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Abstract. We present the first determination of transverse momentum dependent (TMD) photon densities
with the Parton Branching method. The photon distribution is generated perturbatively without intrinsic
photon component. The input parameters for quarks and gluons are determined from fits to precision
measurements of deep inelastic scattering cross sections at HERA. The TMD densities are used to predict
the mass and transverse momentum spectra of very high mass lepton pairs from both Drell-Yan production
and Photon-Initiated lepton processes at the LHC.

PACS. XX.XX.XX No PACS code given

1 Introduction

The Parton Branching (PB) evolution method [1,2] has
been applied to evolve both collinear and transverse mo-
mentum dependent parton distributions (TMDs) from a
small to large scale using the DGLAP evolution equation.
An important feature of this method is that it gives a
solution which is fully exclusive, and therefore allowing
for a determination of the TMD parton density. The PB
method applies the unitarity formulation of the QCD evo-
lution equation and has shown to be valid for leading-order
(LO), next-to-LO (NLO) and next-to-NLO (NNLO).

Given that α2
s ∼ α over a wide range of scales, it be-

comes necessary to include also the corresponding elec-
troweak (EW) corrections in the evolution, which can ex-
ceed the few percent level and become quantitatively very
important for an accurate prediction [3,4]. So far, QED
corrections have been taken into account for observables
involving collinear parton distribution functions (PDFs)
[5,6,7,8,9,10,11,12,13,14,15,16,17,18]. Such analyses per-
formed up to NNLO in QCD and LO in QED show that
the photon PDF contribution is not negligible and needs to
be carefully studied for precise predictions at the LHC and
even more for higher energies as the HE-LHC and FCC-
hh, where a particularly important aim involves events
with leptons in the final state. The first significant change
in the evolution of parton distributions with QED cor-
rections is the appearance of the photon density. In this
context, it is necessary and timely to consider the QED

contribution to the PB evolution and to extract the first
photon TMD. Recent phenomenological studies of contri-
butions from photon-initiated (PI) channels to lepton pair
production based on the structure function calculation of
the underlying process in proton-proton collisions are dis-
cussed in [19,20].

In this report the determination of parton densities
with QED corrections obtained using the PB method is
presented together with applications of the obtained pho-
ton TMDs to high mass lepton pair production at LHC
energies.

2 Method description

In the PB approach the complete evolution of the parton
density including the full information of the kinematic of
the evolution process is calculated. Soft gluon emission
and transverse momentum recoils are expressed by intro-
ducing the soft gluon resolution scale zM . The evolution
without resolvable branching from µ2

0 to µ2 is treated via
Sudakov form factors

∆a(µ2, µ2
0) = exp

(
−
∑
b

∫ µ
2

µ
2
0

dq2

q2

∫ zM

0

dz z P
(R)
ba (αs, z)

)
.

(1)
Here, zM separates resolvable and non-resolvable branch-
ings, z is the longitudinal momentum fraction, αs is the
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str o n g c o u pli n g a n d P
( R )
b a r e pr e s e nt s t h e r e al e mi s si o n s plit-

ti n g f u n cti o n s fr o m fl a v o ur a t o b . I n t hi s a p pr o a c h t h e
T M D e v ol uti o n e q u ati o n s ar e writt e n a s

A a (x, k 2
t , µ2 ) = ∆ a (µ 2 ) A a (x, k 2

t , µ20 ) +

b

d q 2

q 2

d φ

2 π

∆ a (µ 2 )

∆ a (q 2 )
Θ (µ 2 − q 2 ) Θ (q 2 − µ 2

0 ) ×

z M

x

d z

z
P

( R )
a b (α s , z) A b

x

z
, k 2

t , q 2 , ( 2)

w h er e A a (x, k 2
t , µ2 ) i s t h e T M D di stri b uti o n of fl a v o ur

a , c arr yi n g t h e l o n git u di n al m o m e nt u m fr a cti o n x of t h e
h a dr o n’ s m o m e nt u m a n d tr a n s v er s e m o m e nt u m k 2

