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Single parton scattering
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Drell-Yan process: pp’ — A+ X

cross section = parton distribution functions x parton-level cross section
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Parton Distribution Function (PDF)

Definition of PDFs:

Fy(z;p) = ;/Clireizp+z_ (p| (I( - 2/2) r q(z/2) p) ’z+:|z|:0 . (1)
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Double parton scattering

pp — A1+ A+ X J

A; — produced in hard processes, X — summed over.
Hard scales: (01, Q2 > A.

See: M. Buffing, M. Diehl, T. Kasemets 2021 [arXiv:1708.03528]

This work:
pp. — WEWE + X
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https://arxiv.org/abs/1708.03528v4

Like-sign W pair production: SPS vs DPS

Figure: Single- (left) and double parton (right) Drell-Yan production of W W pairs.
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Like-sign W pair production: SPS vs DPS

Figure: Single- (left) and double parton (right) Drell-Yan production of W W pairs.

@ 0gpg X O(a%) with > 2 jets.
e opps x O(a?),
e First observation of double parton scattering — CMS, Phys.Rev.Lett. 131 (2023).
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Double parton factorization - an initial picture

Figure: The general form of a leading-power graph representing the DPS.
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Colour structure of DPDs

J k K j'

Parton carry colour indices — project on SU(3) representations.
For quarks one can either project on d;;/0;; (colour singlet) or it (colour octet).

Gluons: 1,8g,84,10,10, 27.
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Colour structure of DPDs

J k 4 j

Parton carry colour indices — project on SU(3) representations.

For quarks one can either project on d;;/0;; (colour singlet) or tS it (colour octet).

Gluons: 1,8g,84,10,10, 27.

RiRz ., for parton a; in representation R;. dim(R;) = dim(Ry).
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Evolution of DPDs

Roughly:

11, o <> cut-off on
virtuality of parton 1 and 2.

— Double DGLAP
evolution.

¢ <> cut-off on soft gluons )
rapidities. J

1
— Collins-Soper equation. |
ay a9 !
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Double Drell-Yan production of W*W=

z1 z1

Figure: LO Feynman diagram representing the DPD contribution to W*TW* production.
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Cross-section integrated over transverse momenta

dopps _ 1
Hi:1,2 dx;dT; 14+64,4,

E a-(1,1131—>141a-aQbQ—)AQ
a,b

< [y S ) L 1) o
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Collinear DPDs

y — transverse distance between partons 1 and 2.

Oskar Grocholski (DESY) Seminar " Theory of Particle Physics and Cosmology” Warsaw, 9 May 2024



DTMD in the transverse position space

E &a1b1—>A1 OA—aQbQ—)AQ
a,b

dopps - 1
Hi:1,2 dx;dz;d?q; 140d4,4,

< [ [ d*k: d’ki 6P (q; — k; — k)
i=1,2

X /de ZRIRQFQM (xiakiaY)R1R2Fb1bg (zi,kiy) . (3)
R;
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DTMD in the transverse position space

dUDPS _ 1 Z& a_
i dzidmid®a; 1+ 64,4, " 0700t
d2zfi iQ,Z;
X —1q;%Z;
11 / @m2°
i=1,2
2 RiR; o )R 7 g
X /d yz Fa1a2 (l’uZwY) Fb1b2(xlaz’£7y) . (4)
R;
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DTMD in the transverse position space

y+ =y =+ %(zl — zy) — distance between parton pairs on the left/right.
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Large transverse momenta

dO.DPS

X Z 5-(1151 (Qg;lﬁl)&azbz (Q%?f@)

a1,a2,b1,b2

d2Z1 d222 d2 —1q121—1Q22Z2
@m22n2" ¢

Zl’, R: RiR: =
X o LzEL](Lg (Tz-,Zz'aY) o uFblbg ("risZZFY)
R;
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Large transverse mo
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dO.DPS

Hi:l,Q d.%'idfiqui

(&8 Z 661151 (Q%;ﬂl)(}azbz (Q%;“?)

a1,az2,b1,b2

d2Z1 d222 d2 —iq121—1iq222
(2m)? (2m)? ’

R1R: RiR: -
X E o uEzlug (Tz-,Zz'aY) o uE)lbg (4riszi=Y)

R;
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A< gl < Qi

Additional assumption about the scales:

A < g < Qs ]

= the most important contribution from the region of small z;:

2i] S Jal ™ < AT )

Oskar Grocholski (DESY) Seminar " Theory of Particle Physics and Cosmology” Warsaw, 9 May 2024



A< g € Q;

Additional assumption about the scales:

A < g < Qs J

= the most important contribution from the region of small z;:

2i] S Jal ™ < AT )

We need to consider 2 sub-regions:

o |y| ~|z| < A=!: DTMD can be expressed in terms of PDFs (splitting) and twist-four
distributions.

