1,by) = Ti(by)Tj(b2],
» assume flavor universality in T -1

(Teff p

f d*bF (b)?

“

I JqQ,0 of

o — | . .
Q,Q; ] + (50102 T off F(b) = [\T(bi)T(b,'—b)d"bi.

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):

0.4 =TT T " "' ° | T
» dDGLAP evolution (note high x !) O — 80.4 GeV L
0.2 - \
N O Assuming identical at the initial scale \‘..
S 'a‘
5 i —0.2 - || -
[ |
SIS 04 | -
Q= |
Q —06 | -
[Gaunt, Stirling (2009)] |
—0.8 |- | -
|
||
MRS BN SREY U] SN SN RN Y R
1007 10° 10* 10% 102 10! 109

T
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DPS Theory Progress LPT‘H%O%

LABORATOIRE DE PHYSIQUE

- 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 2V
+ 1v2 (NLO ?) vs 2v2 “T"‘” i
parton luminosity is not suppressed ! —Em——— e
[Gaunt, Stirling (201 1); Block et al. (2012);
[Riccardo Nagar @ Quarkonia As Tools 2020] Manohar, Waalewijn (2012)]
10— ——T7T— T T T T °F 108 — 11— 1T

< : . :
% 1015 _____......E.........:........\:......
o ] : :

el N ol A A B PR I ol A A N

0 1 2 3 4 %5 €& 7T 8 0 1 2 3 4 %5 €& 7T 8
|AY| IAY|
Lgg9g (mJ/\Iu mJ/\II) Lgg9g9 (Mmw, mJ/\I/)
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DPS Theory Progress LPT@

LABORATOIRE DE PHYSIQUE

- 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

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

[Matteo Rinaldi @ Quarkonia As Tools I——'\ is necessary to observe correlations

2020; Ceccopieri, Rinaldi, Scopetta £ = 1000 b M

(2017);Cotogno, Kaseme)g,, Myska (2020)]

Gers) D ]
Y bc‘-wce: T, fJ
=l y ifference T g due 10
f;!“ef 3":‘::”::‘:{&3:
::\: 21 — I
: I I“
_____________________ I same-sigh WW Gluons ® Gluons
19

Oeff — Ueﬂ.(aj17aj27/’LF)
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DPS Theory Progress LPT@

LABORATOIRE DE PHYSIQUE

- 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 !)

lv2 (NLO ?) vs 2v2

* parton-parton correlations

DPS coalescence [HSS PRD’20]

J /2 p J /)

C VS C

c p c
Traditional DPS Coalescence
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DPS Theory Progress LPT@

LABORATOIRE DE PHYSIQUE

- 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

* DPS coalescence [HSS PRD20]

- A few recent theoretical developments

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

* dDGLAP evolution beyond LO ChiliPDF [Diehl et al. (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 i

LABORATOIRE DE PHYSIQUE
THEORIQUE ET HAUTES ENERGIES

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

lllllllllllllllllllIIIIII]IIII

= ATLAS
Q® |AFS (/5=63 CdV, 4 jets, 1086) o
> | UA2 (/5 =630 GeV, 4 jets, 1991) e e
& | CDF (V5=18TdV, 4 jets, 1993) 50 | - | -
+ | CDF (y/5=18 T&V, v+ 8 jets, 1007) i 0 ]
T | DO (V5= 1.96 TV, v+ 3 jets, 2010) vy F "+ LHCb (J/p+D ,+Shao) :
n LHCb (/5 =7 TV, J/uAl, 2012) I—— —i-] F ¢ ATLAS (JAp+W~, Lansberg—Shao-Yamanaka) ]
= |LHCb (5=7Tdv, J/uDF, 2012) bl : B ]
g LHCb (/5 — 7 T&v. 1/uD* . 2012) et 40 £ ATLAS (np JAp+Z, Lansberg—-Shao) :
&= |LHCb (5 =7 T&v, J/uDP, 2012) [—11— r e+ ATLAS (JAp+Z, Lansberg—Shao) . ]

~ | ATLAS (/5 =7 TeV, W+ 2 jets, 20183) H—i—t—i g ]
é; CMS (5 =7 TV, W+ 2 jets, 2014) - o= CMS (JAp+J/Ap, Lansberg—-Shao) ]
S | D9 (V5=196 TV, v+ b/c + 2 jets, 2014) i = 30 - = LHCb (JAp+JAp) ]
c | DO (V5 =196 TV, v+ 3 jets, 2014) = F _ ]
Q |DO (V5=1.96 TV, /v + J/v, 2014) ! - i DO (JAp+Y, Shao-Zhang) o1
T |ATLAS (\F=8TeV, Z + 1/, 2015) Frmrmmmnnnaae » L o+ LHCDb (JAp+Y(1S)) ]
C | LHCb (5 = 7&8 TV, T(1S)D"%+, 2015) A = i ]
() DO (/5 =196 TeV, 1/ + T, 2016) =3 qu 20 F =+ LHCDb (JAp+Y(2S)) 3
£ | DO (V5=196 TV, 29+ 2 jets, 2016) f——r—— == DO (JAp+JAp) ]
"= | ATLAS (/5 =7 TeV, 4 jets, 2016 I—im—1 ]
© | ATLAS E://- 8TV, 104 1/, 2)017) HeieH F ~e+ ATLAS (Jp+Jdly) A
< |cwms (\/j_: 8 TV, T + T, 2017) 10 | LHCb (Y(1S)+D°) 1]_;
(1 |LHCb (5 =13 TV, J/v + J/v, 2017) 2unm s m ] ! 0 —0 iy

CMS (/5 = 8 TeV, WEW®, 2018) : LHCb (D"+D") ﬂ -
ATLAS (V5 =8 TV, 4 leptons, 2018)  Jressssssssessnsnssy i %
0O 5 10 15 20 25 30 O: . e . e
[ATLAS (PLB’19)] o, [mb] 0.1 1 10

Vs [TeV]
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DPS Measurements i

LABORATOIRE DE PHYSIQUE
THEORIQUE ET HAUTES ENERGIES

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

lllllllllllllllllllIIIIII]IIII

= ATLAS
Q |AFS (/5 =63 CaV, 4 jets, 1086) o
> | UA2 (/5 =630 GeV, 4 jets, 1991) e e
& | CDF (vV5=18 TV, 4 jets, 1993) 50 | - | -
< |CDF (y/5=18 T&V, v+ 8 jets, 1007) i 0 ]
T | DO (V5= 1.96 TV, v+ 3 jets, 2010) vy F "+ LHCb (J/p+D ,+Shao) :
n LHCb (/5 =7 TV, J/uAl, 2012) I—— —i-] F ¢ ATLAS (JAp+W~, Lansberg—Shao-Yamanaka) ]
= |LHCb (5=7Tdv, J/uDF, 2012) b : _ ]
g LHCb (/5 — 7 T&v. 1/uD* . 2012) et 40 £ ATLAS (np JAp+Z, Lansberg—-Shao) :
&= |LHCb (/5 =7 T&V, J/uDP, 2012) [—11— r e+ ATLAS (JAp+Z, Lansberg—Shao) . ]
~ | ATLAS (5 =7 TéV, W+ 2 jets, 2013) H—t—t— r ]
8‘) CMS (/5 = 7 TV, W+ 2 jots, 2014) [~ CMS (JAp+Jhp, Lansberg—-Shao) :
S | D? (v5=196T&V, v+ b/c + 2 jets, 2014) —m— = 30 F = LHCb (JAp+JA)) ]
DO (/5 = 1.96 T&V, v+ 8 jets, 2014) b=l i ]
qc) DO (/5 = 1.96 TV, J/v + J/v, 2014) = - r DO (JAp+Y, Shao-Zhang) o1
T |ATLAS (\F=8TeV, Z + 1/, 2015) Frmrmmmnnnaae » L o+ LHCDb (JAp+Y(1S)) ]
C | LHCb (5 = 7&8 TV, T(1S)D"%+, 2015) A = i ]
() DO (/5= 1.96 TeV, 1/ + T, 2016) =3 qu 20 F =+ LHCDb (JAp+Y(2S)) 3
£ |Dpo (/5= \/l_.QG TV, 29+ 2 jets, 2016) f——pr——— F = DO (JAp+Jdhp) ]
"= | ATLAS (/5 =7 TeV, 4 jets, 2016 f—ir—1 r ]
8_ ATLAS E\/- — 8 TeV, ljuej 1/, 2)017) HedeH F ~e+ ATLAS (Jp+Jdly) A
< |cms (\/j_: 8 TeV, T + T, 2017) 10 - @ LHCb (Y(1S)+DO) 1]_;
(1 |LHCb (5 =13 TV, J/v + J/v, 2017) 2mrm s nnn] ! 0 —0 I
CMS (V5 — 8 Tov, W2, 2018) ; LHCb (D"+D") ﬂ -
ATLAS (V5 =8 TV, 4 leptons, 2018)  Jressssssssessnsnssy i %
0O 5 10 15 20 25 30 O: . e . e
[ATLAS (PLB’19)] o, [mb] 0.1 1 10

