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m Introduction — Double Parton Scattering in p-p collisions:

- Multi-parton interactions.
- Phenomenological “pocket formula” for the DPS x-section
- Experimental DPS searches

m Double-Parton-Scattering in p-A collisions:

- DPS “pocket formula” x-section. Enhancement factor wrt. DPS(pp): x3-A
- Case study: Same-sign WW in p-Pb at the LHC:

G(SSWW DPS) ~ 150 pb > 6(ssWWijj) ~ 100 pb,
(ssWW,DPS) ~ 10 at 8.8 TeV

VIS ible

m Double-Parton-Scattering in A-A collisions:

- DPS “pocket formula” x-section. Enhancement factor wrt. DPS(pp): x<XA3*3/5
- Case study: Double-J/y in Pb-Pb at the LHC:
O% (30%) of MB (central) Pb-Pb colls. Produce 2 J/y

(I wIly—IHT) ~ 240 at 5.5 TeV

V|S|ble
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Multi-parton interactions at the LHC

m MPI are unavoidable in hadron collisions
(p,Pb) = non-pointlike objects with finite

transverse size and increasingly
larger gluon density.

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

~50% of total hadron production
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Underlying event in hard scatterings:
2

= Data CMS \Js=7 TeV
— MadGraph Z2
— 2 v

Pﬂ“"{:_g 4o CMS, arXiv:1204.1411

-—— Herwig++ LHC-UE7-2
Herwig++ LHC-UE7-2 (no MP1)

charged particles
(p, > 0.5 GeVic, n| < 2.0, |Ad| < 60°)
81 GeVic? < M, < 101 GeV/c?
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m Double hard parton scatts. O(3-100 GeV) should also take place. Seen?
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Double Parton Scattering x-sections (p-p)

m Hard DPS provides direct info on transverse
parton density-profile & correlations in proton:

m pQCD factorized expression for DPS x-section:

PS m : C 02 2 w 4k 2\ Al 2
(hh —ab) = (E) Z fxls X253 bla b29 Qla Q2) X 0-; (-xla x19 Ql) O-})) (x29 x’23 Q2)
i,J.k,l

x;, x,; b1 — b, bz — b; 07, 03) dx;dxadx, dx,d*b d*byd”b

Generalized PDFs = f(x,Q%b)

m Assumption 1: Factorization of transverse & longitudinal components
[ (x1, x23 b1, ba; OF, 03) = D} (x1, %25 07, @3) f(b1) f(b2)

p-p overlap function:  #b) = ff(b1)f(b1 — b)d*b,
m Assumption 2: Double-PDF = product of 2 single PDF (no correlations)

D(x1, x2; 0%, 02) = Di.(x1; 0%) D) (x2; Q)

[Treleani, Diehl, Ryskin, Snigirev, Blok, Strikman, Gaunt, ...]
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Double Parton Scattering x-sections (p-p)

m Hard DPS provides direct info on transverse
parton density-profile & correlations in proton:

m pQCD factorized expression for DPS x-section:
O—](:])»;’S_)ab) Z f.xls X2, bl’ b29 Ql’ Q2) X Y lk('xla x19 Q%) OA_f(xZQ x’23 Q%)
Jik,l

xl, x,; b1 — b, bz — b; 07, 03) dx;dxadx, dx,d*b d*byd”b

Generalized PDFs = f(x,Q%b)

m Final simplified form for DPS x-section:
p-p overlap function

m SPS O.SPS
PS . (hk’ —a) (hh'—b) . 2
O-Blh’—)ab) - (E) o Oeff = \fd b ] 13 + 2 mb
eft ¥ SR,SppS
m Simplified parton transverse profiles in proton (CDF'97): Tevatron
. ] Model Form of density, Predictions Measurements
Effective DPS radius: for density dN/d*r rms 7 T Scale (fm)
r~03 — 07 fm Solid sphere Constant. r<r, \ﬁ;-? r,=0.73
smaller than e.m. one ™ e i ~145mb =034
Exponential e W 120 A=0.20
Fermi, h/rg=02 (e 1yl 1.07rg ro=0.36
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Events / 3 GeV

DataMC

DPS searches at LHC: p-p » W*+2j

m Small signal in W+2jets events: Via di-jet p_. asymmetry (~0 in DPS)
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CMS Preliminary, pp — W + jets, Ys = 7 TeV, J- Ldt =5 fb"’

| — MADGRAPH 5 + PYTHIA 6 (scaled to NLQO)

