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* Introduction

— Single parton scattering, single PDFs and DGLAP

— Double parton scattering, double PDFs and double DGLAP
* The number and momentum sum rules for the dPDFs.

* Development of the GS09 dPDFs:

— Using the number and momentum sum rules to create improved
inputs.

— Numerical Implementation of dDGLAP equation.

» Difference between GS09 dPDFs and factorised forms previously used,
in the context of same-sign WW DPS signal. Will we be able to measure
this difference given the backgrounds?

* Summary
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Single Parton Scattering

Single Parton Scattering (SPS):

GgA):ZjDé(x1;QA) i{(xlﬂQA) (xlﬂxl)dxldxl
i,j

Parton / Parton j ‘
Hard (Single) Parton Hard subprocess
Subprocess A Distribution Functions cross section

Proton 1

Proton 2

Whilst we cannot calculate the parton distributions using pQCD, we can determine
precisely their variation with t = In(Q?):

oD, (x;1) as(t)z dz ., (x) |
= D/(z:t)P. .| —
ot 2 4 I o (Z»t) %—n Z The DGLAP Equation

“1-1 Splitting function’
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Double Parton Scattering

Possibility exists to have more than one
hard parton-parton scattering in an
individual proton-proton collision

]
Transverse
separation b k

Proton 1

e.g. double parton scattering (DPS)
Proton 2

Can use factorisation theorem to deduce form of DPS cross section:

Symmetry factor Generalised double distributions
ik /
O-(AB) ZJF (xl,x2,b QA’QB)F] (xl,x2,b QA’QB)
i,j,k,l

(x1 , X, )O'k, (x2 , X5 )dx1 dx/dx, dx}d b

/

L

Parton level cross sections
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Simplifying assumptions for DPS Cross Section

1. Take I' to be a product of F,ﬁ"(xl,xz,b; QA9QB)= D;ik(xlaxz;QA»QB)F;f(b)
longitudinal and transverse / /‘
pieces . Double parton distribution  Parton pair density in

functions (dPDFs) transverse space
2. Assume that F does not depend

on parton indices — i.e. F;(b)= F(b)
1
F(b)[d*b

Then, if we define o, = _[ we may write DPS cross section as:

O-z()A’B) :L Z .D;;k(xbxz;QA)QB)Di{l(xll9x;;QA9QB)

2Geﬂ iajakal.
A A r\~B ' ’ '
X0 (x1 , X, )Gk, (x2 i )dx1 dx,dx, dx,

3. Neglect longitudinal correlations D! (x,,x,;0,,0, )= Di(x;0,)D; (x,;0;)

Generally thought to be a good approximation at low x; — though we = af)A’B) ~
have shown that this is not the case for all dPDFs (see later).

m O_gA) agB)
2 o

eff
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Why do we normally ignore DPS?

Probability that in a proton-proton collision at

the LHC, a hard process will occur producing o
. . P~ LHC interaction cross section 1
jetS with Pt > 20 GeV =102 oo [ Tevatr:n ITE'rgctg?gi cross sacton —
pr > 50 GeV =104 ol S N k
i ™~ ]

10 F

= hard parton-parton interactions are rare! g

0.1 —

Can imagine that double parton interactions are oot f
suppressed by similar factors with respect to o001 |
single interaction probability oooot Lo ]

PTmin (GeV)

Skands and Sjostrand,

= DPS occurs rarely compared to SPS.
JHEP 03 053, 2004
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Why then should we care about DPS at the LHC?

Consider crudest approximation for DPS background to Higgs + W
DPS cross section: production (Del Fabbro and Treleani,

o, ®—
2 o, ». "\ Total background
\
I 1 N N bW-> Lv
=DPS cross sections go like the N e
roduct of SPS ones! SPS s [
P e background & . |\
—DPS cross sections grow faster £ R
with energy than SPS o. N
I '\\
, el
DPS processes... R/ I T . N S
- provide significant backgrounds to T wgleen VT
I.O 9 . g Higgs signal DPS background
Higgs and new physics signals. W
« reveal information about the W
structure of the proton. ‘]—b 5
b b

sz UNIVERSITY OF

i s

“§> CAMBRIDGE




Theoretical Ingredients of DPS Cross Section

O (x1ax1) . & .
Effective Cross Section
Parton-level cross Non-perturbative.
sections _ *May actually depend on parton indices, hard scales and/or