Vs [TeV]

jets
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DPS Measurements i

LABORATOIRE DE PHYSIQUE
THEORIQUE ET HAUTES ENERGIES

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

llllllllllIlllllllllllllllllll

= ATLAS
Q |AFS (/35=63 CdV, 4 jets, 1086) o
> | UA2 (/5 =630 GeV, 4 jets, 1991) e e
@ | CDF (3= 18 TéV, 4 jets, 1993) 50 | - | -
+= | CDF (\/5=18 TV, v+ 3 jets, 1997) i 0 ]
T | DO (V5= 1.96 TV, v+ 3 jets, 2010) vy F "+ LHCb (J/p+D ,+Shao) :
n LHCb (/=7 TV, J/uA], 2012) I=— — F ¢ ATLAS (JAp+W~, Lansberg—Shao-Yamanaka) ]
= | LHCb (y5=7T&v, J/uDi, 2012) bl : _ ]
g LHCb (/5 — 7 T&v. 1/uD* . 2012) R 40 £ ATLAS (np JAp+Z, Lansberg—-Shao) :
%= |LHCb (/5=7 T&v, J/uDP, 2012) [—11—] r e+ ATLAS (JAp+Z, Lansberg—Shao) . ]
~ | ATLAS (/5 =7 TeV, W+ 2 jets, 2013) H——t—i r ]
é; CMS (/5 =7 TeV, W+ 2 jets, 2014) - o= CMS (JAp+J/Ap, Lansberg—-Shao) ]
S | D9 (v5=196 TV, v+ b/c + 2 jets, 2014) —— = 30 F = LHCb (JAp+Jhp) ]
DO (/5 = 1.96 TV, v+ 8 jets, 2014) =] i ]
qc) DO (/5 = 1.96 TV, J/v + 1/, 2014) I~ - i DO (JAp+Y, Shao-Zhang) o 1
T |ATLAS (y5=8TeV, Z + 1/, 2015) Frmsmmmanainan » L o+ LHCDb (JAp+Y(1S)) ]
C | LHCb (/5 = 7&8 TeV, T(1S)D"+, 2015) A e i ]
() DO (/5 =196 TeV, 1/ + T, 2016) =0 DGJ 20 F =+ LHCb (Jp+Y(2S)) .
& | DO (v5=1.96 TV, 27+ 2 jets, 2016) —r—— = DO (JAp+JAp) ]
‘= | ATLAS (/5 =7 TeV, 4 jets, 2016 e ]
O | ATLAS Ev\{: 8 TeV. /0410, 2)017) et F e+ ATLAS (Jp+Jy) A
< |cwms (\/j_: 8 TeV, T + T, 2017) 10 - @ LHCb (Y(1S)+DO) 1]_;
(1] |LHCb (5 =13 TevV, J/v + J/v, 2017) 2 e s e s ! 0 —0 iy
CMS (V5 — 8 TV, WEW+, 2018) : LHCb (D"+D") ﬂ :
ATLAS (/s = 8 TeV, 4 leptons, 2018) I:I-“I.““l“-nluu.; | i %
0 5 10 15 20 25 30 03 . e . e
[ATLAS (PLB’19)] o, [mb] 0.1 1 10

Vs [TeV]

jets| [photons
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LABORATOIRE DE PHYSIQUE
THEORIQUE ET HAUTES ENERGIES

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

llllllllllIlllllllllllllllllll

= ATLAS
Q |AFS (/35=63 CdV, 4 jets, 1086) o
> | UA2 (/5 =630 GeV, 4 jets, 1991) e e
& | CDF (V5=18TdV, 4 jets, 1993) 50 | - | -
+ | CDF (y/5=18 T&V, v+ 8 jets, 1007) i 0 ]
T | DO (V5= 1.96 TV, v+ 3 jets, 2010) vy F "+ LHCb (J/p+D ,+Shao) :
n LHCb (/5 =7 TV, J/uAl, 2012) I—— —i-] F ¢ ATLAS (JAp+W~, Lansberg—Shao-Yamanaka) ]
= | LHCb (y5=7T&v, J/uDi, 2012) =2 == ; _ ]
g LHCb (/5 — 7 T&v. 1/uD* . 2012) R 40 £ ATLAS (np JAp+Z, Lansberg—-Shao) :
%= |LHCb (/5 =7 T&V, J/uDP, 2012) [—11— r e+ ATLAS (JAp+Z, Lansberg—Shao) . ]
" ATLAS (/s =7 TeV, W+ 2 jets, 2013) H——+— [ ]
c>5') CMS (5 = 7 TV, W+ 2 jots, 2014) [~ CMS (JAp+Jhp, Lansberg—-Shao) :
S | D2 (V5=196 TV, v+ b/c + 2 jets, 2014) it = 30 - = LHCDb (JAp+Jhp) ]
DO (/5 = 1.96 T&V, v+ 8 jets, 2014) b=l i ]
qc) DO (/5 = 1.96 TV, J/v + /v, 2014) I~ - i DO (JAp+Y, Shao-Zhang) o1
= |ATLAS (y5=8TeV, Z+ 1/, 2015) Frmrmmmnnnaae » o+ LHCb (JAp+Y(1S)) ]
C | LHCb (/s = 7&8 TeV, T(1S)D%*, 2015) A e i ]
() DO (/5 =196 TeV, J/¢ + T, 2016) o=a qu 20 F =+ LHCb (JAp+Y(25)) .
£ | DO (V5=1.96 TV, 2y+ 2 jets, 2016) —r— ~=- DO (JAp+Jhy) :
"= | ATLAS (/5 =7 TeV, 4 jets, 2016 f—m— ]
© | ATLAS Ev\{: — 8 TeV, JJLG*S 1/, 2)017) HedeH F ~e+ ATLAS (Jp+Jdly) A
< |oms (/=8 T/, T + T, 2017 10 [ ' LHCb (Y(15)+D°) i
(1] |LHCb (/=13 TeV, J/v + 1/, 2017) 2 e s e s ] ! 0 —0 I
CMS (/5 = 8 TeV, WEWE, 2018) : LHCb (D"+D") ﬂ :
ATLAS (/5 = 8 TeV, 4 leptons, 2018) Fressssssnenenny i %
0O 5 10 15 20 25 30 O: . e . e
[ATLAS (PLB’19)] o, [mb] 0.1 1 10

Vs [TeV]

jets| [photons| |W & Z
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- Many DPS measurements at the LHC (Tevatron) in pp (ppbar)

llllllllllIlllllllllllllllllll

= ATLAS
@© |AFS (/5=63 GV, 4 jets, 1086) o
> | UA2 (/5 =630 GeV, 4 jets, 1991) e e
- | CDF (/5= 18 TV, 4 jets, 1993) 50 | I | -
) v T T
+~ |CDF (/5=18 T&V, v+ 8 jets, 1097) i 0 ]
T | DO (V5= 1.96 TV, v+ 3 jets, 2010) vy F " LHCb (J/p+D ,+Shao) :
O |LHCb (5=7 T, J/YAl, 2012) ——— F ¢+ ATLAS (JAp+W™, Lansberg—Shao-Yamanaka) ]
= |LHCb (5=7Tdv, J/uDF, 2012) bl : _ ]
g LHCb (y/5— 7 Tov, J/uD", 2012) R 40 ATLAS (np JAp+Z, Lansberg—Shao) :
& |LHCb (5 =7 TV, J/uD?, 2012) [—li—] r e+ ATLAS (JAp+Z, Lansberg—Shao) . ]
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S | D? (V5=196T&V, v+ b/c + 2 jets, 2014) I | 30 - =+ LHCb (JAp+Jhp) ]
DO (/5 = 1.96 TV, 7+ 3 jets, 2014) b=l F ]
qc) DO (/5 = 1.96 TV, J/v + J/v, 2014) 1= - i DO (JAp+Y, Shao-Zhang) o 1
=~ |ATLAS (y5=8TeV, Z + 1/, 2015) Frmrmmmmnnanen . o+ LHCb (JAp+Y(1S)) ]
C | LHCb (5 = 7&8 TV, T(1S)D"+, 2015) A e i ]
© |[DO (V5=196 TV, 1/ + T, 2016) o= o] 20 [ ™ LHCDb (JAp+Y(2S)) ;
£ |DO (V5= \/1_.96 TeV, 2+ 2 jets, 2016) —r— ~= DO (JAp+Jhy) :
‘= | ATLAS (/5 =7 TeV, 4 jets, 2016) I—im—1 ]
8_ ATLAS (/5 =8 TeV, J/¥ + J/¥, 2017) (EEE F e+ ATLAS (Jp+Jhy) A1
X | NS (/58 T, T T 2017 10 L @ LHCb (Y(18)+D°) iE
(L |LHCb (5=13 Tev, J/v + I/, 2017) 2 e s e s ! 0 —0 iy
CMS (V5 — 8 TV, WEWE, 2018) : LHCb (D"+D") ﬂ :
ATLAS (/5 =8 TeV, 4 leptons, 2018)  Jsssssssssssssssassp F %
0 5 10 15 20 25 30 O: . e . e
[ATLAS (PLB’19)] o, [mb] 0.1 1 10