t at t h e
e v ol uti o n s c al e µ 2 . T h e tr a n s v er s e m o m e nt u m i s gi v e n b y
k t = |k + ( 1 − z )q |, w h er e q i s t h e r e s c al e d tr a n s v er s e
m o m e nt u m v e ct or of t h e e mitt e d p art o n a n d φ i s t h e a z-
i m ut h al a n g el b et w e e n q a n d k . I n t h e a p pli c ati o n of E q.
2 w e c o n si d er t h e s c al e at w hi c h α s i s e v al u at e d n ot n e c-
e s s aril y e q u al t o t h e e v ol uti o n s c al e. We a p pl y t h e c h oi c e
e nf or c e d b y a n a n g ul ar or d eri n g of t h e e mi s si o n s t h er ef or e
e n s uri n g q u a nt u m c o h er e n c e of s oftl y r a di at e d p art o n s.
T h e fir st s et of T M D s e v ol v e d wit h N L O Q C D D G L A P
s plitti n g f u n cti o n s d et er mi n e d fr o m a fit t o H E R A I +II
p r e ci si o n m e a s ur e m e nt s [ 2 1] h a v e b e e n d e s cri b e d i n R ef.
[ 2 2].

H er e, w e c o n c e ntr at e o n Q E D c orr e cti o n s. T h e L O-
Q E D k e r n el s ar e [ 5]

P q q = e 2
q

1 + z 2

[ 1 − z ]+
+

3

2
e 2

q δ ( 1 − z ) ,

P q γ = N e 2
q (z 2 + ( 1 − z ) 2 ) ,

P γ q = e 2
q

1 + ( 1 − z ) 2

z
,

P γ γ = −
N

3
q

e 2
q δ ( 1 − z ), ( 3)

w h er e t h e s u m q o nl y g o e s o v er all a cti v e fl a v o ur s N a n d
w e n e gl e ct l e pt o ni c c o ntri b uti o n s t o P γ γ . T h e r e s ol v a bl e

k er n el P ( R )
γ γ v a ni s h e s, a s P γ γ o nl y c o nt ai n s a p art pr o p or-

ti o n al t o t h e Dir a c di stri b uti o n. Si n c e t h e L O- Q E D s plit-
ti n g k er n el s d e p e n d o n t h e el e ctri c c h ar g e of t h e q u ar k, t h e
e v ol uti o n f or u p-t y p e a n d d o w n-t y p e q u ar k s i s di ff er e nt.
T h e m o m e nt u m s u m r ul e h ol d s f or t h e L O Q E D s plit-
ti n g k er n el s. A f ull st a n d ar d m o d el e v ol uti o n e q u ati o n s,
i n cl u di n g a S u d a k o v f or m f a ct or i s di s c u s s e d i n [ 3, 4].

T h e Q E D e v ol uti o n i s p erf or m e d u si n g t h e P B m et h o d,
a s s u mi n g t h e p h ot o n i s g e n e r at e d d y n a mi c all y o nl y fr o m
p h ot o n r a di ati o n o ff t h e q u ar k s ( a v ail a bl e i n t h e e xt e n d e d
v er si o n of u P D F e v o l v [ 2 3]).

3 C olli n e ar p h o t o n d e n si t y

S e v er al gr o u p s h a v e d et er mi n e d c olli n e ar p h ot o n P D F s:
T h e M R S T [ 6] gr o u p u s e d a p ar a m etri z ati o n f or t h e p h o-
t o n P D F b a s e d o n r a di ati o n o ff of “ pri m or di al ” u p a n d

d o w n q u ar k s. I n C T 1 4 [ 1 3] a si mil ar p h e n o m e n ol o gi c al
m o d el w a s a d o pt e d. T h e N N P D F gr o u p [ 7] a n d x Fitt er
D e v el o p er s’ Te a m [ 1 1] tr e at e d t h e p h ot o n P D F o n t h e
s a m e f o oti n g a s t h e q u ar k a n d gl u o n P D F s. Wit hi n t h eir
a p pr o a c h, t h e p h ot o n P D F i s p ar a m etri z e d at t h e st arti n g
s c al e.

M M H T [ 1 2] pr o vi d e d t h e p h ot o n P D F s e p ar at e d i nt o
el a sti c (t h e p h ot o n c o m p o n e nt g e n er at e d b y c o h er e nt r a-
di ati o n fr o m t h e pr ot o n a s a w h ol e) a n d i n el a sti c c o ntri-
b uti o n s (t h e p h ot o n c o m p o n e nt g e n e r at e d fr o m q u ar k s),

w hil e t h e el a sti c c o m p o n e nt i s l e s s si g ni fi c a nt at hi g h er Q 2

a n d n e gli gi bl e b el o w x ∼ 0 .2.

