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> Double parton scattering
» Double parton distributions
» Evolution equations

» DPS cross section computation

» Transverse momentum dependent double distributions
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Multiparton interactions

> Hard processes with the scale Q@ > A ~ 1 GeV due to collisions of quarks and
gluons.

pp — Xhard +Y

TV = T =V—_e—= *

a b
> At the LHC multiparton interactions (MPI) become increasingly important.
> If no hard scale is involved, MPI are crucial for modeling of underlying event.

> For rising center-of-mass energy MPI lead to more hard scatterings.

Krzysztof Golec-Biernat Double parton distributions in QCD



Double parton scattering

» For example, two vector bosons with transverse momenta g1 and q»

Single parton scattering (SPS) Double parton scattering (DPS)

> Introduction to DPS: M. Diehl, D. Ostermeier, A. Schafer, JHEP 1203 (2012) 089
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DPS versus SPS cross sections

sdo sdo
[, do; dz; d2q; [, da; dz;
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> Inclusive DPS is enhanced due to rising parton densities for x — 0

doSPS o x—2A doPPS ~ x—4A

> SPS suppressed in same sign vector boson production W+ W=,
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Experimental evidence of DPS

> Pocket formula
SPS_SPS
DPS _ 1 94 98
9AB = T [ 5 T -
1+ a8 Oeff

» Effective cross section: o.g &~ 15mb.
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Recent update

Experiment (energy, final state, year)

ATLAS
ATLAS (/s = 8 TeV, J/4 + J /4, 2016)
D@ (/3 = 1.96 TeV, J/¢ + J /4, 2014)
D@ (/s = 1.96 TeV, J/¢ + T, 2016)
LHCb (v/5 = 7&8 TeV, T(1S) + D%+, 2015)
LHCb (/3 =7 TeV, J/9 + AL, 2012)
LHCb (v/s =7 TeV, J/3 + D, 2012)
LHCb (v/s = 7 TeV, J/4 + Dt, 2012)
LHCb (v/s =7 TeV, J/3 + D°, 2012)
ATLAS (/s =7 TeV, 4 jets, 2016)
CDF (v/s = 1.8 TeV, 4 jets, 1993)
UA2 (/s = 630 GeV, 4 jets, 1991)
AFS (v/s = 63 GeV, 4 jets, 1986)
D@ (y/s = 1.96 TeV, 2 + 2 jets, 2016)
D@ (/s = 1.96 TeV, v + 3 jets, 2014)
D@ (y/s =1.96 TeV, v + b/c + 2 jets, 2014)
D@ (/s = 1.96 TeV, v + 3 jets, 2010)
CDF (y/s = 1.8 TeV, 7 + 3 jets, 1997)
ATLAS (/s =8 TeV, Z + J /4, 2015)
CMS (v =7 TeV, W + 2 jets, 2014)
ATLAS (/s =7 TeV, W + 2 jets, 2013)
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LHC strategy for DPS

Credits:
= Al Rl Deeply exp|0|t Z(pp)+Z(pp)
the performances S =0.1fb
of the tracker 0 W(pv)+W(pv)
detectors \\
Q’\\

Soft (Minimum Bias)
~ 100 mb

j+UE

Scale of secondary scatter(s)

(uv)-i-bb Z(pp)+bb

66(‘5 com|n%$‘9‘?.n
o -
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o Surm—d
2 published i i W(nv)+jj 2 +jj
S® 04007 JHEPOS(2014)094 4 (1Y) pjdblished(in” K+
{ Double J/W pubiishedin JHEP 03 (2014) 032

Phys. Rev. D 89 (2014) 092010
W+UE

Z(pp)+UE

LHC measurements available
LHC measurements not yet available

Scale of primary scatter

Complement with
pPb and PbPb

Analysis
Strategy

1" part: the basic soft QCD measurements
2™ part: the underlying event measurements
£ 3" part: Multiple Parton Interactions: from Soft to Hard i

You-Hao Chang @ DIS, 29 April 2015
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SPS and DPS cross sections

> Partons with transverse momenta k; ~ A < Q (naive parton model)

