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N-parton scatterings in p-p collisions

W Motivation for studies of multiple production of hard/heavy particles:
(1) Generalized PDFs (x,Q?,b) of the proton, in particular unknown
energy evolution of transverse proton profile.

(2) Role of partonic correlations (in space, p, x, flavour, colour, spin,...) in
hadronic wave functions.

(3) Backgrounds for rare (B)SM resonance decays w/ multiple heavy particles

W Studies so far focused on double-parton scatterings (DPS):

pp—=P1+X _pp—r+X
pp— P +X _ (ﬂ) Isps Isps

o
DPS
2 Toff DPS

Assuming no parton correlations: o is proportional to SPS x-sections
normalized by effective x-section (o, proxy to mean inter-parton

transverse separation squared) derivable from p-p transverse overlap:
Oerf ~ 20-30 mb expected from PYTHIA8/HERWIG proton form factors.
Oef ~ 15 mb, derived from DPS of jets, photons, EWK bosons

Oert ~ 5 mb, derived from di-quarkonia final states

“Pocket formula”:

m Reasons: Correlations? x- & q,g-dependent transverse proton profile?

m Can triple-parton scatterings (TPS), unobserved so far, help to clarify this?
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Triple parton scattering cross sections

m Assuming that the probabilities for 3 hard collisions
are independent of each other, one can write
a pocket-formula for TPS x-section:

SP& SP& SP&
TPS (MmN Opp'say " Thh! —ay " Thh! —as
th’—)al asasz ? 0_2
: eff , TPS

normalized by the square of an eff. x-section (o, ;) plus a trivial

combinatorial factor (m/3!) to avoid triple-counting in case of same
particles produced: m = 1 if a1 = a2

= = Qa3;
m = 3 if a1 = a2, or a1 =
m=6ifa,17£a27éa,3.

m How to interpret o .7 Relationship to o, ;.7

m Most generic expression for TPS cross section:

I
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as, or a2 = a3z; and

X&£ (:’Bl: ‘T’la Q%) &i? ($2: 5‘“’2: Q%) ) 5-2;1(533: ‘T’S: Q%)
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[DdE, Snigirev
Generalized PDFs = f(x,Q?,b) PRL 118(017)122001]
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https://arxiv.org/abs/1612.05582

Effective TPS cross section

m Assumption 1: Factorize generalized Triple-PDF into longitudinal &
transverse components: T%7*(z1,z2,z3; b1, ba, bs; @2, Q3, Q2)

=D w1, 2, 73 %,Q%,Qé)(bz)f(bs),

pP-p transv. overlap function (mb?): T(b) = / f(b1)f(by — b)d?by, with / d*vT (b) = 1.

m Assumption 2: Longitudinal triple-PDF is the product of 3 single PDFs
(i.e. no parton correlations in colour, momentum, flavour, spin,...)

Di7* (1, 72,23, Q%, Q3,Q3) = Dj(z1; Q3) D] (z2; Q3) D (x3; Q3)

m Then, ¢’

o 1ps 1S SIMply the inverse of the cube of the transv. pp overlap:

-1 (identical result for the
crfﬂc’TPS — [/ d?b T3(b)] effective DPS x-section,
with one power less).

m Close relationship between o, .. & o, found by testing many proton
overlaps/profiles (hard sphere, Gaussian, exponential, dipole fit):

—_ 1 _ [DAE, Snigirev
Oeff,TPS — k X Oeff ,DPS) with £ =0.82+0.11 PRL 118(2017)122001]

m TPS measurements: Novel NPS probe, independent o_, extraction.
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Triple-J/y production in p-p collisions

o(pp-J/y J/y J/p X) = Mix of pp-)/y (prompt) & pp—b-)/y (nonprompt)
Simple system: SPS negligible, golden-channel for DPS/TPS studies:

Pure prompt: Nonprompt contributions: [H-S Shao, Y-J Zhang PRL 122(2019)19]
p p=—d %
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p-p @ 13 TeV: Data selection & reconstruction

m Full Run-2 dataset: p-p collisions at 13 TeV, L =133 fb™

m HLT trigger:
— 3 muons with p_> 3.5 GeV (|n|<1.2), p, > 2.5 GeV (1.2<|n|<2.4).