Vs [TeV]

jets| |photons| W & Z| |heavy flav. & onia
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LABORATOIRE DE PHYSIQUE
THEORIQUE ET HAUTES ENERGIES

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

llllllllll]lllllllllllllllllll

= ATLAS
@© |AFS (/5=63 GV, 4 jets, 1086) o
> | UA2 (/5= 630 GeV, 4 jets, 1991) e e
& | CDF (ﬁ: 1.8 TV, 4 jets, 1003) 50 | ——————— | -
+— CDF (/s =18 TV, v+ 3 jets, 1997) [ ]
T | DO (V5= 1.96 TV, v+ 3 jets, 2010) vy F "+ LHCb (J/p+D ,+Shao) :
O |LHCb (5=7T&, J/YAl, 2012) ——— F ¢ ATLAS (JAp+W~, Lansberg—Shao-Yamanaka) ]
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g LHCb (y/5— 7 Tov, J/uD", 2012) R 40 ATLAS (np JAp+Z, Lansberg—-Shao) :
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S CMS (V5 = 7 ToV, W+ 2 jots, 2014) : e+ CMS (JAp+Jhp, Lansberg—Shao) :
S | D? (V5=196T&V, v+ b/c + 2 jets, 2014) It =| 30 [ =+ LHCb (JAp+Jhp) ]
DO (/5 = 1.96 TV, 7+ 3 jets, 2014) ==l : ]
ch DO (/5 = 1.96 TV, J/v + J/v, 2014) 1= - i DO (JAp+Y, Shao-Zhang) o1
T |ATLAS (y5=8TeV, Z + 1/, 2015) Frmrmmmmnnanen . o+ LHCDb (JAp+Y(1S)) ]
C | LHCb (5= 7&8 TV, T(1S)D"+, 2015) A e i ]
© |[DO (v5=1.96 TV, 1/ + T, 2016) b= o] 20 [ LHCDb (JAp+Y(2S)) ;
- D';D (V5 = \/l_.‘JG TV, 27+ 2 jets, 2016) —r— ~=- DO (JAp+Jhy) :
"= | ATLAS (/5 =7 TeV, 4 jets, 2016) I—im—1 ]
8_ ATLAS (/5 = 8 TeV, J/v + J /v, 2017) HedeH F ~e+ ATLAS (Jp+Jdly) A
3 |LHOb G 13T, 36 1/6,2017)  seesemtmpmsemnnt 10 | " LHCb (¥(15)+D") ik
s =13 TeV, J/¥ + 1/¢, - 0 ~0 4
CMS (/5 = 8 TV, WEW, 2018) : LHCb (D"+D") -
ATLAS (/5 =8 ToV, 4 leptons, 2018)  sssssssssssssssnssp F %
0 5 10 15 20 25 30 O: . e . e
[ATLAS (PLB’19)] o, [mb] 0.1 1 10

Vs [TeV]

jets| |photons| (W & Z| |heavy flav. & onia| |double DY
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DPS Measurements i

LABORATOIRE DE PHYSIQUE
THEORIQUE ET HAUTES ENERGIES

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

* flavour dependent ?

,(-LU\ ATLAS llllllllll]lllllllllllllllllll Oeﬁ. : ) energy dependent ?
O AFS (/5= 63 GdV, 4 jets, 1086) o o i i ?
> | UA2 (/5 =630 GeV, ;ejests, 1991) e e klnematlc dependent )
@ | CDF (v3=18TéV, 4 jets, 1993) 50 | - | -
+~ | CDF (\/5=18 TV, v+ 3 jets, 1907) i 0 ]
S | DO (Vs=196 TV, + 3 thss 2010) =y - & LHCb (Jp+D ,+Shao) :
O |LHCb (5=7T&, J/YAl, 2012) ——— F ¢ ATLAS (JAp+W~, Lansberg—Shao-Yamanaka) ]
= |LHCb (vs=7T&, 1/vDF, 2012) b el : _ ]
g LHCb (V5 — 7 T&V. J;,.Z,D-’ 2012) et 40 £ ATLAS (np JAp+Z, Lansberg—-Shao) :
%= |LHCb (/5=7 T&v, J/uDP, 2012) [—11—] r e+ ATLAS (JAp+Z, Lansberg—Shao) . ]
~ | ATLAS (5 =7 TeV, W+ 2 jets, 20183) H——t— r ]
S CMS (5 = 7 TV, W+ 2jetf. 2 1) [ e+ CMS (JAp+Jhp, Lansberg—Shao) :
S | D9 (v5=196 TV, v+ b/c + 2 jets, 2014) bt = 30 F = LHCb (JAp+JA)) ]
DO (/5 = 1.96 T&V, v+ 38 jets, 2014) ] : ]
ch DO (/5 = 1.96 TV, I/ +JJQ: 2014) 1= - i DO (JAp+Y, Shao-Zhang) o 1
T |ATLAS (y5=8TeV, Z + 1/, 2015) Frmrmmmmnnanen . o+ LHCDb (JAp+Y(1S)) ]
C | LHCb (/5 = 7&8 TeV, T(1S)D"+, 2015) A e i ]
() DO (/5 =196 TeV, /v + T, 2016) =3 bm 20 F =+ LHCDb (JAp+Y(2S)) 3
£ |DO (V5= \/l_.‘JG TV, 27+ 2 jets, 2016) —r— ~=- DO (JAp+Jhy) :
‘= | ATLAS (/5 =7 TeV, 4 jets, 2016) I—im—1 ]
Q | ATLAS (/5 =8 ToV, 3/ 4 176, 2017) et F e+ ATLAS (Jp+Jy) A
& S 0 s | 10 L7 LHOD(¥(19):0 b
8= 1& '(_\," ,-"L'"f‘ [, mamn smmmm L 1
CMS (/5 = 8 TV, WEW, 2018) : LHCb (D°+D°) 3
ATLAS (/5 =8 TeV, 4 leptons, 2018)  Jsssssssssssssssassp : %
0O 5 10 15 20 25 30 O: . e . e
[ATLAS (PLB’19)] o, [mb] 0.1 1 10

Vs [TeV]

jets| |photons| (W & Z| |heavy flav. & onia| |double DY
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DPS Measurements i

LABORATOIRE DE PHYSIQUE
THEORIQUE ET HAUTES ENERGIES

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

* flavour dependent !

’(—Lu\ ATLAS llllllllll]lllllllllllllllllll Oeﬁl : ) energy dependent ?
Q |AFS (/35=63 CdV, 4 jets, 1086) o . i i ?
> | UA2 (5= 630 GeV, ;ejests, 1901) ——— kinematic dependent :
& | CDF (V5=18TdV, 4 jets, 1993) 50 | - | -
+ | CDF (y/5=18 T&V, v+ 8 jets, 1007) i 0 ]
S DO (y5=196Tv, v+ 3 _;]QQtsS 2010) =] - & LHCb (Jp+D ,+Shao) ]
O |LHCb (5=7T&, J/YAl, 2012) ——— F ¢ ATLAS (JAp+W~, Lansberg—Shao-Yamanaka) ]
= |LHCb (y5=7Tdv, J/uDI, 2012) b el : B ]
g LHCb (/5 — 7 T&V, J",,;D-’ 2012) et 40 £ ATLAS (np JAp+Z, Lansberg—-Shao) :
= LHCb (/5 =7 TV, 1/uDP, 2012) [—11—I r e+ ATLAS (JAp+Z, Lansberg—Shao) . ]
~ | ATLAS (/5 =7 TaV, W+ 2 jets, 2013) H—t—t—t g ]
3 CMS (/5 =7 TV, Wt 2J.etJ: 2 1) e CMS (Jp+Jhp, Lansberg—Shao) 5
S | D? (V5=196T&V, v+ b/c + 2 jets, 2014) It =| 30 [ =+ LHCb (JAp+Jhp) ]
DO (/5 = 1.96 T&V, v+ 8 jets, 2014) = F ]
ch DO (/5 = 1.96 TeV, J/¥ +JJQ: 2014) = - r DO (JAp+Y, Shao-Zhang) o1
T |ATLAS (y5=8TeV, Z + 1/v, 2015) Frmrmmmmnnanen . o+ LHCDb (JAp+Y(1S)) ]
C | LHCb (5 = 7&8 TV, T(1S)D"%+, 2015) A = i ]
() DO (/5 =196 TeV, /v + T, 2016) =3 bm 20 F =+ LHCb (Jp+Y(2S)) .
— DO (/5= \/1_.96 TéV, 2y+ 2 jets, 2016) ——e—— ~=- DO (JAp+Jhy) ]
"= | ATLAS (/5 =7 TV, 4 jets, 2016) f—ir—1 ]
Q | ATLAS (/5 =8 ToV, 3/ 4 176, 2017) et F e+ ATLAS (Jp+Jhp) A
S Oy e | 10 FO LHOD (Y190 b:
8= 1¢ eV, ",'uw_.;_‘.":'uw. mamn Ty = I
CMS (/5 = 8 TV, WEW, 2018) : LHCb (D°+D°) 3
ATLAS (/5 =8 ToV, 4 leptons, 2018)  Irsssssssssessnsnsy i %
0O 5 10 15 20 25 30 O: . e . e
[ATLAS (PLB’19)] o, [mb] 0.1 1 10

