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Multi-parton interactions

» generically take place in hadron-hadron collisions
at high c.m. energy several interactions can be hard

» effects average out in sufficiently inclusive quantities
but do affect final state properties

=

» estimated to be important for many processes at LHC

Summary
(e]e)

see e.g. Procs. of the Workshop on HERA and the LHC, 2005 and 2008

» many studies:

theory: Treleani et al; Artru, Mekhfi; Frankfurt, Strikman, Weiss; . ..

experiment: Tevatron, ...
Monte Carlo generators: Sjostrand et al; Gieseke et al
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Multi-parton interactions
» generically take place in hadron-hadron collisions

at high c.m. energy several interactions can be hard

» effects average out in sufficiently inclusive quantities
but do affect final state properties

e I
> =  e— - ©
» so far no systematic derivation in QCD

» aim of this talk: discuss some steps in this direction

work in progress with A. Schafer
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Theoretical framework

» require all interactions to have hard scale

e predictive power from factorization and pert. theory
e not applicable to purely soft phenomena (underlying event etc.)

» consider double Drell-Yan process

e other color singlet particles (17, Z, H, ...) in full analogy
e jet production highly relevant in practice
but gluon exchange with spectator partons > complicated
> keep transverse momentum of photons differential
e since are interested in final-state details
e need kr dependent parton distributions
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Basic structure: momentum

» colliding right- and left-moving partons: vt = (00 £ 0%)/V2
K +xirf=qt =1 ~0
+ +
= longitudinal mom. fraction fixed by final state: z; = I;+ ~ ;’—)1;

same argument: 7, ~ 0 and k] ~ q]

> k1+]251:|:%(7‘1+’f'1):q1 = r1+7r1=0
transverse parton momenta not the same
on left and right of final-state cut
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Basic structure: cross section

» cross section formula

2
do _ o
dx1 dT1 d?>qq1 dre dZTo d?q2 - [H i (qi = xlxls)]

2
X |:H/d2k’ d2l_~:1(5(q1 —kl—’;:-b):| /d2y1 F(xl,kzl,yz) F(:Tc“k“yz)
i=1

where y, is Fourier conjugate to r; and 71

» have parton-level cross sections ; and multi-parton distributions

— 2 — 32
dZQ d Z2 eimgz;erfiszZ le d Z1 eizlz;p'*'fizlkl

(2m)? (2m)?

< 2" [ dyi pla(~ )T a(322) alon = $a)Tralon + a0) )y o

F(xi, ki, y1) =

» result follows from Feynman graphs and hard-scattering approximation
no semi-classical approximation involved
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Basic structure: cross section

» cross section formula

2
do _ .
dxq1 dT1 d2q1 dxo dZTo d2q2 N [H gi (qi = 3313313)]

2
X |:H/d2ki dzkid(qi—ki—ki)} /d2y1 F($i7ki7yi) F(jiakiayi)
i=1

where y, is Fourier conjugate to r1 and 7

» have parton-level cross sections ; and multi-parton distributions

= g2 - 2
dzy d”z4 dzy d°z, eix1zfp+—iz1k1

Qe 2"t i
F ” ki, _ i iTgzy P —izgky
ko) = [ S [ “er

< 2" [ dyi pla(~ )T a(322) 2l = b2 alon + 3a0) )y o

> [d*q, [d*q, in cross sect. — collinear distributions
F(l’i, yl) = fd2k1 fd2k2 F(JIZ, ki, yl)
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Basic structure: distributions

» k7 dependent distribution

d 7d2 i oo d 7d2 ) _ .
F(xi,ki,yl) - / Z(QT);ZQ 6“'2&2 p+ Lzzkz/‘%elamzl p+ 1z1k1

x 2p+/dyf (pla(=322)T2q(522) a(y1 — 320)T1a(vr + 320)IP) L+t o

» collinear distributions

d 17 D dzy -
F(Ii»yl):/ 22; 272 F /%emlzler

< 2" [ dyi pla(~ )T a(322) alon — $2)Tralon + a1)lB) Loyt
z;=0
still y; # 0 = fields at different transverse positions
= not a twist-four operator

but product of two twist-two operators
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Power behavior: single versus double hard scattering

» from scattering formulae readily find

s do 1
dx1 dT d2q1 dxs dTo d2(IQ Q2A2

=

= double scattering not power suppressed

Q* ~ gi, A* ~ GeV?

