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INntroduction

What is double parton scattering?

Definition

Double parton scattering (DPS) is a
proton-proton scattering process in
which two partons from each proton
undergo two separate hard
interactions.

Size comparison to SPS

A2
> integrated XS: GIDE P (@ (—2)
osps Q
——> phase-space suppressed
> diffe2rential XS: . L .
d?osps  d%opps , - i DPS cross section
d2q1d?q2  d3qid?q: SARALE

—> same power counting!
|

For colorless final states, an analogous factorized form to
hard scale is Q ~ min(Q1, Q2) the SPS case can be derived

|qf-| ~ANKLQ o &@ are regular partonic cross sections
|Qé_| ~AKLQ 0 Flap are double parton distributions (DPDs)

transverse-momenta scale is A

with Aqecp K A K Q

oy [GeV_l] is inter-parton transverse separation

here neglecting color indices and @x;, &; dependence in the functions

C' is a symmetry factor

Collinear factorization:

1 ~ (1 ~ (2
dopps = 6 Z 0-1(11)191 X 0'6(12)172 X /d2y Foias (y) &® Fbib, (y)

ajazbibs

In collinear factorization, F,(y) are the collinear DPDs in position space.

Assuming no inter-partonic correlations whatsoever, obtain convenient XS
formula (the DPS pocket formula)

1 o_iPSa_gPS .
opps = ——— Off used as a “measure” of DPS in exp’s

C O
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This assumption can’t literally be true

Major theory effort on more rigorous QCD
calculations including realistic correlation
effects

Assuming no inter-partonic correlations whatsoever jobtain convenient XS

pocket formula

1 UiPS SPS

02
Opps == ———— Ocff used as a “measure” of DPS in exp's
C O

But still a useful benchmark

Major experimental/pheno effort to
make many measurements, understand
where this fails



Double Parton Distributions:
theory state of the art

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. - Many-year effort to obtain formal all-

Diehl et al. JHEP 03 (2012) 089, JHEP 01 (2016) 076

Vladimirov JHEP 04 (2018) 045 Order prOOf Of faCtorization in pQCD

Buffing et al. JHEP 01 (2018) 044
Diehl, RN JHEP 04 (2019) 124

Properties of DPDs now being explored in great detail

e (Color structure and correlations in the
small-y limit

 |Impact of NLO corrections in non-
singlet splitting DPDs

» Derivation of positivity bounds, and ooy e oW
investigation of violations in NLO =y
DPDs

P. PloBl, R. Nagar



Experimental challenges

O Measurements (Preliminary)

Very difficult to cleanly separate

DPS from large SPS backgrounds UA2 4jets (0.63 TeV)
- Phys.Lett.B,268(1):145-154,1991
in some channels CDF 4jets (1.96 TeV)
’ SRR Emmoios (7 TeV)
Example of the “classic” 4-jet final cMS 4jots (7 Te)
state: measurement at 7 TeV ST S cTemEs 20te
CMS 4jets (13 TeV)
(ATLAS+CMS), and new S
measurement at 13 TeV (CMS) i - St e
Same data can give very canauo 02
different DPS fraction Powiheg NLO 263 - GP
depending on SPS MC/model
] 25 30 35 40
assumptions Sert [MD]

« => Motivation to focus on channels with lower cross sections but cleaner
DPS signatures/suppressed SPS contributions

R. Nayak, R. Gupta



DPS In Z+]ets

Differential cross sections measured X
as a function of DPS-sensitive oo e e

&~ SHERPA
3% MADGRAPH + PY8 CP5

3 = BE&= MG5_aMC (NLO) + PY8 CP5
< 0-8[=g= Ma5_aMC (NLO) + PY8 CP5 MPIOFF
S EA% MGS_aMC (NLO) + PY8 CDPSTP8S1-WJ
MGS_aMG (NLO) + H7 CH3
=4~ SHERPA
EE3% MADGRAPH + PY8 CP5

Preliminary

observables

« Data Is not described without MPls

« Varying levels of agreement with
different MCs used for MPI modeling
(Pythia8/Herwig++/Sherpa)
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AgP; ZiN

0.9,
Ay, Zi1)

Area-normalized distribution

Differential cross-section

Simulations PlB 790 (2019) 595-614
0.227 R. Gupta

--6-- gluon-jets, PYTHIA8
—e— quark-jets, PYTHIA8
--4-- gluon-jets, HERWIG++
—a— quark-jets, HERWIG++

o - Prospects for significant improvements using
oo |10 quark/gluon tagging with MVA’s