Vs [TeV]

jets| |photons| (W & Z| |heavy flav. & onia| |double DY

Can LHCb measure kinematic dependence !
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DPS Measurements i

LABORATOIRE DE PHYSIQUE

- 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 ?

LHCRB2024 HUA-SHENG SHAO




DPS Measurements i

LABORATOIRE DE PHYSIQUE

- 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 (JAy+Z, Lansberg-Shao) :

 ~e+ CMS (JAp+Jhp, Lansberg—Shao) T :

20 <DO (JAp+Y) > 1 _

= g DO (JAp+Jhp) ] g

c e ATLAS (JAp+Jh)) %3 % :

—= 19 | e LHCb (Jrp+DO) A oy

2 @ LHCb (Y(1S)+D?% s g

10 £ o CDF (4 jets) ;

L =2+ CDF (y + 3 jets) :

E -5+ DO (v + 3 jets) - :

5 [ ATLAS (W + 2 jets) } i ;

w/o SPS - o1 CMS (W + 2 jets) :
0.1 1 10

Vs [TeV]
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DPS Measurements i

LABORATOIRE DE PHYSIQUE

- 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 (JAy+Z, Lansberg-Shao) :
- o CMS (Jhp+Jhp, Lansberg—Shao) §
o0 £<_DO (Jp+Y, Shao-Zhangl> P
= g DO (JAp+Jhp) % §
= L e+ ATLAS (JAp+JAp) %3 :
— 19 [ e LHCb (Jrp+DO) A %y
s @ LHCb (Y(1S)+DY% i g
10 L & CDF (4 jets) -
- =2+ CDF (y + 3 jets) :
- =+ DO (v + 3 jets) :
S [ = ATLAS (W + 2 jets) } if .
w SPS o+ CMS (W + 2 jets) 5
0t . ]
0.1 1 10

Vs [TeV]
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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 ?

LHCRB2024

0,4 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 4jets (7 TeV)

JHEP,11:110,2016

CMS 4jets (7 TeV)
Eur.Phys.J.,C76(3):155,2016.
CMS 4jets (13 TeV)
P8 + CP5

H7 + CH3

MG5 LO 2-2,3,4 + CP5
MG5 NLO 22 + CP5

PW NLO 22 + CP5

PW NLO 2—3 + CP5

IIIIIIIIII]IITATIII]IIII

|

[CMS (JHEP’22)]

IIIIIII

——
v

=
t—e—

L

N TN P P R R

0

5

10 15 20

25

30
O o [MD]

Same observable but
different ME+MC
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Two novel observables LPT@

LABORATOIRE DE PHYSIQUE

* 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

T Yy——— T ~N————
pe—e—C >——— p P

m X R M
" W<g”” ——
490000000, J/ - I/ Aromm{ O S/
I/ S VL L Qo
P=—=C O>=—— P=—C__>—— P=—C__>—— Ob%
SPS DPS TPS
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Triple Parton Scattering in pp LPT@

LABORATOIRE DE PHYSIQUE

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

N _SPS
NPS M | Ufz-P
Ofifn — N ( )N—l

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 4
1 AGep AGep
osps ™ Q2 V-S. ODPS ™ 0O V.s. O0TPS ™
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Triple Parton Scattering in pp LPT@

LABORATOIRE DE PHYSIQUE

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

N _SPS
NPS M | Ufz-P
Ofifn — N ( )N—l

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 4
1 AGep AGep
osps ™ Q2 V-S. ODPS ™ 0O V.s. O0TPS ™

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

LABORATOIRE DE PHYSIQUE

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

N _SPS
NPS M | Ufz-P
Ofifn — N ( )N—l

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 4
1 AGep AGep
osps ™ Q2 V-S. ODPS ™ 0O V.s. O0TPS ™

- Any chance to see TPS at the LHC ?

— > J/JpTNp = p T e
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Triple Parton Scattering in pp LPT‘H%‘:%

LABORATOIRE DE PHYSIQUE
THEORIQUE ET HAUTES ENERGIES

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

e [HSS, Zhang (PRL19)]
\_%Bh% ‘
I/
400000000, J/
_ Qw
P=—C_>=——

SPS DPS

inclusive 20 <y <45 Y70l < 2.4
SPS| 0.41723, £0.0083 [(1.8F11L £0.18) x 1072|(8.773% £ 0.098) x 102 . . .
13 TeV [pps| (1007501) x 10mb | (7.0715) x Wb (507110) 10 mb * With our know.ledge of smgle. J/psi
TS| 130 « (%) . (%) 2 (%) and c.IoubIe J/psi, the process is
SPS| 0.46%35,+0.022 |[(3.213% £0.21) x 1072 (5.872% £0.29) x 1072 pred!cted to be DPS and TPS
20 TeVIDPS| (56072000) x 10mb | (19+97)  10.mb (1201955) x o dominant
TPS| 570 x (%)z 5.0 x (%:“:)z 57 x (%)z
SPS| 0.59t44 £0.016 [(3.0t2, £0.23) x 10-2| (7.27%% £ 0.38) x10-2 * The number of events is large
75 TeV IDpg| (10007 11000) x Lomb | (57+340) , 10 mb (310+2900) x 10mb enough to be seen at the LHC
TPS| 3900 x (100—*)‘Z 27 x (100—*)‘Z 260 x (100—*)2 unless Oeff 2 and Oeff 3 are
SPS| 1.1%541+0044 |(4.5%33 £0.72) x 10-2| (36722 £1.8) x 102 significantly larger than 10 mb
100 TV pps | (3400752000 x 0mb | (100+55°) x Lomb | (490+390%)  Lomb
TPS| 6500 x (12mb ) 45 x (Lmb)” 380 x (12mb)”
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Triple Parton Scattering in pp LPT@

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

Pure prompt production: Nonprompt contributions:
—— |
T Dow
: 3 E
Do
: s
:
T D
DPS: ‘71331128 ) J /) i
[ ‘ Do !
p T i
——— :
P C o — M E P M
* i ¥ b---
A () J/’l/) H A =
<% : ¢ b
. 3 > E 2p1lnp > b---
TPS: UTIES foowosT () J /Y i O1ps foowmmTEs b
L %%Bbbi) " L~ b
p i P
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Triple Parton Scattering in pp LPT@

LABORATOIRE DE PHYSIQUE

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

! -’ CMS 133 fb" (13 TeV
% 10?”81 LI B (N B B B B B 11:133|fb| (:]3|Telv_ %J 10:CMls| LN B B R B B R 1133-fb 1(1?Tlev: % 10: 1 r r 1 v 17T I( T re B
= 9F ¢ Data = = 9OF ¢+ Data = = 9 ¢ Data =
o C . o C . o o .
f 8F — Total fit - L 8F — Total fit = f 8F — Total fit -3
% 7E Ity Iy Jiy signal 3 % 7_ Jiy iy Jly signal _ 2 7_ Jiy Iy Iy signal 3
5 o . (O] ]
o 6f E M 6f i @ 6f E
° : 43 E 5E E
4 3 E af 3
3t 3 ; 3 »
2t E 2 4 : of \ -
3 L (AR :
o[ a—— Y MMM NN | 0; dd=babed-cdollot o - ] 1 .
2.9 3 3.1 3.2 3.3 2.6 2.8 3 3.2 0 56 o8 3 3.9
m,. .[Ge m Ge . ' y
p, 1 [GeV] HH,2 [CeV] Myp.3 [GeV]

- Observation: 5 signal events + 1 background event

* The measurement of fiducial cross section

o(pp = J/YJ/YJ/YpX) = 272+%g}1(stat) + 17(syst) fb
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Triple Parton Scattering in pp LPT‘H%‘:%