M. Diehl Multiple parton interactions in QCD 9
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Power behavior: single versus double hard scattering

» from scattering formulae readily find

s do 1
dx1 dT d2q1 dxs dTo d2q2 Q2A2

=

= double scattering not power suppressed

Q" ~ i A7 ~ GeV?

» but if integrate over g, and g, then
do

i le: _ ~ 1 i 2 ~ A2
single S G dos deadis since fdQ((h +45) )
, and Jd& (@ —a,) ~Q

A
double: do since  [d°q, [d*q, ~ A*

5 dx1 dT1 dzo dZs ~ @

i.e. single hard scattering has larger phase space in transv. momenta
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Interference effects

» so far: distributions with operators G2q2 g1q1 ~> double parton densities

> but also have interference contributions (no probability interpretation)

qa q qa q w d w d
q q qa q 2 d uw d
operator: G2G2 q1q1 operator: ads diug

» must be included in cross section formula
but is discarded in existing estimates

M. Diehl Multiple parton interactions in QCD 11
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Spin structure
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A

SN

~ 42 — ~d2 . — .

Flog, ki, yr) = /‘lz2 d‘zz (iT275 pT —izgky / dzy d°z, 0iT171 pt—iz ky
. (2m)3 (2m)3

X 2p+/ dy, (p\(j(fézg)rgq(%22> q(y1 — %Zl)rl q(y1 + %21)‘1’)

at leading twist for quarks: I'; = 24", 145, S0t

spin correlations even in unpolarized target, e.g.

I =To=1v"y & dd+dd —ddd —dd

note: not suppressed by hard scattering in double Drell-Yan
transverse spin correlations from I'y =T’ = o+
~~ correlated decay planes of the two v*

to parameterize F'(x;, ki, y1) for unpol. target: 30 scalar functions
still 8 functions to parameterize F'(x;,y1)

expect spin effects to decrease for small x1, x5
but will see an exception later

Multiple parton interactions in QCD
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Summary
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— 2 - g2
d22 d‘z2 7,;r,2z27p+77/22k2 / dzl d“z, eiwlz;p+—iz1k1
(2m)3 (2m)?

Color structure

F(zi ki y1) =/
x 2P+/ dy; (pla(—422)T2a(322) @(v1 — 321)T1a(v1 + $21)Ip)
» operators G2 g2 and §i g1 can couple to color singlet or octet:
P — (g21¢2) (1 1qm)
Fs — (2t"2) (@1t"q1) = 5(@21a1) (@11g2) — 53 (G2192) (@1 lqr)

» in double Drell-Yan have equal weight: FyF} + FgFyg

» gauge invariance ~» Wilson lines between field pairs in color singlet
after [ d’k; still complicated Wilson line structure for (¢21q1) (q11qz)

spin and color correlations discussed by M. Mekhfi, PRD32 (1985)
but apparently not followed up in literature

M. Diehl Multiple parton interactions in QCD

Summary
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High ¢r
» consider region A < gr < Q, where gr ~ |q;| have |k;| ~ gr

» k1 dependent distr'n = hard scattering ® collinear distr'n
hard scattering closely related to DGLAP splitting functions

> case (a): |r1| ~ A, i.e. |y| ~ 1/A of hadronic size
~» independent hard scatters for pair 1 and 2
» color factors: C% for singlet F