 50% improvement in DPS fraction vs. analysis
without tagging in simulation

03 02 -01 O
BDT output

R. Kumar 6



DPS In weak di-bosons

ATLAS
Vs=8TeV, 20.2fb"

o Data

Even di-boson production with fully -
I sPs qg—zz—4l

leptonic decays can be studied at the
[ ] sPSgg—zz—4l
LHC [ Background

—— DPS Pythia8 (norm. to data)

N
a
o

Events / 0.05
8

ZZ- IFIF I+
« ATLAS [imit at 8 TeV (oef > 1 mb)

-~ Observed Predictions:
[ stat PYTHIA 8 (CP5)
D syst — — Factorization approach

total ~ stat syst

| :
e | E 1.96 +0.74 (+ 054 , £ 0.51) pb
I s

| ?
et H=eH: 1.36 £ 0.46 (+ 0.33, £ 0.32) pb
|

I 5
Wptsett | HEeH! 1414040 (£0.28 , +0.28) pb

5 6
Inclusive o2r= (pb)

Di-boson processes implemented in

Same-sign W:=Wz=— vy dShower MC
* First evidence from CMS at 13 TeV « Based on full DPDs, taking care of
(Oeft = 12.7+5.09 mb) SPS/DPS double counting in parton

shower

R. Nayak, R. Gupta

J. Gaunt (slides)



DPS with guarkonium

 ATLAS & DO found values of ~5-6 mb for J/Y+J/ at mid-rapidity, with 30-50%

uncertainties

 |LHCb finds ~[10-12] mb for J/{+J/, depending on
SPS model assumptions

« |LHCb measures J/p+charm and Y+charm, reporting
Oeff IN the range of ~13-19 mb, assuming 0 SPS

Can information about DPS be extracted from
other quarkonium measurements?

N. Yamanaka, A. Bursche, D. d’Enterria

DPS
— ——=SPS: NLO* S, s

LHCb 13 TeV

m(Jpp ) G/

— ——-SPS: NLO* CS, ) g

eV
aeV/c

LHCDb 13 TeV




DPS with quarkonium (and friends

Prompt JAp+W™ production at 7 TeV LHC
NLO CEM SPS ==

. | - -
o CE“&?E’EST%EE Yes! Re-analysis of W+J/, Z+y, J/Y+J/Y

rssumoin B8 differential cross sections from
ATLAS+CMS
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azimuthal distribution

LHCb: 2<Y <4.5 Vs =

SPS (solid)
N. Yamanaka DPS (dotted)

“Exotic”/tetraquark states promising in
the future
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e Predict DPS>>SPS for new LHCb T4c,

and hypothesized bottom-charm
tetraquarks

9 A. Szczurek



Iriple-parton scattering

CMS Experiment at the LHC, CERN
_1 ’
CMS PRELIMINARY 133 b ' 4 Data recorded: 2017-Oct-18 16:07:04.866439 GMT

Run / Event / LS: 305237 / 1277785997 / 682

—_
o

CMS PRELIMINARY 133 b 10CMS PRELIMINARY

¢ Data
— Total fit

¢ Data
— Total fit
N Wy Jiy Jry signal

— Total fit

N\ Jiy Jry Jry signal N\ Uy iy Jiy signal

Events / 50 MeV
Events / 50 MeV
Events / 50 MeV

N W b OO N 0 © O
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- First observation of Triple-parton scattering via J4W JAW JAYp— utp-ptu-pta in CMS

e \ery rare process, but very clean: expect ~95% DPS+TPS

Significant signal, plus geft,pps and Oest,Trs, €xtracted using full Run 2 data

*  Oeffpps = 2.7+14.1 01940 MD

D. d’Enterria
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Triple parton distribution functions

Generalization of DPDs, derivation of sum rules for triple parton scattering

Pythia8 sPDF machinery used to construct tPDFs at different stages of
generation

"Let's check momentum rule first

* In some regions of phase space,
(10 10" [ufw| 1007 | 109 | differences from nane Rl E e
02 [10° [ufw| 1008 | 119 |

---IE_-E%- be significant
m--ﬁmm

Test of the momentum sum rule for the tPDFs.

 Some challenges to be resolved in future work: symmetric PDFs, s-quark
PDFs, phenomenology of TPS processes

O. Fedkeyvich
11



Two types of DPS in p-Pb
collisions: 1 or 2 protons in the
target nucleus involved

DPS+SPS ®65eff R
DPS1 @(55'eff

« Different impact parameter dependence can distinguish
the 2nd DPS process (“DPS2”) from the 1st DPS process
(“DPS1”) and SPS

« Existing ATLAS+CMS p-Pb data should be sufficient to
study DPS with 4-jets, W+jets, Z+jets...