*Known for essentially || x. due to partial violation of earlier assumptions 1 and 2 —
all processes of unlikely to vary much with these variables however.
phenomenological ‘Measured as o # o P/o 4B by CDF and DO

Interest collaborations, in an interaction and x; region for which we

are confident that the above ratio reliably gives o

*We use the CDF value in our phenomenological studies
(14.5mb) with the caveat that it should be re-measured at the
LHC using appropriate benchmark processes.

D}izk(xlﬂx2;QA9QB)

Double parton distribution functions — what do we know about these?
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Experimental Studies

CDF and DO studies of DPS contribution to
v+3 jets (A = 2j, B =yj).

x>

c)
Dijet <x> vs. y + Jet x.
same barycn

Majority of their events were produced by low
X sea parton collisions.

For CDF sample, 0.01 < x < 0.40 for partons 0.02
producing v/, and 0.002 < x < 0.20 for partons 0.01
producing jj. .

B Daoto
A DP,SP mix

Phys. Rev. D56
3811-3832, 1997.

T S B
0 0.2 0.4

% for (y + Jet), uncorrected

CDF investigated whether their data contained
any evidence for x correlations between pairs of
partons in the same proton. None found = | D2 L= 10

25
factorised approximation for dPDFs is good for * b |
sea quarks at low x. I |
B)/ & A B)/ :

DO investigated variation of ratio o ¥ o g _ Phys. Rev. D81
with second largest jet p;. Data consistent Wlth no 5t 052012, 2010.
variation, although suggestion that ratio decreases L ‘ _
with increase in p; (effects of pQCD evolution on P (GeV)
dPDFs?)
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Theoretical Work

Kirschner, Shelest, Snigirev, and Zinovjev have derived a ‘double DGLAP
equation’ describing the change in the dPDFs with factorisation scale, for the

special case of the dPDFs with Q, = Q; = Q.

N Usual 1—1 splitting
dDile(;rl,;rg;t) ( /functions

dt

1—a9 d .
[ st (1)
T 21‘1
1—x1 d
22 /|
NEW!

"?2 DJng (21, 7h; f)p,_”2 (i?)
¢.2
% 1 I o .
3 5 ! . ¢ !
+) Dy (a1 +J.2._f);r1 P (-1?1 H"QHI 1—-2’ splitting function

T

Single PDF

(Kirschner, Phys.Lett.B84:266, 1979 and Shelest, Snigirev, and Zinovjev,
Phys.Lett.B113:325,1982).
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1—-2 splitting functions

= probability of an i parton with mtm 1 splitting to give aj
parton with mtm x and a k parton with mtm (1-x) when scale
is increased from t to t+At

In the above, we have implicitly assumed that a single splitting can only give rise to
two particles, such that jk carry all mtm of i = 152 splitting function with just one
mtm argument only makes sense at LO.

Higher order splitting function

must have two mtm arguments: Pryjily.wg) = (1 = w1 — wa) B0 (a) +2—PH3£ T1,33) + ...

(& structure of last term in dDGLAP equation must be altered at NLO and above!)

1—2 trivially related to 1—1 Bz {Pfij( z) if k= K(i. j)

splitting functions in LO case. ' 0 otherwise

k(/,f) = only choice of parton that can be combined e.g.ifi=q;and
with / & j to make a legitimate QCD 3-vertex. =g, Kk=q;
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Pictorial representation of double DGLAP equation

Ay [D{:“ (z1,29;1) 53'161‘2}

o

/\ i r'"
I—Igll ‘\
= A =Y
Z»[TI—G | _g.upff_” _’L Z fE_D |

it

K/Ja Jz

Lz
DJ11 (2], ra;t) dx] b
(t)Ae 5 "
as oz Y e
=5 FBjri (m—::rz) T1tI2 )

ﬂ -
[rhi\.LPR :r.
i P .
J2
Di” (z1, 25 F]él‘1é\

“single PDF feed”

Splitting processes acting to

<= increase Di as the scale is

increased from t — t +At.