— 2 opp.-charge muons with 2.8<m_ <3.35 GeV and common vertex.

m Offline:
— 6+ muons, opp.-charge dimuons 2.9<m_ <3.3 GeV, shared primary vtx.

— Dimuon p. > 6.5 GeVand |y| < 2.4

CMS Experiment at the LHC, CERN

O Data y|9|d1 6 events _ % Data recorded: 2017-Oct-18 16:07:04.866439 GMT

CMS Experiment at the LHC, CERN
4| Data recorded: 2017-Oct-18 16:07:04:866439 GMT
Z= | Run/Event/LS: 305237/ 1277785997 / 682

Run / Event / LS: 305237 / 1277785997 / 682
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Triple-J/y signal extraction

m Yield extracted using 3D unbinned extended maximum likelihood fit
e Signal: Gaussian w/ resolution fixed to MC and mean to PDG J/{ mass
» Background: exponential (polynomials for systematics)

- 10EMS '?R,E'I-"Y"',\"‘,\R,Yl _ ,1§3|be1 (13 TeV) 10CMS PRELIMINARY 133 fo™ (13 TeV 10CMS PRELIMINARY 133 b (13 TeV
> - E % AL R B B E% A R R B B
= 9% t Data EE 3 { Data ER t Data E
© 8k — Total fit 1 9 gk — Total fit 1© 8f — Total fit 3
2 IE N oy Jy dy signal 3 o 75_ N Wy iy Jry signal 1 2 7_ S Uiy Jry Jiy signal _
o 1 & - 18 - 7
@ 6 1@ e ELTC S E
st 15 i
€ 14 i 4 3
3F E 3F 3 3k
2F &\J ; of S E of S
LN ALLANTE LN
- R IR R A - A Y S ¥ S Y Y-SR SRS MY
My [GeV] m,. [GeV] My, [GeV]

m Yield accounting for all combinations of signals & bckgd dimuon pairs:
N(3J/y,signal) = 5.072§, N(backgd) = 1.0*4%
Extended mass region, down to 2.3 GeV: consistent result, no backgd.

m Significance: 6.7 std.dev. (likelihood ratio of bckgd-only/signal+backgd fits)

5.8 std.dev. (Poisson counting exp.)
5.5 std. dev. (MC pseudoexperiments).
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Triple-J/y cross section & systematics

m Fiducial cross section:
a(pp — 3JY) = N(BI/Y) / [ex L, xB3I/— pp)] = 27215 (stat) £ 17 (syst) fb

° Eﬂ:iCienCy: €= Etrig X gidxgreco =0.84x0.78 Fiducial requirement
(from MC simulation, tag & probe) For all muons pr > 35GeV for || <= 1.2
3 o) 0/ \3 pr >25GeVforl2 < |y <24
« B3y = (5.96% + 0.03%) o M ¢

29 <my+y- <33GeV

m Systematic uncertainties: £6.2%

e Signal shape fit:

Change Gaussian to Crystal-Ball %" Relative uncertainty
and to Gaussian w/ free widths. J/t meson signal shape 0.8%
. Dimuon continuum background shape 3.4%
* BaCkg round Shape fit: Muon reconstruction efficiency 1.0%
Change exp. to pOIO & p0|1 Trigger efficiency measurement 3.4%
e Muon reconstruction efficiency:  MC sample size 3.0%
Vary tagé&probe (p,,n) correction Integrafed lumiflosity 1.6%
factors within their uncertainties, ~_Branching fraction 1.7%
Total 6.2%

e Trigger efficiency:
Change DPS/TPS fraction in
MC sample.
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Prompt & non-prompt J/y contributions

m 2 approaches to identify prompt & non-prompt J/{:

1) Cut on J/Y proper decay length distributions at L=60um
2) Fit proper decay length distributions:
* Fit all individual distributions with prompt and nonprompt templates
derived from MC.
* Unbinned maximum likelihood fit with 2 variables
» Compare sPlot prompt and nonprompt weights per event.

