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Single and Double Parton Scattering
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o Single-Parton Scattering (SPS) involves the production of two o Double-Parton Scattering (DPS) involves the production of
or more particles through a single interaction between two two particles through a double interaction between two
partons. partons from the same proton pairs.
« The kinematics are correlated, with the neglect of additional o To simplify, the hard scattering is assumed as uncorrelated.

gluon emissions. o Described by the pocket formula.



The pocket formula
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Di-J/ in LHCb

Main goals of the analysis:
e Measure the production cross-section of the di-J/\:

o SPS and DPS cross-sections as well;
o extrapolate the effective cross-section.

o Study the gluon Transkerse Momentum Distribution:

o measure the distribltion of the azimuthal angle ¢
o pt spectrum in the Collins-Soper frame

The di-J/ are reconstructed in the di-muon channel and are
requested to be prompt.
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requested to be prompt.

The J/ys are assumed to be uniformly distributed in ¢.

The SPS contribution is considered negligible in the 1.8 <Ay<2.5
region.
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Di-J/ in LHCb

Main goals of the analysis:
e Measure the production cross-section of the di-J/\:

o SPS and DPS cross-sections as well;
o extrapolate the effective cross-section.

o Study the gluon Transyerse Momentum Distribution:

o measure the distriblition of the azimuthal angle ¢
o pt spectrum in the Collins-Soper frame

The di-J/ are reconstructed in the di-muon channel and are
requested to be prompt.

The J/ys are assumed to be uniformly distributed in ¢.

The SPS contribution is considered negligible in the 1.8 <Ay<2.5
region.
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Di-J/ in LHCb

Main goals of the an

alysis:

e Measure the production cross-section of the di-J/\:

o SPS and DPS cross-sections as well;
o extrapolate the effective cross-section.

o Study the gluon Transverse Momentum Distribution:

o measure the distribution of the azimuthal angle ¢
o pt spectrum in the Collins-Soper frame
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Di-J/ in LHCb

Main goals of the analysis:

e Measure the production cross-section of the di-J/\:

o SPS and DPS cross-sections as well;
o extrapolate the effective cross-section.

 Study the gluon Transverse Momentum Distribution:

o measure the distribution of the azimuthal angle ®
o pt spectrum in the Collins-Soper frame
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zero, but the presence of azimuthal asymmetry at a few percent
levels is allowed.
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Di-J/ in ALICE

Main goals of the analysis:

« Measure the contribution from non prompt J/y
« Measure the effective double-parton scattering cross section

https://journals.aps.org/prc/abstract/10.1103/PhysRevC.108.045203
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Di-J/ in ALICE

THE NON PROMPT CONTRIBUTION =
IV FROM BEAUTY DECAYS

Main goals of the analysis: P

« Measure the contribution from non prompt J/y
« Measure the effective double-parton scattering cross section

https://journals.aps.org/prc/abstract/10.1103/PhysRevC.108.045203
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Di-J/ in ALICE

THE NON PROMPT CONTRIBUTION =
IV FROM BEAUTY DECAYS

Main goals of the analysis: P

« Measure the contribution from non prompt J/y
« Measure the effective double-parton scattering cross section

]

e The di-J/Y are reconstructed in the di-muon channel.
o The di-J/Y inclusive cross section is:
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Di-JI¢ in ALICE ZL{H pB-‘ SA/V\EQ;IONOFLHCB ?
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Di-J/ in ALICE

o non-prompt (J / ’Qb‘] / ¢)
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Di-JI¢ in ALICE ZL{H pB-‘ SA/V\EQ;IONOFLHCB ?
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Di-JI¢ in ALICE ZL{I] pB-‘ SA/V\EQ;IONOFLHCB ?
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Di-J/ in ALICE
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Di-.ll¢ in CM LOWER ENERGY @