Splitting processes acting to
decrease D/ as the scale is
increased from t —» t +At.

l

A [Df; B (11, 70:t) 61 6.1'9]

|| \'lll Iy
|

N // s

T
3 ,"l-\
= |
[ ' rrm.r,P1

a,(AL i + . ‘ o o AN

AN

Tr L i1—+]i | |
\/J’ Jz 8 \‘j
(’ o \\ B ¥
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Double DGLAP evolution as a branching process

Can solve dDGLAP equation to give, pictorially: /T

I.?;j”’ (g, x2;7 ) dx16a0

A
T l—-xy pl-a
Z., vl:"=|'| ./:|=:| ./:’z=::

b

|

: ‘ \b;'.-iﬁ Ja
'Single parton feed’ term — extra ' | DI (21, 22,0) 821629
contribution which causes ; !
dPDFs to deviate from ‘Independent branching’ term — largely
factorised forms, particularly at preserves factorised forms, except at large x
low X. where mtm conserving integration limits lead to

significant deviation from factorised forms.
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Numerical demonstration that pQCD evolution causes

dPDFs to deviate from factorised forms

pQCD evolution correctly
takes account of
momentum constraints —
1 ratio of dPDF to

| factorised form quickly
goes to zero on
kinematic boundary.

~10% deviation L e-mace fﬁ/,\ |
SN | e
at low x due to factorised inputs at |
' T 0 (factorised inputs a .
smglg parton feed B .| Q=1Gev) Hﬁ
contribution G\i 02
oS = 04 \
K
& 06| \ _
—0.8 )
X
=1 1 T - Ll Ll - . o i
10-6 -5 -4 -4 i0-2 ip-1

X=X, =X

JG and Stirling,
0910.4347, 2009
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Input dPDFs

The most accurate approach to modelling the (equal scale) dPDFs is to
use the double DGLAP equation along with some suitably chosen inputs
at a low scale Q,.

But what should the inputs look like? Can we get any theoretical insight?

First reaction - NO! A dPDF at any particular scale receives contributions
from non-perturbative physics.
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The dPDF Sum Rules

Actually — YES, we can! We have shown that the following equalities (sum rule
equalities) are preserved by (LO) double DGLAP:

1—aa o .
Z / di‘-l.t‘lDi”Z(ILIQ:ﬂ = (I — -.Eg}Df (z9;t)
J0

— NjM,Dﬂz(ng;t} when js # j1 or 7,
/u doy Dy (w1, 22it) = { (Nju, — DD} (a2:t)  when ja = ji
(Nj, +1)D7?(x0;t) when jo = jy

These equalities are no more than the statements of conservation of momentum
and quark number for the dPDFs, and are analogous to the following result in
probability theory:

/dmaf:“f(X:mﬂY:y):E(Xa|Y=y)f(Y:y)

U

Integrated over all values .
9 Random variables

X can take given Y =y.
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The dPDF Sum Rules

Sum rules satisfy non-trivial consistency checks:

1 1—x1
e.g. Z/ dafl/ duwowo D2 (21, 22;t)  equates to the same number whether we
j2 Y ! use dPDF number sum rule + sPDF mtm
sum rule or dPDF mtm sum rule + sPDF
number sum rule

In general, we expect there to be a hierarchy of such relations, relating the integrals of
n parton distributions to (n-1) parton distributions.

e.g. nPDF mtm sum rule: " dx,x, D)7 (x,,x, ...x, ) = Kl—zn:xijD,{z"'j" (x,...x,)
i=2

Ji

The sum rules impose important constraints on the type of input dPDFs that are
allowable...although non-trivial to implement them!
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The GS09 dPDFs

JG and Stirling, 0910.4347, 2009

First set of publicly available LO equal-scale dPDFs (available from
HepForge*). Package includes grid of dPDF values spanning 10¢ < x, <1,
100 <x,<1, 1GeV? < Q’<10° GeV? + interpolation code.

