Quark mass effects in the splitting part of double parton
distributions.

a consistent treatment

November 14, 2022

M. Diehl ! R. Nagar 2 P. PI6BI !

!Deutsches Elektronen-Synchrotron DESY
2Dipartimento di Fisica "Giuseppe Occhialini",
Universita degli Studi di Milano-Bicocca




Part |

Small distance DPDs and quark mass effects.



Small distance limit of DPDs.

Perturbative splitting in DPDs.

In the limit of small distance y the leading contribution to a DPD is due to the perturbative splitting of
one parton into two:

1
Falag(l’l’x%y; ,U’) = 7T_y2 Valaz,ao(y;:u’) % fao(/“‘t)a

where

1

v e = [Sv(Z2) s

Note that in applications the splitting DPDs are multiplied with a Gaussian damping factor:

1 2
Fasas (01,22, 5 1) = 5 Vasasao (43 10) § Jao (1) exp(=37.)



Small distance limit of DPDs.

Perturbative splitting in DPDs.
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Small distance limit of DPDs.

Perturbative splitting in DPDs.

In the limit of small distance y the leading contribution to a DPD is due to the perturbative splitting of
one parton into two:

1
Foyay (21, 22,95 1) = ryQ Varaz,ao (Y5 1t) (1% fao (1) 5 formally from OPE for y — 0

At which scale jigp15¢ should the splitting be evaluated?

> Natural scale is psplig (y) ~ i

> Define regulated function psp14(y) to avoid evaluation at non-perturbative scales for large y:

bo

petelV) = 5y V)= s e T A

where y* is adapted from b* in TMD studies.

What happens if pigpii4 is similar to a heavy quark mass mg?



Quark mass effects. @

Purely massless quarks.

The simplest scheme to handle massive quarks is to treat them as absent below a certain scale and as
massless above a certain scale.
m

! > Below py = vmg the DPD is initialized
1 for np massless flavours with a ng

mq

flavour PDF.

Fop =Vop @ frp

My =
mg ymo



Quark mass effects.

Purely massless quarks.

The simplest scheme to handle massive quarks is to treat them as absent below a certain scale and as
massless above a certain scale.
m

> Below py = ymg the np +1 DPD is
obtained by flavour matching.

mq

Fop = Vo ® fap

My =
mg ymo



Quark mass effects

Purely massless quarks

The simplest scheme to handle massive quarks is to treat them as absent below a certain scale and as
massless above a certain scale
m
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’ for ny + 1 massless flavours with a

nr + 1 flavour PDF
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Quark mass effects.

Purely massless quarks.

Consider np = 5 LO splitting DPDs at p17 = po = maijjer = 25 GeV initialized with the scheme shown
in the previous slide:

FbB(xl =Ty = mdijct/\/gv Y, mdijct)

Yme Yy
106- 7= 1 ///’/, 4 -
P > Below p1,, = my the bb DPD is
& 105 e produced only by flavour
> 10% e E . .
(50 L matching and evolution.
101 4 > Above 1, = my the bb DPD is
produced by a direct (massless)
108 e 1 g — qq splitting.
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Quark mass effects.

Purely massless quarks.

Consider np = 5 LO splitting DPDs at p17 = po = maijjer = 25 GeV initialized with the scheme shown
in the previous slide:

ng(ffl =Ty = mdijct/\/§7 Y, mdijct)

Y

Yy

105-

Fy [GeV?]

104

0.5

1y = bo/y [GeV]
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» At LO the gb DPD is produced
by a direct splitting only for
oy > Y.

» Heavy quark effects in the

splitting seem to be
unimportant.



Quark mass effects.

A more realistic treatment of quark mass effects.
In the splitting DPDs one can distinguish three regions of pgpiit:

Hsplit K MQ: Msplit ~ MQ: Hsplit 2> MQ:

> In the splitting the heavy > Heavy quarks treated as > Heavy quarks can be
quarks decouple. massive in the splitting treated as massless in the
kernel V. splitting.

» np + 1 DPDs obtained by
flavour matching.