AND LUMINOSITY

\

Main goals of the analysis: N | N  \E=7Tev,L=471
il | 2 2sf cnﬁs | ! | ! ‘ | [
« Measure the contribution from prompt di-J/y = I Unpolarized J/y -
o Investigate the DPS contribution = Stat. unc. l
E 2= —t— Stat. and syst. unc. —
x [ Jhy phase space: 1
r p,>6.5GeVicfor |yl <1.2
B2 p, >6.5-4.5 GeV/cfor 1.2 <yl < 1.437]
The J/ were reconstructed in the di-muon channel and i Pr>45GeViclorida<lyl<22 4 g
requested to be prompt L + ? DOMINATED
Mﬂ.ﬁ— _l_ g
Uprompt(J/¢J/¢) = 1.49 + 0.07(stat) + 0.13(syst.)nb SPS i i
DOMINATED - .
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0 0.5 1 1.5 2 25 3 3.5 4

. . i . Ay | between J/
Then differential cross-sections in mass, |Ay| and transverse d 14y | i

momentum were also evaluated. ’

NOT ENOUGH TO EXTRAPOLATE THE DPS SIGNAL, 8UT
ENOUGH TO SAY THAT THE DPS MUST 8E THERE
https://link.springer.com/article/10.1007/JHEP09(2014)094
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Di-}J/Y in CMiy

SPOILER!
WE ARE WORKING ON IT!
SO STAY TUNED




Di-}J/Y in CMiy

SPOILER!
WE ARE WORKING ON IT!
SO STAY TUNED

HOWEVER
S



Di-J/Y In CMiy

In this analysis the main focus was to confirm the

resonances seen by LHCb:

. 6555 + 10(stat.)

+ 12(syst.)MeV(6.50)

- 0927 + 9(stat.) =
- 7287 4+ 20(stat.)

https://arxiv.org/pdf/2306.07164.pdf

- 4(syst.)MeV (9.40)
+ 5(syst.)MeV(4.10)

/25 MeV

Candidates

{S=1B TEV
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CMS Supplementary

Di-}J/Y in CMiy

In this analysis the main focus was to confirm the
resonances seen by LHCb:

. 6555 + 10(stat.) £ 12(syst.)MeV (6.50)
- 6927 + 9(stat.) 4+ 4(syst.)MeV(9.40)
- 7287 + 20(stat.) + 5(syst.)MeV(4.10)

BUT

Here the DPS is a background but we learned that:

« the NR-SPS contribution is expected to dominate the
DPS contribution near the J/yJ/P threshold

 the DPS contribution is dominating at masses above
11 GeV.

https://arxiv.org/pdf/2306.07164.pdf
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Di-}J/Y in CMS

Main goals of the analysis:

o Measure the production cross-section of the di-J/ in the di-
muon (or di-electron) channel.

e Estimate the SPS/DPS contribution.

https://cds.cern.ch/record/2890161?In=en
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Di-}J/Y in CMS

Main goals of the analysis:

o Measure the production cross-section of the di-J/ in the di-
muon (or di-electron) channel.

e Estimate the SPS/DPS contribution.

Y,

TO CLARFY THE SPS
PRODUCTION OF MULTIPLE
QUARKONIUM STATES

https://cds.cern.ch/record/2890161?In=en

29


https://cds.cern.ch/record/2890161?ln=en

82

Pb

lead
203.2

Di-}J/Y in CMS

Main goals of the analysis:

o Measure the production cross-section of the di-J/ in the di-
muon (or di-electron) channel.

e Estimate the SPS/DPS contribution.

J \

TO CLARFY THE SPS
PRODUCTION OF MULTIPLE TO IMPROVE OUR

QUARKONIUM STATES UNDERSTANDING OF
DPS PROCESSES

https://cds.cern.ch/record/2890161?In=en
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Di-}J/Y in CMS

Main goals of the analysis:

o Measure the production cross-section of the di-J/ in the di-
muon (or di-electron) channel.

o Estimate the SPS/DPS contribution.

’ N TO STUDY THE 8-DEPENDENCE

: IN THE N-PDFS
TO CLARFY THE SPS

PRODUCTION OF MULTIPLE TO IMPROVE OUR

QUARKONIUM STATES UNDERSTANDING OF
DPS PROCESSES

https://cds.cern.ch/record/2890161?In=en
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Main goals of the analysis: )
hY
o Measure the production cross-section of the di-J/ in the di- 4 TIw
muon (or di-electron) channel. o0 1T |

e Estimate the SPS/DPS contribution.
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The J/Ys are reconstructed in the di-muon channel. The s

Di-}J/Y in CMS
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The measured signal yield is: 6 y
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Di-}J/Y in CMS
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The J/Ps are reconstructed in the di-muon channel. The s 10EN o PrE LA pl (B Teh

additional request for the four muons to originate from the same
vertex suppresses the non-prompt contribution.

