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What is Double Parton Scattering?

» Single parton scattering (SPS): one partonic collision for colliding protons
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What is Double Parton Scattering?

Conclusions
[e]

» Single parton scattering (SPS): one partonic collision for colliding protons
» Double parton scattering (DPS): two partonic collisions (not pile-up!)

» DPSis AZp,/Q? suppressed, only important when signal is small
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Examples

» Light Higgs searches, pp — W H — fvbb: DPS background important

[Del Fabbro, Treleani; Hussein; Berger, Jackson, Shaughnessy; Bandurin, Golovanov, Skachkov]

05

1

I

0.1 13 *‘{” 1

?

E e ¥ ¢¢<}$‘§¢<}<}"?¢¢¢¢
o0 ¢ .

NN S I T SR TR

60 80 100 120 140 160 180 200 220 240

™,

; (Gev)
[Bandurin, Golovanov, Skachkov (1011.2186)]

—o— HW (m =115 GeV)

e HW (m, =150 GeV)

ratio of HW / DP event yields

11
B

2/15



Introduction Effective Cross Section Cross Sections and Double PDFs Conclusions
0e00 (o] 00000000 [e]

Examples

» Light Higgs searches, pp — W H — fvbb: DPS background important

[Del Fabbro, Treleani; Hussein; Berger, Jackson, Shaughnessy; Bandurin, Golovanov, Skachkov]

05

o HW (m =115 GeV)

e HW (m, =150 GeV)
04l

02f { %
$
01— $ it 1
L Sobgaseiont!

b A ST I SR LA
60 80 100 120 140 160 180 200 220 240

™,

; (Gev)
[Bandurin, Golovanov, Skachkov (1011.2186)]

ratio of HW / DP event yields
°

bl
B

3

» Same-sign leptons, pp — WTW*: SPS requires additional jets
[Kulesza, Stirling, Gaunt, Kom; Cattaruzza, Del Fabbro, Treleani; Meina]
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Examples

» pp — W + 2 jets: DPS jets are back-to-back in transverse plane

SPS: DPS:
aq 1% q v
w- w*
K I >\/\N\/\< I
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Double Parton Scattering at the LHC

z 0.1 T T T T T
2 -'[ [ Fit distribution
[ Sherpa Wiv template A + physics BG
0.08— . Wiv data
L template B
0.06/- -
r ATLAS Preliminary
0.04]-
0.021

0O 01 02 03 04 05 06 07 08 09 1
[ALTAS-CONF-2011-160]  “<

> pp — W + 2jets with p’' > 20GeV

» Use Af&s |-»]et1 —.]et2 (|-,Jet1 |—.Jet2 )
» DPS observed in 33 pb~" of data (no pile-up)

v

Fit to shape of SPS/DPS from Monte Carlo
— extract fraction of DPS events fpps = 16%
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Calculating Cross Sections (Until Recently)

X, i=q X, J=q

AL

SPS: do = Zfi(ml)fj(mz)&ij(w1w2s)
©,J
» PDF f;(x) is probability in « for finding parton of type i = g, u, 4, d,...
> &;; is partonic cross section for ¢5 — final state
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Calculating Cross Sections (Until Recently)

SPS: do = fi(w1) f;(w2)6ij(w1228)
]
» PDF f;(x) is probability in « for finding parton of type i = g, u, 4, d,...
> &;; is partonic cross section for i — final state

DPS:

do = /dZZTZ Fij(x1, 2, 27) Fr (T3, T4, 27) Gk (T1238) 61 (x2245)

©,5,k,1 [Paver, Treleani]

» Double PDF F;;(x1, z2, zr) depends on transverse separation zr
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Effective Cross Section

do = /dZZTZ F,L'j ($1, o, ZT)Fkl (323, T4, zT)&ik(:clm3s)&jl(a:2m4s)
,3,k,l
Commonly-used assumptions:
» No correlation between x; and zr: F;(x1, @2, z17) = F;(x1,x2)F(zT)
» Uncorrelated partons: Fij(x1,x2) = fi(x1) fj(x2)
Not valid at large x, since x1 + x2 < 1
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Effective Cross Section

do = /dZZTZ F,L'j (ml, o, ZT)Fkl (323, T4, zT)&ik(:clm3s)&jl(a:2m4s)
,3,k,l
Commonly-used assumptions:
» No correlation between x; and zr: F;(x1, @2, z17) = F;(x1,x2)F(zT)
» Uncorrelated partons: Fij(x1,x2) = fi(x1) fj(x2)
Not valid at large x, since x1 + x2 < 1

Effective cross section:

0102
g~ 0102 /d2ZT F(ZT)2 = —
Oeff

> Oeff N~ l/A?QCD ~ mB.
» Experimentally: oe ~ 5 — 15 mB 6/15
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Full QCD analysis
Our work:

» QCD factorization of the cross section (without assumptions)
» Field-theoretic definition of double PDFs — derive RGE and properties
» Addresses obstacles:

» Rapidity divergences complicate factorization

» Overlap between single and double PDFs
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Full QCD analysis
Our work:

» QCD factorization of the cross section (without assumptions)
» Field-theoretic definition of double PDFs — derive RGE and properties
» Addresses obstacles:

» Rapidity divergences complicate factorization

» Overlap between single and double PDFs

Factorization for double Drell-Yan Manohar, ww]

2,52
4o (%) 0 fa2ar { [P P AL P AFA Ay FhanatFhonaFhony)
dq? dYy dg2dYy 8Nc s a%q3 T aq™" aq a3 aq AgAqgT AgAg AqAghtAgAq

+ 26‘1\;? [(Fc;rqF;:T"FKQAQFKQAG)+(Fc;raFaj;+ngAngqu)}
+3 [(Iéq‘l‘IiaAq)(I;q"‘quAqH'I;a&qI;q&a]
+ 8 [ 1K g00) WigH T h g 2) H s L gsat (10T
+og [(ng+1£f7Aq)(Ig§+Iqu§)+I§§5qI§q5§} +(q<—>17)}
» New effects: spin correlations, color correlations,
interference in fermion number,
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Full QCD analysis
Our work:

» QCD factorization of the cross section (without assumptions)
» Field-theoretic definition of double PDFs — derive RGE and properties
» Addresses obstacles:

» Rapidity divergences complicate factorization

» Overlap between single and double PDFs

Factorization for double Drell-Yan [manohar, ww]

aoDPS _(4"°‘2Q3)2 Lo [d3z {[Fl FL4FLFl 4 FL F! +F: F! ]
dq? dY; dg2dYy  \ 3Necs /) 4242 T aqg'ag T qgtqa T Aqngt Agag T Aqagt Agag

+ 20 (P Pt FAyna Fhang) + (FagFaa+ FA,noFhan,)]
+ 3 [ A g a ) LagH A ga )+ Egs g TRasa)
e [T ATE s a ) it TR ga )+ s I s+ (10T
+g7; [(ng+1£qu)(I§§+I£qA§)+I§'§5qI§q5§} +(q<—>17)}

» New effects: spin correlations, color correlations,

interference in fermion number,
» We find: color correlations and interferences are Sudakov suppressed!
7/15



Introduction Effective Cross Section Cross Sections and Double PDFs Conclusions
0000 [e]e} 0®000000 o

Double PDF Definition

e

- - + ot gt
Fl (‘Ll ‘L2,ZT> _ _47Tp1—/dz1 dzy dzg _igrat/2 gz 2f /2 giar = /2

aq pl_’pl_ 47w 4w Aw

x<p1|T{[¢(z1+,o, =] [#(1 .0, oTﬁ/t]b}

2 2
T {¢a (27,0, 21)16(0) | Ip1)

» Like a PDF at z and O
» Wilson lines ensure gauge invariance (not shown)
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Spin Correlations for Single PDF

[Mekhfi; Diehl, Ostermeier, Schéafer; Manohar, WW]

Jq(x) ~ (plqTq|p)

» Single PDF spin structures:

r=1# q(x) unpolarized
r= %77{75 Agq(x) longitudinally polarized
I'=;n,0"ys dq(x) transversely polarized
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Spin Correlations for Double PDF

[Mekhfi; Diehl, Ostermeier, Schéafer; Manohar, WW]

=N

Fyq(x1, 2, 27) ~ (P|@1T1q1 @2T292|p)

» Single PDF spin structures:

1 .
=3 g(x) unpolarized
r= %'ﬂ’yg) Aq(z) longitudinally polarized
I'=3;n,0"ys dq(x) transversely polarized

» Unpolarized double PDF has spin correlations:

I''®I's = %ﬂ X %ﬁa %"175 & %ﬂ757 %ﬁ &® %ﬁuap.p75 z’?‘a o
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Spin Correlations for Double PDF

[Mekhfi; Diehl, Ostermeier, Schéafer; Manohar, WW]

=N

Fyq(x1, 2, 27) ~ (P|@1T1q1 @2T292|p)

» Single PDF spin structures:

1 .
=3 g(x) unpolarized
r= %'ﬂ’yg) Aq(z) longitudinally polarized
I'=3;n,0"ys dq(x) transversely polarized

» Unpolarized double PDF has spin correlations:
I''®I's = %ﬂ X %ﬁa %"175 & %ﬂ757 %ﬁ &® %ﬁuap.p75 z’?‘a o
» Interpretation:

Fagaq ~ (pl(algair —alair)(alpazr —afpazn)lp) ..
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Color Correlations

CNEY

N

Fog(x1, 22, 27) ~ (P|G1T1q1 @2T2q2|p)

» Double PDF color structures:
=11, TATA
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Color Correlations