---- MADGRAPH 5 + PYTHIA 6, no MPI (scaled to NLO)
---- PYTHIA 8 (scaled to NLO)

—@ Data
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ATLAS, arXiv:1301.6872

[ ] AFS (4 jets - no errors given)

22;7 UA2 (4 jets - lower limit) P S
D0E ®m  CDF (4jets) AR
e v  CDF (y + 3 jets) " | )
18 & Do(y+3jets) ' 1
16— +  ATLAS (W+2jets) ' :
= )
14E ' "
12; Sl o
10
81
°F . o.=15+*3* _mb
4= eff - -3
o ATLAS
0 b Ll | L L 1 L L1l ‘ L 1 1 1 Ll |
10? 10° 10*
\s [GeV]
_1Pr(1) + pr(j2)]

&1‘(‘.‘1 p

(D + [p2(2)] CMS, FSQ-12-028
m Uncertainties on DPS extraction from:
- Higher-order SPS contributions,
- (technical) matching between
ME hard jets & MPI jets

propagate into large uncertainty on c_
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DPS searches at LHC: p-p » W*+J/¥, JI¥Y JI¥Y

m Strong? signal in W+J/¥ events: Via azimuthal W & J/¥ correlation

._S_ﬂ0.7f“““"\““\““\""I""I'—_ = P2 O o e e e e LA o o e e e e L
< - ATLAS Preliminary, Simulation —— S B o ; 7
2 0.6/ 4 SPS template (,\S,IladGraph COM NLO) ] > | ATLAS PreliminaryNs =7 TeV, [Ldt= 4.6 b
§ - = DPS template (flat) ] S 15; ® W + prompt J/y data ]
E 05} { Lﬁ C Estimated DPS contribution ]
= b E [ ATLAS-CONF-13-042 .
) B 7 10? i
0.32— — i
. . 5 _
0.2 r‘_ - .
. C N N N N N N N N ; W/% /% // /%;
- ] of -
5 m - 2" 55 3
A (W, J/y) AG(W,J/ )
4 [tHeb, PLB 707 (2012) 52 5/;1_@, "] m Less clear in double J/'¥ production:
LA s =T TeV -]
o E Gy = 5-121.02 1.1 nb
15 ] oI L oI A+ 2 nb = 6 nb
1; - . .
" * ‘ 1 m Current TH uncertainties prevent from
0.5 —] . . .
: ———— | 1 obtaining precise measurements of DPS
ob——l — — o .
’ ' N ;M fraction and c_, parameter at LHC.

« Can p-Pb,Pb-Pb improve our understanding of DPS ?
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Double Parton Scatterings

in p-Pb at the LHC
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Double Parton Scattering x-sections (p-Pb)

_ _ _ _ [DdE,Snigirev, arXiv:1211.0197]
m 2 contributions to DPS x-section in p-A: [Treleani, Strikman, , ...]

DPS PS,1 PS.,2
= Tpa) = ‘Tgm) * OJ(?:A)

PS.,2 _ DPS

(pA—ab) — O (pN—ab) " etipp * FpA

p-A overlap function
Fpa = f d’r TfA(I') =30.4 mb*  Pb Woods-Saxon density
_ _ _ (r=6.62 fm, a=0.546 fm)
» Factorized expression for DPS p-A x-section:

SPS . _SPS o (6,,=13+2mb)

a a eff,
oS iy = (3] LD | g, = S =215 1
(P ab) 2 O-cff,pA A + O-eﬂ:,pp FPA

|o ~ 3A ~ 600 |

eff pA

» Ratio of DPS p-Pb/p-p x-sections: o

eff.pp
m DPS processes are large and can be unambiguously observed in p-A.
m Pb transverse density better known than proton. Determine 6, 7
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DPS “golden channel”: p-p = W*W*,W-W"
) ) [Kulesza, Stirling, Gaunt,
m Same-sign W-W production from Treleani, Del Fabbro, ...]
2 independent hard scatterings
Is an excellent 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:

LW

QCD (o 20 ) EWK (o)

FG0060600607

I

m 6(WW,DPS)~1/3 o(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, arXiv:1211.0197]

m Theoretical setup:

» MCFM 6.2: single-parton W*W-
W*W+jj (QCD) background

- NLO accuracy. P ¢ PPPPFV\F
- Scales: u(W) =m,,, u(WW) = 150 GeV —
- CT10 proton PDF, EPS09 Pb nuclear PDF: g

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

o

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

W+ -15%

= With no nuclear effects 1 compared to p-p

=f= With EPS09 nuclear effects

W’ Spectrum, pPb at .z = 8.8TeV, M=My, W* Spectrum, pPb at .= = 8.8TeV, M=My,
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[Paukkunen&Salgado JHEP 1103 (2011) 071]
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Case study: p-Pb » W*W*W'W:- at 8.8 TeV

[DdE,Snigirev, arXiv:1211.0197]
m Theoretical setup:

» MCFM 6.2: single-parton W*W-
W*W+jj (QCD) background

- NLO accuracy. p=—= S ¢
W+
- Scales: W(W) = m,,, W(WW) = 150 GeV B o
- CT10 proton PDF, EPS09 Pb nuclear PDF =
- Uncertainties: ~10% (W) X E

» VBFNLO 2.6.0: W*W*jj (EWK) background
- NLO accuracy

W+

_ U2 =

Scales: u?*=t,,
- CT10 PDF
_ W+

- Uncertainties: <10% S
m X-sections in pb (signal & background):
p-Pb final-state: W+ W WHW- WHW* (QCD)  W*WT*j (VBF) | W*W= (DPS)
Code (process #): MCFM (1) MCFM (6) MCFM (61) MCFM (251) VBFNLO (250) Eq.
Order (o units): NLO (ub) NLO (ub) NLO (nb) "NLO’ (pb) NLO (pb) (pb)
Vi =5.0TeV 6.85+0.68 588059 | 548 £0.56 12.1 +1.2 12.4+ 0.6 44, + 8.
Vi = 8.8 TeV 2.6+ 1.3 1.1+ 1.1 13.0+1.3 40.4 + 4.0 51.8+ 2.0 152, + 27.
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Results: p-Pb -» W*W*,W-'W"at 8.8 TeV

[DdE,Snigirev, arXiv:1211.0197]
m Cross sections for all relevant SPS and DPS processes vs sqrt(s):

102
'8_ % p-Pb - WWW cross sections:
T 10%= NLO (MCFM+VBFNLO): CT10 PDF, EPS09 nPDF
© = p=m_ (W), u=150 GeV (WW)
8 |
10?§_ Cmine :?:,,::::;:;;::::::_.._..__
10° .
= p-Pb @ 8.8 TeV:
105§ W'W (single parton)
0% S(WW,DPS)~150 pb
10%E -, W*W* (DPS) - 6(WW)j)~100 pb
- ! ‘lf;.——'—:—-—_—_
107 = ,,..ﬁf;;??ﬁvtwijj (single parton) +18% uncertainties:
— S \:'l
10 ;_ /.-,f', +15% for O,
- ?’ ] £10% for scales&PDFs
1||||||||||||E|||||||||||||||||||
2 4 6 8 10 12 14 16 18 20
/Sw (TEV)
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Results: p-Pb -» W*W*,W-'W"at 8.8 TeV

[DdE,Snigirev, arXiv:1211.0197]

m Measurable final-states:

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

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

m LHC p-Pb luminosities (note: very small pileup !):
» L. =0.2 -2 pb?!(increase to nominal p intensity, reduce beam size)
m Expected (purely leptonic) rates including yield loses & luminosity:

N = O'BES_)WW /(e - L,) ~ 1-10 same-sign WW pairs/year

(factor ~10 more in 1 lepton + 1-jet channel ?)
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Results: p-Pb -» W*W*,W-'W"at 8.8 TeV

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

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

“cartoon” only !