(ﬁ)2 for octet Fy

> singlet also favored in gluon sector

A2

. . A2 do
power behavior: F(x;, ki,y1) ~ 2 and s Zq, #a; ~ @k

ar

M. Diehl Multiple parton interactions in QCD 14
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High qr
> consider region A < qr < Q, where gr ~ |g,| have |k;| ~ qr
» k7 dependent distr'n = hard scattering ® collinear distr'n
hard scattering closely related to DGLAP splitting functions
> case (a): |r1| ~ A, i.e. |y| ~1/A of hadronic size
A2 d A2
F(xi,ki,yl) ~ g and Sm ~ m
» case (b): |r1] ~|q;|, ie |y| < 1/A small
1 d 1
F(.’L‘i,ki,yl) ~ g and Sm ~ m
equal contributions to I'y =T = 27" and I'y =T = 3775
. 2
> case (a) is power suppressed by 2\—2, but has small-z enhancement
T
M. Diehl Multiple parton interactions in QCD 15
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Evolution of collinear distributions

consider only color singlet combination F, situation for Fs more complicated

dz, — dzT . —
F(zi,y1) = /—;‘; vy T /TZ; ciwey Pt

X 2P+/ dy; (pla(—%22)T2q(522) (v1 — $21)T1a(y1 + L21)Ip) ¥ oyf=0,2-0

> F(xs,y1) foryr #0:
separate DGLAP evolution for pair 1 and 2

Tre F(xi,y1) = P ®2y F+ P ®,, F

> [d*y, F(ziy1):
extra term from 2 — 4 parton transition
recent study by Gaunt and Stirling
» ~~ consistency problem for frequently made ansatz
F(zi,y1; 1) = G(y1) [f d*y, F(fﬂiyyl)]u
if on r.h.s. include 2 — 4 term in evolution

M. Diehl Multiple parton interactions in QCD 16
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Sudakov factors

> cross section differential in g, contains Sudakov logarithms

» can adapt Collins-Soper-Sterman formalism
(originally developed for single Drell-Yan and similar proc’s)
~~ include and resum Sudakov logs in k1 dependent parton distr's

results of analysis (simplified):

» for gr ~ A

e Sudakov factors mix singlet and octet distr's F} and Fy

e generically Sudakov factors of same size for singlet and octet
» for gqr > A and y1 ~ 1/A

e singlet F decouples from octet Fg 1zl
e octet distr'n has extra suppression by factor ~ exp [const. as log ‘:l‘ ]
. 1
with |zi|/|ys| ~ A/qr

M. Diehl Multiple parton interactions in QCD 17



Intro Basics Complications High g7 Relation with GPDs Summary
[o]e] 0000 000 [e]e]e} @®00000 (e]e)

Approximation by single-parton distributions

- “d2z, .- 4
dzy d°23 izyzypT—izgky / d2y A2 iy 2T pt—izg kg

F(Ii!kivyl):/ (27)8 (2m)3

x 2p+/ dyy (pla(—%22)T2a(322) @(y1 — 321)T1q(v1 + 21)Ip)

> between g>g> and g1 ¢1 insert complete set > | X)(X| of states
X

» if assume that single-proton states |p)(p| dominate in Y | X)(X]|
then F(z;, k;,y1) ~ product of single-quark distributions

(pl@2q2 @ anlp) = X (Pla2q2lp") (0'|lqr a1 |p)
p/

e transverse momenta p and p’ differ
~~ generalized parton distributions (GPDs)
e in physical terms: neglect correlations between parton 1 and 2

M. Diehl Multiple parton interactions in QCD 18
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Approximation by single-parton distributions

-2 - g2 _
dzy d:z Jimazy P —izyky / dzy d:1 Jiwyzy Pt —iz kg
(2m)° (2m)

F(zi, ki y1) :/

X 2P+/ dy; (pla(—%22)T2q(322) @(y1 — 221)T1a(v1 + 21)Ip)

> between ¢>q> and g1 ¢1 insert complete set > | X)(X]| of states
X
» if assume that single-proton states |p)(p| dominate in > | X)(X]|
then F(z;, k:,y1) =~ product of single-quark distributions
» especially simple for collinear distributions:
F(zi,y1) ~ [d®b f(x2,b) f(z1,b+y1)
with f(x,b) = impact-parameter dependent distribution (M. Burkardt '02)

2 2 2
€

Tb+yl

<o

Y .o
Il ~ ]dzb T
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Interlude: some reminders about GPDs

» defined by matrix elements of

e same quark-gluon operators as usual PDFs

e between hadron states with different momentum (spin, flavor, . ..