PEIEN N

Fog(x1, 22, 27) ~ (P|G1T1q1 @2T2q2|p)

» Double PDF color structures:
=11, T4AT"
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Color Correlations

CNEY ®

N _o®

Fog(x1, 22, 27) ~ (P|G1T1q1 @2T2q2|p)

» Double PDF color structures:
rHr,=11, TATA

» TA ® T measures color correlation

Fy =FL + N1 F® = FL — - fT
2N aq’ aN 4
N — = N +1
(6) _ T 3) _ _ T
F qu + 2N qu’ qu ~ Taqq 2N aq
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Interference Effects

_o® N

» Interference in fermion number is possible

Iq(z1, T2, 27) ~ (P|G2T'1q1 @2T2q1|p)

» The interference double PDF does not have to be real: I7. = I5q
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Soft Gluon Emissions

o~ G /dZZT [Fqlq(ilfl,ZEQ,ZT)F__(IE3,$4,ZT)5 ("T)-i-
F (@1, 22, 21) Fog(23, @4, 20) 5™ " (21) + ... ]

» Soft radiation resolves large zr ~ 1/Aqcp separation
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Soft Gluon Emissions

Z

o~ 66 /dzZT [Fqlq(wlvw27 ZT)Fqlq(w& T4, 2T) +
qu;(ibl,CEQ, ZT)FqTq(CE3, $4,ZT) +...]

» Soft radiation resolves large zr ~ 1/Aqcp separation
» Soft gluon emissions summed in eikonal Wilson lines S,, and S;

= (0[tr[SL 5,57, 55](0) r[SL 5,81, 85] (21)[0) = u[1]* = N?

= (0|tr[T4 8] S, 77 ST S5](0) [T St S, TF ST Sz](21)|0)
[Manohar, WW]
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[Manohar, WW]

S D S S S S

1 OLSCF
75 = = Pyg(21)6(1—22)

» + (x1 <> x2) and mixing contributions not included
> Fqlq has the usual splitting function evolution

166@“0\

Conclusions

[e]

R
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Double PDF Evolution
[Manohar, WW]

S S I A O T i

r 1 T « 1 3 p_
e = {(CF—20A>qu(m1)+C’A(4—1n ;)5(1—3:1)} §(1—x3)
» + (z1 <> x2) and mixing contributions not included
» Rapidity divergences require extra regulator, use [Chiu, Jain, Neill, Rothstein]
» F. has color factor Cr — ;Ca = —1/6 — “reverse” evolution

&880
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Double PDF Evolution
[Manohar, WW]

S S I A O T i

§ ¢ § ¢
S S
T@%% % % ?ﬁ Cfm@%m) T@%? %‘7 % T
r 1 or « 1 3 2%
s == {(CF—2CA>qu(m1)+CA (- ;)5(1_:1:1)} 5(1—=2)
» + (z1 <> x2) and mixing contributions not included
» Rapidity divergences require extra regulator, use [Chiu, Jain, Neill, Rothstein]
» F. has color factor Cr — 3Ca = —1/6 — “reverse” evolution
» Remaining terms affect overall normalization — Sudakov suppression:

asCA(l ani2 3 ngz)
2 Az 2 A2
[Agrees with Mekhfi, Artru] 13/15

U.(A, Q) = exp {—
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Numerical Results for Color Correlations

r — f(u=14)
o8- L. N\s f1(u=100)]
N fT(1=100) ]

< [ “\ ]
= o4f | N -
x [ ]
02[ b
0_’HH\HH\HHTT?»‘ ]
0. 0.8 1.

X
[Using HOPPET (Salam, Rojo)]
» The reverse evolution in x is shown for a sample PDF

Conclusions
[e]
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Numerical Results for Color Correlations

E — f(u=14)
o8- L. N\o. o f1(u=100)]
A N N fT(u=100)
04 / 7
02[ . ]
0_’HH\HH\HHTT?»‘
0.8 1.

» The reverse evolution in x is shown for a sample PDF

» Sudakov double logarithmic suppression U,, and
Rapidity single logarithmic enhancement U,,

Cross Sections and Double PDFs

Conclusions
[e]

o

X
[Using HOPPET (Salam, Rojo)]

» Mixing with single PDFs generates color correlations and is not included
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Double parton scattering has been observed
Higher twist but important for e.g. light Higgs
Approximate description o ~ o102 /0
Our QCD analysis:

» Full factorization analysis of cross section
» Field-theoretic definition of double PDF — derive evolution
» Color correlations and interferences are Sudakov suppressed
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Double parton scattering has been observed
Higher twist but important for e.g. light Higgs
Approximate description o ~ o102 /0
Our QCD analysis:

» Full factorization analysis of cross section
» Field-theoretic definition of double PDF — derive evolution
» Color correlations and interferences are Sudakov suppressed

Thank You!
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