> For SPS single parton distributions (PDF) with 0 < x <1

d”igs AB
m = ZDi(X)Uﬁ E},(Y)

i

> For DPS double parton distributions (DPDF) with 0 < x; +x <1

DPS
doag

dxy dxpdx1dxo

d?q _
= Z/W DU(X17X27Q) UéUE %(XI,XZ; —q)
iijj
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More on DPDF

» Single PDF

Di(x) = /dz*e'(xp*)ﬂp\ 3,(0,0,0)7 W;(0,2~,0) |P)

0;(0,2)
> (0, z) connects two points on the light cone
> Double PDF

Djj(x1,x2,q) = /dzl_dz; ei(xlzf+X2Z;)P+/ dy~d?ye 9V

x (Pl O;(0,22) Oj(y, z1) | P)

> Oj(y, z2) does not connect light cone points since y = (0, y~,y) has transverse

component y.

> Transverse momentum q is Fourier conjugate to transverse separation y.
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Why does q exist ?

> (P|O;(0,22) Oi(y, z1) |P) has 4 fermionic operators. In momentum space

» Momentum conservation leads to 3 independent vectors: ki, ko, q.

> Integrated transverse momentum dependent distributions

b b
D((Zg))w)(XLXLQ) = /d2k1 d’ky F((;B))(U)(Xl-,XL ki,k2,q)

> Dj; is color singlet, spin averaged transverse momentum integrated distribution.
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Geometric interpretation of DPDF

> y is the transverse separation between the two partons in a hadron

o <«

> Partons with the same transverse position interact with each other
DPS
dogp

— —AB d?y d’b d?b’ Dji(x1, x2,y,b) 02 o8 D(x1,%2,y, b’
dxydxpdx1dxXo Z/ Y i1, 52,3, b) o % (X1, %2,y,b)

iijj
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Evolution equations for single PDF

> Partons with transverse momenta A < k; < Q (improved parton model)

v

Collinear divergences must be subtracted.

» PDF become factorization scale dependent, Df(x, Q).

v

DGLAP evolution equations

0 s 1 X
TN’ Dr(x, Q) = o ;/X dupfﬂ(;) D (u, Q)

> + initial conditions Dr(x, Qp), determined from global fits to data.
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PDF from global fits

H1 and ZEUS
D e L NLELRAAL: m e
® A 2=10 GeV? |
L we= GeV” |
F —— HERAPDF2.0FF3B NLO 1
08 uncertainties: -
B experimental B
model xuy, B

parameterisation

06
Xg(x 0.05)

04 -
XS(x 0.05)

02 —




Evolution equations for DPDF

> For equal scales, Q1 = @ = Q,and q=0
Dfp(x1,x,Q,q9=0) = / d?y D, (x1, %2, Q. y)

» Evolution equations (Snigirev hep-ph/0304172)

4] s 1—xp
mDﬁfz(le)QyQ): ;Z{/ dqulf/( )Df/@(u X2,Q)

£ X1

1—x1
+/ dUP@f/( )Dflf/(XhU Q)

X1

+Pf/*>f1f2< )D;/(Xl +X2,Q)

X1 + x2

=1 AR

» Coupling with DGLAP equations for PDF in splitting term.
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Sum rules obeyed by evolution equations

How to determine initial conditions Dy, (x1,x2, Qo)?

v

» Momentum and quark number sum rules obeyed by single PDF

1
Zf:/o dxx Df(x) =1

1
/0 dx (Dg(x) — Dy(x)) = Ny (=2,1,0)

» Momentum and quark number sum rules obeyed DPDF

1—xp

Z / dxi x1 Dg 5, (x1,x2) = (1 — x2) D, (x2)
f 70
1—xp
/0 da { Dygy (x1, x2) — Dy (x1,32) } = (Ng — S, + 8a) Dr, (x2)

> Sum rules for DPDF constrain Dy ¢, (x1, x2, Qo). Try to impose them.
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Initial conditions for DPDF

> Most popular initial condition at Qp are built from the known single PDF
(J.R. Gaunt, W.J. Stirling, arXiv:0910.4347)

(1 — X1 — X2)2

(1 _ X1)2+n1(1 _ X2)2+n2

Dr 1, (x1,%2) = Df (x1) D, (x2)

v

They obey sum rules for DPDF only approximately.
> Factorizable form for xj,x; < 1

D X1, X;
ratio = 7)&{2( L 2) =1

Dy, (x1) Dy, (x2)

v

Study this ratio as a function of Q2 during evolution — factorization test.