Same answer from both methods.
m N(3J/P) =5 signal events consistent with:

e 2 events: 2 nonprompt + 1 prompt

e 1 event: 1 nonprompt + 2 prompt

e 1 event: 3 nonprompt

e 1 event: 3 prompt
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Triple-J/y x-section: SPS, DPS, TPS contributions

m The theoretical total triple-J/ cross section expected to correspond to
the sum of the contributions from SPS, DPS, and TPS processes:

3/ 3]/ 3]/ 3/
of tot¢ = O-SPS(P + UDPg + (TTPéP =

. 3p 2plnp 1p2np 3np
= (‘TSPS TOsps ~ T 0Ogps T Ogps | T

3p 2plnp 1p2np 3np 3p 2plnp 1p2np 3np
T (‘TDPS T 0pps~ T 0pps T Opps ) T (Orps T Orps T Oqps T Ops

m In the factorized approach, the DPS and TPS triple-J/i cross sections
derivable from the single- and double-J/{p SPS cross sections via:

2p 1p 2p _Inp lp _1plnp lplnp 1np lp 2np 2np 1np
3y M (USPSUSPS 1 OspsUsps + OspsOsps ~ 1 Usps  Tsps + TspsUsps 1 Osps Osps
Upps =
Cetf,DPS
3 3 2 2
1p 1np 1p Inp 1p Inp
. 3 ((‘TSPS) T (‘TSPS) ) T 1My ((‘TSPS) Tsps T Osps | Tsps
Orps = 72 ’
eff, TPS

with m =1, m,=1/2, m_=1/6, and effective DPS & TPS x-sections.
(“sum pocket formula™)
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Triple-J/y x-section: SPS, DPS, TPS contributions

m Theoretical single-, double-, and triple-J/{p SPS cross sections from
HELACONIA(data-based,LO,NLO*)+PYTHIA8, MG5@NLO+PYTHIAS:

SPS single-J/1 production SPS double-J/ production SPS triple-]/1 production
HO(DATA) MG5SNLO+PY8 | HO(NLO*) HO(LO)+PY8 MGSNLO+PY8 | HO(LO) HO(LO)+PY8 HO(LO)+PY8 MG5NLO+PYS
1p 1np 2p 1plnp Inp 3p 2pInp 1p2np 3np
Ispg Isps spg Isps Ysps sps Ysps Isps Isps
570+57nb  6007330nb | 4018 pb 247 b 430735,pb | <5ab  52%3%fb 14747 ab 12+4fb

Nonprompt cross sections scaled to NNLO (x1.15).
Uncertainties dominated by scale variations, then PDF.

m Using “sum pocket formula” with o =(0.82+0.11) 0 value of

eff, TPS eff, DPS?
free 0, . = 2.7 mb extracted by requiring o(pp - 3J/), = o(pp—3I/Y), .

Process: 3 prompt 2 prompt+1nonprompt 1 prompt+2 nonprompt 3 nonprompt total
SPS:
oond (fb) <5103 5.7 0.014 12 18
NY 0.0 0.1 0.0 0.22 0.32
DPS:
oY (fb) 8.4 8.9 90 95 202
N]?,IZ@ 0.15 0.16 1.7 1.7 3.7
TPS:
od (fb) 6.1 19.4 20.4 7.2 53
NobY 0.11 0.36 0.38 0.13 1.0
SPS+DPS+TPS:
oY (fb) 15 34 110 114 579
NIY 0.3 0.6 2.0 2.1 5.0
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Effective DPS cross section (o

eff,DPS)

m Derived effective DPS cross section:

O-ef'f,DPS

= 2.7 % (exp) *13 (theo) mb

m Expected fractions from SPS, DPS, TPS processes amount to:

SPS: 6%, DPS: 74%, TPS: 20%

(triple-J/y is a golden channel
to study DPS/TPS).

m Derived o, .. consistent with

world-data of effective DPS

Cross sections obtained so far
from quarkonium-related DPS
measurements at midrapidity:

o =3 -10mb

eff, DPS

MPI-2021, Lisbon, Oct'21

CMS Preliminary

133 b (13 TeV)