Events / 50 MeV

The measured signal yield is:

Nggn = N(J /Y58, J/938") = 8.5 + 3.4 events

pPb 174.6 nb” (8.16 TeV
1 | T I 1 T 1 I 1 B

Y

To confirm the observation were also analyzed the events where
the J/Y are reconstructed one in the di-muon channel, and the
other in the di-electron channel.

The measured signal yield is:

N sign

N(J /Y1, J/955) = 5.7+ 4.0events ——3 5 — 9 3

https://cds.cern.ch/record/2890161?In=en
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Di-}J/Y in CMS

The J/Ys are reconstructed in the di-muon channel. The s

> 10
additional request for the four muons to originate from the same § [
vertex suppresses the non-prompt contribution. O

SNl | i 6
The measured signal yield is:
4
i sign signy L
Ngign = N(J /917, J /905" ) = 8.5 & 3.4 events '
=
=

To confirm the observation were also analyzed the events where
the J/Y are reconstructed one in the di-muon channel, and the
other in the di-electron channel.

>

The measured signal yield is:

Ngn = N(J /Y5, J/958") = 5.7 & 4.0 events
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The J/Ys are reconstructed in the di-muon channel. The s
additional request for the four muons to originate from the same
vertex suppresses the non-prompt contribution.

Events / 50 MeV
[0.0]

The measured signal yield is:

Nggn = N(J /Y58, J/938") = 8.5 + 3.4 events

Y

To confirm the observation were also analyzed the events where
the J/Y are reconstructed one in the di-muon channel, and the
other in the di-electron channel.

Events / 50 MeV

>

The measured signal yield is:

Ngn = N(J /Y5, J/958") = 5.7 & 4.0 events
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THIS LATTER CHANNEL HAS A LARGER BACKGROUND BUT

INCREASES THE TOTAL SIZE OF THE DATA SAMPLE
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Due to the limited size of our signal data sample, we cannot apply a
2D template-fit of the measured Ad-Ay distributions, with shapes
dictated by the theoretical expectations, to extract the absolute
normalization of the poorly known SPS di-J/{ yields

INSTEAD

o We identify a phase-space region where the SPS contribution is
expected to be minimal and then constrain the expected size of
the DPS yield.

« We perform a 1D fit on the Ay variable. Using a data-driven DPS
template we fit the weighted data in the DPS-dominated region
of Ay>1.92

https://cds.cern.ch/record/2890161?In=en
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THE AY > 2 REGION IS FREE FROM SPS CONTRIBUTIONS
AND THEREFORE ANY SIGNAL COUNT MEASURED THERE
IS DOMINATED 8Y DPS PRODUCTION
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CMS Preliminary pPb 174.6 nb”’ (8.16 TeV)

CMS Preliminary

CMS_

pPb 174.6 nb™ (8.16 TeV)
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o We identify a phase-space region where the SPS contribution is Ay[hy, Iy, A0y, Iy
expected to be minimal and then constrain the expected size of
the DPS yield.
« We perform a 1D fit on the Ay variable. Using a data-driven DPS
template we fit the weighted data in the DPS-dominated region __
of Ay>1.92 THE AY > 2 REGION IS FREE FROM SPS CONTRIBUTIONS

AND THEREFORE ANY SIGNAL COUNT MEASURED THERE

\( IS DOMINATED Y DPS PRODUCTION
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Di-}J/Y in CMS
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« We perform a 1D fit on the Ay variable. Using a data-driven DPS
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Due to the limited size of our signal data sample, we cannot apply a
2D template-fit of the measured Ad-Ay distributions, with shapes
dictated by the theoretical expectations, to extract the absolute
normalization of the poorly known SPS di-J/ yields

o We identify a phase-space region where the SPS contribution is
expected to be minimal and then constrain the expected size of

the DPS yield.

