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Motivation: transverse-momentum dependence in like-sign TV production

e Single parton scattering (SPS) — a%-suppressed compared to DPS, 2+ jets.
@ Enhancement of double parton densities at small x.
e First observation — CMS, Phys.Rev.Lett. 131 (2023)
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Double parton factorization: leading-power graphs

Leading-power Feynman graph for DPS: 2 hard scales: Q12.

-
Collins-Soper evolution
(see M. Diehl’s talk on
Wednesday).

Diehl, Ostermeier, Schafer,
Elements of a theory for
multiparton interactions in

QCD
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Colour structure of DPDs

Parton carry colour indices — project on SU(3) representations.
For quarks one can either project on d;;/d; (colour singlet) or ¢, 17, (colour octet).

Gluons — 1, S, A, 10, 10, 27.
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Colour structure of DPDs

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

Gluons — 1, S, A, 10, 10, 27.

RiRz ., for parton a; in representation R;.
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DTMD in transverse position space

i DI
Hj:l’g dscida:iqui C S a1b1Yazbs

H /d2ki d21_{2' 5(2) (qi — ki — f(z)

i=1,2

X /dZy Foras (2, ki ) Fos, (Tis kis y) - (1)

y — transverse distance between partons 1 and 2.
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DTMD in transverse position space
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Relevant regions in the position space

z; is Fourier-conjugate to q; — assuming large transverse momenta:
A < gi| < Qi

the most important contribution stems from

2:l 1 2 lail > A |

y — need to consider 2 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

Matching formula

R1R2Fa1,a2 (x7£7y7z’i; M0, C) =

R R RoR/, R!RL acoll. () ..
Z Z ! 1Ca1b1 ?1 2 20a2b2 ;(?2 ! 2Fb1b2 (l‘z’aYa :UJOiaC) ) (3)
b1,b2 R, R}

with the kernels

R1R110a1b1 — RlR,l a1by (xlazl;M()lvx%C)’ (4)J

known up to order g in both colour channels.

Oskar Grocholski (DESY) MPILHC 2023 20 November 2023 8/31



Scales in the problem

@ The natural choice of scales, at which DPDFs is computed, is given by |y]|
(see also talks by P. PI6BI and M. Diehl).

e Matching should be computed at scales pg; o< 1/z;]
— evolve DPDFs to the matching scales using DGLAP equations:

0
aTgMRlRQFaﬂLQ ($17y7M27C)
\[
’YJ(,MI) log R1R2Fa1a2 (xzvy iy g)
+2 ) Pa1b1 :m;m) & Rbkepy (x),y; 1, C) - (5)
b1, R}

More detailed discussion — see M. Diehl’s talk.
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Scales in the problem

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

0

WRIRlcalbl (21,215 11, C) = ™ Ky, (215 1) 1 Cop, (21,215 11, ) - (6)

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

/
By by (71,215 11, () = exp (RlKal(Zl;Ml)log \/C»)RlRlcalbl (z1,21501,¢) . (7)

V<
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Scales in the problem

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

Evolution equations for DTMDs

)
leRQFalag = [RIJ(Y;/M) + B K (215 1) + T2 K (2; uz)}RlRWalaQ ,
9 £1v/¢
mRIRQme = [’Yal — VYK, 10g T] R1R2Fa1a2 ) (8)

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> €)
V¢

= exp ([RIJ(}U fi0i) + T K (215 pio1) + 2 K (225 p102)] log 7) B2 B oo (6,24, 3 f10is C0)-
VG -
9

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, (10)
A8Jis O(—1) at large y.

For high final scales one has a strong suppression of the color non-singlet channel at large y.
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Extending the approximation to larger z

max(|z;|)

[yl

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

max(|z;|)

Iy

@ Small z — interpolate between two approximations in the overlap region.

@ |y| > Ymax — match DTMD at regularized distances z*, multiply by g—const. Xz}

@ At small y extrapolate the short-distance result. Interpolate for intermediate y.
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Initial conditions for DPDFs

Splitting part

Perturbative splitting at scale oc [y*|~!
x Gaussian fall-off.