B. Blok
12



DPS In p-A: experiment
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W
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L T A W  p-Pb— double open charm and J/{ +
1111’1?9([)M6V/c2] mlgp([)MeV/&] Opeﬂ Chal’m

LHCb
Enhancement of DPS RDWD: ZDI‘? — 0.308 4 0.015 4 0.010 fowe =646V
i D1 D,
fraction ovellksB Rz —0.391 +0.019 + 0.025

backward —
2 d'Enterria et al.

RDD" = 0.109 + 0.008 | i

2 JhyD°

« (Connected to p-p Oeff
VEERCIFEIV]ol=I=Tol o] (eF=IS1alM | ike sign charm fraction tripled!

DO
SNN — 8.2 TeV puys. rev. Lett. 125 (2020) 212001 Yo, Ip)

A. Bursche
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Overall picture (p-p experiment

W+ 2 jets, 2013)
Wt 2 jots, 2014)

“Pocket formula”/naive approach has 1 free
parameter Oe...

Experiment (energy, final state, year)

TeV, 4 leptons, 2018
CMS (Vs = 13 TeV, WEWE, 2020)

10 15 20 25 30
« [(Mb]

3 TeV, Jy+Jy+Jly
8 TeV, Jy+J/y

MS, |
Phys.Reb. 889 (2020) 1-106

ATLAS, { s—gTeV Jhy Iy

Eur.Phys.J.C 77 (20

LHCb, (s=13 TeV, Jiy+Jiy

DO, ys=1.96 TeV, JAy+Jhy
Phys.Rev. sn(zcum num

1 V, Jhy+Y
, Z+b—Jhy

AS, {s=8 TeV,
NuclPhys 5 616 (2017) 132-142

eV, Z+Jly

S, (5=8 TeV, W+J/\|;
B 781 (2018) 485- 451

zum nszmz
s X+3 jet
Phys.Rev.D 56 ussn 3sn -3852

UA2, s=640 GeV, 4-jet

Physics Letiers B 268 (1991) 145~
DF, 1.

Phys. Rev. D47 (1993) 4857~ 4871
CMS, Vs=7 TeV, 4-jet

Eur.Phys.J. c 76 (2016) 3, 155

s=7 TeV, 4-jet

CcMm
Eur.Phys.J. c 76 (2016) 3, 155

CMS, \s=13 TeV, 4-jet
‘SMP-20- 007

\s: TeV W+2-jet

JHEPoa’qznu)
ATLAS, TeV, W+2-jet
Now JPhys. 1 15 (2019 093038

CMS, {s=13 TeV, WW

Eur.Phys.J.C 80 (2020) 1, 41

/i CMS [8]+LS [9] pp@+/
/1) DO [6] PP
ATLAS [1] pp@y

J/b D° LHCb [3] pp@
J/p DY LHCb [3] pp@ 7 Tev
J/i DY LHCb (3] pp@\/5 =7 TeV
J/i AL LHCb [3] pp@\/5 = 7 TeV
D°DP LHCb [3] pp@y
D°DF LHCb [3] pp@
D°DY LHCb [3] pp@y,
DY D" LHCb [3] pp@
D* D} LHCb [3] pp@
D' Al LHCb [3] pp@
T(18)D° LHCh [4] pp@
LHCb [4] pp@

* LHCb [4] pp@

r(15)D°

14




Overall picture (p-p experiment

3 jets, 1997)
v+ 3 jets, 2010)
+, 2012)

TeV, W+ 2 jets, 2013)
W+ 2 jets, 2014)
, 7+ b/c + 2 jets, 2014)
TeV, v+ 3 jets, 2014)
TeV, J/¢ + , 2014)
TeV, Z + J/1, 2015)
TeV, YT(1S)D%*, 2015)
/, J/¢ + T, 2016)
+ 2 jets, 2016)
7 TeV, 4 jets, 2016)
/ + 3/, 2017)
, T+, 2017)
3/, 2017)
2018).
/, 4 leptons, 2018)
TeV, WEWE, 2020)

“Pocket formula”/naive approach has 1 free
parameter Oe...