Two stages to the project leading to these dPDFs:

1. Construction of a set of low-scale inputs approximately satisfying the
sum rules.

2. Development of a routine that is able to numerically integrate the
dDGLAP equations and evolve the given inputs up to any other scale.

*http://projects.hepforge.org/gsdpdf/
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The Input dPDFs

It is most convenient to work terms of the ‘double evolution’ parton flavour basis
when trying to construct a set of dPDFs satisfying the sum rules (also when
considering dPDF evolution).

In this basis, the parton indices jj of a dPDF are one out of the following rather
than g, g, etc:

A dPDF with one of these , _ T,=u"—d" ‘Tensor’

indices will be involved in J»=4;=4;  Valence T —u* +d*_2s+ COMbinations

number sum rule 8 + _ —
q =q,+q,

A dPDF with one of these { =Y (¢, +7,) Singlet

Ty=u"+d +s" -3c¢"
T,=u"+d" +s +c" —4b"
4 Gluon Ts=u"+d +s" +c" +b" -5b"

indices will be involved in a mtm
sum rule

Must choose a set of sPDF inputs to which our dPDF inputs correspond — we
use MSTW2008LO inputs (with some slight alterations — e.g. we take s, = 0).

= our input scale Q, = MSTW 2008 input scale = 1 GeV.
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Can we base our dPDFs on factorised forms?

Wishing to make maximal use of the detailed information we have on sPDFs, and
based on popular lore + experimental evidence from the Tevatron, we would like
to use input dPDFs which are based around simple products of sPDFs, and
become equal to such products in the low x limit. Can we do this & still satisfy the
sum rules?

Yes — for all dPDFs except for the equal flavour valence-valence (EFVV)
distributions. Consider number sum rule for these quantities:

1—z9 x5 ; iad
/ dxy DI (x1, 395 t0) = N;j, DI7 (w2;t0) — Dilﬂ(rg; to)
0

\ J \ J
/

If dPDF is approximately Dominated by second term at low
factorised form for small x, and X, = RHS~ —x,* ~—x;' for small x,
X,, expect LHS~ x;* ~ x;*° for small x,

Take factorised forms as the basis for all other dPDFs, and come back to the
problem of EFVV distributions later.
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Key features desirable in our inputs

There are two key features that we would like to build in to our set of input
dPDFs. These are the following:

1.The dPDFs should be suppressed below factorised values near the
kinematical bound x,+x,=1 due to phase space considerations.

2.Terms should be added/subtracted from certain dPDFs to take account of
number effects.

Consider requirement (1) first. In previous studies, factors such as (1-x,-x,) or
(1-x4-X,)?> multiplying factorised forms have been advocated to take account of
phase space effects.

Momentum sum rule tells us neither of these options are fully satisfactory.
Consider mtm sum rules along the lines x, = 0 and x, = 0. Along these lines,
all mtm sum rules are perfectly satisfied using factorised dPDFs, whilst dPDFs
including a (1 — x, — x,) or (1 — x, — X,)? factor violate the sum rules badly.
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Taking account of phase space effects

We continue to follow tradition of previous papers in that we have attempted

to apply a universal phase space factor to all of the dPDFs (has the advantage that
it is guaranteed to produce positive ‘double human flavour basis’ dPDFs).
Motivated by previous discussion, we first tried the following form for the phase

space factor p: ; s s
p(xlaxz): (1_x1 _xz) (l_xl) (1_x2)

Mtm sum rules reasonably well /\

1.4

satisfied using this phase space . |-
factor. N !5 1}
T :
However, number sum rules are not — f ZZ \J_ ‘:z:
this is true even for those dPDFs which .. .
are not affected by number effects, for 02 1 oz}
whom the phase factor alone should be 6 02 oz o8 05 1 0 o2 o0s 06 08 1

sufficient to ensure the dPDF satisfies \_/'
the relevant number sum rule.

sz UNIVERSITY OF

g

“§> CAMBRIDGE




Taking account of phase space effects

A slight adjustment to the original phase space factor solves this problem. Let p
depend on the dPDF flavour indices Jjj, and define it to be the following:

0 if 7 is a sea parton

p (w1, w0) = (1 — 2y —29)?(1 — 1) 27 (1 —a9) 72720 where ai) = {0.5 if ¢ is & valence parton

dPDFs are all still positive, and mtm — 14

sum rules still obeyed well (better!) 12} 12 !
A T

However, the extent to which the dPDFs = | | b | |

not affected by number effects obey e | % 0af

their number sum rules is significantly " 1%

1 0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
improved. \/ -
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Taking account of number effects

Number effects can in principle have an impact on any dPDF for which the same
parton type appears in both parton indices. However, since there are only a finite
number of valence quarks in the proton (as opposed to infinite numbers of sea

quarks and gluons), expect number effects relating to valence quarks to be most

important.
+,+
e.g. u'u = (uv +2u, )(uv + ZuS): 2uu, +2uu +4uu +uu,

Factorised form x phase space factor j {

reasonable for these — extracting sea However, approximate factorised

quark doesn't much affect chances of  form not adequate for this part —

finding another sea quark or valence need to take account of the fact that

quark finding a valence up quark halves the
probability to find another.
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Taking account of number effects

In general, can take account of valence number effects in our dPDFs inputs by
subtracting the following terms from our factorised forms x phase space
factors:

gDZV (x5, 0Dy (x5, )0 (x,,x,) from dPDFs containing n times the u,u, combination

nD;™ (x5, )Dy (x,32, )p™* (x,,x,) from dPDFs containing n times the d,d, combination

1.6 T T T T 1.6

14}

Effect of including number effect L2}
terms on the extent to whichthe — . '["
affected dPDFs satisfy their sum =0
rules 0:4 !
21 e | %[ el |
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1

x T
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Equal flavour valence-valence dPDFs

Need to construct suitable EFVV inputs for up, down, and strange flavours. Note
that our s, s, input cannot be zero even though we have taken s, sPDF zero:

1—x9
/ diﬁlDZ“Sv(l‘l,ZEQ;to) = —D?(l‘g;to)
0

Intuitive explanation: s,s, =ss —ss—ss +5s and we expect 55,55 to be slightly larger
than ss,ss due to number effects.

Key idea utilised to construct EFVV inputs is the hypothesis that at some scale t’
< t, only the three valence quarks in the proton may be resolved, and all sea
distributions are zero (early GRV idea). At this scale, EFVV dPDFs are given by:

y N -1 | .
D (o xy58') = —o—=Dit ()0} (xy3/)p ™ (x1,x,) (= 0 for j = d or s)

/ Ju '\
Phase factor

Valence-valence number effects. appropriate to scale t’
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Equal flavour valence-valence dPDFs

In evolution from t’to t, , independent branching terms of dDGLAP equation will
only serve to take initial form of an EFVV distribution into its equivalent at t,. On
the other hand, sPDF feed terms will result in an extra contribution appearing in
each EFVV dPDF.

Only —jj—ji component of an EFVV dPDF receives sPDF feed
contributions during the evolution — these are of the form:

o (t)

. 1 e T approx constant
o N r1 4+ x| Y\ 21 + 29

D (1 4 223 1)
—total sPDF feed contribution to EFVV distributions is roughly speaking, just a
function of x, + x,:

=

- N,
D‘;;v‘?v (35‘1, mg;to) = N Djv (ilfl,t())Dj (mg,to)pj”j (3?1, 1‘2) — 2_9‘7‘7 r1 + .CEQ,to)
Jv
c.f. number sum rule fqr this dPDF: lj /j
— i3 o .
/ dJ,‘lD,]lwv (1, w93 80) = (NG, — 1)D#(:Eg;to) 332 to)
0
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Equal flavour valence-valence dPDFs

Jjj correlation term must satisfy:

1—x9 _ _
—2/ dr1g77 (21 + x95tg) = —QD‘ZL(ZEQ;t[))
0

. .. = oD’ x it
This is easy to solve, giving: ¢/ (xz;ty) = —#
14 v T v T 6 v T T T
This prescription gives d,d, and s s, 12 {4 S
distributions which exactly satisfy L Vi
their respective sum rules. Extent to 20 | olf
which u u, distribution satisfies its l
sum rule: >
0

0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1

i T

Divergence in the sum rule ratio is caused by the integral curve
slightly missing a zero in the sPDF quantity it should be equal to.
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uu, input dPDF

uu, at =1 GV
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Final adjustments

Unfortunately, using this scheme to construct the EFVV results in some negative
double human flavour basis dPDFs — reason why we get some negative PDFs is
that we've so far missed out an important term in our treatment of the j+j* dPDFs.