@ |y| > |z| : use operator product expansion to match DTMDs onto collinear double
parton distributions (DPDF).
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Large y approximation

Assume |y| > |z;|.

Let us apply the operator product expansion to operators defining DTMDs:

ROa(xia Yy, Z) = Z Z RR/Cab(xla Z) % R/Ob($/7y7 z — 0) (5)
b R

Matrix elements of a product of two Oy(z’,y,z = 0) define collinear DPDFs.
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Large y approximation

Matching formula

R1R2Fa1,a2 (l‘ z y,Zi;M0i7<) =

} : 2 : R\ R! RoR! ® R, R} U7 .
z 1Ca1 b1 ?1 22 asbs xz QFCIObQ( Z;Y; ,u(]iag) ) (6)
b1,b2 R R},
with the kernels
R R, R R/ . 2
i ICa1b1 = 1Ca1b1 ($17Z17M01ax1C)7 (7)J

known up to order ag in both colour channels.

For reference see: M. Buffing, M. Diehl, T. Kasemets 2021 [arXiv:1708.03528]
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https://arxiv.org/abs/1708.03528v4

Scales in the problem

@ The natural choice of scales, at which DPDFs is computed, is given by |y*|:

y* = ~Yy for ‘Y| < Ymaz
~ Ymax for |Y| Z Ymax

@ Matching should be computed at scales pg; o< 1/z;]
— evolve DPDFs to the matching scales using DGLAP equation.
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Scales in the problem

@ Rapidity dependence — use the Collins-Soper equation for the matching kernels:

_9
dlog+/C

BBy G (21, 205 11, €) = B K, (205 11) 1 Clpy (1, 215 111, €) - (9)

R1K,, = colour factor x singlet TMD Collins-Soper kernel.

/
By (21,215 11, (') = exp (RlKal (z1; p1) log \/?)RlRlcalbl (z1,21501,¢) . (10)

V<

Oskar Grocholski (DESY) Seminar " Theory of Particle Physics and Cosmology” Warsaw, 9 May 2024



Scales in the problem

Finally, matched DTMDs are evolved to the final scales ~ @Q;

Evolution equations for DTMDs

0
leRQFaIaQ = [RIJ(Y;/M) + K (215 1) + K (223 Mz)}RlRQFGWQ :
0 21v/C

L7 =0 at all orders!
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Effects of the rapidity evolution

Solution of the Collins-Soper equation for DTMDs

Bl o (i, 2i, ¥5 103> €)
= exp ([RIJ(.V; fi0i) + T K (215 pio1) + 2 K (225 p102)] log \/\/CE) B2 B oo (6,24, 3 f10is C0)-
0

(12)

Large-y behavior of the Collins-Soper kernel J — see [arXiv:2310.16432]

RJ(y;ps) = BJPert(y*: i) + A J(y), y* — regularized distance, (13)
A8Jis O(—1) at large y.

For large final scales one has a strong suppression of the color non-singlet channel at large y.
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Cross section in the large-y approximation

1=1,2

00 _
X / dy (27Ty) Z R1R2Fa1a2RlR2Fb1b2 . (14)
Y R

dopps /
7 Gaib Oazb dzz—JO qQilz
[1;21 2 dwidzid*q; 1+5A1A2 ; it [ ] (lqsl)

cutoff
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Initial conditions for collinear DPDs

Splitting part

Perturbative splitting at scale o |y*|~!
x Gaussian to suppress at large y.

Product of PDFs x further factors, see Diehl, Gaunt, Lang, PI6BI, Schifer [2001.10428].