LABORATOIRE DE PHYSIQUE
""""""

* 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) MGSNLO+PY8 | HO(NLO*) HO(LO)+PY8 MGSNLO+PY8 | HO(LO) HO(LO)+PY8 HO(LO)+PY8 MGS5NLO+PYS8
Oshs Oors Oahs st O O Cs T Oshe Oars
570+57nb 600" 30nb | 40'5¢pb 24132 fb 4305, pb | <5ab 52134 14+ ab 12+4fb

HO: HELAC-Onia
MG5NLO: MadGraph5_aMC@NLO

PY8: Pythia8.2

Fixing oemr3 = (0.82+0.11) X oeqr 2 and fitting Oeff,2
Oeff.o = 2.7 175 (exp) T 72 (theo) mb

* Triple-)/psi fractions: ~6% SPS, ~74% DPS, ~20% TPS
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http://hshao.web.cern.ch/hshao/helaconia.html
https://launchpad.net/mg5amcnlo
https://pythia.org/

DPS in heavy-ion collisions
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DPS in Heavy-lon Collisions LPT@

LABORATOIRE DE PHYSIQUE

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

N DPS _SPS __ 4 _SPS
~ 340, ", 004" = Aoy,

A3.3
~ DPS SPS NAZUSPS

™~ 5 Opp 944 ~ pp

Assumptions: no nuclear modification and et pp = 15 mb
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DPS in Heavy-lon Collisions LPTHE

LABORATOIRE DE PHYSIQUE
THEORIQUE ET HAUTES ENERGIES

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

N DPS _SPS __ 4 _SPS
~ 340, ", 004" = Aoy,

A3.3
DPS DPS SPS ~ AZOSPS

™~ 5 Opp 1T AA pp

- 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 NnCTEQ15 at ue=2 GeV EPPS16 at u==2 GeV
Original ] Reweighted (-] LHCb data e ALICE data =1 { o Original C] _ Reweighted (7 _LHCbdata +e1 Original [ Ke=lly O uFE Opy I Hp=0.50y I Original 1 e=ity O .utlfaouo 03 ue=0.5uy [
1‘2 = ! ! ! ! ! ! ! L L 1 6 RARLL BELEELLL M ALl R ALl B ALl B RN L Rl B AR el B 1 6 RALLLL LA AL Bl Al B AR M) AR EERARALLLL BN ARl SRRl m Rl e
\ T B ue=20ny 1 ue=20uy | i A T AT i 7
1 1 =lr —F-- I D° T B—Jhy Bt | [ D° BJhy
[ S 14+ § -+ 114t
08 08 12 -_ : _-_ - [ i
I 2 [ I L -.:‘ 1 . a g p ﬁ“’-'r
0.6 0.6 1 ,‘Ztl '. —= ik E——
L L /] -* s =
I 08 - . //“‘ ] ‘ ‘ v IR () ::D “: o
1 2 1 2 : B R ropias e 8 o0 A1 l::‘»//:/‘ / - T o i qu g3 3 .
- 0.6 [Eicmrladl’ Hes SRy § B - -
! s 04 BNy Pl I ]
0.8 0.8 I ﬂn‘—mﬁﬂﬂﬂﬂ—rﬂﬂi—kﬁﬁﬂdﬂhﬂ—mﬂ—wﬂ—ﬁﬁﬂ—fﬂ
. _ [ 16 F ¥ Mg i i
0.6 06 14l Jhy T(1S) I 1 T(1S) ]
T T o e o ST 12 < : - o)
i ‘ ! _ 1 i s ; ?’“"1;
L= A NNNNNN —b ! ‘ T 0.8 i ,/' .' / T 22' ,:°.
i R . " /3 £ ) o 5 =
\ : 08 fr'_.dm;;; // ) -’a‘f"" 3 séé 2 q o
0.6 [l M RRNTEERA h:
g . MY e 3 N:Yﬁ e ¥:¥ = :‘))3 :; :; ?
X1 == T v 5 o ]
] 06 04 S +
. d PN SR e SArA SRPU SEPE B .. P P pooned sovoed saned 3ooased o soruml 3ol usd soasued o saeed s raued anad nl-d
R 3210123 Rg 1010103102107 10°10%10°10210 Rg 7105104102102107 10°10410310210
pr ycms(J/W) X X X X
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DPS in Heavy-lon Collisions

- Let us accommodate both nPDF and geometric effect

Z [d\]d\’)d\ dx; d“b]d“bod“b

[HSS (PRD*20)]

7@ = T
0aia; 3 — >
I A SV
XF ( s X2, bl I)'))(T \,1) (Tﬂ'(_.\z..\lz) l"l.,(.\',..\',.,bl —b, b7 — b).
Projectile B Target A
— e
) . =
[fﬁglm, Z dzrdzodzdx I AN
1+0f1f. A A ST O 2 W
ikt e R e S—— ; S
ri{(.l‘l.l‘;g. §1. 89, ul U- >)asz(11 l])O'f‘(l"_g.l‘;) X si-b+u | | E
1. . N = . N - B s S B B
F%(J" l',. §1 — b + v1.82—b 4+ vo,uy — v 1, U — Vo) taf— T -------------- l ---------------- B i o
e @f . ®~ o 'PtJi .
d?u d*u- )d 1'1(1 v >d 51d%s >d b. (8) \]\ v ',»_"U s
) e e’ J

(2) Side view

LHCRB2024

(b) Beam view
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DPS in Heavy-lon Collisions Lm‘.ﬁ%

LABORATOIRE DE PHYSIQUE

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

, = ) "b "l)') “I)
T, HOQ@ 'Z“ [dnd\ dx,dx,d*byd*byd

X F;j(.\‘l s X2, bl . bz) (}il ('_.\'1 . .\°,| ) (3'552 ('_.\'2. \,2) l"“('.\", . .\'f,., b] - b, b7 — b).

Projectile B Target A

[)PS
dzrdzodzdx
‘I}—oflfs 1+()}‘1}" ZJZKI/ Il Lol l] S

i, . )
Fu(l‘l I‘)..S‘l.‘)) w1, u))asz(n ll)af‘(l) I;)X

Lo
R N o
: )
o~ P LY
i .
P +
>\
—_— g
Y
AR
P
N |
P
L
i 4

/
(11, »1—b+v | ,,
d?ud?urd? v 1d? vod? s ld s >d b (8) %)‘\ """"" v <V

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

. 7 (a) Side view (b) Beam view
3 1)G<TA(E)) k=g9.q,q

Ri(z,b)— 1= (R (z) -
Ta(0)

Ubiquitous in centrality-dependent observables

...but mostly assume G (“'E*) = ATa(3)

Ta(0) Taa(0)
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DPS in Heavy-lon Collisions LPT@

LABORATOIRE DE PHYSIQUE

- For example, considering pPb — DYDY X [HSS (PRD’20)]
1—2a 2a 1—a 2a
DPS _ .Dp° Hp° |3 (a+3) Teff,pp 9"~ %(a + 3)
0 0 31_2a(a + 3)2“ O off 32_a(a + 3)¢ 91_“(a + 3)2a '
D D 1 . €1L,pp A L 1 .
i (Rpr i Rppb) [ 2a + 3 TR, ( ) ( 2(a + 4) 4(a + 2) )
31—2a(a_'_ 3)2@ Ueff,pp 9 91—@(&_'_ 3)2a 32—a(a_’_ S)a
+[_1+ 2a+t3 TR (A_1)<§+ 4a+2)  (a+4) )]
RN A (d
. (n(g)) N (TA<3>>
TA(O) TA(O)
RfA OpA—f
pA =
Aopps f
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DPS in Heavy-lon Collisions LPT@

LABORATOIRE DE PHYSIQUE

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

B oo = R [F P g 4 S
(g A [1- T gy (o 9oy
i [_1 i 31_2;&:33)2& i Efé%p (A-1) (2 i 91—:(?; 23))2a ; 32_(2(11)3)a)-

T —~

TA(O)

—_—

G (TA(?)> ~« (TA(T;)>G Either calculable or fixable by other measurements
Ta(0)
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DPS in Heavy-lon Collisions LPT@

LABORATOIRE DE PHYSIQUE

- For example, considering pPb — DYDY X [HSS (PRD’20)]
0 0 31—2a(a e 3)20, Ooff 91—a(a 1 3)2&
DPS _ D D elr,
Rpr—>D0—|—DO — RprRpr [ 2a + 3 T WR?ZP (A - 1) 4(CL n 2) ]
0 0 31724 (g + 3)%% o 32 % a+3)* 9l7%a+3)%\
D D _ eff.pp (4 _ _
i (Rpr i Rppb) [1 2a + 3 TR S ( 2(a +4) 4(a + 2) )
3'7%%(a+3)°" | Oen, 9 9" %a+3)* 3 %a+3)*
+[_1+ 2at+3 WR%p(A_1)<§+ 4a+2)  (a+4) )]
LN RN a
G TA@) x (TA<E>> Plrp (41— 1)~ 5.23 (L)
<TA(0) Ta(0) 7TR?4 ( ) 34.8 mb
OpA—f
Rf — p
pA
Aopp ¢
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DPS in Heavy-lon Collisions LPT@