0 0.5 1

1.5 2

2.5

3
A
N(DPS)~10 evts N(SPS)~ 6 evts

Events / 3 GeV

DaD? T T T

0.06

0.05

0.04

0.03F4
0.02 0k

0.015

Other reducible bckgds (WZ,Z20Z%,B°BO)

would need to be considered
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Compare to:

P-p— W+2) @ 7 TeV (36 pb):

dijet azimuthal separation

1 Fit distribution

SPS

j Ldt=36 pb’

L IR R DL A L AL I
« W\ unfolded data,\s=7 TeV

-------------- A+H+J particle-level template A 3
4 o PYTHIA particle-level template B

PRI BT T I ek
100 120

140

Ags [GeV]
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Double Parton Scatterings

In Pb-Pb at the LHC
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Double Parton Scattering x-sections (Pb-Ph)

) i ) . [DdE,Snigirev, arXiv:1301.5845]
m 3 contributions to DPS x-section in A-A:

-
-
-

) e

G S
S
A

q, ST
A 2 T
S,
ogPPS1 a2 ,DPS T(arat) ™ 20NNty *Octtpp A - Tar(0)
(AA—ab) (NN—ab) ‘3'“([:';1;;5—’im)F"‘“J J([]?\IP]\?%GE}) *Oeff,pp * Az/ 2 - Tan(0)
> Third “N__ term”, «c A>T, (0), clearly dominant (1:4:200 ratio)
m Factorized expression for DPS A-A x-section:
SPS SPS
JDPS _ T J(NN—>H) ’ J(NN—:rb) Oeff. AA = — 5 ! 1 —=1.5nb
(AA—ab) 2 JEff,H.ﬂ A [Jeff, pp + ETM(O) + ETM(O)]

» Ratio of DPS Pb-Ph/p-p x-sections: Oeff,pp/ Oeff, AA X A’3/5~9.10°!
m Strong centrality dependence:

m 2
U([Alfeab) [b1, b2 ]~ (E)U(Shlrjr?xau) 'U(Shlrjrgmb) - fxona|- (Tmfbl, b>1)
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Case study: Ph-Pb —» Jly Jhy at 5.5 TeV

m FONLL+CEM (R.Voqt):
Single-parton J/hy

- NLO accuracy.

- Scales: p= u.= 1.5-m_

- Good agreement with
Tevatron&LHC data

- EPS09 Pb nPDF

20-35% shadowing
X-section reduction

mAt5.5 TeV:

o™ (Pb-Pb— J /¥ ] /¥X) =200+50 mb

double-J/¥ event fraction

= 10°
=

o ‘IO?

[DdE,Snigirev, arXiv:1301.5845]

ﬂ! T TTITm

=== PbPb — J/y+X
SR PbPb — JiyJ/y+X

|
B pp,pP — Jy+X (datd)
e pp —> JAy+X (CEM NLO)

- .

o P PEP.:?’...[J!'HJ.JHHT#?‘i].f..[é.m{'.'i?‘i] .............................................................
_“mmmmmmmmwmmmmm:::::;:;:;;;;i?“,.‘ln!l!l!ffffitfij:ii
12773 77475 6 7T 8 9

20% of Pb-Pb collisions have two J/y produced !
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Results: Pb-Pb —» Jhy Jhy at 5.5 TeV

[DdE,Snigirev, arXiv:1301.5845]
m Visible rates:

» Reduced x-sections per unit-y: doj/y /dy ~ /v /8
» BR(J/y— I') ~ 6%
» Typical ALICE/CMS acceptance & efficiencies: € ~ 1/12

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

N = O'S_Ebsaww,/(s - L.) = 240 double-J/y per year
(factor 2 less including final-state suppression)

c 0.5
m Centrality dependence of %0.45 PbPb (s = 5.5 TeV
double-J/ fraction: £ 04

[pdiy+X] / [Jy+X]

35% of central Pb-Pb collisions g ©-3°
have two J/y produced ! B 0.25

Seeing 2 J/y on event-by-event ?0-15
basis not to be blindly taken as ° ©
signal of c-cbar recombination.

[TTTT
b

111 1 | | T ‘ | ‘ | | L1 | | T | | T ‘ | T
50 100 150 200 250 300 350 400
Npart
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m MPI are crucial to understand p-p collisions at LHC: MB, UE ...
m MPIl = Double hard parton scatterings (pQCD framework available)

S}Egs O-ShPhS , All details on proton transverse
ggj,;s_mb) (E) Groa) G b parton density/correlations
Teff encoded into c_. parameter

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

O-cffpp :
o = M 215+ 11ub| |Oeran= =1.5nb
ST O [P Rioghy, + 3w+ w01

[T gpn = 3A = 600 Oefr pp/Oefr.an < A>3 /59 10°

eff pA

Huge enhancements ! o

eff.pp

m DPS in p-A can help determine o

p-Pb — W*W*, WW-, NLO+nuclear PDFs for signal & bckgds.
c(same-sign WW,DPS) ~ 150 pb (10 counts/year).