« We perform a 1D fit on the Ay variable. Using a data-driven DPS
template we fit the weighted data in the DPS-dominated region

of Ay>1.92
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Di-J/ in ATLAS

Main goals of the analysis:

e Measure the production cross-section of the di-J/\:

o SPS and DPS cross-sections as well;
o extrapolate the effective cross-section.

RECONSTRUCTED IN THE
DI-MUON CHANNEL

https://link.springer.com/article/10.1140/epjc/s10052-017-4644-9

n

THE CROSS-SECTION IS
MEASURED IN TWO REGIONS
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Di-J/ in ATLAS PATLAS
CENTRAL REGION [Y] < 105
oria(pp — J/WJ /v + X) = 15.6 + 1.3 (stat) = 1.2 (syst) £ 0.2 (BF) =+ 0.3 (lumi) pb

Main goals of the analysis: 7\
e Measure the production cross-section of the di-J/\: ﬂ THE CROSS-SECTION IS
MEASURED IN TWO REGIONS
o SPS and DPS cross-sections as well;
o extrapolate the effective cross-section. N

D-MUON CHANNEL ora(pp — J/J ) + X) = 13.5 4 1.3 (stat) + 1.1 (syst) + 0.2 (BF) + 0.3 (lumi) pb
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Di-J/ in ATLAS

Main goals of the analysis:
e Measure the production cross-section of the di-J/\:

o SPS and DPS cross-sections as well;
0 eyrapolate the effective cross-section.

MEASURE THE FRACTION OF DPS EVENTS F_DPS

\

ONE METHOD INVOLVES FITTING THE DPS AND SPS
TEMPLATES TO DATA.

)

UNDER THE FACTORIZATION ASSUMPTION WE CREATE A
DATA-DRIVEN SAMPLE COMBNING TWO RANDOM J/WV/
EVENTS FROM THE DATA (OBVIOUSLY, THE KINEMATICS
MUST PASS THE REQUIREMENTS)

https://link.springer.com/article/10.1140/epjc/s10052-017-4644-9
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o o
D I-J I ¢ In AT LAS THE DPS CONTRIBUTION IS NORMALISED N A @

REGION WHERE THE SPS IS CONSIDERED

NEGLIGIBLE
Npps(Ad, A
Main goals of the analysis: \ wpps (A, Ay) = NEPSEA?Z Z))
ata ’
» Measure the production cross-section of the di-J/\: Ad. Aw) — Ngps(A¢, Ay)
wSPS( ¢, y) NData(A¢7 Ay)
o SPS and DPS cross-sections as well;

0 eyrapolate the effective cross-section.

fops = (9.2 + 2.1 (stat) £ 0.5(syst))%
MEASURE THE FRACTION OF DPS EVENTS F_DPS

\

ONE METHOD INVOLVES FITTING THE DPS AND SPS
TEMPLATES TO DATA.

UNDER THE FACTORIZATION ASSUMPTION WE CREATE A
DATA-DRIVEN SAMPLE COMEBNNG TWO RANDOM JMV
EVENTS FROM THE DATA (OBVIOUSLY, THE KINEMATICS
MUST PASS THE REQUIREMENTS)

ATLAS Vs=8TeV, 11.4 ™ ATLAS (s=8TeV, 11.4 o™
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Di-J/ in ATLAS

Main goals of the analysis:
o Measure the production cross-section of the di-J/:

o SPS and DPS cross-sections as well;
o extrapolate the effective cross-section.

J

ONCE WE HAVE F_DPS WE CAN MEASURE THE DPS CS.

o071V — 14.8 4 3.5(stat) + 1.5(syst) = 0.2(BF) = 0.3(lumi)pb

\

0’2 0’2
o = L0 1 o _
€ 2 J/vJlb 2 X

g JDPS X 7135/

= 6.3 + 1.6 (stat) + 1.0 (syst) + 0.1 (BF) 4+ 0.1 (lumi) mb

https://link.springer.com/article/10.1140/epjc/s10052-017-4644-9
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Di-J/ in ATLAS
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Di-J/ in ATLAS
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Di-J/ in ATLAS

Like CMS, ATLAS has reproduced the di-J/ analysis to confirm the
new resonances over 6.9 GeV.