These distributions contain the same ji+jj combination that is also found in the
EFVV distributions, but here it appears with the opposite sign. For consistency,
we should include a contribution to the j5* dPDFs equal to plus 2¢77 (z1 + z2; to)

With this adjustment all dPDFs positive and we see little adverse effect on
the extent to which the sum rules are satisfied.

sz UNIVERSITY OF

%% CAMBRIDGE




Summary of extent to which our inputs satisfy sum rules

In human flavour basis, all
sum rule ratios within 25%
of 1 for x<0.8

M
R(E"'Q)T:a

In double evolution basis,
similar story, barring trivial
divergences. Only
exception is (X+g)T; mtm
sum rule:

CAMBRIDGE

1.4

1.2}

0.2

0.4

0.6

0.8

1.4

1.2

[ DR (2, ) ydy
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Numerical Integration of dDGLAP

Numerical integration_of dD(_BLAP I(y) = fly P (g)
equation performed directly in x v .
space using a grid evenly spaced P(z) = A(z) + Ko(1 — 2) + R(2)[S(z)]+

in the variable u = In(x/(1-x)) in

Approximate using grid
both x directions, and evenly l pproxi using gri

k

spaced in t. I(y) =) PuD(xj.y).  Jacobian
Combination of open + closed " J(z) = dz/du = z(1 — x)
Newton-Cotes rules used to
evaluate dDGLAP integrals r [A (—) +R (—) S (_)] 'w?-jkjg—";f)m ifi<j<k
Runge-Kutta fo_urth-orde_r m_ethod K — RO [£1079 25
used for stepwise evolution in t. Pik=94 & [2\ 2 Jiz;) o

— ; 5 (T) :R{l)wijk 'J Au Hi=945<k
Option to perform evolution under e \ !
FFNS with n,= 3,4,5, or 6, or ZM- 5 o
VFNS with n, potentially varying Newton-Cotes type
between 3 & 6. integration weights
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Numerical Integration of dDGLAP

Estimate of error introduced by

0.25
numerical integration in an evolution :
from Q,=1GeVto Q=100GeV —_ o2} less than 6%
using 150 points in each x direction, } error for x < 0.4;
and 10 in the t. S
Y od — | han 1° ! L
To produce publicly available grids, | eer?irtf :rnx <A)O ] ./
600 points in each x direction and 005 1 A
120 in the t were actually used. N T NS STt
0 0.1 0.2 0.3 0.4
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Effect of change in inputs on Q = 700 GeV dPDFs

Ml . .
Dh. (z.2:Q) Iinput DY (z1,22;Q0)=Dj (z1;Q0) D% (x2;Qo0) (1—z1—22)P
iy

h (I' L Q) Iinput Dij (z1,r2:Q0)=0ur improved inputs

Rginput(l‘:- Q)

Il

uu at Q —100GeV |

Extra jj correlation
1_—term in GS09 uu
input

Valence number
effect subtractions
from GS09 dPDF—_= 2/

]

1 [ -
0 0l 0.2 0.3 0.4 0.5 0.5
o P | p= 0 factorised input too
Ll 2=0 -' large at large x — excess
- p: - .
oo / filters down to lower x
13 values during evolution.
2,1 Conversely, p = 1,2
I - 1 inputs tgo srna.ll at large
e T [ T X — again this filters
b 0 _ down during evolution.
0 0.1 0.2 0.3 0.4 0.5 0 0.1 0.2 0.3 0.4 0.5
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Effect of sPDF feed on Q = 7100 GeV dPDFs