Rl pintr. — - colour factor(Ry Rp) x LEMI (15)

This form saturates the positivity bounds in colour space.
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Combining the intrinsic and splitting parts

22 & Fintr.Fintr.

ol < Fopl poph

102 < Fspl. Fintr.
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Numerical results — matched DTMDs in z-space

@ ChiliPDF — C++ library for evolution and interpolation of parton distributions
Diehl, Nagar, P68, Tackmann [2305.0484]
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Numerical results — matched DTMDs in z-space

@ ChiliPDF — C++ library for evolution and interpolation of parton distributions
Diehl, Nagar, P68, Tackmann [2305.0484]

@ Large distance Collins-Soper kernels as in Scimeni, Vladimirov [1912.06532]
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Numerical results — matched DTMDs in z-space

ChiliPDF — C++ library for evolution and interpolation of parton distributions
Diehl, Nagar, P68, Tackmann [2305.0484]

Large distance Collins-Soper kernels as in Scimeni, Vladimirov [1912.06532]
e Hard scales yu; = /¢ = My, +/s=13 TeV.

r1 =29 = My /(13 TeV) =~ 6 x 1073.

1z1| = 0.1 GeV~! = const.
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Numerical results — matched DTMDs in z-space

@ ChiliPDF — C++ library for evolution and interpolation of parton distributions
Diehl, Nagar, P68, Tackmann [2305.0484]

@ Large distance Collins-Soper kernels as in Scimeni, Vladimirov [1912.06532]
e Hard scales yu; = /¢ = My, +/s=13 TeV.

o 71 =1z = My /(13TeV) ~ 6 x 1073,

o |z1| = 0.1 GeV~! = const.

o Estimation of higher-order corrections

— vary the matching scale from %é’—O' to %.
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Numerical results — matched intrinsi Ds in z-space

u,d), y=1.0GeV'}, z; =0.1GeVv?! _
W d, y ! (u, d), y=1.0GeV?, z,=0.1Gev-?
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N
IS
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Unpolarized DTMDs matched onto intrinsic DPDFs. Left: singlet, right: colour octet.
Bands represent the uncertainty estimation obtained by varying the matching scales.
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Numerical results — matched intrinsic DTMDs in z-space

_— Lo . _
Eu, d),‘ y—‘ 1.0 Ge\{ . 2.1 =0.1GeV (0 &), y=1.0Gev-1, z,=0.1Gev-1
Ty e 1 0.125 T T T T T T T
420 1 0100
0100 < 0075
Q v |
i Q
: T 0.050
S I
20.075 5 I
w o 0.025
"£0.050 g :
E % 0.000
x .
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1072 10-1 102
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The same, but for longitudinally polarized quarks. Left: singlet, right: colour octet.
Bands represent the uncertainty estimation obtained by varying the matching scales.
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Numerical results — matched intrinsic DTMDs in y-space

(u,u), z7=0.1GeV?, z,=0.1GeV? (u,u), z1=0.1GeV?!, z,=0.1GeV?

0.0 |
101 100
y[Gev™] y[Gev™1]

Unpolarized DTMDs matched onto intrinsic DPDFs. Left: singlet, right: colour octet.
Bands represent the uncertainty estimation obtained by varying the matching scales.
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Numerical results — matched splitting DTMDs in y-space

(u,u), z1=0.1GeV~!, z,=0.1GeV?!

(u,u), zz=0.1GeV!, z,=0.1GeV!
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10°

Unpolarized DTMDs matched onto intrinsic DPDFs. Left: singlet, right: colour octet.
Bands represent the uncertainty estimation obtained by varying the matching scales.
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HUs

production

Numerical results — cross section of W

@ Singlet contributions much larger than nonsinglet:

o like-sign W gsinglet ~ 103 x gnonsinglet,

e opposite-sign W: osinglet 12 x gnonsinglet

@ For like-sign W pair cross section dominated by the intrinsic part:
O.intr. ~ 10 x 0.1112 ~ 20 X O.split.