» Can we go beyond the factorized ansatz?
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Pure gluonic case

(GB, Lewandowska, Serino, Snyder, Stasto, arXiv:1606.01679)
> MSTWO08 gluon distr. at Qy = 1 GeV with known parameters Ay, ak,n

3
De(x) = > Ay x (1 — x)"
k=1

» Solve momentum sum rule
1—xp
/ dx1 x1 Dgg(x1,x2) = (1 — x2) Dg(x2)
Jo

for the ansatz

3 3

1—xo _ _
/ dX1 X1 Z Nk (X1 Xg)ak (1 — X1 — Xg)bk = (1 - X2) Z Ak Xzak (1 - X2)3k+bk+1
0 k=1 k=1

Dgg(xl:XZ) Dg(XZ)

> From the comparison with MSTWO08 gluon

A = A, ag = ag, ax+be+1=n

> Non-factorizable initial double gluon distribution.
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Numerical results for x, = 1072

10 > 5 o10° 5 5
N Q*=1 GeV/ o Q%10 GeV
N ™~ S
><‘_ our: K‘_ s
x x
102 10?2 \
10 10
1 1
El El
10 5 4 -3 2 1 10 5 3 2 1
10 10 10 10 10 10 10 10 10 10
x1 x1
o 6 " " o 14 > S
5 T~ Q°=1 GeV' 5 =10 GeV’
= our: = 13
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Numerical results for xo = 0.5

X2=0.5
3‘03 2 2 gwl 2 2
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~ ~
x »
X x
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Adding quarks

> Light-cone Fock expansion of the proton state in terms of partonic states is the
origin of the sum rules

N
\P)—Z Z /d)q dXN5< Zxk) \IIN(Xl...Xn;fl...fN)\xl...XN;fl...fN>

N f.. k=1

> Try to model wave functions W

N
=> Z /d”N‘UN2{Z5(XX/)5fr,-}
=1

N fi..

(xy) = Z Z /anl\Ule{ZZ(S (x — xi)d —Xj)éffr.éh,;.}

N fi.. i=1 j#i

> What W, leads to the MSTWO08 parameterization?
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A model

» Assume (Broniowski, Ruiz Ariola, GB, arXiv:1602.00254 )

N N
. 2 AN aflfl uf271 afol
(Wn(xa..oxws fiec )" = A g X X, C Xy
» Single PDF
—N oN_q ué\’f+.“+<y?’ ,—1
Dr(x) = > A o x* T (1-x) " n)
N (fi...fy)

> Small x powers a,’,\_’ determine the large x powers
i

N N N
nE= o T Ty

v

Such a relation is not valid for MSTWO08 parameterization of PDF.
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Summary on initial conditions

> Non-factorizable initial condition which fulfill momentum sum rule in the pure
gluon case was constructed.

» Factorization of double gluon distribution at small x sets rather quickly

Dgg(x1,x2, Q) = Dg(x1, Q) - Dg(x2, Q)

» Extension to the case with quarks has not been successful.

> Factorizable Gaunt-Stirling prescription is still mostly used.
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DPS cross section computation

> Solution to the DPDF evolution equations

Dff(x1,x,Q,q9=0) = D,(rllf)Q(XLXL Q)+ D,E‘lzf)'2(X17X27 Q)

Q Q
[ [ ~ o
Qo [ Qo

> Sum of hadronic and point-like contributions

D(x1,x, Q,q) = U1(Q, Qo) ® D(x1,x2, Qo) ®U7 (Q, Qo) x F*(q)
N e’

initial DPDF
Q
+ /dQ’ U(@, Q) ® D(x1 + %, @) 9P(Q) ® UI (Q, Q')
max{|al,Qo} single PDF