CMS, (s=13 TeV, Jiy+Jhy+Jy

CMS, Vs=8 TeV, Jiy+Jiy

Phys.Rept. 889 (2020) 1-106

ATLAS, (s=8 TeV, Jy+Jy

Eur.Phys.J.C 77 (2017) 2, 76

LHCb, {s=13 TeV, Jiy+Jiy

JHEP 10 (2017) 068

DO, Vs=1.96 TeV, Jiy+J/y

Phys.Rev.D 90 (2014) 11, 111101

DO, Vs=1.96 TeV, Jiy+Y

Phys.Rev.Lett. 117 (2016) 6, 062001

ATLAS, Vs=8 TeV, Z+b—J/y

Nucl.Phys.B 916 (2017) 132-142

ATLAS, Vs=8 TeV, Z+Jly

Phys.Rept. 889 (2020) 1-106

ATLAS, Vs=8 TeV, W+J/y

Phys.Lett.B 781 (2018) 485-491
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Effective DPS cross section (o

eff,DPS)

m Derived effective DPS cross section:

Oy ops = 2-7 1o (€xp) 15 (theo) mb

m Expected fractions from SPS, DPS, TPS processes amount to:
SPS: 6%, DPS: 74%, TPS: 20% P
. . 133 b (13 TeV)
(triple-J/y is a golden channel e T e
to StUdy DPS/TPS) B OMS, i5-6 TeV, :J/wq:J/ww |

Phys.Rept. 889 (2020) 1-106
i ATLAS, Vs=8 TeV, Jiy+J/y

Eur.Phys.J.C 77 (2017) 2, 76

m Derived o much smaller = LHG, Ye=13 ToV, iy iy

eff, DPS . DO, \s=1.96 TeV, Jiy+Jhy

Phys.Rev.D 90 (2014) 11, 111101

CMS Preliminary
I I I I I

\ 4

than world-data of effective DPS |«— B oo e Tl
cross sections obtained using Ty
double- jets, y, W, Z bosons —~— RTCAS 1520 Y, vy
measurements: y — e

L 6
T ATLAS, Vso8 ToV. Z+JAy
Ll DO, ys=1.8 TeV, y+3-jet
UA2, {s=640 GeV, 4-jet

v

Physics Letters B 268 (1991) 145-154
- ’ CDF, Vs=1.8 TeV, 4-jet
Phys. Rev. D47 (1993) 4857-4871
- CMS, Vs=7 TeV, 4-jet
o ~10-20mb N CMS, tond TV, 4-et
eff, DPS Eur.Phys’.J.cS7_e (zo1ga, ’155-Je
CMS, \(7§=13 TeV, 4-jet

B C]
- - SMP-20-00

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

JHEP 03 (2014) 032

m Differences suggestive of a e ATLAS, 157 TV, Wa2iet

[ n— CMS, @=13 TeV, WW

¢ dependence on different s e

eff, DPS
transverse density/correlations 0 20 40 60

for gluon- (x~10*) or quark- (x~10?) dominated processes Ot pps [MD]

MPI-2021, Lisbon, Oct'21 13/14 Davia a'enterria (CERN)




Summary

First observation of triple J/J meson production in pp collisions.
First experimental study of TPS.
First

t extraction of o, .. in non-doubly-produced final states.

Measurement of fiducial cross section
o(pp — 3J/Y) = 272+ (stat) £ 17 (syst) fb

-104
m Theoretical interpretation assuming factorized NPS ansatz, based on
(N)NLO SPS estimates for single-, double-, triple-J/J) cross sections:

 Triple-J/y fractions: ~6% SPS, ~74% DPS, ~20% TPS

i —_ + +
* Extraction of 0 _. .. = 2.7 "}5 (exp) *ic (theo) mb
» Confirmation of lowero_. .. =3 — 10 mb values N .
e, CMS Preliminary 133 fb' (13 TeV)
- - - . T T T T | T T T T I T T T T I T T T
for quarkonia-based wrt. jet/y/W/Z DPS studies:
—a CMS, Vs=13 TeV, Jiy+Jy+Jiy
» g/g x-dependent transverse profile & correlations -
~ 108 F.’R.E:'IMI.N.ABT. 381! 216 1OcmslP_RI;LIIMIINAR)( S 1§3Ifbl(1?T§V . 10CMS PRELIMINARY 133 16" (1 TeV. e S
2 9F 4 Data ] §’ oF e 32 9_ T _ . h?:ﬂ;oﬁff TeV, Jy+diy
§ 8— — Total fit — @ 8— — Total fit é@ 3§_ — Total fit — e DO, Vs=1.96 TeV, Jy+J/y
2 7E Ny yy oy signal § o 75_ N iy Iy Jiy signal 1 @ 75_ N\ iy iy Jry signal ] Phys RevD90 (2014) 11, 111101
e 16 15 E <« DO, {5=1.96 TeV, JAy+Y
o 6F 3 4 6F i3 eF = Phys Rev.Lett. 117 (2016) 6, 062001
5 i i s > AT e Tev zily
T E 4e 3 4 3 —— ATLAS, (o=8 ToV, Zuy
3 3 3t 3 3 E oy
2 ; o l E [ “”‘ss Fordie ikt
L3 E 1 = 1
1 ;I {4 [ _‘{_ J J_I_ _‘—[ N ? ;l-.- e 1 1 1 1 | 1 1 1 1 I | 1 1 1 I 1 1 1
g il e e e e ey les 0 10 20 30
m,,: [GeV] m,.» [GeV]

Ot pps [Mb]
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N-parton scatterings x-sections in p-p colls.

m Assuming that the probabilities for N hard collisions  »
to be independent of each other, one can write a
generic pocket-formula for NPS x-section:

SPS SPS
NPS (?ﬂ) Ohh! 5a; " " Ohh' Sa,

— _' n—l ) 5 =y e )
n. G—CH",NPS p E&i&

th’—:»al...aﬂ —
. th . .
normalized by the N™-1 power of an effective x-section (o, ,,¢) Plus a

trivial combinatorial factor (m/n!) to avoid double,triple,N-counting in
case of same particles produced:

e DPS: m=1ifa; = as; and m = 2 if a; # as.
e TPS: m=1ifa; = a2z = az; m = 3 if a3 = as, or a; = a3, or

a2 = as; and m = 6 if a1 # a2 # as.
m Ignoring all parton correlations, o_, .. is the inverse N"-1 power of the
integral of the N power of the pp overlap function:

—-1/(n—1)
Oeff NPS — {/de Tﬂ(b)}

m Most economical (geometrical) expressions for N-parton scattering x-
sections as a function of SPS x-sections & overlap function.
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Triple charm & beauty production (p-p)

m TPS x-sections are small: o(SPS)*o(eff)>~ 1 fb for o(SPS) =~ 1 ub,
but rise fast (cube of SPS) with c.m. energy.

m Charm & beauty have large enough o(SPS) to attempt TPS observation:

10°
10*
10°

(ub)

1
b 107
1072
1073
107
107°

SPS,TPS
cT

10%
10}

I top++ NNLO top++ NNLO =
F PDF=ABMP16 10° EPDF:ABMP‘IS pp—> bb+X (NNLO)
E_;.tF=|.1“=2mcz 10* §_|.1F=;.1ﬁ=2mh == np— 3x[bb]+X (TPS)
10°F
2
3: 10 )
- ’,n J;’ 10 ’,l’
- e o -
L 7 i 1k
g i + ATLAS (pp) o F
2 PR ol ® ALICE (pp,pPb) | @ s LHC
g i ¥ LHCb (pp) o 1075 : AEICbE(Ff-!':g} s
a 2 . STAR (pp) 102t/ + CoF ep) ~
_ W = PHENIX (pp) + UA1 (pp) bl
- ;T ppocc+X(NNLO) - HERA-B (pA) 10°3 m PHENIX (pp) i
E e Y, v EB53 (pA) & HERA-B (pA) "
o == pp— 3x[cE]+X (TPS) 4 E743 (pA) 107 v E789 (pA) 4
E A s ET71(pA) 7
Codi ol | vl I gl Liiil 10—5||||||| 1 l|‘¥; | Lol I L1
10 10° 10* 10° 102 10° 10* 10°
Vs (GeV) Vs (GeV)
Final state Vs =14 TeV Vs = 100 TeV
Uz%:_x 7.1 + 3-539 + 0-3PDF mb 25.0 + 16-03(; + ]--3PDF mb
CT BBt X 0.39 &+ 0.28;0t mb 16.7 + 11.8t0t mb
;%:—X 0.56 :I: O-Ogsc :I: 0-01PDF mb 2.8 :I: 0-6SC :I: 0. ]-PDF mb
TPS
b5 bh bg—I—X 0.19 + 0-12‘[.01; ,ub 24 + 17tot ;u'b