Quark mass effects

Massive DPD splitting kernels

Just like the massless V/,,. kernels the massive V5 kernels can be computed in perturbation theory

At leading order the only splitting with massive quarks is ¢ — QQ, where the kernel reads
1
V3., (21 22,ma.y) = Tr (mqy)? (23 + 23) K7 (mq y) + K3 (mqy)] 601 — 21 — 2)

with the following limiting behaviour for small and large pspiis (corresponding to large and small mg vy,
respectively)

HPsplit <K MQ : VQ(g,g(Z’ mQay> —0
Msplit > M@ : Vég,g(zh 22,MQ,Y) —> Tf(Z% + Z%) 6(1—21 —29) = ‘/;;((jl,)g(zlv 22)

The massive kernel interpolates between the regions where the heavy quark decouples and where
it can be treated as massless



Quark mass effects.

One heavy flavour.

Consider now the initialization of a splitting DPD with one heavy flavour (where < 1 and 8 > 1):
o

F

=

Vo, ® fur,

3 Fo. = Vo ® fur
> Below p, = amg the DPD is initialized

for np massless flavours with a np
flavour PDF.
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Quark mass effects.

One heavy flavour.

Consider now the initialization of a splitting DPD with one heavy flavour (where < 1 and 8 > 1):
o

F
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Vo, ® fur,

> Below p1y = amg the np 4+ 1 DPD is
obtained by flavour matching.
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Quark mass effects.

One heavy flavour.

Consider now the initialization of a splitting DPD with one heavy flavour (where < 1 and 8 > 1):
o
Pt = Vot ® fo,

N =

> For amg < puy < Bmg the DPD is
initialized for nr massless and one
massive flavours with a ng flavour PDF.

meg —————
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Quark mass effects.

One heavy flavour.

Consider now the initialization of a splitting DPD with one heavy flavour (where < 1 and 8 > 1):

m
P, = Vi, ® fuy,

> Above p,, = Bmg the DPD is initialized
for nr + 1 massless flavours with a
ng + 1 flavour PDF.
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Quark mass effects

One heavy flavour

Consider now the initialization of a splitting DPD with one heavy flavour (where o« < 1 and 8 > 1)

o
Fup = Vo, ®

Above 1, = fmg the DPD is initialized
for nr + 1 massless flavours with a
ng + 1 flavour PDF
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What happens for charm and bottom which have to be treated as massive simultaneously



Quark mass effects.

Two heavy flavours: charm and bottom.

Consider now the initialization of a splitting DPD with massive ¢ and b quarks:

I

> Below p, = aomy, the DPD is initialized
for 3 massless and one heavy flavours
with a 3 flavour PDF.

my 1

M

Hmin




Quark mass effects.

Two heavy flavours: charm and bottom.

Consider now the initialization of a splitting DPD with massive ¢ and b quarks:

I

) |
F :A:fe;n s =V ® f3)
my f——

obtained by flavour matching.

M

Homin

> Below p,, = amy, the 5 flavour DPD is




Quark mass effects.

Two heavy flavours: charm and bottom.

Consider now the initialization of a splitting DPD with massive ¢ and b quarks:

I

> For amy < py < Bm. the DPD is
initialized for 3 massless and two massive
flavours with a 3 flavour PDF.

my 1

M

Hmin




Quark mass effects.

Two heavy flavours: charm and bottom.

Consider now the initialization of a splitting DPD with massive ¢ and b quarks:

> For Bm. < py < Bmy the DPD is
initialized for 4 massless and one massive
flavours with a 4 flavour PDF.

my 1

M

Hmin




Quark mass effects.

Two heavy flavours: charm and bottom.

Consider now the initialization of a splitting DPD with massive ¢ and b quarks:

I

> Above p, = S my the DPD is initialized
for 5 massless flavours with a 5 flavour
PDF.

my 1

M

Hmin




Quark mass effects.

Two heavy flavours: charm and bottom.

Consider now the initialization of a splitting DPD with massive ¢ and b quarks:

I

> Above p, = S my the DPD is initialized
for 5 massless flavours with a 5 flavour
PDF.

my 1

M

Hmin

_ b
My =7

amy me Bmy

Let's see how the DPDs look like in this scheme!
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Results.



