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Multi-parton interactions at the LHC

m MPI are intrinsic component of hadron collisions NP
(p,Pb) = non-pointlike objects with finite e BT,
transverse size and increasingly '
larger gluon density with +/s.

m MPI O(1-3 GeV) clearly observed at hadron colliders:

~50% of total hadron production Underlying event in hard scatterings:
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m Double hard parton scatts. (p,,m >3 GeV) happen also & been observed
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Double Parton Scattering x-sections (p-p)

m Assuming that the probabillity to produce two
hard collisions is independent, one can
simply write double parton scatterings
(DPS) cross section as the product of
two single-parton scatterings (SPS) ones:

SPS __SPS
-DPS B (m) O i —ay ~ 7 (hh' —b)
(hh' —ab) 2 O et

normalized by an effective x-section (o_,), with a trivial combinatorial
factor (m) to avoid double-counting in case of same particles produced.

m How to interpret o_.? What values one would naively expect for it?
m Let’s start with the most generic expression for DPS cross section:
o= (3) 2 [[Eonibrbe 00D <0kt 06 0 a2, 00

i, ).kl
J x’l, xy; b1 — b, by — b; 07, 03) dx dx2dx,dx,d*b\d*brd"b

Generalized PDFs = f(x,Q2,b)

HF2022, Inst. Pascal Orsay, Oct'22 3/25 David d'Enterria (CERN)



Double Parton Scattering x-sections (p-p)

m Assumption 1: Generalized PDFs factorize into longitudinal &

transverse components: transv. density = f(b)

/et 223 ba, b: 07, 03) =0}t xa: 07, 0D (Fbr)f(b)
p-p transv. overlap function (mb?): #b) = f f(by)f(by — b)d*b,

m Assumption 2: The longitudinal double-PDF is the product of 2 single
PDF (i.e. no parton correlations in colour, momentum, flavour, spin,...)

ij -2 N3\ = N .2\ N/ . )2
Dh (-xlsta Qla Q2) — ;(-xla Ql)Dh(-x25 QZ)
m o = <Interparton transv. separation>*. Derivable from geometric p-p overlap
with naive expected size of o_.~ 30 mb

-1
Teff = f dzb
Model Form of density, Predictions Measurements

: for density dN/d’r ms 7 T ot Scale (fm)
m But experimentally: _ — -
Solid sphere Constant. r<r,, V3151, 4mry/4.6 r,=0.73
Oeﬁ(eXp) ~ 15 mb. Gaussian g Vi 4732 2=034
“ . . Exponential o A JIZA 35.50° A=0.20
proton “hard” radius: Fermi, A/rg=02 (" 0*+1)71  1.07r 4675 ro=0.56

r= 0.3-0.7 fm appears

. 1: nd .
smaller than e.m. one: Understandable: Probability of 2™ scatt. is larger

if 1% scatter already took place (“centrality bias”).
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N-parton scattering x-sections (p-p)

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 ( m) Ohh' wa; """ Ohh’'—a,

Ohh'—ay...an — nl n—1 2y GO GO e oe o]
n/! 0T o , Effj%
. th = =
normalized by the N"-1 power of an effective x-section (o, ,,s) 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 A generic framework for the most economical (geometrical) expressions
for N-parton scattering cross sections is available.
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Double Parton Scatterings




DPS studies at the LHC

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

m “Pocket formula” results at the LHC: '

pp—=P1+X _pp—+X
PP tX (1 Usps Ugpg
DPS sl 2 o
eff, DPS

CMS, Vs=13 TeV, Jiy+Jiy+Jiy  This work
CMS*, Vs=7 TeV, Jiy+Jhy Ref. *°
ATLAS, Vs=8 TeV, Jiy+Jiy Ref.
DO, Vs=1.96 TeV, Jiy+Jiy Ref. %
DO*, Ys=1.96 TeV, Jiy+Y Ref. *°
ATLAS*, Ys=7 TeV, W+Jiy Ref. *
ATLAS", Vs=8 TeV, Z+J/y Ref.
ATLAS*, {s=8 TeV, Z+b—Jiy Ref. 7
DO, Ys=1.96 TeV, y+b/c+2-jet Ref. *°

DO, Vs=1.96 TeV, y+3-jet Ref. *°
DO, Vs=1.96 TeV, 2-y+2-jet Ref. *°
DO, Vs=1.96 TeV, y+3-jet Ref. >

|
<
Oeif ~ <Interparton transv. separation>? T
. —— CDF, {s=1.8 TeV, y+3-jet Ref. **
derivable from p-p transverse overlap: —> U2 V=640 Gov. e pe.
|—|-.-
o ——
. —
|

CMS, Vs=7 TeV, 4-jet Ref.
CMS, {s=13 TeV, 4-jet Ref. '®
CMS, Vs=7 TeV, W+2-jet Ref. ™

et ~ 20-30 mb (PYTHIAS/HERWIG p form-factor) Cus. Vo TV hjel et
Oef ~ 15 mb (from DPS of jets, EWK bosons)
Oer ~ 5 mb (from di-quarkonia) o 20

Ot pps [MD]

B Reasons: Parton correlations? x-,flavour-dependent transverse p profile?

ATLAS, Vs=7 TeV, W+2-jet Ref.
CMS, Vs=13 TeV, WW Ref.

m Novel observables: DPS with ions, Triple-parton scatterings (TPS)
in particular with charm, bottom final states: largest pQCD cross sections
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Double Parton Scattering x-sections In p-A

[DdE, Snigirev, PLB 718 (2013)1395]
[Also Treleani, Strikman, Blok...]