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

Rl pintr. — - colour factor(Ry Rp) x LEMI (11)

This form saturates the positivity bounds in colour space.
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Numerical results — matched DTMDs in z-space

@ ChiliPDF — C++ library for evolution and interpolation of parton distributions
Diehl, Nagar, PI6BI, Tackmann [2305.0484]
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Numerical results — matched DTMDs in z-space

@ ChiliPDF — C++ library for evolution and interpolation of parton distributions
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@ 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, PI6BI, Tackmann [2305.0484]

@ Large distance Collins-Soper kernels as in Scimeni, Vladimirov [1912.06532]
@ Hard scales p; = v/ = My, +/s=13 TeV.
o 71 =1x9 = My /(13TeV) ~ 6 x 1073,

o |z1] = 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, PI6BI, Tackmann [2305.0484]

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

o 71 =1x9 = My /(13TeV) ~ 6 x 1073,

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

@ Estimation of higher-order corrections
— compare results obtained using 2 different choices of the matching scales:

bo 2bg

| |z’

po(z) = by = 1.123... (12)
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Numerical results — matched DTMDs in z-space

(u,u), y=1.0GeV-?, z;=0.1GeV? (u,u), y=1.0GeV-?, z;=0.1GeV?!
0.7 . ey : oA I . — ey : —
0.110 = _ ]
0.6 -
0.105 - g
T ] T
1
3 05 - 3
(U] O 0.100 - -
b 1 T
) ]
S 04 - S e -
= | 0095~ B
) g
03 - <
< £ 0.090 - S -
LO, u(2) = bolz 1 ' — WO, u2)=bo/z N T~ e
02" LO, u(z) = 2bo/z [ === LO, u(2) =2bo/z q
—— NLO, u(z) = bo/z 0.085 -—— NLO, u(2) =bolz
===+ NLO, u(z) = 2bo/z ===+ NLO, u(2) = 2bo/z
. h L . . - t B il . . L
1072 107! 1072 1071
2, [GeV1] 2, [GeVv1]

Left: singlet, right: colour octet.

Oskar Grocholski (DESY) MPILHC 2023 20 November 2023



Numerical results — matched DTMDs in z-space

(u,u), y=5.0GeV?,
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Numerical results — matched DTMDs in z-space
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Numerical results — matched DTMDs in z-space
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Numerical results — matched DTMDs in

Z-space
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Numerical results — matched DTMDs in z-space
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Numerical results — contributions from different y-regions

Intrinsic form, singlet
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Numerical results — ¢

Intrinsic form, non-singlet

different y-regions

wow
S o
T T

Total contribution [%]
N
w
T

) oo oo o
o > Q\po-bﬁ o o
o
NS, spl.
doy, 7
W _
M‘Y—O ~ 107! x
dY1dYy 'Yi=

o
=]

v
o

w

Total contribution [%]
B
o

N
o

—
o

o

po™ ’
o
NS, intr.
Ow+w+ |
dY1dYy 'Yi=0

Splitting form, non-singlet

oo

N N > '
A \oN) oo |
o m\w“'% o W ©°
o
dO_S,intr.
~ 1074 % M)
dYidYy 'Yi=0

Y

Oskar Grocholski (DESY)

MPILHC 2023

20 November 2023




Numerical results — differential cross section
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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 strongly suppressed.

e Future work:
e Impact of the non-perturbative input.

e Study of the short-distance region.
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Backup — rapidity dependence
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Backup — gluon DTMDs - (Ry, Ry) = (1,1)

(9,9), y=5.0GeV-!, z;=0.1GeV?!
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Backup — gluon DTMDs — (Ry, Ry) = (5, 9)

(9,9), y=1.0GeV™1, z;=0.1GeV? (9,9), y=5.0GeV~}, z;=0.1GeV™?!
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Backup — gluon DTMDs - (R, R»)

(9,9), y=1.0GeV™1, z;=0.1GeV? (9,9), y=5.0GeV~}, z;=0.1GeV™?!
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Backup — gluon DTMDs — (Ry, Ry) = (27, 27)

(9,9), y=1.0GeV™1, z;=0.1GeV? (9,9), y=5.0GeV~}, z;=0.1GeV™?!
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