m Triple charm amounts to ~15% (50%) of inclusive charm x-sections at
LHC (FCC). Contribution from triple-SPS, double-SPS processes?
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Triple-Jh from SPS production (p-p)

m H.-S. Shao et al. [arXiv:1902.04949, PRL 122(2019)192002] computed
all triple-J/W x-sections with SPS HELAC-ONIA plus pocket formulas:

LQQR00000,
P:&
(a) SPS (b) DPS (c) TPS
inclusive 20 < Yisp < 4.5 |y.]/¢| < 2.4 102 Prompt 3-J/y production at ¥s=13 TeV LHC ]
SPS &
SPS| 0.4172% +0.0083 |(1.8F1% +0.18) x 10~2|(8.775% + 0.098) x 10~2 10" | b
BTV IDps| (190755) x Lomb | (70}8) x ok | (5ot om0 0 2
] ) ] o 3
10 mb 10 mb 10 mb i -t
TPS 130 x (E) 1.3 x (E) 18 x (m) 2 10-1 &&Q /% 3030 ;}il ]
SPS| 0.4612-%) +0.022 |(3.273% +0.21) x 10?| (5.8123% +0.29) x 102 E o2 b N . ]
27 TeV 630 o
T |PPS| (B60%40) x gy | (9T x gy | (20T x ey K s 200 Youents N 2
TPS| 570 x (Lomb) 5.0 x (1ome) 57 x (Lemb) % N
Ceff,3 Oeff,3 Teff,3 104 L 42
SPS| 0.59733, +0.016 |[(3.073% +0.23) x 10~2| (7.278% +0.38) x 1072 IVungl<2:4 7
75 TeV 11000\ _ 10 mb 1340y _ 10 mb 42000y 10 mb 10°% Phr smearing (k=3 GeV 13
DPS (1900—1600 ) X ?}2 (57_50 ) X ?{f (310_270 ) X ?2‘2 10.5 Geﬁ’2.=10 m|b’ceﬁ’3|=10 m.b @ ‘ . | =)
TPS| 3900 x ({Pﬂ;‘f‘:’) 27 x (?ﬂ:’f‘;’) 260 x (10(’&;“3'3) 0 1 2 3 4 5 8 7 8 9 10
SPS| 1.1F30+0.044  |(4.573% +0.72) x 1072| (367350 +1.8) x 102 P1.min [GEV]
100 TeV DPS (34004»%3(0)80) % 10 mb (100+220) x 10 mb (490+2g’80) X 10 mb . SPS negllglble, DPS (TPS)
— Teff 2 - Teff,2 - Ceff 2 . .
TPS| 6500 x ()" | 5 x (0’ 350 x (20m2)’ dominates at low (high) p..
Oeff,3 Oeff, 3 Oeff,3

Clear sensitivity to o_.!
MPI-2021, Lisbon, Oct'21 18/14 David d'Enterria (CERN)



	Slide 1
	Slide 2
	Slide 3
	Slide 4
	Slide 5
	Slide 6
	Slide 7
	Slide 8
	Slide 9
	Slide 10
	Slide 11
	Slide 12
	Slide 13
	Slide 14
	Slide 15
	Slide 16
	Slide 17
	Slide 18