— _DPS _ __DPS,1 PS,2
T(pA) = ‘Tgm) * ‘Tgm)

m Two contributions to DPS x-section in p-A:

PS2 _ _DPS
(pA=ab) — T (pN—ab) * 9 etipp

Fpa = f d2r T2 (r) = 30.4 mb Pb Woods-Saxon density
pA (r=6.62 fm, a=0.546 fm)

-Fpa  p-Aoverlap function:

Relative weight of DPS terms: o°™>*:¢"">2 = 0.7 : 0.3 (small A), 0.33 : 0.66 (large A)
m “Pocket” formula for DPS p-A x-section:

SPS SPS (0o pp=13£2mD)

o o o
SDPS  _ (ﬁ) (pN=a) ~ GN=b) | = T =215+ 1.1 ub
(pA—)ub) 2 o P A + O-cﬁ,pp FpA

eff pA

> Ratio of DPS p-Pb/p-p X-SECtions: oeft pes/Tet prspa ~ [A + AY3 /7]

m DPS x-sections are large in p-A: a factor X600 (not xX208) for p-Pb (1)
m Pb transverse density (F ,) well known: Alternative extraction of o
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https://arxiv.org/abs/1211.0197

Examples: DPS x-sections in p-Pb (8.8 TeV)

[DAE, Snigirev, NPA 931 (2014) 303]

m Cross sections & rates for DPS processes with Jhp,Y & W, Z bosons
[Also V. Goncalves (2018): double-J/p; Paukunen (2019): double-D,...]

pPb (8.8 TeV)  J/v+ J/v¢ J/p+7T J/p+W J/V+7
OoN—a1OpN_sp 2D pb (x2) 45 pb, 2.6 ub 45 pb, 60 nb 45 pb, 35 nb
ngpsb 45 ub 5.2 ub 120 nb 70 nb
NPE, (1 pb™) ~65 ~60 ~15 ~3
T+ 7T T+W T4Z ss WW
Jiﬁ%a,agﬁ_}b 2.6 ub (x2) 2.6 ub, 60 nb 2.6 b, 35 nb 60 nb (x2)
JEPPSb 150 nb 7 nb 4 nb 150 pb
N°E, (1 pb~ 1) ~15 ~8 ~1.5 ~4

Leptonic final states: BR(J/p,Y,W,Z) = 6%, 2.5%, 11%, 3.4%
Accept.*Effic.= 1% (Jhp, |y|=0,2), 20% (Y, |y|<2.5), 50% (W,Z |y|<2.4)

m Many double hard scatterings processes with visible p-Pb x-sections
at the LHC. (Note: J/p values are per unit-|y|).

m Useful independent extraction of Ot pp |
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https://arxiv.org/abs/1408.5172

First study of DPS In p-Pb (LHCDb, 8.2 TeV)

[LHCb, PRL 125 (2020) 212001]

double charm production in proton lead collzszons
o select pairs of DY, D°, D+, D=, DF, D7

and J/i
@ sort them into pair production and “DPS”
] oc. O
categories oo =a GY G ®
Ueff = 2: T
jg 12_ LHCb E
a ~ Lo 5., =8.16 Te E
ROID: — P22 0308+ 0.01540.010  Fiap T —f— -
DD, 2f :
R ;;?; lcg ivard — 0.391 :j: 0.019 :]: 0.025 - .;". A s sttt R RY bt E
Dopo 0.6 ;_ $ % d'Enterria et al. —;
RPP — 0109 j: 0008 04F - D°p? -
0_22_ -+ JipD° _
Like sign charm fraction tripled! e Y —
0
A/BNN — 82 TeV Phys. Rev. Lett. 125 (2020) 212001 Y~ Jy)
Alberl Bursche charming DPS 10" October 2021 15 /17
. o0\ —
m Useful independent . _ _ Zewr O pplD°D”) = /=16 mb
. . eff.pA 0
extraction of o, A+ Oy Fpa o, (JWD®) = 13-40 mb

NPDF effects visible in -y/+y results. (why LHCb does not quote the equivalent o,  values?)
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Double Parton Scattering x-sections in A-A

i . . i [DdE, Snigirev, PLB727 (2013)157]
m Three contributions to DPS x-section in A-A:

______ >
P
DPS,2 DPS
C],DPS 1 Az O’DPS T (AA—ab) ™ ZJ(NN—mb) "Oeff,pp " A Taa(0)
| = ) DPS,3 DPS 9
(AA—ab) (NN—ab) Oian>ab) ™ O(NN-sab) * Oeff.pp ° A%/ 2 - Taa(0)

> Third “N__ term” oc A>T (0), clearly dominant (1:4:200 ratio for PbPb)
“Genuine” DPS (within same nucleon): ~2.5% (in Pb-Pb) or ~13% (Ar-Ar)
m “Pocket formula” for DPS A-A x-section:

O’SPS O SPS 1 (for Pb-Pb collisions)
o DPS L= T (NN—a) " " (NN—=b) | | ggr an = — ; 1 —15nb
M-ab) = | 5 et AR A0 e pp T KTAAO) + 3 TaA(0)]

> Ratio of DPS Pb-Pb/p-p x-sections: Oeff, pp/ Teff, AA X A3'3/5 ~9.10°!
m Strong centrality dependence:

DPS ~ (™Y _sps SPS 2
O (AA—aby D1, b2] ~ (E)U(Nw—m) -0 NNob) - fxona|- (Taalb1, b2])
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https://arxiv.org/abs/1301.5845

Examples: DPS x-sections in Pb-Pb (5.5 TeV)

[DAE, Snigirev, NPA 931 (2014)303]

m Cross sections & rates for DPS processes with Jhp,Y & W, Z bosons:

PbPb (5.5 TeV) J/v+ TN J/p+7T J/p+W J/Y+Z
Onn—sas Onn s 25 ub (x2) 25 ub, 1.7 ub 25 pb, 30 nb 25 ub, 20 nb
OBrBL 210 mb 28 mb 500 ub 330 ub
NOPS, (1 nb—1) ~250 ~340 ~65 ~14
T+7T T+W T+Z ss WW
ONN —sas T oy 1.7 pb (x2) 1.7 pb,30nb 1.7 ub, 20 nb 30 nb (x2)
OBrpL 960 ub 34 ub 23 pb 630 nb
NbPs (1 nb™1) ~95 ~35 ~8 ~15

Leptonic final states: BR(J/,Y,W,Z) = 6%, 2.5%, 11%, 3.4%
Accept.*effic.= 1% (J/p, |y|=0,2), 20% (Y, |y|<2.5), 50% (W,Z |y|<2.4)

m Visible rates for many double hard scatterings processes in Pb-Pb!
(Note: J/yp values are per unit-|y|).
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Example: Pb-Pb - Jhyp Jlyp at 5.5 TeV

[DAE, Snigirev, PLB727 (2013)157]

-
Q
00

N FONLL+CEM (RVOg’[) g % == PbPb — J/y+X
Single-parton Jhp © 107 i PP < JgllysX
1 05 %_ ......... -_ —________-}—————————-
o 1 T - 3
105% _______________________ S— :' ________ B
1 04 R : ________________________________________________________________________________
_ - B pp.pp — Jy+X (datg)
- ocales. ug= U= L.otm, ” S NN — Jiy+X (CEM NLO, EPS09 PDF)
_ GOOd agreement Wlth 1 E_ ............................................................................................. : ................................................................................
Tevatron&LHC data 10 b T e s
- EPS09 Pb nPDF N T T )
_250 i c 0.5 -
)2(?5 ei?ic/)onsrr;?j%%\’:\ilcl)nng % 0.4 PEPD = [IJIe+ X L [8/+X]
% 03_ .............................................................................................. E ................................................................................
m At 5.5 TeV: ;:’: 02_; ______________
E 0.1 AL paeusmertt : ________________________________________________________________________________

DPS — = R R R T S T S S SR
o> (Pb-Pb— /¢ ] /¢ X) =200£50 mb 3 03 5 3 A 5 S % 8 9

S . Vs (TeV
20% of min.bias Pb-Pb collisions have two Jhp produced ! °(1eY)
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Example: Pb-Pb - Jhyp Jlyp at 5.5 TeV

[DJE, Snigirev, PLB727 (2013)157]
m Visible rates:

> Fiducial x-section per unit-y: doj sy /dy ~ 0y /8
» BR(Jp— ') ~ 6%
» Typical ALICE/CMS acceptance & efficiencies: ¢ ~ 1/12

m Expected dimuon rates including yield all loses & 1 nb* integ. luminosity:

N = oPF s/ (€ - L) = 250 double-Jhy per year (per unit-|y|)
(x2 less including final-state suppression)

c 0.5
@]

m Centrality dependence of BO4S—  pppp s, =5.5Tev
double-J/hp fraction: = 003;: [WApdy+X] / [JAg+X]
35% of central Pb-Pb collisions & .
have two JAhp produced ! go.zs

o 0.2

Seeing 2 J/p on event-by-event %0-15
©

basis not to be blindly taken as 0.1
signal of c-cbar recombination. 0-02:@

I | | | I | | | I | | | I ‘ | | | | I | | | I |
50 100 150 200 250 300 350 400
Npart
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Triple Parton Scatterings




Triple parton scattering x-sections (p-p)

m Assuming that the probabilities for 3 hard collisions

to be independent of each other, one can again 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

— as;
m = 3 if a1 = a2, or a1 =

m=6ifa,17£a27éa,3.

m How to interpret o .7 Relationship with o 7 What values to expect?

m Most generic expression for TPS cross section:

I
JfTL?lS’—}alaga3 — (ﬁ) Z /1: T2, T3, bl: b2: b3; Q%: Q%: Q%)

T"!j‘!kﬁi‘!m?n

as, or a2 = a3z; and

X&£ (:’Bl: ‘T’la Q%) . &i? ($2: 5‘“’2: Q%) ) 5-2;1(533: ‘T’S: Q%)
‘T’l: 5’"’2: $’3; bl - b: b2 _ b: b3 _ b; Q%: Q%: Q%)
drodrsdrdzhdrhd?by d*bad? bsd?b.

Generalized PDFs = f(x,Q2,b)

16/25
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Triple parton scattering x-sections (p-p)

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, ¢’

IS simply the inverse of the cube of the transv. pp overlap:

1
O-gff,TPS — |:/ d*b TS(b):|

eff TPS

m By testing many proton overlaps/profiles (hard sphere, Gaussian,
expo, dipole fit), we find a close relationship between o & o

Oeff, TPS — k X O eff ,.DPS; with £ = 0.82+0.11

eff, TPS

m Measuring TPS provides independent info on o_. and p transv. profile.
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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:

I top++ NNLO top++ NNLO =
10°F ppF=ABMP16 10° EPDF:ABMP‘IS PP~ bb+X (NNLO)
10% - He=Hg=2m, -' 10% b He=Hg=2m, == pp— 3x[bb]+X (TPS)
10° 10°F
2 2
SE’ 10} 47 g‘z—' 10F ’,,'
s 1 A + ATLAS (pp) % 1¢
g F T S8 F
© 10E /’.'—" . Chlgf{g‘ppb) A 1071k X htl%bE(pp) -
o i - STAR (pp) o f + COF ( (p,m e
107° S m PHENIX (pp) 10 + UAT (op) -~
10°F 0 TR Ay 10° B pHeNkes
104 ; ,:'-" == pp— 3x[cc]+X (TPS) 4 E743 (pA) 10 v E789 (pA)p /’
F !:: Ao E7T1 (pA) /
10—5 1 |£||I| L L L |I||I| 1 1 1 |II|II L 1 1 LA 11l 10—5 L |||||| 1 "l‘k; L 1 L |IIII1 L L L Ll 11l
10 10° 10* 10° 102 10° 10* 10°
Vs (GeV) /s (GeV)
Final state Vs =14 TeV Vs = 100 TeV
Tt X 7.1 £ 3.55c £0.3ppr mb  25.0 & 16.0sc £ 1.3ppr mb
Jg‘giEcE—l—X 0.39 £+ 0.281;01; mb 16.7 + 11.81;01; mb
Toht X 0.56 £ 0.09sc & 0.01ppp mb 2.8 % 0.64c & 0.1ppr mb
O';%)&E)g BB X 0.19 + 0-12‘:.01; ,U,b 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 TPS pocket formula:

(a) SPS (b) DPS
inclusive 2.0 < Y1/ < 4.5 IyJ/¢| < 2.4
SPS| 0.4172% +0.0083 |(1.8F1% +0.18) x 10~2|(8.775% + 0.098) x 10~2
13TV Ipps| (10073) x Lmb | (70718) x Lomb (501340) x 10mb
2 2z 2
10 mb 10 mb 10 mb
TPS| 130 x (—m‘g) 1.3 x (—m‘a) 18 x (—m‘a)
SPS| 0.4612-%) +0.022 |(3.273% +0.21) x 10?| (5.8123% +0.29) x 102
2T TeV Ipps| (56012300) x L0mb | (19+37) x 10mb (1201§30) x Lomb
2 2z ]
TPS| 570 x (Lomb) 5.0 x (1ome) 57 x (Lemb)
Ceff,3 Oeff,3 Teff,3
SPS| 0.597%%,+0.016 |[(3.012% +0.23) x 10| (7.278% +0.38) x 102
75 TeV IDPS| (19001 1100%) x 10mb | (574340) , 10mb | (310+2000) , 10.mb
2 Z 2
TPS| 3900 x (10 mb) 27 x (10 mb) 260 x (10 mb)
Oeff,3 Oeff,3 Teff,3
SPS| 1.1F30+0.044  |(4.573% +0.72) x 1072| (367350 +1.8) x 102
100 TeVInps| (34001 1508°) x 10mb | (100#580) x 10mb | (490 13000)  10mb
2 Z 2z
10 mb 10 mb 10 mb
TPS| 6500 x (UE;;) 45 x (UE;; ) 380 x (UE;;)
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O(Pr>Pr min)¥Br° [fb]

(c) TPS

Prompt 3-J/y production at ¥s=13 TeV LHC ]
SPs 1

C DPS 71 ]
s —

10° % 2
: N

N Uy =
10—2 - lx = 4
10-3 _IOO\Vevents N ‘l—l—l; /

107

150 _fh714

.|

[Vungl<2.4
|kt smearing (k)=3 GeV
Cotf p=10 Mb, G4 3=10 mb

O e N

0 1 2 3 4 5 6 7 8 9 10
P min [GeV]

m SPS negligible, DPS (TPS)
dominates at low (high) p..

Clear sensitivity to o_.!
David d'Enterria (CERN)
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TPS In p-p collisions (13 TeV, CMS)

m Triple parton scatterings x-sections in p-p: alternative extraction of o

eff, DPS
8PS SFPS SPS
my\ Oppr th! Ot
TPS —aq —>a2 hh — s _
oS (= 0. .=(0.82+0.11)0
1aza3 3! 2 eff, TPS eff, DPS
: ch,TPS
] ] ] ] [DdE, Snigirev, PRL 118(2017)122001]
m First observation of triple-J/\y production (CMS):
s 10?_FMSI IIIIIIIIIII 1§3|fb‘ (]3|T§V‘ il qocies iR 1;33Ifb|(1?TleV & 1Ocms,I R 1|33|fb"'(1|3TleV_
% 9;— ¢ Dat: —z § 9| ¢ Data - % 9 ¢ Data —E
bt 8— — Total fit — § 8 — Total fit E @ 8 — Total fit 3
£ 72_ N\ Wiy Jry diy signal _f 2 4 N Wy Jiy iy signal _§ 2 5 N Wy Jiy Jiy signal _%
g 5 ERCE Jd e 1 [arxiv:i2111.05370
i3 E ' e i Nat Phys. to appear]
3‘ ‘ 3 E 3 _
2 s i = N
85 - Eagmme ¢ . 3 3.3 Oy s = %s " e e A
m,,.1[GeV] m,,» [GeV]

m Measurement of fiducial cross section
o(pp— 3J/P) = 272%5; (stat) + 17 (syst) fb

m Pocket formula with (N)NLO for single-,double-,
triple-J/Y SPS x-sections:

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

* O pps = 2.1 "15 (EXP) "1 (theo) mb consistent with

for di-quarkonla (lower than jetly/\W/Z DPS results):
» g/g x-dependent transverse profile & correlations
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https://arxiv.org/abs/1612.05582
https://arxiv.org/abs/2111.05370

Triple Parton Scattering x-sections in p-A

m Three contributions to TPS x-section in p-A: [DE, Snigirey, EPJIC 78 (2018)350]

2 TPS,3 TPS .
TPS,1 — A.ots TPS,2  _ _TPS 3 Ocft Tps E TpA—sabe — JpN—mbc cff s - Cpa, With
JpA—)abc - : JpN—)abc : UpA—)abc - UpN—)abc : pA, 2) 5
eff,DP8 o a=6T

s,1 TPS,2 TPS,3 — 1

Relative weight of TPS terms:  Tpa sabe © TpA sabe © Tpa - sabe = 1 @ 4.54 1 3.56
(TPS yields in pPb: 10% "genuine", 50% involve 2 nucleons, 40% involve 3 different Pb nucleons)

m “Pocket” formula for TPS p-A x-section:

SPS SPS SPS _ —1/2
TPS m\ 9pN—a  pN—ob  IpNoc . A 3 Fpa[mb™] P2
OpA—abe = \ & 2 Oeff, TPS,pA — o2 + ot + Cpa[m ]
6 cff,TPS,pA eff, TPs eff ,DPS
= =+ ' - ' =
> O rpspep = 0-29 £ 0.04 mb (x45 times the p-p case with 0,,= 12.5 mb)

m TPS x-sections are large in p-A: a factor x45 for p-Pb compared to p-p
m Pb transv. density (F ,, C ,) well-known: Alternative extraction of o,
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https://arxiv.org/abs/1612.08112

Example: Triple charm & beauty in p-Pb colls.

m Charm & beauty have very large TPS x-sections at the LHC & above:

10°
10*
3;:31
10°
10
’

10"

S.TPS (mb)

102§

10°
107
10°°

0’k

top++ NNLO T, T tops+ NNLO
PDF=ABMP16+EPS09 510 % PDF=ABEMP16+EPS09
- I‘IIF=|_|“=2m': llllllll g 104 %'_pF=uH=2l'l'lb
........ g Iﬁl 03 ;_ i s
© =
10°F
10
JHI"W- I vovenaas pPb— X (tot. inel.) ]
y (L E= pPb—s ct+X (NNLO) I’J
i 107"k o
H#= pPb—s 3x[cE]+X (TPS) 7
1072 - pPb—s X (tot. inel.)
® ALICE (pPb—s cE), 5.02 TeV 3 " .
107§ ” == pPb— bb+X (NNLO)
107 il ,ﬂ' == pPb— 3x[bb]+X (TPS)
{Ill.l bl el gl L4 5E..||||| L |1|4£.f.| Ll | Ll
3 5 10 4 5
10 10 10°* 10 10° 10° 10 10°
Vs (GeV) Vs (GeV)
Process pPb(8.8 TeV) pPb(63 TeV) p-Air(430 TeV)
crli;jfl 2.24+04Db 2.4+ 0.4 mb 0.61+0.10 b
O’iiix 0.96 &+ 0.455c £ 0.10spr b 3.4+ 1.9 + 0.4ppr b 0.75 + 0.55c £ 0.1ppr b

200 £ 140¢tot mb

Tce ce ce+ X

8.7*

:l: 6.2tot b

5.0" £ 3.6tot b

SPS
bb+ X

TFPS

bb bb bb+X

72 :I: 125(3 :I: 513]31:' mb
0.084 «+ 0.045¢0¢ b

370 & 755¢ £ 30ppr mb
11 £ Tiot )‘Jb

]_]_0 :l: 255(3 :l: 513]31:' mb

m Triple charm amounts to ~20% (~100%!) of inclusive charm x-sections at
LHC (FCC). Large triple J/¥ production at FCC: o(J/¥J/¢J/¥ + X)~ 1 mb
m Triple beauty amounts to ~3% of inclusive beauty x-sections at FCC.
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Summary: DPS studies

m What's the parton transverse density of a proton? Its energy evolution?
How do partons correlate (kinemat., quantum numbers) transversely?

m Double hard parton scatterings in p-p collisions:
In absence of parton correlations:

SPS SPS

DPS m (T(hh"—)a) ] O-(hhf_)b) _1l geom. overlap
O’(’hh-‘—)ab) = E Ooff = d2 / ) area of 2
Teff proton transv.

profiles

m O_(exp) = 2-20 mb at Tevatron/LHC. Can HI colls. help to clarify this?

m Available DPS x-sections “pocket formula” for p-A and A-A:

O-cffpp 1
: =215+ 1.1 ub| |Oeffaa= =1.5nb

CA+o,, Foa A0y o + 2TANO) + 3 Taa(0)]

(o, =13+2mb)

eff,pp

O-cﬁ' .PA

Huge enhancements! oeg ors/octt orspa = 600, Oeff pp/Oetr.an X A>3 /5229 - 10°

m p-Pb: Large DPS yields in p-A (in particular with quarkonia) provide many
useful independent extractions of o . 1%-ever measurement by LHCb.

m Pb-Pb: Large DPS but dominated by scatts. from different nucleons.
(~16% sensitivity on o, from DPS with lighter ions such as Ar-Ar).
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Summary: TPS studies

m What's the parton transverse density of a proton? Its energy evolution?
How do partons correlate (kinemat., quantum numbers) transversely?

m Derived a generic expression for NPS x-sections in p-p collisions:

SPS SPS

NPS _(m Ohh'—a; """ Ohh'—a, —1/(n—1)
Ohh!—ay...an — n—1 Oeff ,NPS — {/de Tn(b)}

n
n: Toff ,NPS

m And used it to derive pocket formula for triple parton scatterings in p-p...