LABORATOIRE DE PHYSIQUE

- For example, considering pPb — DYDY X [HSS (PRD’20)]
317290 + 3)%" g 91~ (a + 3)¢
RDPS _ RDO RDO [ i €I, pp A —1
31—2& CL—|—3 2a Te 32—a CL—I—S a 91—a a_|_3 2a \
2a + 3 TR 2(a +4) 4(a + 2)
31—2a(a + 3)2a Toff pp 0 91—@(& + 3)2a 32—a(a + S)a
+[_1+ 2a+3 TR (A_l)(§+ 4a+2)  (a+4) )]
- BN
v [ Ta(b Ta(b O o
G( AQ) x ( A(J> TP (A —1) 5.23( =LPP )
Ta(0) Ta(0) T R4 34.8 mb
10—}
e pf = OpA—f
. Rpa=06 — 4l {3
8 RE) 2=0.8 — ",' ’ pA A O-pp_) f
u):%m- 6_ 2&::2 : '/
L / /| i - DPSin heavy-ion potential to constrain G() !
2F - A »_‘x’};=208 _
e " R,=6.624 fm ]
ceﬁ,pp_15 mb3]
00T T 2 3 4
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DPS in Heavy-lon Collisions LPT.‘%’%

LABORATOIRE DE PHYSIQUE

* First DPS measurement in heavy-ion collisions by LHCb [LHCb (PRL20)]

]- O-pr—>f1 Opr—)fQ

— Caveats: Teff = Ocff pPb 7 Oeff,.pp
1+5f1f2 OpPb— f1 f2

O eff

—_— D

= 2
o 1.8
1.6

o 1.4

1.2

1

0.8

0.6

LHCDb

lr_ = 0. ) V -
V' Snn 8.16 Te i
L1

l

’1;
I

l

d'Enterria et al.
0.4 +D°D°
02 - J/yD°

| 1 1 1 1 | 1 1 1 1
0 -5 0 5

y(DO’ J/W)

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

Only geometric effect

= =

lllIlllIIllIlllIl!lllllllllllllllllllll
=t
IIIIIIIIIlIIIIlI!!IIIIIIIIlIlIIIIlIlI

* The pure geometric effect cannot explain the rapidity dependence
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DPS in Heavy-lon Collisions

* Theoretical interpretation of the LHCb measurement
* J/psi+D0O has the sizable SPS component [HSS (PRD"20)]

* The SPS of D%+D0 is negligible in NLO pQCD caclulations
[Helenius, Paukkunen (PLB20)]

* The b-dependent gluon shadowing can explain the rapidity dependence

Shpb-»0(20ppp,0p0) [b]

O o 29
o N OB O ®
LELEN B

1.8
16

14 F

1.2

fwd

LHCD data 4

bwd —

arXiv:2001.04256
G(x)e<x?

D° fwd

Ropb

D° bwd

-0.66 \

A=208  \
RA=6.624 fm

Geﬁ'ppﬂ.8 mb —
PP B I A S

LHCRB2024

Gppb-0(20pp5pp0) [b]

18}
16F
14}
12F

08Ff
06 L

04
0.2

THEORIQUE ET HAUTES ENERGIES

[HSS (PRD’20)]

N bwd — -_
:_ LHCDb data + _
BN !
- / \ -
— - —‘"r"
- arXiv-2001.04256 .
G(x)e<x? \
- 0 \.\
L Ropb" =0.66 A=208
L RGP —0.08 R=6.624 fm \
Ogtf pp=21 Mb -
0 1 2 3
a

favoring a~2 and disfavoring a~|

18
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DPS in Heavy-lon Collisions LPT'HCQ%

ATOIRE DE IQUE
S ENEF

HEORIQUE ET HAUTE RGIES

- DPS measurement in heavy-ion collisions by CMS [CMS (arXiv:2407.03223)]

CMS pPb 174.6 nb™ (8.16 TeV) CMS | ;|)Pb 1741.6 nb (|8.16 TeY)
(o IIIIIIIIIIIIIIIII|IIIIIIIII|II]I'IIII|IIII|II CY) T T 1T T 11 T T1 T T1 T T 71 T T 11 |
2 I pPb — J/y + J/y | © pPb — J/y + J/y
o o
- ¢ Data - 10 ¢ Data —
2 105_ . —— SPS + DPS E 2 - S5 SPS + DPS ]
o N Il DPS (o, =4 mb) - o - Wl DPS (o =4 mb) -
L - ‘ 1 L T \
@EEE!E!E!EEEEFEH!EEEEEE!E!HEEEE!E!E[ ? —E 1 | ]
C [ ]
- i 1= : |
107" = - li_iiliiiliiliiiiilHIiliiiiiiiiliiiiilliiili!iliiliiiliiiliiiiliiliililiiiiiiiiliiiiiliiiiiiﬁlﬁiliililiiiiliiiiliiiliiliiiiiliii!Iiiiiiiiiliiiiilliimiiiiliiiiiiiliiiiliiiliiliiiiiiiiiiliiiiiliiiliiiliiiililiiﬂ_ll
10—2IIII|IIII|IIII|IIII|III|IIII|IIII|IIII|IIII|II 10—1 IIII|IIII|IIII|IIII|I II|IIII|I
0 05 1 15 2 25 3 35 4 45 0 0.5 1 1.5 2 2.5 3
Ay Wy, Jhy)l AWy, Jhy,)

* No enough statistics to extract DPS

Particle Fiducial requirement

Muons pr > 3.4GeV for || < 0.3
pr > 3.3GeV for 0.3 < || < 1.1
pr > 5.5-2.0[1|GeV for 1.1 < || < 2.1
pr > 1.3GeV for2.1 < |y| < 2.4

J/p mesons pr > 6.5GeV and |y| < 2.4
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- DPS measurement in heavy-ion collisions by CMS

CMS

 —

-

—
-
—=
<
e
o=

LHCRB2024

DPS in Heavy-lon Collisions

pPb — J/y+J/y, \/SN =8.16 TeV,CMS
\s=13 TeV, CMS Nat. Phys. 19 (2023) 338

pp — Jy+J/y+dly,
pp — Jiy+Jly, Vs=7 TeV, CMS*

pp — Jiy+J/y, Vs=8 TeV, ATLAS
pp — Jy+Jhy, Vs=1.96 TeV, DO

pp — JIy+Y, Vs=1.96 TeV, DO*

pp — W+J/y, Vs=7 TeV, ATLAS"
pp — Z+J/y, Vs=8 TeV, ATLAS"
pp — Z+b—J/y, s=8 TeV, ATLAS"
pp — y+b/c+2-jet, Ys=1.96 TeV, DO
pp — y+3-jet, Vs=1.96 TeV, DO

pp — 2-y+2-jet, Ys=1.96 TeV, DO
pp — y+3-jet, Ys=1.96 TeV, DO

pp — y+3-jet, Vs=1.8 TeV, CDF

pp — 4-jet, Vs=640 GeV, UA2

pp — 4-jet, Ys=1.8 TeV, CDF

pp — 4-jet, Ys=7 TeV, ATLAS

pp — 4-jet, Ys=7 TeV, CMS

pp — 4-jet, Ys=13 TeV, CMS

pp — W+2-jet, Ys=7 TeV, CMS

pp — W+2-jet, Ys=7 TeV, ATLAS
pp — WW, Ys=13 TeV, CMS

LPTHE

LABORATOIRE DE PHYSIQUE
THEORIQUE ET HAUTES ENERGIES

[CMS (arXiv:2407.03223)]

(this work)
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Eur. Phys. J. C 77 (2017) 76

Phys. Rev. D 90 (2014) 111101
Phys. Rev. Lett. 117 (2016) 062001
Phys. Lett. B 781(2018) 485

Phys. Rept. 889 (2020) 1

Nucl. Phys. B 916 (2017) 132
Phys. Rev. D 89 (2014) 072006
Phys. Rev. D 89 (2014) 072006
Phys. Rev. D 93 (2016) 052008
Phys. Rev. D 81(2010) 052012
Phys. Rev. D 56 (1997) 3811
Phys. Lett. B 268 (1991) 145