DPDs.

Splitting DPDs for dijet production.

Consider now np = 5 LO splitting DPDs at 117 = po = maijer = 25 GeV for dijet production, initialized
with the scheme shown in the previous slide (for different o and 3):

Fbg(xl = T2 = mdij(zt/\/gv Y, m(lijot)

amy, fm, Bmy,
— massive
106.
-- massless
g 10° > DPDs still discontinuous,
@) but greatly improved
&)
=, compared to the massless
& 10 scheme!
103.
1 _p5_
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DPDs.

Splitting DPDs for dijet production.

Consider now np = 5 LO splitting DPDs at 117 = po = maijer = 25 GeV for dijet production, initialized
with the scheme shown in the previous slide (for different o and 3):

Fy(x1 = 22 = maijet/V/S, Yy Majet)
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10 3
-- massless P
o§105_ = 1 » DPDs still discontinuous,
? but greatly improved
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& 10 scheme!
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DPDs.

Splitting DPDs for dijet production.
Consider now np = 5 LO splitting DPDs at 117 = po = maijer = 25 GeV for dijet production, initialized
with the scheme shown in the previous slide (for different o and 3):

Fqb(xl = T2 = m(lij(‘f/\/ga Y, mdijut)

amy, Bm, Bmy,

— massive

-- massless > Increased discontinuity for

105 ol . gb at i, = amy; due to

1 direct production of bb DPD!

> Increased discontinuity for
gb at u, = pmy due to
more production modes in

10% E the massless case!
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DPDs.

Splitting DPDs for dijet production.

Consider now np = 5 LO splitting DPDs at 117 = po = maijer = 25 GeV for dijet production, initialized
with the scheme shown in the previous slide (for different o and 3):

Fqb(xl = T2 = m(lij(‘f/\/ga Y, mdijct)
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__10% gb at i, = amy; due to
C\'>Q direct production of bb DPD!
O > Increased discontinuity for
L;% gb at p, = fmy, due to

more production modes in
10% 3 the massless case!
L—_p=14
0.5 1 5 10

1y = bo/y [GeV]



DPDs.

Splitting DPDs for dijet production.

Consider now np = 5 LO splitting DPDs at 117 = po = maijer = 25 GeV for dijet production, initialized
with the scheme shown in the previous slide (for different o and 3):

Fqb(xl = T2 = mdijet/\/ga Y, mdijct)

amy, pm, pmy
— massive .
’,}/——\
-- mass
10%F » Smallest discontinuities for
°‘>o B=2and o=}
U, > Seen also in other DPDs and
L:% at different scales, cf.
backup slides.
104.
L_p5=4
0.5 1 5 10

py = bo/y [GeV]



DPD luminosities

DPD luminosities

In order to study the effect of heavy quarks on DPS cross sections, consider DPD luminosities, i.e.
products of DPDs integrated over y

2
Laiasbibs (T1a; Taa, T1bs Tap; V, [, H2) = /d Y Foya, (T1a; T2a, Us 1, ph2) Foy b, (T 16, Tob, Ys f1,5 f12)
bo/l/

where the lower cut-off regulates the 32 splitting singularity (very small y are related to loop

corrections to SPS [Diehl, Gaunt and Schanwald, 2017])

Here we include also “intrinsic” non-splitting contributions to the DPDs, modelled as

y2
(1 — X1 — $2)2 exp (_4ha,1a2>
1—21)2(1 —22)%>  47ha,a,

EX (w1, @2,y; p1, pi2) = ( fay (21, 1) fay (2, p12)

In the following all possible combinations containing splitting DPDs are considered



DPD luminosities

DPD luminosities

In order to study the effect of heavy quarks on DPS cross sections, consider DPD luminosities, i.e.
products of DPDs integrated over y

) _ 2 . )
Layasbibs (T1a, T2as T1b, Tap; Vs 11, o) = /dyFa1a2(x1a,w2a,y,u17ﬂz)Fb1b2(x1b,xzb,ywl,uz)
bg/l/

where the lower cut-off regulates the 32 splitting singularity (very small y are related to loop

corrections to SPS [Diehl, Gaunt and Schénwald, 2017])

Here we include also “intrinsic” non-splitting contributions to the DPDs, modelled as

2
(1 -z —xp)> &P (_4’131@)
1 —$1)2(1 —£C2)2 4’/Tha1a2

F;?ZQ(@"thvy?MlaMQ) = ( fa1(‘rlvul)fa2(x2au2)

split x split (1v1), split x int (1v2), int x split (2v1)



DPD luminosities.