Experiment (energy,

10 15 20 25 30
O [MDb]

By now >30 different experimental/reinterpretation

s=8 TeV, Jy+Jhy

CMS, {
Phys.Fept. 889 (2020) 1-106

]
results quoting Oef e
Eur.Phys.J.C 77 (2017) 2, 76
e LHCb, Vs=13 TeV, Jiy+Jiy
JHEP 1?_(2017) 068

DO, ys=1.96 TeV, JAy+Jhy
0 (2014) 11, 111101
96 TeV, Jy+Y
7 (2016) 6, 062001
TeV, Z+b—Jhy

=8 f
6 (2017) 132-142

TeV, Z+Jly

Phys Ropt. 868 (3020) 1106
AS,

- (Not counting oess determinations from UE/minbias .
tunes within Pythia/Herwig) s

s=7 TeV, 4-jet
(20163, 155

TeV, 4-jet

~(,2015) 3,155
CMS, \s=13 TeV, 4-jet
'SMP-20-007
CMS, \s=7 TeV, W+2-jet

JHEP 03 (201
7 TeV, W+2-jet

- Too many summary plots to fit on one page! S

) CMS [8]+LS [9] pp@V/
I/ DO [6] PP/
ATLAS [1] ppe@
LHCb [2] pp
YU/ DO [5] pPOV/E = 1.96 TeV
J/i D° LHCb [3] pp@y/
J/i DT LHCb [3] pp@+/5

J/ D LHCb [3] pp@y,

D°DO LHCb [3] pp@
D°D* LHCb [3] pp@
D°D} LHCb [3] pp@

DY D" LHCb [3] pp@

D* D} LHCb [3] pp@

D' A} LHCb [3] pp@
T(15)D° LHCb [4] pp@./
T(1S)D* LHCb [4] pp@
T(1S)D%* LHCb [4] pp@
T(15)D° LHCb [4] pp@.,
T(1S)D* LHCb [4] pp
T(1S)D% " LHCb [4] pp@
T(1S)D%+ LHCb [4] pp@
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Overall picture (p-p experiment

3 jets, 1997)
v+ 3 jets, 2010)
+, 2012)

TeV, W+ 2 jets, 2013)

W+ 2 jets, 2014)

, 7+ b/c + 2 jets, 2014)
TeV, v+ 3 jets, 2014)
TeV, J/¢ + , 2014)

TeV, Z + J/1, 2015)
TeV, YT(1S)D%*, 2015)
/, J/¢ + T, 2016)
+ 2 jets, 2016)

7 TeV, 4 jets, 2016)
/ + 3/, 2017)

, T+, 2017)

3/, 2017)

2018).
/, 4 leptons, 2018)

TeV, WEWE, 2020)

“Pocket formula”/naive approach has 1 free
parameter Oe...

Experiment (energy,

10 15 20 25 30
O [MDb]

By now >30 different experimental/reinterpretation

s=8 TeV, Jy+Jhy

CMS, {
Phys.Fept. 889 (2020) 1-106

]
results quoting Oef e
Eur.Phys.J.C 77 (2017) 2, 76
e LHCb, Vs=13 TeV, Jiy+Jiy
JHEP 1?_(2017) 068

DO, ys=1.96 TeV, JAy+Jhy
0 (2014) 11, 111101
96 TeV, Jy+Y
7 (2016) 6, 062001
TeV, Z+b—Jhy

=8 f
6 (2017) 132-142

TeV, Z+Jly

Phys Ropt. 868 (3020) 1106
AS,

- (Not counting oess determinations from UE/minbias .
tunes within Pythia/Herwig) s

s=7 TeV, 4-jet
(20163, 155

TeV, 4-jet

~(,2015) 3,155
CMS, \s=13 TeV, 4-jet
'SMP-20-007

CMS, {s=7 TeV, W+2-jet
JHEP 03 (201
7 TeV, W+2-jet

- Too many summary plots to fit on one page! S

) CMS [8]+LS [9] pp@V/
I/ DO [6] PP/
ATLAS [1] ppe@
LHCb [2] pp
YU/ DO [5] pPOV/E = 1.96 TeV
J/i D° LHCb [3] pp@y/
J/i DT LHCb [3] pp@+/5

J/ D LHCb [3] pp@y,

Very (very) over-constrained “model"

DY D" LHCb [3] pp@
D* D} LHCb [3] pp@

D' A} LHCb [3] pp@
T(18)D° LHCb [4] pp@y/
T(1S)D* LHCb [4] pp@
T(1S)D%" LHCb [4] pp@
T(1S)D° LHCb [4] pp@y
T(1S)D* LHCb [4] pp
T(1S)D% " LHCb [4] pp@
T(1S)D%+ LHCb [4] pp@
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Overall picture (p-p experiment