5EPS . ~SP§ . ~SP§ —1
TPS _ m th!—)ﬂ.l th! —+ o th!—}{l;g ) ) 3
th’—}al asas _T 2 JCff,TPS — d’ b T (b)
3! chf,TPS
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Summary: TPS studies

m What's the parton transverse density of a proton? Its energy evolution?
How do partons correlate (kinemat., quantum numbers) transversely?

m Triple hard parton scatterings in p-p collisions:  (ciosely related to DPS in the
. DS Sps absence of parton correlations):
M\ Opn'a; " Ohh' —ay " Phh/—a
TPS 1 2 3 —
Ohh'!—aiasas (_,) 2 Geﬁ,TPS - (0'82 + 0'11) Geff,DPS
3! o-cﬂ:,TPS

m Triple charm amounts to ~15% of inclusive charm x-sections in p-p
collisions at the LHC. Triple-J/W fully dominated by DPS/TPS: “golden
channel” to extract o - 1%-ever observation by CMS.

m Derived TPS x-sections “pocket formula” for p-A:

SPS . ~SPS . ~SPS » 1o
TPS I UpN—)a (TpN_}b JpN—)c A 3 FpA [mb ] b_2
’ 6 tSrCf[" TPS,pA T off ,rPs Teff ,DPs
1 1

m Large TPSyields in p-Pb, e.g. o__((triple-ccbar)=200 mb (~20% of incl.
ccbar x-section): provide useful independent extractions of o
[Don’t be shy to attempt a 1%-ever measurement in p-Pb...].

eff,pp”
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Backup slides
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DPS studies with QQ: p-p = JW+Y, Y+D

m Uncorrelated J/W+Y azimuthal m Uncorrelated Y+D azimuthal
production in ppbar at 1.96 TeV: production in pp at 7 TeV:
-------- J=0 ==-== J=1 cmemem J22 — Y
~ D@,L=8.1fb"  -=Data OB AR i
- - DP MC LHCDb, arXiv:1510.05949; I
— DO, PRL 116(1016)082002 |-~ SP MC x10° 020} Likhoded et al. PLB755 (2016) 24 ! ]

[55]

Events/0.64 rad.

o O ~
T T T

0.15

a4t Js
- 515 0.10}
e
2F 0.05}
- —_——
1 1
O g 0702 06 08510
0 05 1 15 2 25 3 , , . . _ _
AO(I/y-Y), rad. |AG|/m

Ot = 2.2 £ 0.7 (stat) = 0.9 (syst) mb. Oett|ygp= 18.0 = 1.3 (stat) & 1.2 (syst) mb

m Extracted o_. values differ by up to a factor of 8 for similar (g-induced)

processes at 1.96 TeV & 7 TeV.:
— Energy-dependent parton transverse profile?
— (Higher-order) SPS contributions under control?
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DPS studies with QQ: p-p » W*+J/W, J/\WJ/¥

m Uncorrelated J/W+J/W rapidity m Uncorrelated W+J/W azimuthal
production in ppbar at 1.96 TeV: production in pp at 7 TeV:

> Ly DG, L = 8.1 fb" 220—"'"'""""""""""""—

;_ _M+m m(*m( ® Data prompt ““u; | ATLASNs = TTeV,_[L dt=4.5fb’ |

% SP MC = - - W + prompt J/y data -

S ] W DP MC _ ® 15[~ 1 Estimated DPS contribution n

= Syst. uncertainty | ~ [1DPS uncertainty i

=

510 - — .

101 B

" 0,.=15x3mb ]

5, — Py |

- | :

DO, PLB 707 (2012) 52 o

10 0.5 1 1.5 2 25 3 3.5 4 IR BRI B ST S BRI A R B

ANy, Jiy)| 0 0.5 1 1.5 2 2.5 3
oot = 4.8 + 0.5(stat) £+ 2.5(syst) mb ATLAS, JHEP04(2014)172 AG(W.J/y)

m Extracted o, values differ at 1.96 TeV & 7 TeV.

— (Higher-order) SPS contributions under control?
— Energy-dependent parton transverse profile? (Quark vs. gluon?)
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DPS studies with QQ: p-p » W*+J/W, J/\WJ/¥

m Uncorrelated J/W+J/W rapidity m Uncorrelated W+J/W azimuthal
production in ppbar at 1.96 TeV: production in pp at 7 TeV:
:% - M+M DO, L = 8.1 fb! 20 : Prompt J/y+W* production at 7 TeV LHC
S ﬂ*ﬂ © Do prompt : NLO CEM SPS ==
= i
B i W DP MC _ .5 | NLO CEM SPS+DPS ]
51“ Syst. uncertainty ; ATLAS datg =~ 1
§1 o . Assumption: B/S=6/PLY
= T | ]
£ 10 - .
& g, =6x3mb /
DO, PLB 707 (2012) 52 ; J R
o 05 1 15 2 25 3 35 4 N R W P
lAan(J/y, Jhy)l 0 1 2 3
_ AW Jiy)
oot = 4.8 + 0.5(stat) £+ 2.5(syst) mb o v

. Lansberg&Shao&Yamanaka,
m Extracted o, values differ at 1.96 TeV & 7 TeV. PLB781 (2018) 485

— (Higher-order) SPS contributions under control?
— Energy-dependent parton transverse profile? (Quark vs. gluon?)
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DPS in Ultraperipheral p-Pb collisions?

[M.Rinaldi, et al.]

m Rinaldi&Ceccopieri (also Blok & Strikman) have proposed to study
DPS from photon-proton collisions (where photon = vector meson):

© The y-p effective cross section

Proton Models

o ‘ [ N Gy * 5
T k) Tk ) i
IR(Q) - 35 o . Y
; -
proton EFF wF N . N . iﬁ
=y 3 “ T Ty NP model
— = BE “",b_‘ of the photon
T b
Y Photon WF = wf
&3 : .
15f ' "
e
wf m\‘w } e

5
107 1077 10°° 10°° 10~ 1= 1077 W' 1
M. R. and F. A. Ceccopieri, arXiv:2103.13480 Q? [GeV?)

m Such studies (based on HERA data so far) could be tested with

UPCs in p-Pb with the photon emitted from the Pb ion (we should go
beyond searching for ‘ridges’ in UPCs, and extract some quantitative x-sections...)
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DPS “golden channel”: Same-sign WW

i i [Kulesza, Stirling, Gaunt,
m Same-sign W-W production from Treleani, Del Fabbro, ...]