Phys. Rev. D 47 (1993) 4857
JHEP 11(2016) 110

Eur. Phys. J. C 76 (2016) 148
JHEP 01(2022) 177

JHEP 03 (2014) 032

New J. Phys. 15 (2013) 033038
Phys. Rev. Lett. 131(2023) 091803

— ' ~—
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* No enough statistics to extract DPS

Particle
Muons

Fiducial requirement

pr > 3.4GeV for || < 0.3

pr > 3.3GeV for 0.3 < || < 1.1

pr > 5.5-2.0[1|GeV for 1.1 < || < 2.1
pr > 1.3GeV for2.1 < |y| < 2.4

pr > 6.5GeV and |y| < 2.4

J/¢¥ mesons
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- DPS measurement in heavy-ion collisions by CMS

CMS
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DPS in Heavy-lon Collisions

pPb — J/y+J/y, \/SN =8.16 TeV,CMS
\s=13 TeV, CMS Nat. Phys. 19 (2023) 338

pp — Jy+J/y+dly,
pp — Jiy+Jly, Vs=7 TeV, CMS*

pp — Jiy+J/y, Vs=8 TeV, ATLAS
pp — Jy+Jhy, Vs=1.96 TeV, DO

pp — JIy+Y, Vs=1.96 TeV, DO*

pp — W+J/y, Vs=7 TeV, ATLAS"
pp — Z+J/y, Vs=8 TeV, ATLAS"
pp — Z+b—J/y, s=8 TeV, ATLAS"
pp — y+b/c+2-jet, Ys=1.96 TeV, DO
pp — y+3-jet, Vs=1.96 TeV, DO

pp — 2-y+2-jet, Ys=1.96 TeV, DO
pp — y+3-jet, Ys=1.96 TeV, DO

pp — y+3-jet, Vs=1.8 TeV, CDF

pp — 4-jet, Vs=640 GeV, UA2

pp — 4-jet, Ys=1.8 TeV, CDF

pp — 4-jet, Ys=7 TeV, ATLAS

pp — 4-jet, Ys=7 TeV, CMS

pp — 4-jet, Ys=13 TeV, CMS

pp — W+2-jet, Ys=7 TeV, CMS

pp — W+2-jet, Ys=7 TeV, ATLAS
pp — WW, Ys=13 TeV, CMS

LPTHE

LABORATOIRE DE PHYSIQUE
THEORIQUE ET HAUTES ENERGIES

[CMS (arXiv:2407.03223)]

(this work)
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* No enough statistics to extract DPS

Particle
Muons

Fiducial requirement

pr > 3.4GeV for || < 0.3

pr > 3.3GeV for 0.3 < || < 1.1

pr > 5.5-2.0[1|GeV for 1.1 < || < 2.1
pr > 1.3GeV for2.1 < |y| < 2.4

pr > 6.5GeV and |y| < 2.4

J/¢¥ mesons
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C I .
LABORATOIRE DE PHYSIQUE
THEORIQUE ET HAUTES ENERGIES

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

- A lot of theoretical, phenomenological and experimental progress.

* MPS will reveal the first-ever multiple-body parton correlations in
nucleon and nucleus » suchas O (pT)

- 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 LPT@

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

- A lot of theoretical, phenomenological and experimental progress.

* MPS will reveal the first-ever multiple-body parton correlations in
nucleon and nucleus » suchas O (pT)

- 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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A Brief Introduction LPT@

LABORATOIRE DE PHYSIQUE

- 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/v + J/v

* 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)]

~ 3A =~ 600

(‘rcﬁ'.ph /(‘rt"”'-l‘-’\

T

3.3 /5 6
~J._Oeff,pp/ Oeff,AA X A7 /5 =9 - 10
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J/psi+open charm P

LABORATOIRE DE PHYSIQUE

* J/Ipsitopen charm by LHCb cannot explain by DPS alone  [HSS (PRD’20)]

Prompt J/\yD0 production at 7 TeV pp collisions . I Prompt J/\|1D0 production at 7 TeV pp collisions
p ggF SPS — |o 107 | ggF SPS — Jo
107" £ DPS; — 1= F DPS; — 35
— ; ggF SPS+DPS; — o _ ggF SPS+DPS; — I
S - LHCb data ~e— sm LHCb data +e— {w
O [ 1= 3 ips
= it F= 5
S ' DPSoyomtsmb 12 Q 107 F DPS:G.q =15 mb 1%
e -Oeftf,pp= < 3 ‘Oett,pp= o
~ 102 N = e
— 10~ F 1 ]
D}__ I o 15
S 153 18
_g :2 E 10-3 - | - —_2
© é © . é
1= e 1=
i
5 = ]E;
......... bovooboooobyendo ol boueebousebond ool b 10'4 1 ! 1 ! | 1 ! 1 1 1 1 ! 1
O 1 2 3 4 5 6 7 8 9 10 11 12 5 10 15 20
Pr.uny [GeV] M(J/y+D°) [GeV]
(a) Transverse momentum of .J/4 (b) Invariant mass of .J/+) and D"
p c p ? J/
ggF SPS " DPS: ——
P & p —— C
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J/psi+open charm P

LABORATOIRE DE PHYSIQUE

DPS; DPS»
[HSS (PRD20)]
p J /1 p J /1
T 5
p —_— p —
(a) DPS
Final state
J/v + DY J/p+ DT J/+ D7 J/h+ AF
Cross section
oPPs1 [ﬁ - nb] 159.2 65.8 25.9 52.0
oPTP2 [22 0 nb] |(3.411541170) - 107 (L5X755070) - 107 (4810001 1) 1077 (5.62% 75 16) - 1077

» Colour octet and feed-down is not large enough

LDME Set
1 2 3 4 5 6 7 8 9
Final state

J/p+ DY [1.49 1.65 1.48 1.06 1.20 1.29 1.56 1.51 1.43
J/vp+ DT |1.53 1.71 1.51 0.99 1.17 1.24 1.60 1.54 1.41 NRQCD/direct CSM
J/+ DY 1.46 1.60 1.45 1.14 1.23 1.34 1.50 1.47 1.43
J/p+ AF  [1.40 1.53 1.41 1.25 1.29 1.38 1.45 1.42 1.51
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J/psi+open charm L PTHE

LABORATOIRE DE PHYSIQUE
THEORIQUE ET HAUTES ENERGIES

J/ P

;
\

[HSS (PRD’20)]

(b) SPS
Final state PDF 3ES (ggF) 4F'S (cgF) CT VENS
CTI0LO | 6.4%,5° g5 1747555 78] 4.9055° 05 [18.8755 100
CTIONLO | 6.57)5° 0y [ 17.2775 8108 | 4.973%% 02 18.8T 2010 %
J/¢+DO V4.9 —04 7-16.2-1.5 V_46 —0.4 *-16.5-1.5
CTIANNLO | 587,505 | 14.47755705 | 4.2755% 55 116.007557 7
MMHT14NLO | 6.75:5" 05 [18.65,7 " 9] 51557700 120.200500 %
NNPDF3.INLO| 5.97,¢" g5 | 1217775750 | 43755706 [13.7757 0710
CTIOLO | 355508 | 9.55855 0 | 278559407 [10.25805°420
CT10NLO | 3.4F753 105 | 94525 00 | 2.657°108 [10.25%°770
7+ pt | CTIHANLO 350556 ton | 97 5 Tos | 2755% T0n (1055557708
' CT14NNLO 31704 F04 [ 7 gFIATFS0 [ 5 3F L5306 | ¢ GFI00F28 .
= 202 | T che L St o | 0s 00 direct CSM
NNPDF3.INLO| 3.270C 709 | 6.6705" 011 | 23557708 [ 75005710
CT10LO 12456707 | 3.373%% 05 10967050 000 ] 3-573% 0’8
CTIONLO | 1.275570% [ 3.355%°75:3 [0.9150.83 000 | 3-575% 05
Jjp 4 pr |_CTINLO [ LT3R R [ 34T5"T05 [0.04T5 5T0 07| 87050770 3
* [[CTIANNLO | 11732702 [ 27 o0 T 0,80 5 20 02 3,07 03,710
MMHT14NLO | 1.2%50% | 3.6%55"0 10.98%051 o8| 3-8%5% 073
NNPDF3.INLO| 1.1%55%, | 23755705 [0.8070750 5] 2.6055 o)
CTIOLO _ |0.46%5:3: 005 | 1277570 0357055 00n| 13795705
CTIONLO  [0.52F  5e 0 0al L5305 10417235 0 0al 1.6773105
4 A+ [_CTHNLO [OS0TGaToe5] LETHITHT 042555570 5s ] L6T1ATG5
| CTIANNLO [0.46%555 005 12775707 [0.357053 0 05| 13795707
MMHTIANLO |0.487 257003 [ 1 7700702 [0 4372 2F0 01 [ 751502
NNPDF3.INLO[0.50 T3 507001 10753703 0367537700 1273503
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J/psi+open charm LPT@