-jets, vector boson+jets, di-boson iR

TeV, W+ 2 jets, 2013)
W+ 2 jets, 2014)
, 7+ b/c + 2 jets, 2014)
TeV, v+ 3 jets, 2014)

e ~10-20 mb, compatible with mean ~15 mb e

J/¢ + T, 2016)
+ 2 jets, 2016)
7 TeV, 4 jets, 2016)
/ + 3/, 2017)
, T+, 2017)
£ 3/, 2017)
2018).
8 TeV, 4 leptons, 2018)
TeV, WEWE, 2020)

LHCb quarkonium+ open charm ik —

Oy [MD]

 Compatible with 10-20 mb iy

EurPhys.J.C 77 (2017)1—, 7¥
LHCb, Vs=13 TeV, Jiy+Jy
JHEP 1?_(2017) 068
DO, ys=1.96 TeV, JAy+Jhy
0 (2014) 11, 111101
96 TeV, Jy+Y
7 (2016) 6, 062001

TeV, Z+b—Jhy

| \S:
u u L] L] u TLAS, s=8 TeV,
? 6 2017) 152.142
Double and triple quarkonium (mid-rapidit
Phys.Ropt. 83 (2020) 11106
y AS, V=8 TeV,
| DO, Vs=1.8 TeV j
1 Vs=1.8 TeV, y+3-j
+ ] UA2, /s=640 GeV, 4-jet
| Physics Letters B 268 (1991) 145-154
] CDF, 8 j

i .8 TeV, 4-jet
Phys. Rev. D47 (1993) 4857-4871
s=7 TeV, 4-jet
(20163, 155

TeV, 4-jet

szs) 3,155
CMS, \s=13 TeV, 4-jet
'SMP-20-007

CMS, {s=7 TeV, W+2-jet

« ~2-10 mb, mean well below 10 mb

) CMS [8]+LS [9] pp@V/
I/ DO [6] PP/
J/ ATLAS [1] pp@

LHCb [2] pp

T/ DO [5] pPO\/E = 1.96 TeV

Taking error bars at face value, no longer

J/w D} LHCb [3] pp@y
Y

[ | [} n u
D°D° LHCb [3] pp@
ossible to describe all data with a single
DD} LHCb [3] pp@
D" D' LHCb [3] pp@
D' D LHCb [3] pp@
D* A} LHCb [3] pp@
value OT Oeff
T(1S)D* LHCb [4] pp@
T(1S)D%* LHCb [4] pp@
T (18)D° LHCb [4] pp@.y
T(1S)D* LHCb [4] pp@.y/
T(1S)D% " LHCb [4] pp@
T(1S)D%* LHCb [4] pp@
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Frequent discussion points

Experimentally, DPS(+TPS) = 1 - SPS

« Some channels can be quite sensitive to modeling of SPS background: CMS
4-jets, LHCb charm/J/y...

* Possible improvements? (already some ideas in this workshop involving
quark/gluon tagging, MVAs/machine learning)

« Do experimental error bars (esp. in older results) cover these effects?

Huge progress in sophistication of DPS theory
 How to connect all of this work to experiment+phenomenology?
* Incorporation of DPDs in MC generators like dShower an important bridge

 Plans to include newer developments (color or spin correlations, TPDs...)?

18



Frequent discussion points

Given apparent deviations from constant oetr, what are the (most) relevant
degrees of freedom

» Rapidity coverage, x dependence in quark- vs. gluon-dominated processes?
 Flavor dependence?

e (Other?

What measurements with LHC Run 2/3 data would have the biggest impact
* More differential measurements of existing channels?
 New channels?

e Tetraguarks, DPS in p-Pb proposed in this workshop - others?

19



Summary of the summary

Remarkable progress since the last edition of MPI

Closing proof of factorization formulae in pQCD, detailed
understanding of color correlations and NLO splitting effects in

DPDs, first extension to TPDs, development of MC/parton shower
algorithms based on DPDs...

Exciting times ahead

20






DPS In 4-jets

o Earliest final state in which DPS was studied by AFS/UA2/CDF

o Still quite active at LHC: measured at 7 TeV (ATLAS+CMS), and recently at 13
TeV (CMS)

ATLAS
Vs =7TeV, 37 pb”

 Now understood to
be very
challenging: small
signal in tails of
SPS background
distribution

O
<
S
n
2
S
—
=
L

e => Strong
dependence on
MC/models for SPS
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