2 independent hard scatterings
Is a “golden” DPS signature:

- Well controlled pQCD x-sections.
- Clean experimental final-state:
2 like-sign leptons + missing-E

m Backgrounds: Same-sign W-W production in single parton scatterings
(SPS) is higher-order and occurs only with 2 extra jets:

W

s
QCD (o la, ) E
"blq% e
m o(WW,DPS)~1/3-0(WWijj,SPS), but SPS background reducible by

more than x20 applying jet cuts.
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Case study: p-Pb » W*W*,W'W:- at 8.8 TeV

[DdE,Snigirev, PLB718 (2013)1395]

m Theoretical setup:

» MICFM 6.2: Single-parton W*W-
W*W+j) (QCD) background

- NLO accuracy. P i W
- Scales: w(W) = m,,, w(WW) = 150 GeV — w'“\r
- CT10 proton PDF, EPS09 Pb nuclear PDF
- Uncertainties: ~10% i E ‘
» VBFNLO 2.6.0: W*W+jj (EWK) background W
- NLO accuracy g W
_ A
Scales: u?>=1t,,
- CT10 PDF
- Uncertainties: <10% M W+
m Cross sections in pb (signal & background):
p-Pb final-state: W W- WTW- W Wi (QCD) WTWTjj (VBE) [ W*W* (DPS)
Code (process #): MCFM (1) MCFM (6) MCFM (61) MCFM (251) VBFNLO (258) Eq.
Order (o units): NLO (ub) NLO (ub) NLO (nb) "NLO” (pb) NLO (pb) (pb)
Vi = 3.0 TeV 6.85+0.68 5.88+0.59 | 548 £0.56 12.1 +1.2 12.4 + 0.6 44, + 8.
Vi = 8.8 TeV 126 + 1.3 11.1 = 1.1 13.0+1.3 40.4 + 4.0 51.8+2.0 152, + 27.
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Case study: p-Pb » W*W*,W'W:- at 8.8 TeV

[DdE,Snigirev, PLB718 (2013)1395]

m Theoretical setup:

» MICFM 6.2: Single-parton W*W-
W*W+j) (QCD) background

- NLO accuracy. P ¢ W+
- Scales: W(W) =m,,, u(WW) = 150 GeV - o
- CT10 proton PDF, EPS09 Pb nuclear PDF: é

~10% effects due nuclear (anti)shadowing alone: - .

o

1.8

W Spectrum, pPb at 7 = 8.8TeV, M=M,, W* Spectrum, pPb at .7 = 8.8TeV, M=My,
T T T T T T T T T T T T T T T T T

&
T
-
>
T
1

=
F9
T

Isospin+shadow.
effects on total
inclusive x-sections:
W +7%

= With EPS05 nucioar effects 1 W -15%

compared to p-p

-
&)
T

0.8 —

o
(-]
T

d’s/dM’dys [pb/GeV’]
d’cidM’dyg [pb/GeV]
5

0.6

]
o
T

With no nuclear effects
=f= With EPS09 nuclear effects

-]
Y
T

04 -

o
a
—
=
ha
T

0.0 ! - 1 o 1 1 o, 1o, 1 1, 1 hiX:] | T I T IS T T S T AN T AT I T |

YR Yr

[Paukkunen&Salgado JHEP 1103 (2011) 071]
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Results: p-Pb -» W*W*,W"W-at 8.8 TeV

[DdE,Snigirev, PLB718 (2013)1395]
m Cross sections for all relevant SPS & DPS processes vs sqri(s):

10102
'8_ % p-Pb — W,WW cross sections:
; 109_g NLO (MCFM+VBFNLO): CT10 PDF, EPS09 nPDF
§ pu=m_ (W), u=150 GeV (WW)
10°¢ T
107 = F::::::::_:::_ét_:::;:;;::;::,.._.._.
oF p-Pb @ 8.8 TeV:
10°r
- o(WW,DPS)~150 pb
10°s © W'W (single part .
10; (SmgePaO") ...................... o(WWijj)~100 pb
1032_ “““““““ " WWE (DPS) __ | £18% uncertainties:
R "é-‘:-i““"‘"":;"- ————— +15% for o,
- et 1o N
10 = _z=7 7 WWI (single parton) +10% for scales&PDFs
1I_I(III|III|III|I§II|III|III|III|III|III|II
2 4 6 8 10 12 14 16 18 20

/s, (TeV)
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Results: p-Pb - W*W*W'W-at 8.8 TeV

_ [DdE,Snigirev, PLB718 (2013)1395]
m Measurable final-states:

» W's branching ratios:
- BR(W- Iv) =~ 3 x1/9, BR(W—-qQ') ~ 2/3
- Both leptonic: 4 final-states (uu,ee,eu,ue): 4x(1/9)? ~ 1/20, 1/16 (+ 1)
[1 leptonic + 1 hadronic (jet-charge): 2/9 x4/3 ~ 0.3]

» Typical ATLAS/CMS acceptances & efficiencies:
- Leptons: |y[<2.5, p,>15 GeV = ¢, ~ 40%

m LHC p-Pb luminosities (note: very small pileup):

> = 0.2-2 pb™ (increase to nominal p intensity, reduce beam size)
int

m Expected (purely leptonic) rates including yield loses & luminosity:

-DPS _ = _
N =0 DPbWW /(e - L) =~ 1-10 same-sign WW pairs/year

(factor X6 more in 1 lepton + 1-jet channel)
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Results: p-Pb -» W*W*,W"W-at 8.8 TeV

p-Pb @ 8.8 TeV (2 pb):
Same-sign leptons
azimuthal separation:

“cartoon” only !