BORATOIRE DE P SIQ E
THEORIQUE UTE ERGIES

[HSS (PRD’20)]

0.5 0
Bl TS = mogs —
- eff.pp- ] : DPS — 1.,
0.4 [, 34. 6” mb CT14NLO 1% i VENS SPS+DPS — {Q

- Pl 3484 gmb MMHT14NLO | m : + LHCb data e~ s
= eff.pp- +1 S, NNPDF3.1NLO E 150 F data in likelihood fit @
2 O eff pp: 342233 Mb CT14NNLO 1o ; 7 TeV LHC 15
O 0.3 LG eff pp - 29. 92 mb 1z DPS: G pp=34.8 mb 5
-S Geﬁ“pp 33 5+|1 b mb (.5. '_é‘ : SPS: CT14NLO o

[ 1. = 100 PDF error e
O : g © I — ]
p - L 4 L 4
-9 0.2 - 1 o - PDF+LDME+scale error ;g
n : -+ - b ifs

[ i i 1<
o E 10 50 ¢ 'R | 18

L 1] 5 —_— 4

i 15 B . i -7

[ 1= =

0 . :.'I.‘ O 1 1 1 =
“““““ JhyD? JyD* JyDy JIyA
10 0

O eff pp [MDP]
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J/psi+open charm i

[HSS (PRD20)]

1 VFNSSPS — |» 10 | VFNS SPS — s
10 E DPS — 1< L DPS — <
_ = VFNS SPS+DPS — {= _ VENS SPS+DPS — 1o
[ : LHCD data +e— qo o LHCD data ~e— 1o
= i data in likelihood fit {5 @ data in likelihood fit 15
= t 13, &=, 2 &
S + © 107 1%
Yo o O o
= 2 ~ 2 iIN
:1'— 10° F 3 1, = 1
o “ﬁ% 12 = |2
3 JwD® @ 7 TeV LHC = + 19 B JwD® @ 7 TeV LHC Q
j= SPS: CT14NLO = 12 < 108 + SPS: CT14NLO 2
T DPS: Gt pp=34.8 Mb — % = O ; DPS: Gt pp=34.8 mb 14
>fm‘ s
107 | .

-. ........ [FPTTTTTIT [FTTTTTTT Lisssssnss [FYTTTTTIT [FFTTTTIIT Lisssssnss [FPTTTTTIT | FYTTTITIT Lisssssass | FYTTTTTIT I..----u- 1 0‘4 1 M 1 1 | 1 M 1 1 1 1 1 1 }

O 1 2 3 4 5 6 7 8 9 10 11 12 5 10 15 20
Py [GEV] M(JAy+DP) [GeV]
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J/psi+open charm LPT@

LABORATOIRE DE PHYSIQUE
ORIQUE ET HAUTES RGIES

[HSS (PRD20)]

0.35 | _

VENS SPS ] [ VFNS SPS —
— o [ DPS — 1.,
DPS — % 031 VENS SPS+DPS — {2
— VFNS SPS+DPS — o | LHCb data —+— s
S LHCbdata o= 1= 025 | 1e
2 ijre) [ 1=
{2 [ 1>
S $ i= 02F 13
0 2 L do - 1=
-, 10 .f; :rU<>]\ 1
. 142 015 | 14
8 1 152 | + 15
3 JD® @ 7 TeV LHC 19E [ = SRS 19
< SPS: CT14NLO 12° 01 L T ¢
© DPS: Gg4t pp=34.8 mb 13 B, 14
eff,pp .l. g i g

-3 [ S ]

10° F "TieiT 0.05 F ?{\T/‘\pDO@7TeV LHC -

; ! g [ SPS: CT14NLO :

i EE == DPS: Geﬁ pp—348 mb 1

||||||||| I[P ERRERIRRRRERRRRARRRERRRRRA R RRRRRRRR SR RRRERERIARERRR RN RN RARERRA R [H1 T O 1 1 1 | 1 1 | 1 1 1
3 4 ) 6 7 8 9 10 11 12 -2 -1 0 1 2
pr,p° [GeV] Ay(JAy,D°)
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DPS in Heavy-lon Collisions LPT@

LABORATOIRE DE PHYSIQUE

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

31—2a(a_+_3)2a Ooff .pp

l—a 2a
DPS _ pJ/Y pD° 9" "(a +3)
0 31—2a(a_+_3)2a T off 32—a(a_+_3)a 91—a(a_+_3)2a
R//Y L pD ) 1 _ effpp 4 _ 1 B
i ( pPb T P 2a + 3 i TR% ( ) 2(a+4) 4(a + 2)
31—2a(a_'_ 3)2@ Toff pp 0 91—@(&_'_ 3)2a 32—a(a_’_ S)a
+[_1+ 2a+t3 TR (A_1)<§+ 4a+2)  (a+4) )]

- (n@) N (n@)a
TA(0) TA(0)
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DPS in Heavy-lon Collisions LPT@

LABORATOIRE DE PHYSIQUE

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

31—2a(a_+_3)2a Cnﬁﬂpp

l—a 2a
DPS _ pd/¥ pD° 9" "(a +3)
0 31—2a(a_+_3)2a T off 32—a(a_+_3)a 91—a(a_+_3)2a
Rj/w RD ) 1 — elr,pp A—1 .
i ( pPb T P 2a + 3 i TR% ( ) 2(a+4) 4(a + 2)
31—2a(a_'_3)2a Toff pp 0 91—@(&_'_3)261 32—a(a_’_3)a ]
+[_1+ 2a+t3 TR (A_l)(§+ 4a+2)  (a+4) )

T —~

TA(O)

—_—

G (TA(?)> ~« (TA(T;)>G Either calculable or fixable by other measurements
Ta(0)
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DPS in Heavy-lon Collisions LPT@

LABORATOIRE DE PHYSIQUE

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

31—2a(a_+_3)2a Cﬂﬁﬂpp

l—a 2a
DPS _ pJ/Y pD° 9" "(a +3)
1—2a 2a 2—a a l1—a 2a
/9 DO) 3 a+3) Tefiop (4 _ 1y (3 (a+3)" 9 %a+3)
i (Rppb  Hpp [ 2a + 3 i TR% ( ) 2(a+4) 4(a + 2)
31—2a(a_'_ 3)2@ Toff pp 0 91—@(&_'_ 3)2a 32—a(a_’_ S)a)]
+[_1+ 2a+3 TR (A_1)<§+ 4a+2)  (a+4)

G TA@) x (“@) ' el (A — 1) ~ 5.23( Defl pp )
<TA<0> Ta(0) mR?, ( ) 34.8 mb
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DPS in Heavy-lon Collisions Lm‘.ﬁ%

LABORATOIRE DE PHYSIQUE

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

31—2a(a + 3)2@ Ueff,pp

l1—a 2a
DPS _ pJ/Y pD° 9" %(a+3)
31—2a(a + 3)2a T off 32—a(a + 3)& 91—a(a + 3)2a
RJ/Y . pD° ) 1 _ effpp (4 _ 1 B
i ( pPb T P 2a + 3 i TR% ( ) 2(a+4) 4(a + 2)
31—2a(a_'_ 3)2@ O-eﬂ:,pp 0 91—@(&_'_ 3)2a 32—a(a_'_ S)a
+[_1+ 2a+3 TR (A_l)(§+ 4a+2)  (a+4) )]
— — a
G (%) x (Lﬁ) effﬂgp (A—1) ~ 5.23( e.pp )
Ta(0) Ta(0) TR?, 34.8 mb
0 VFNS SPS — ? JyD? @ V5,=8.16 TeV pPb VENS SPS ==
10 DPS, a=0 —— 8 1 7Yy ¥po37 DPS, a=0 —— 3
DPS. a=1 —— DPS.Geﬁ’pp=34.8_2.5mb DPS, a=1 —— E
1071 DPS, a=2 —— 7 E DPS, a=2 —— 3

DPS, a=3 ——
DPS, a=4

DPS, a=3 —— 3

> 102

0]

> o 5

E 103 g

A S S — o« 4E T '
2 10% I R T e R NN

b . \\\\\\\\

© 3 E

Ll
HELAC-Onia 2.0+Pythia 8.235
TRRTRAIRRTER I RRA AR SR aS Fa ANTRNTARRTRRTRRTA TN
HELAC-Onia 2.0+Pythia 8.235

é[HSS (PRD20)]
i [HSS (PRD’20)]

106 L JWDP @ Vs =8.16 TeV pPb 1 F
E 1.7<Y 1. YD0<3.7 1 7
- DPS: -34.8 mb ] :
10-7-..0.eﬁ'p.p|.m...|....|..- 05--..|....|....|..
0 5 10 15 0 5 10 15
P(Jhy+DP) [GeV] Pr(Jy+D°) [GeV]
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