DPD luminosities for dijet production.

Consider now ratios of LO DPD luminosities for dijet production with different scheme parameters:

Y

-y =1/2 y=1 -—-y=2
—h=z —F=3 —h=4 Jets at rapidities Y and —Y":
1.1 1vl
_\\ ccbb m
. . i
1LOf——x= =z — T1a = — 2% exp(Y)
o I Vs
EogofTTTTTTT e - Mdiiet
= 0.9 RN Toq = 12 exp(—Y
b iy 2a \/g p( )
0.8 Mdijet
) Tip = exp(—Y
- =5 p(=Y)
07 T - Mdjjet
o ratios wr.t. o =1, 8=2 Top = s exp(Y)
"0 1 2 3



DPD luminosities.

DPD luminosities for dijet production.

Consider now ratios of LO DPD luminosities for dijet production with different scheme parameters:

y=1/2 y=1 —vy=
—h=2 —F=3 —h=4 Jets at rapidities Y and —Y":
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-------------------- ‘Cc;bg m
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DPD luminosities.

DPD luminosities for dijet production.

Consider now ratios of LO DPD luminosities for dijet production with different scheme parameters:

ratio

__A,.y:2
—B=4

1.1

2vl
ccbb

Tatios w.r.t. o =

0.6
0

Jets at rapidities Y and —Y":

Tiq =

T2q =

T1b =

Tap =

3

dijet exp(Y)

3

dijet exp(—Y)

B

3

dij

exp(—Y)

S

Mdijet

exp(Y)
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DPD luminosities.

DPD luminosities for dijet production.

Consider now ratios of LO DPD luminosities for dijet production with different scheme parameters:

-y =1/2 y=1 -—-y=2
—h=z —F=3 —h=4 Jets at rapidities Y and —Y":
LAp--mm o1
IS ‘Cc;bg m
dijet
Tiq = exp(Y
5 1.0 la \/g p( )
3 s
2 09 220 = \(}Uget exp(—Y)
0.8 Mdijet
Tip = exp(—Y
=8 p(=Y)
07 Mdijet
. ratios wrt. o =1, 8=2 Top = NG exp(Y)
"0 1 2 3 4

—— Smaller dependence of luminosities on « and 3 compared to ~!



DPD luminosities.

Scale dependence of splitting DPDs.

Finally consider the dependence of DPD luminosities involving LO splitting DPDs on the scale jigpiit
(varied by a factor of 2):

1010
L -
109_ ccbb ]
108 3 » Note that the 1v1
= luminosities contain the
Qu 107k 5 squared uncertainties of
the splitting DPDs!
106_
10% — 1vl — 1v2 + 2vl ]

0 1 2 3 4
Y



DPD luminosities

Scale dependence of splitting DPDs

Finally consider the dependence of DPD luminosities involving LO splitting DPDs on the scale jigpiit
(varied by a factor of 2)

1011

Note that the 1vl

S luminosities contain the
k)m squared uncertainties of
the splitting DPDs

— 1vl — 1v2 4+ 2vl

0 1 2 3 4
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DPD luminosities

Scale dependence of splitting DPDs

Finally consider the dependence of DPD luminosities involving LO splitting DPDs on the scale jigpiit
(varied by a factor of 2)

1011

Large scale uncertainties
hint at importance of
higher order splitting

— 1vl — 1v2 4+ 2vl

0 1 2 3 4
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DPD luminosities.

Scale dependence of splitting DPDs.