But, differently from the other experiments, ATLAS has also
investigated the J/ + Y(1S) channel.

BUT.WHAT ABOUT DPS?
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CMS Measurement of J/i-pair production
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Triple-}J/Y in CMS

M =1, 3, OR 6 (DEPENDING ON WHETHER
ALL THREE, TWO, OR NONE OF THE
STATES ARE iDENTICAL).
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Triple-}J/Y in CMS

The goals of this analysis are:

e To measure the production cross-section of the triple

J

o Interprefthe result in terms of SPS, DPS, and TPS cross-
sections

THE J/¥Y WERE RECONSTRUCTED IN THE
D-MUON CHANNEL

https://www.nature.com/articles/s41567-022-01838-y#citeas
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Triple-}J/Y in CMS

The goals of this analysis are:

e To measure the production cross-section of the triple

J/P
o Interpret the result in terms of SPS, DPS, and TPS cross-

sections
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6.7 STD. DEV. FROM THE NULL HYPOTESIS
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Triple-}J/Y in CMS

The goals of this analysis are:

e To measure the production cross-section of the triple

J/Y
e Interpret the result in terms of SPS, DPS, and TPS cross-

sections
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Triple-}J/Y in CMS

The goals of this analysis are:

e To measure the production cross-section of the triple

J/Y
e Interpret the result in terms of SPS, DPS, and TPS cross-

sections

et pPs = 2.77175(exp) 1 (theo) mb

Y

Oeft TPS = 0.820¢fpps = 2.2 mb

https://www.nature.com/articles/s41567-022-01838-y#citeas
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Triple-}J/Y in CMS

The goals of this analysis are:

e To measure the production cross-section of the triple

o

o Interpret the result in terms of SPS, DPS, and TPS cross-

sections

Oeff DPS = 2.7 o(eXP)

Y

=12 (theo) mb

Oeft TPS = 0.820¢fpps = 2.2 mb
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Di-Y(1S) in CMS CMS |

The goals of the analysis are:
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Di-Y(1S) in CMS

The goals of the analysis are:

e Measure the Y(1S) pair production cross section and search
for resonances decaying to 4 muons

» Observe the existence of a tetraquark

e Measure the DPS co}fution in this channel

UNFORTUNATELY, NO SIGNIFICANT
EXCESS OF EVENTS COMPATIBLE

WITH A NARROW RESONANCE IS
OBSERVED IN THE DATA

https://doi.org/10.1016/j.physletb.2020.135578
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Di-Y(1S) in CMS

The goals of the analysis are:

e Measure the Y(1S) pair production cross section and search

for resonances decaying to 4 muons
e Observe the existence of a tetraquark

» Measure the DPS contribution in this channel

)

WE CAN USE CROSS-SECTION Y(1S)Y(1S)
CROSS SECTIONS DIFFERENTIAL IN
RAPIDITY AND MASS TO DETERMINE THE
DPS FRACTION

https://doi.org/10.1016/j.physletb.2020.135578

/9

MEASURED WITH A BINNED MAXIMUM-
LIKELIHOOD FIT OF THESE TWO SIMULATED
DISTRIBUTIONS WITH FLOATING
NORMALIZATIONS TO THE MEASURED
FIDUCIAL CROSS SECTIONS IN BINS
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Building on the data collected during Run 1, numerous analyses have
focused on multiple hard scatterings.

Each major experiment at the LHC has contributed to this effort.

However, there is still much work to be done:
o We need deeper insights into the non-universality of the effective

cross-section;
o There are likely many interesting final states produced via DPS still

awaiting discovery.

We expect new results from both pp and p-A collisions in the coming
years.

By the end of Run 3, we expect to achieve an integrated luminosity of
420 fb™*, providing significantly more statistics for our analyses.
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Multi-parton interactions:

« The interaction between two protons can involve
simultaneous interactions of multiple partons.

e Such interactions tend to increase with the center-of-
mass energy due to the increase in partons.

« Multi-parton interactions (MPI):
o Soft regime (low pT): secondary hadronic activity;

o Hard regime (high pT): energetic scattering
between multiple pairs of partons.
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