» e.g. collinear distribution for unpolarized quarks:

dz™  ipa— Y+ _
ST s a(=52) 57 a(32) 1:8)] 4o, o

+a

Summary

= H(x,&,0) a(p’, s )y ulp, s) + B2, &,1) (', 8') o (0 —p), ul(p, 5)

x+& N x=§

H: proton helicity conserving, E: proton helicity flip

M. Diehl Multiple parton interactions in QCD
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GPDs: longitudinal momentum

x+& 7 N

128 p,s
\_/

» longitudinal momentum difference: £ = skewness

» nonzero skewness ~~ modified evolution equations
fully known at NLO, largely at NNLO

» no model independent way to get H(z,&,0) from usual PDFs H(z,0,0)
» in physical processes:

e ¢ = fixed by external kinematics ~~ observable
e x = loop variable ~ appears under integral

M. Diehl Multiple parton interactions in QCD 21
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GPDs: transverse momentum

x+& 7 N x-€

p.s

» at given £ can trade Mandelstam t for transverse mom. transfer A
H(z, & A) 22 Bz ¢ b)
b = impact parameter = distance of struck parton from proton center
» for £ = 0 have density interpretation: H(z,0,b) = f(z,b)
» important difference:

e distance y; in multi-parton distr's appears under integral
do = ... j d2y1 F(l‘“ ki, yi) ﬁ((f‘i, I;:i,yi)
e A in GPDs experimentally observable

M. Diehl Multiple parton interactions in QCD 22
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Processes involving GPDs: lepton-proton collisions

» deeply virtual Compton scattering
best control over theory, full NLO, partial NNLO D. Miiller et al.

v v Y :I o ¥

» meson production: large Q2 or heavy quarks (.J/¥, )

help for separating quark flavors and gluons
radiative and power corrections important, even for Q% ~ 10 GeV?

@:Mpqyn 3/”’—!3‘1’

» data: HERA Collider (small =), HERMES and Jefferson Lab (x> 0.1)
hopefully soon: COMPASS (:v ~ 1072), 4p collisions at LHC

M. Diehl Multiple parton interactions in QCD 23
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Multi-parton distributions and non-forward matrix elements

» slide 19 was oversimplified
when insert proton states |p)(p| have two spin combinations:

(P11G292 @1 qnlpr)

~ 5| (prl@2aalp?) (0} ailpr) + (prla2g2lp)) ()@ i lpr)|
p/

includes proton helicity flip: H(z1,...)H(x2,...) + E(z1,...)E(z2,...)

> can also insert > | X)(X]| in distributions describing interference, e.g.
X

e fermion number: G2 11 = Q21 G2 1
e color: (q2t%q2) (@it qr) = 3(21q1) (@llg2) — & (21g2) (@1 1qn)
where indices 1, 2 indicate momentum fraction x1 or x2

get single-quark matrix elements of form (p’| 7> q1|p)

~~ different longitudinal momenta of partons: nonzero skewness
~~ kr dependent GPDs even for [ d°k:1 [ d*ko F(xi, ki, y1)

M. Diehl Multiple parton interactions in QCD 24
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Summary

» multiple hard interactions not power suppressed
for cross section differential in |g;| < @

» nontrivial spin and color structure
interference in fermion number and quark flavor
size of these effects presently unknown

» some simplification for transv. mom. |q;| > A
e collinear distributions as input
e enhancement of color singlet combinations
further studies needed

» need multi-parton distr's depending on transverse distance
between partons

challenge: identify corrections to oversimplified approach
while retaining predictive power

M. Diehl Multiple parton interactions in QCD 25
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under assumptions can relate multi-parton distr's to generalized
parton distributions, which

» contain experimentally accessible information
about transverse distribution of partons
and its correlation with long. momenta

» offer a way to estimate size of interference-type
multi-parton distr’s, which are otherwise unknown

» allow study of general patterns
such as correlations between x and b

GPDs may provide one piece of input for better understanding
multiple interactions

M. Diehl Multiple parton interactions in QCD

Summary

oe

26



	Introduction
	

	Basics
	

	Complications
	

	High qT
	

	Relation with GPDs
	

	Summary
	