Finally consider the dependence of DPD luminosities involving LO splitting DPDs on the scale jigpiit
(varied by a factor of 2):

> Massless NLO kernels
already calculated!
[Diehl, Gaunt, PP, Schafer, 2019;
Diehl, Gaunt, PP, 2021]

— 1vl — 1v2 4+ 2vl

0 1 2 3 4
Y



DPD luminosities.

Scale dependence of splitting DPDs.

Finally consider the dependence of DPD luminosities involving LO splitting DPDs on the scale jigpiit
(varied by a factor of 2):

1011

» Massive NLO kernels still
unknown!

— 1vl — 1v2 4+ 2vl

0 1 2 3 4
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Approximating the massive kernels

Constraints for the massive kernels

For now a full calculation of the massive NLO kernels is out of reach for us (involves massive two-loop
diagrams)

construct approximate solutions
To this end make use of the following constraints
RGE dependence of the massive kernels

Small and large distance limits of the massive kernels

DPD number and momentum sum rules

The limiting behaviour and RGE dependence are uniquely fixed by these constraints, while the DPD
sum rules constrain also intermediate inter parton distances
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Summary.



Summmary

At small interparton distances y DPDs can be matched onto PDFs with perturbative 1 — 2 splitting
kernels

Splitting evaluated at pgpiiy ~ 1/y
For pspiit ~ mq quark mass effects have to be taken into account
Consistent treatment of quark mass effects

Heavy quark decouples for pigp1ic < mq
Heavy quark treated as massive for pigpiic ~ mg

Heavy quark treated as massless for pigp1is > Mg

Including quark mass effects leads to DPDs with smaller discontinuities and stabilizes DPD luminosities
compared to the purely massless case
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At small interparton distances y DPDs can be matched onto PDFs with perturbative 1 — 2 splitting
kernels
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Backup.



DPDs.

Splitting DPDs at iy, = s = myy-
ng =5 LO splitting DPDs for WW production:
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DPDs.
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DPDs.
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DPDs.

Splitting DPDs at iy, = s = myy-
ng =5 LO splitting DPDs for WW production:
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DPDs.

Splitting DPDs at iy, = s = myy-
ng =5 LO splitting DPDs for WW production:
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DPDs.

Splitting DPDs at iy, = s = myy-
ng =5 LO splitting DPDs for WW production:
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DPDs.

Splitting DPDs at iy, = s = myy-
ng =5 LO splitting DPDs for WW production:
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DPDs.

Splitting DPDs at iy, = s = myy-
ng =5 LO splitting DPDs for WW production:
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DPDs.

Splitting DPDs at iy, = s = myy-
ng =5 LO splitting DPDs for WW production:
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DPDs.

Splitting DPDs at iy, = s = myy-
ng =5 LO splitting DPDs for WW production:
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DPDs.

Splitting DPDs at iy, = s = myy-
ng =5 LO splitting DPDs for WW production:
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DPDs.

Splitting DPDs at iy, = s = myy-
ng =5 LO splitting DPDs for WW production:
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DPDs.

Splitting DPDs at i, = s = 1000 GeV.
nr = 6 LO splitting DPDs for tt production:
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DPDs.

Splitting DPDs at i, = s = 1000 GeV.
nr = 6 LO splitting DPDs for tt production:
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DPDs.

Splitting DPDs at i, = s = 1000 GeV.
nr = 6 LO splitting DPDs for tt production:
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DPDs.

Splitting DPDs at i, = s = 1000 GeV.
nr = 6 LO splitting DPDs for tt production:
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DPDs.

Splitting DPDs at i, = s = 1000 GeV.
nr = 6 LO splitting DPDs for tt production:

— massive

b - massless
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DPDs.

Splitting DPDs at i, = s = 1000 GeV.
nr = 6 LO splitting DPDs for tt production:
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DPDs.

Splitting DPDs at i, = s = 1000 GeV.
nr = 6 LO splitting DPDs for tt production:
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DPDs.

Splitting DPDs at i, = s = 1000 GeV.
nr = 6 LO splitting DPDs for tt production:
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DPDs.