@ Opposite-sign W: splitting and intrinsic terms give similar contributions.
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Partially integrated cross-sections — 2v2

WHWw+, 2v2, (Yq,Y2) = (0, 0) W-wW-~, 2v2, (Y1,Y2) = (0, 0)

T T T
10 - y-interpolation + CS kernel + matching

I CS kernel + matching
I matching

T T T
y-interpolation + CS kernel + matching

I CS kernel + matching

10 - BN matching

- 8 1l =
2 a 6 ]
2 S
g 6 1
sfs sfs 4 1
NN o
5 4 4 5

. . . . 0
5 10 15 20 25 30 5 10 15 20 25 30

Qmax [GeV] Jmax [GeV]

do.DPS,ZvQ

I dadv: integrated over the transverse momenta |q| < Gmaz-
i=1,2 0@ Y;
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Partially integrated cross-sections — 1v1

W*WH, 1vl, (Y1, Y2) = (0, 0) W-W-, 1vl, (Y1, Y2) = (0, 0)
y-interpolation + CS kernel + matching 1.0 y-interpolation + CS kernel + matching
1.0 - W CS kernel + matching B CS kernel + matching
I matching B matching
0.8
0.8
E 06
c 06 s
=1 b=}
K )
804 s 04
IS} i~
0.2 0.2
0.0 0.0
5 10 15 20 25 30 5 10 15 20 25 30
Qmax [GeV] Qmax [GeV]

do.DPS,lvl

I dadv: integrated over the transverse momenta |q| < Gmaz-
i=1,2 0@ Y;
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Partially integrated cross-sections — 2v1

do
wav; [attobarn]
2 o o =B = ==
N L a o] o N - (=2}

e
<)

W*WH, 2vl, (Y, Y2) = (0, 0) W-W-, 2vl, (Y, Y2) = (0, 0)
r y-interpolation + CS kernel + matching 14} y-interpolation + CS kernel + matching
I CS kernel + matching B CS kernel + matching

I matching 1.2 B matching

do
T [attobarn]
o o =
(o)} -] o

o
IS

o
)

o
IS

[1;21 2 daidY;

15 20 25 30 5 10 15 20 25 30
Qmax [GeV] Jmax [GeV]

do.DPS,Zvl .
integrated over the transverse momenta |q| < ¢maz-
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Contributions from different y-regions - intrinsic DPDFs.

W+ W *, intrinsic form, singlet

80

70

60 -

50 -

40 -

30+

Total contribution [%]

20+

10-

Contribution to differential cross section at zero rapidity integrated over qr up to 20 GeV.
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Contributions from different y-regions - splitting DPDFs.

W+ W+, splitting form, singlet

Total contribution [%]

L m——
S S
N 0
:\:0 0‘(3‘0 A

©° Ao o
O

oo

Contribution to differential cross section at zero rapidity integrated over qr up to 20 GeV.
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Contributions from different y-regions - 1v2

W+ W+, 1v2, singlet

40 -

30+

20

Total contribution [%]

Contribution to differential cross section at zero rapidity integrated over qr up to 20 GeV.

Oskar Grocholski (DESY) Seminar " Theory of Particle Physics and Cosmology” Warsaw, 9 May 2024



Cross section in the short-distance approximation

DTMDs at initial scales expressed in terms of the splitting and intrinsic parts.
@ Intrinsic part: y = 0 limit of DPDF intrinsic part.
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Cross section in the short-distance approximation

DTMDs at initial scales expressed in terms of the splitting and intrinsic parts.
@ Intrinsic part: y = 0 limit of DPDF intrinsic part.
e Splitting part (known only at LO)

i J
R1R2Fspl. . . — VA — (XS(MO) RlRQTij ( L1 ) fao (.1:1 + 5172) 16
aias (ww Y, Zzi; /JJO) y%_yg_ 2 ap—>aias £ + oo 1+ 2o ) ( )
1
ye=y+ (21 —22). (17)
Note: no LO splitting contribution for like-sign W production.
Only one initial scale (contrary to the large-y case), chosen as
po(y,21,22) = bo/\/|y%L] x [yZ]. (18)
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Rapidity dependence

Collins-Soper equation for DTMDs at small distances mixes color representations:

0
leRzFalw (%‘a Y; K, C)
1 / ! / /
=5 I o 0o (7,263 1) T2 By g (3, 5 04, €) - (19)
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Numerical results — short-distance vs large-y DTMDs in y-space.