m DPS in A-A are clearly dominated by binary-scaling term.
Pb-Pb — JhyJ/y, NLO+nuclear PDFs.

do(J/yIhy,DPS)/dy ~ 200 mb (240 counts/year in dimuon channel)
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DPS p-Pb x-sections: Other examples

m 2013 run: m Nominal run:
Vs =5.02 TeV, L _= 34 nb? Vs=8.8TeV, L _=0.2-2pb?
DPS cross sections (NLO):
O,p(JW + Jy) ~ 11 ub OLps (I + JNy) ~ 22 ub
Opps(JW + W) ~ 63 nb O ps(JW + W) ~ 164 nb

Jwy+2)~3nb
(ssWW) ~ 44 pb

Jy+2Z)~8nb
(ssWW) ~ 152 pb

DPS DPS

DPS DPS

Visible DPS yields (after BRs xacc. X effic):

Qy+Ivy) =2
(I + W) ~ 2.6
(SSWW) ~

Jy+2) ~0.1

Jy+Ihy) ~ 24 — 240
(Jhy + W) ~ 40 — 400
(ssWW) ~ 1 - 10
Jy+2Z)~05-5

DPS DPS

DPS DPS

DPS DPS

DPS DPS

m Many double hard scatterings processes visible in p-Pb !
Valuable constraints on parton transverse size & correlations
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Backup slides
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MPI evidence (LHC, p-p “central”): “ridge” ?

m Observation of long-range (over An~8!) near-side hadron correlations:
“Ridge” in “central” (high multiplicity) p-p collisions

(d) N>110, 1.0GeV/c¥p_<3.0GeV/c m Interpretations:

- Correlated gluons in initial-state ?

= ki|l~|pL—ki|~]aLtki[~Qs

<1

o B

g., = g = Multi-parton-interactions:
; i o ® enhancement of

& g 44§, ., near-side diagram

| g 7 [R.Venugopalan et al.]

[CMS, JHEP 1009 (2010) 091] - Final-state collective parton-flow ?

PYTHIA + 3.=0.5 generates structure

m Remains an intriguingly large effect without clearcut explanation currently
m Enhanced ridge also observed in p-Pb at5 TeV
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Multi-parton interactions in p-p

® pQCD (mini)jet production x-section = 1o _ o RS
IS bigger than total inel p-p x-section % w02 L e
forp. .~ 5-7 GeV at the LHC ! o /4
-
s/4  deo -0, >0
G_h&rd (_?}J_lnln) — / 5 [1};.3_ 10 -1 %_ hard inel
P2 i AP .t atp.~5-7 GeV
107 T
... Why this happens ? ° " E [H.Jung et al, arXiv:1209.6265]
4L 1 IIIIIII| 1 I I I I B
h 1 10 10°
Pt min (GeV)

®m Very high gluon densities at small-x.
B Solution (2): Multi-parton interactions

Ohard (pJ_nlin )

Crinel

Interpret (n) =

= average number of parton—parton
scatterings above p, . in an event E

® PYTHIA, HERWIG include them via transverse parton density profile.
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MPI evidence (LHC, p-Pb): inclusive hadron prod.

[ALICE, arXiv:1210.3615]

L I | ‘ [ T 7
o5 p Pb \SNN = 5 02 T_e_\_{ _______ b
N ~oZ=—..."s  mInclusive hadron production
o0f AT U3 in p-Pb at 5.02 TeV:
a ‘""“ e :
_g£1 5+/ -------- ] Models need shadowing/
;g § ] saturation of Pb gluon PDF
o HIJING: N to reproduce the data
© 100 . ALICENSD ----2.1 noshad.[6] P
Sat Models: 2 Sg=0-28161 -
5[ —- IP-Sat [5] BB2.0 no shad. [4] - e nes o T
M e KLN [3] BB2.0 with shad. [4]— 5L p/r:: (iﬁcNESD c ntAII_g?E < sy1® ]
[ recBK[7] - DPMJET [32] ] C  © CcMS ATLAS .
0 L . ! . . I Py - * CDF CMS o 7
-2 T]O 2 T4~ o uAs NA50 . -
e [ = ual BRAHMS ]
lab S/ B = STAR PHENIX i
-0Of- . — (pP) INEL ]
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