Splitting DPDs at i, = s = 1000 GeV.
nr = 6 LO splitting DPDs for tt production:
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DPDs.

Splitting DPDs at i, = s = 1000 GeV.
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DPD luminosities at p; = o = myy.
ng =5 LO DPD luminosities for W production:
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F,: massless vs. massive scheme

> Only contributes in the > Contributes in the massive > Contributes in the massive
massless scheme. and massless schemes. and massless schemes.

» DPD produced by direct > DPD only produced by > DPD only produced by
splitting, no evolution evolution. evolution.
necessary.

» Contributions (b) and (c¢) vanish when the splitting scale is identical to the target scale!
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Fy: massless vs. massive scheme
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Matching scale dependence of splitting DPDs.

Finally consider the dependence of LO DPD luminosities for dijet production on the flavour matching
scales (at LO, varied by a factor of 2):
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my
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Compared with the dependence on MSI},ﬁt the scale uncertainty associated with flavour matching is small!
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Matching scale dependence of splitting DPDs.

Finally consider the dependence of LO DPD luminosities for dijet production on the flavour matching
scales (at LO, varied by a factor of 2):
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Scale dependence of splitting DPDs: in depth.

In order to understand the pusp1c dependence of LO DPD luminosities involving g¢ DPDs consider the

scale variation of the involved DPDs (z1 = % expY, xo = ”% exp—Y):

Central rapidity (Y = 0):
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Scale dependence of splitting DPDs: in depth.
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Scale dependence of splitting DPDs: in depth.

In order to understand the pusp1c dependence of LO DPD luminosities involving g¢ DPDs consider the

scale variation of the involved DPDs (z1 = MTV;’ expY, xo = MTV; exp—Y):
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RGE dependence of the massive kernels.

The RGE dependence of the massive NLO kernels is completely fixed by LO perturbative ingredients:

Scale dependence of the massive NLO kernels

d  penre _ anpﬂ(o yew ZPan(O e

dlogﬂ a1a2,a0 biaz,ap 2bo a1b2,ao
Q@) ne(0) ﬁo QM)
Valaz,bo Pboao 2 Vll10427040
__ ,.nr, RGE
= Yaraz,a0

where the VR are the massive LO kernels and the P"F(O))ab are the LO DGLAP kernels.
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Limiting behaviour of the massive kernels.

For small and large interparton distances the massive kernels can be expressed in terms of convolutions
of massless kernels and flavour matching kernels:

Small distance limit

yQmr(2) Y29 sne ynrtl(2) nF+1(1) 420

aiaz,ao apl " aiaz,ao § : aiaz,by boao ’

Large distance limit

b1az aop azbz a1b2 ag aiaz,ap *

n — n 1 1 1 1 1 1
Va?wpa(f) §=5e Valgg?go + ZAaQ1(b1) ( ) + ZAQ( ( ) + AQ( )V( )
1
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Sum rules for the massive kernels.

The Gaunt-Stirling DPD sum rules can be used to derive sum rules for the massive kernels:

Number sum rule

// dzy_ a?&Zf,ao = (50«152 - 5a1a2 - 5azﬁo + 60«2&0) Aang:
Ys

+ 242070 ( [ Uptanre)) = ([ Utz tr)) @ 4227
b1 2 2

ba

Momentum sum rule
Z / XQ/ dgy— Viinn, = 0= X) A%
n n 1
53 fi;zF@( [ 520 )) - 3 ([ 30zt ) @ (eagz).

bi,a2 az,bo 2
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Ansatz for the massive kernels.

The following ansatz fulfils the RGE and limiting behaviour constraints:

2
m
2,1 Q T
V@ne@) — ynel20l 4 ynelllog 2 T Ro(yme) vl (a1, z2)
Y

aiaz,aq aiaz,ao ai1az,aq

+ k‘u(me) (VnF+1[2’O] — V"F[Qvo]) _ k02(me) (VTLF-H[?J] _ Vnp[Q,l]

2
K~ np,RGE
+10g 2 valFag,aQ (21722)7
mQ

where

> Sum rules can be used to constrain v%: ] I

aiaz,ag

)
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