Events / 3 GeV

0.5 1

N,..~10 evts N, .~

(Other reducible bckgds: WZ,Z0Z% B°B°)
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0.06

0.05

0.04

0.02 -

0.01H

m Typical DPS-sensitive kinematical distributions for signal & background:

Compare to:
p-p— W+2] @ 7 TeV (36 pb):
dijet azimuthal separation

0.03 4

rr - rJrrrrJrrrrrrrr T
« WIiv unfolded data,\s=7 TeV
[ Fit distribution

A+H+J particle-level template A

—— PYTHIA particle-level template B

SPS

I Ldt=36 pb™

PR IR S Y
100 120 140

Ajgts [GeV]
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Example: Pb-Pb - Jhyp Jlyp at 5.5 TeV

[DAE, Snigirev, PLB727 (2013)157]

-
Q
00

N FONLL+CEM (RVOg’[) g % == PbPb — J/y+X
Single-parton Jhp © 107 i PP < JgllysX
1 05 %_ ......... -_ —________-}—————————-
o 1 T - 3
105% _______________________ S— :' ________ B
1 04 R : ________________________________________________________________________________
_ - B pp.pp — Jy+X (datg)
- ocales. ug= U= L.otm, ” S NN — Jiy+X (CEM NLO, EPS09 PDF)
_ GOOd agreement Wlth 1 E_ ............................................................................................. : ................................................................................
Tevatron&LHC data 10 b T e s
- EPS09 Pb nPDF N T T )
_250 i c 0.5 -
)2(?5 ei?ic/)onsrr;?j%%\’:\ilcl)nng % 0.4 PEPD = [IJIe+ X L [8/+X]
% 03_ .............................................................................................. E ................................................................................
m At 5.5 TeV: ;:’: 02_; ______________
E 0.1 AL paeusmertt : ________________________________________________________________________________

DPS — = R R R T S T S S SR
o> (Pb-Pb— /¢ ] /¢ X) =200£50 mb 3 03 5 3 A 5 S % 8 9

S . Vs (TeV
20% of min.bias Pb-Pb collisions have two Jhp produced ! °(1eY)
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Triple parton scattering x-sections (p-p)

m Assuming that the probabilities for 3 hard collisions

to be independent of each other, one can again write
a pocket-formula for TPS x-section:

SPS SPS SPS
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 = a3z;

m = 3 if a1 = a2, or a1 =

m=6ifa,17£a27éa,3.

m How to interpret o, ...? What values one naively expects for it?

m Most generic expression for TPS cross section:

I
JfTL?lS’—}alaga3 — (ﬁ) Z /1: T2, T3, bl: b2: b3; Q%: Q%: Q%)

T"!j‘!kﬁi‘!m?n

as, or a2 = a3z; and

-~

XU£ (:’Bl: ‘T’la Q%) . &i? ($2: 5‘“’2: Q%) ) 5-2;1(533: ‘T’S: Q%)
‘T’l: 5’"’2: $’3; bl - b: b2 _ b: b3 _ b; Q%: Q%: Q%)
drodrsdrdzhdrhd?by d*bad? bsd?b.

Generalized PDFs = f(x,Q2,b)
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Triple parton scattering x-sections (p-p)

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, ¢’

IS simply the inverse of the cube of the transv. pp overlap:

1
O-gff,TPS — |:/ d*b TS(b):|

eff TPS

m By testing many proton overlaps/profiles (hard sphere, Gaussian,
expo, dipole fit), we find a close relationship between o & o

Oeff, TPS — k X O eff ,.DPS; with £ = 0.82+0.11

eff, TPS

m Measuring TPS provides independent info on o_. and p transv. profile.
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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 our pocket formulas:

LQQR00000,
p ;-—
(a) SPS (b) DPS (c) TPS
inclusive 2.0 < yyp <45 [yg/9| < 2.4 102 Prompt 3-J/y production at Vs=13 TeV LHC ]
SPS &
SPS| 0.41723, £0.0083 [(1.871% +0.18) x 1072|(8.775% + 0.098) x 10~2 10" | oPS
0.34 1.5 7.5 wms —
13 TeV Ippg| (190+391) x 0 mb (7.015%) x Lmb (501340) x 10mb g 100 f % //AJ oo ep-t]
] ) ] o 3
10 mb 10 mb 10 mb £ 300 fb ©
TPS 130 x ( Ceff,3 ) 1.3 x ( Oeff,a ) 18 % ( Teff,3 ) 2 107! \23 /% s ot
SPS| 0.4672-5) +0.022 [(3.272% +0.21) x 10-2| (5.873% +0.29) x 102 E o2 k&h 77777 . ]
27 TeV 630 o
°V [pps| oot x st | ot xeb | gaof) i % bV N 2
TPS| 570 x (M)z 5.0 x (M)z 57 x (M)z T:’ »
Oeif,3 ) Oeff,3 Oeff,3 104 [ _.:_:.“
SPS| 059752, +£0.016 [(3.013% +0.23) x 1072 (7.278% 4 0.38) x 1072 Vgl <2-4 7
75 TeV 11000\ _ 10 mb 1340y _ 10 mb 42000y 10 mb 107 pkr smearing (k=3 GeV 13
DPS (1900—1600 ) x m (57_50 ) X m (310_270 ) X m 6 Copi =10 mb,ceﬁ’3=10 mb @ =)
—F ] ] 107 1 1 1 1 1 1 L
TPS| 3900 x (12mb) 27 x (1omb) 260 x (10me) ©o 1 2 3 4 5 6 7 8 9 10
SPS| 1.1F30+0.044  |(4.573% +0.72) x 1072| (367350 +1.8) x 102 PT.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 - Taff 2 . .
TPS| 6500 x ()" | 5 x (0’ 350 x (20m2)’ dominates at low (high) p..
Oeff,3 Teff,3 Oeff, 3

Clear sensitivity to o_.!
HF2022, Inst. Pascal Orsay, Oct'22 40/25 David d'Enterria (CERN)
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