> q-prescription from M.G. Ryskin, A.M. Snigirev, arXiv:1103.3495
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Decomposed DPS cross section

> Partonic form factor (Frankfurt, Strikman)
1
(1+q?/m?)*

» DPS cross section written in terms of the two components

F%(¢?) = mg ~ 1.5 GeV

- /d2q (DD 4 DY 5405 (DW) 4 DP)

_ 0(151) " U(A1§+21) " 05‘252)

> Pocket formula from 05‘1;) with factorized D) and

. /qu Fiq) ~  (15mb)t

Oeff

» How important are splitting contributions agléﬁl) and 0'/(4282) ?
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Splitting contributions

» WT W~ production in DPS from GB, Lewandowska, arXiv:1407.4038

2 (fb)

" (fb)

"'1’/[,' “‘ll\ \

12421 22
UE‘BJr ) and 0'/(45) are important. (also Gaunt, Maciuta, Szczurek, arXiv:1407.5821)

iernat Double parton distributions in QCD
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How to avoid double counting ?

> Are the splitting graphs part of SPS or DPDF? (Diehl, Gaunt, Schénwald, arXiv:1702.06486)

(&1, 32, 9)
é % (o1, 22, y)

» Procedure based on removing 1/y? divergence in the point-like DPDF

1a5

(2 X1
Dﬁ&(xl,XQ,y) Z D¢ (x1 + x2) Pf’%ﬁ&(m)

by introducing monotonic cut-off function ®(u) € [0,1] to

2 2
oDPS N/d y [®(Qy)|” Df g, (x1,x2,Y) Dgygy (X1, X2, y)
and subtraction term to the cross section
0 = 0ODPS — Osub + OSPS

> For yr< 1/Q ODPS =~ Osub while for y > 1/0 OSPS =~ Osub
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Transverse momentum dependent double distributions (TMDD)

> Need of TMDD
Dr,,(x1,x2,) :/d2k1d2k2 Fr 6 (x1, x2, k1, ka,y)
| S —
TMDD
be able to compute more exclusive cross sections

do.DPS _ _ B
— A5 =0, ag/d2k,- d’k; d’y 6% (a;i — ki — k;) F(x;, ki, y) F(xi, ki, y)
dX,'dX,'d q;

> Unfolding evolution equations for DPDF (for TMDD integrated over y or at
q = 0) (GB, Stasto, arXiv:1611.02033).

> Analysis with y-dependent TMDD, following Collins-Soper method. TMDD
factorization proved for g1 < Q; by extending proof for TMD. (Buffing, Diehl,
Kasemets, arXiv:1708.03528)

Double parton distributions in QCD
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Unfolded TMDD

> Unfolding DGLAP evolution in the last step (Kimber,Martin,Ryskin). For TMD

(ku_TanZ/

1—A(k) dz

a0 (2,) Do (k).

O rem O
—

> T.(Q,k) is Sudakov form factor. For TMDD (GB, Stasto, arXiv:1611.02033)

Farap (xi ki, Qi) = Ta, (Q1, k1) Tay (Q2, ko) X

1=A(k) dz; 1-Alkz) dzy X1 X2
X / Palb(zl kl) P826(227k2) Dbc<*7 - k17k2)
X1 z] X V4 )
b,c ¥ T=x; 1-x/7

» TMD and TMDD built out of known PDF and DPDF.
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Fgg(k1, ko) in pure gluon case

Q=100 x,=x,=0.01

log,(k2)

RSN
7

udgg(h-so)
AnwaaoN®

5 SIS
7 L7750CRRR N
Gl AN
K7 (i
ool
(X5
L

log,(k?)

log,(k2)

udgg(h-ao)
IR

log,(k?)




Summary

> Double parton scattering processes are being measured.
> Double parton distributions are well defined object with known properties.
> Significant progress in theoretical understanding of DPS and DPDF:

> evolution equations

> spin, color and momentum correlations

> hadron and point-like contribution to DPDF
> tranverse momentum double distributions

> factorization theorems to compute DPS cross sections

» Still much to be done.
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Thank you!

Double parton