Dé'j(;r B} lsiis ; : -
R :2 H Ayt our improved inputs, no sPDF feed
no feed( s ) 1]

i

h (;F, Mo Q) Iour improved inputs

No direct sPDF feed
sPDF feed makes Y — ——
approximately = _ _
universal contribution Migs N :
to all dPDFs at small x 1 _ | [ 1| | Gluon type evolution
(~10%) & & pulls PDFs to lower
[ I - x values a lot more
. 2] Q=10GeV ——--- ] 9| Q=10GeV ----- )
This is because "l & ‘168882%”'?" e QQ:13388§¥ e strongly thgn quark
dominant sPDF feed ?0-6 1077 10—4 10—3 10—2 0=t 10 5}0—6 10-° 10—4 10—3 10—2 10—1 10 type evolution —
contribution to all dAPDFs 1 — FE—— 12 e M dPDFs with gluon
at low x comes from: b I /| indices are more
Ny o _._-.,-:\::;:_:.-._;:;.;.,;;:,g-;‘_.?_tj:___\‘_;:\ | s “*-*_5 / | Strong|y affected at
1-2 splitting ¥l e og| "5 | large x by removal of
g 99 = al = "\ | sPDF feed.
dependent 02} S 0l gy
independent 02} ;5 03| ey
i} -~ Sy ey
U branChIng 0 i3 5 4 3 2 1 0 9 6 5 4 -3 2 1 0
=% 10 = 10 0 10= 1= 1§ 10— W= 10> 1= 1= 10~ 10
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Effect of inputs + pQCD evolution on Q = 100 GeV dPDFs

Di (z1; Q) Dl (z2; Q)(1 — &1 — )P

RY . (r1,29; Q) = —
Afinal\""1>2; = _
L ;;J (;Pl 227 Q) Iour improved inputs

5

uil at Q — 100GeV i

| AtQ=100GeV,

4r f :
I; : even a (1 - x; - X,)?
All ratios are about e g suppression factor
£ /M multiplying factorised

10% below 1 at 2t
small x (lack of \ S
sPDF feed in

factorised forms) 0

forms represents an
underestimate in the
s large x falloff of the
dPDFs.
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Comparison of GS09 with factorised dPDFs

JG, Kom, Kulesza, Stirling, 1003.3953, 2010

Comparison in the context of a particular process — equal sign W pair
production.
MSTW,, = product of MSTW sPDFs x (1 — x; —x5)"

Cross sections similar. MSTW, and Js =14 Tev /
. JGS09 OMSTWy OMSTW;  OMSTWa»
MSTW2 sets give smaller cross W= | 0.546 0.496 0409 0.348
. WHWT | 0.321 0.338 0269  0.223
sections due to (1 — Xy _X2)1’2 W=~ | 0.182 0.182 0156 0.136
suppression of dPDFs. R
0.784 1.00 1.00 1.00
025 ———————1——— 0.25
GS09
MSTW,, --mmmme
T . . . 02+ MSTW, wewemns | 02t
Pseudorapidity distribution MSTW) oo
of leptons is similar with ys U gm0 g2 MU
GS09 and MSTW, (MSTW, AR I L
gives best match). 005 | f* .1 005
o o
54321012345 5432-101234°5
0 m
(a) Positively charged leptons (b) Negatively charged leptons
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Lepton Pseudorapidity Asymmetry

However, it is possible to construct physical observables that are sensitive to
the correlations inherent in GSO09:

04

04

'GS09 —— 'GS09 ——
0.35 | MSTW, - ] 035 | MSTW,
03 MSTW,  » 02 MSTW,
. . . 37 MSTW, - 7 37 MSTW
opposite hemisphere same hemisphere o2s | 2 | 025 | 2
& 027 s 02y
0.15 | . ] 0.15 |
A a(my X, <0)—o(m, Xy >0) . . N
.??E _— " . [ . b o D_ . I
0(7731 X My < 0) + 0(7731 X My > 0) 005 [+~ A 0.05
I B B S ol s 5 8 ¢ % F T
0051152253 354 0051152253354
,Ihllllll ?,];11111
(a) Positively charged leptons (b) Negatively charged leptons

a,, larger for GS09 due to number effect subtractions,
especially for large 7" (i.e. large x, where number effect
subtractions have the largest impact).
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Possibility of observing SSWW DPS at LHC

g | SPS same-sign WW production is
T epaageat ol forbidden at order a,,? = o for this
] process is comparable to DPS o, and
AN — el always involves 2j.