(u,d), z1=0.1GeV~1, z,=0.05GeV1, singlet

(u,d), z1=0.1GeV~1, z,=0.05GeV1, nonsinglet

1.0

large y, LO

short distance, ¢,=0.0mn
short distance, ¢,=0.51
short distance, ¢,=1.0m

0.8 : T : T
[ 0.8
— 0.6 — &
x
5
r&j & 0.6
] L
o
2 04 ot
& g 04F
o~ o [
:HOZ_-Iargey,LO ] ; :-
) short distance, ¢,= 0.0 02k
mmm short distance, ¢,=0.5n |
@ short distance, ¢, =1.0m [
L L L L Lol L L L T R B
0902 10t 10° 00

y[Gev1]

10!
y[Gev!]

Intrinsic DTMDs in two approximations. Left: singlet, right: colour octet.

Presented are results for y L (z; — z2) and different angles between z; and zs.
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Cross section in the short-distance region

[d?y Y p T2 F, JiR2F, . depends on angle between z; and z.
= cannot reduce the Fourier transform to integrals with Jy.

One can write

o0
/d2y Z RlRQFamleRZFblbz = ZCos(n‘pz)Wamzhbz,n(|Zi|)7 (20)
R

n=0

where @, is angle between z; and zs.
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Cross section in the short-distance region

dopps
g 0 COS n
Hj=1,2 dﬂfz’dii‘iép% 1 4 5A1A2 ; a1b19azbs Z ¢q

)

X H /dzz ’(h’zz) aiazbiba,n (‘Zl‘) (21)

1=1,2

¢4 - angle between q; and qs.
@ Angular correlations between momenta of produced W bosons.

@ Double Bessel integrals of different orders computed using Levin's method implemented in
ChiliPDF.
D. Levin Fast integration of rapidly oscillatory functions, J. of Computational and Applied
Mathematics 67 (1996) 95-101
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Final results for like-sign W pairs production

WHWH, total, (Y1,Y>2) = (0, 0) W =W, total, (Y1, Y>) = (0, 0)
16 - y-interpolation + CS kernel + matching 147 y-interpolation + CS kernel + matching
I CS kernel + matching I CS kernel + matching
14 " mmm matching 12 | mmm matching
12r 7 10
= =
g 10 103
Q < 8
2 2
=1 b=}
& 8 1 =
S 6 LRI
5 5
4
4 B
2 | 2
0 . . . . 0 . . . . 1
5 10 15 20 25 30 5 10 15 20 25 30
Qmax [GeV] QJmax [GeV]

doPPS

ISy integrated over the transverse momenta |q| < Gmaz-
i=1,2 0@ Y;
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@ Using the operator product expansion we obtain the description of DPS at large
transverse momenta.

@ Large-y approximation — dominant contribution from the singlet intrinsic part in the
region of nonperturbative y.

@ Contribution from non-singlet DPDs to like-sign W production is strongly suppressed.

@ Only the intrinsic part contributes to the short-distance part of like-sign W pair
production cross section.

e Future work:
o Computation of the short-distance contribution to W+ W ~ production.

e Study of uncertainties in the short-distance region.
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Backup — interpolating between two regions

max(|z;|)

ly|

@ Small z — interpolate between two approximations in the overlap region.
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Backup — extending the approximation to larger z

max(|z;)

ly|

@ Small z — interpolate between two approximations in the overlap region.
@ |y| > Ymax = match DTMD at regularized distances z*, multiply by e
o At small y extrapolate the short-distance result. Interpolate for intermediate y.

—const.xz?

Warsaw, 9 May 2024
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Backup — rapidity dependence for W/ .
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0.10

0.08

Srlpp— I v+ 15t vz )

[ —— fully integrated

—— Qr,max =20 GeV
— Qr.max= 10 GeV
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Backup — rapidity dependence for W~ ~.

[fb]

ao
dY;

Oskar Grocholski (DESY)

0.04

Srlpp— 17 b1+ 15 92)

t —— fully integrated
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(9,9), y=1.0GeV™l, z1=0.1GeV!
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Backup — gluo
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Backup — different y-regions for both channels, intrinsic

W* W™, intrinsic form, singlet W* W™, intrinsic form, non-singlet
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up — different y-regions for both channels, splitting
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Backup — different y-regions for both color channels, opposite-sign W

W* W ~, intrinsic form, singlet W*W ~, intrinsic form, non-singlet
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up — different y-regions for both color channels, opposite-sign W

W* W, splitting form, singlet
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