10 1 : This SPS background
il | _ |.. can be efficiently \

_

ﬁﬂﬂﬂﬂﬁﬂﬁﬂﬂﬂh

a(nb)

. % removed via a jet veto. z e —
o™= 8 ‘,‘:’ 100 t Pr=80GeV e
j;j\' 10
i | _ ~2 orders of magnitude! I; 1
| | | | | | ; | \f 0.1
6 2 4 B 8 10 12 14 1& § ool :

CM energy (TeV) 0 05 1 15 2 25 3

min

n '
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Other backgrounds to SSWW DPS

There are other SPS processes that can mimic the DPS same sign lepton signal:
Heavy flavour 99 = bb— BB+ ..., £ 3 Tl - Thub,

B — ITvX, t - W™b—qfl"ve.

B -5 BY s tpX,

*Electroweak gauge boson pair  Z(y")Z(v") = IT(I7)T(17) WTZ(~*) = TvlT(17)

(If these are
not detected)

Thus this channel is not as 'clean’ with regards Ot (1) 0, ()
to DPS as had been previously thought — WiT(DPS) 0.82 0.46
carefully chosen cuts required to enhance S/B Z‘Z)ZZ(;/)) 05.'5; 5'57
sufficiently. bh (9 > 20 GeV) 0.43 0.43

ﬂ;uts

o (pr > 20 GeV) = 5.15 pb
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Extend treatment to NLO!

* Need to compute 1—-2 splitting functions at NLO (trivial at LO).

* Will need NLO coefficient functions for certain benchmark processes
(e.g. equal sign WW production).

sz UNIVERSITY OF

i s

“§> CAMBRIDGE




Summary

» Important to understand DPS — will produce significant backgrounds and
interesting signals at the LHC.

» For DPS predictions, require dPDFs. A ‘double DGLAP’ equation exists
dictating the evolution of the equal-scale dPDFs, and we have derived
the number and momentum sum rules for these quantities.

* We have produced the first publicly available set of LO equal-scale
dDPFs. Sum rules used to guide construction of inputs at Q, =1 GeV,
and double DGLAP equation used to obtain dPDF values at other
scales.

* Number and momentum correlations in GS09 dPDFs affect the
signatures of DPS processes — but may be difficult to see this at LHC
due to SPS background.
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Cuts to reduce ESWW DPS background

Modelling detector acceptance
The basic cuts are as follows: /

1. Both leptons in the like sign lepton pair must have pseudorapidity || < 2.5.

2. Both leptons are required to be isolated: E%SO < E?S”S = 10 GeV, where Eiso is the

hadronic transverse energy in a cone of B = 0.4 surrounding each of the like-sign

leptons. b l; <A

3. The transverse momenta of both leptons, p)., must satisfy 20 < pl. < 60 GeV. *— wrz (]/ i ), VA (]/ i )Z(]/ *)

4. An event is rejected whenever a third, opposite-signed, lepton is identified. A lepton /
is assumed to be identified with 100% efficiency when pé-. > pijﬁl and |n| < 74, where
pi]&ﬂ = 10 GeV and 7' = 2.5.

. The missing transverse energy K7 of an event must satisfy Fp > 20 GeV. +——— bb

o

6. Reject an event if a charged (lepton) track with pij‘il > pr > 1 GeV forms an invariant

mass < 1 GeV with one of the same-sign leptons.

+ jet veto (p, > 20 GeV) « W*W‘Jj,ti
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Further ways of discriminating signal from background

In DPS process, leptons more likely to
be in opposite hemispheres (valence
number effects), whilst SPS
backgrounds tend to produce both
leptons in the same hemisphere (small
An of final states corresponds to small
partonic centre-of-mass energy)

DPS processes give rise to a
larger ratio of ++ to — leptons
than background processes.
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