I n t h e P B a p pr o a c h w e g e n er at e t h e p h ot o n b y p er-
t ur b ati v e r a di ati o n, wit h o ut a n y i ntri n si c p h ot o n di stri-
b uti o n. We c o n str ai n t h e Q C D p art o n s b y a fit t o H E R A
d at a i n t h e r a n g e s 3 .5 < Q 2 < 5 0 0 0 0 G e V 2 a n d 4 . 1 0 − 5 <
x < 0 .6 5 at N L O i n Q C D, f or α s (M Z ) = 0 .1 1 8, wit h L O
Q E D e v ol uti o n. We p erf or m t h e e v ol uti o n wit h S et 2 s et-
ti n g s of R ef. [ 2 2]. T h e i n cl u si o n of a p h ot o n P D F h a s a
n e gli gi bl e i m p a ct o n ot h er P D F s. T h e fit s of b ot h Q C D
s et [ 2 2] a n d Q C D + Q E D s et wit h t h e s a m e f u n cti o n al f or m
f or t h e gl u o n a n d q u ar k di stri b uti o n s r e s ult e d i n a si mil ar
χ 2 / d o f = 1 .2 1.

5−1 0 4−1 0 3−1 0 2−1 0 1−1 0
x

4−1 0

3−1 0

2−1 0

1−1 0

1

1 0)
µ

xf
(x

,

 = 1 0 G e Vµp h ot o n, 

 fr o m 0. 1 u p t o 1 0 0 0 G e V
t

P B- T M D N L O Q E D- s et 2- H E R AI +II, k
C T 1 4 q e d _ pr ot o n

T
M

D
pl

ot
t
er

 
2.

2.
3

 = 1 0 G e Vµp h ot o n, 

5−1 0 4−1 0 3−1 0 2−1 0 1−1 0
x

4−1 0

3−1 0

2−1 0

1−1 0

1

1 0)
µ

xf
(x

,

 = 1 0 0 0 0 G e Vµp h ot o n, 

 fr o m 0. 1 u p t o 1 0 0 0 0 0 G e V
t

P B- T M D N L O Q E D- s et 2- H E R AI +II, k
C T 1 4 q e d _ pr ot o n

T
M

D
pl

ot
t
er

 
2.

2.
3

 = 1 0 0 0 0 G e Vµp h ot o n, 

Fi g. 1. T h e p h o t o n P D F a t Q = 1 0 G e V a n d Q = 1 0
4

G e V
pl o t t e d v e r s u s x . C T 1 4 q e d- p r o t o n i s al s o s h o w n f o r c o m p a ri-
s o n.
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We h a v e p erf or m e d a b e n c h m ar k t e st a s i n R ef. [ 1 5]
b y t a ki n g t h e s a m e p ar a m etri z ati o n a n d i niti al s c al e i n
t h e F F N s c h e m e wit h o nl y f o ur a cti v e q u ar k s. Wit h t h e
s a m e a s s u m pti o n of γ (x, Q 2

0 ) = 0, a n e x c ell e nt a gr e e m e nt
i s a c hi e v e d f or all fl a v or s, p h ot o n a n d gl u o n P D F s.

I n Fi g. 1 w e c o m p ar e t h e c olli n e ar P B p h ot o n P D F
wit h C T 1 4 q e d at t h e s c al e of Q = 1 0 G e V a n d Q = 1 0 4

G e V. At l ar g e s c al e a n d s m all x c ur v e s ar e v er y si mil ar.

4 T M D p h o t o n d e n si t y

T M D p art o n d e n siti e s c a n b e o bt ai n e d wit hi n t h e P B
m et h o d. T h e pr o c e d ur e f or t h e d et er mi n ati o n of t h e T M D
di stri b uti o n s of q u ar k s a n d gl u o n s i s t h e s a m e a s d e s cri b e d
i n R ef. [ 1, 2, 2 2].

Fi g. 2 s h o w s t h e gl u o n a n d s c al e d p h ot o n T M D f or
µ = 1 0 G e V a n d µ = 1 0 0 G e V. T h e s h a p e of di stri b uti o n
at l o w k t (k t < 1 G e V) i s si mil ar w hil e at l ar g e k t , e s p e-
ci all y at l ar g e s c al e ( µ = 1 0 0 G e V), t h er e i s a di ff er e n c e
c o mi n g fr o m p ert ur b ati v e gl u o n- gl u o n s plitti n g w hi c h h a s
n o c orr e s p o n d e n c e i n t h e p h ot o n c a s e (t hi s e ff e ct a p p e ar s
i n t h e s e c o n d t er m i n e q. ( 2)).

1−1 0 1 1 0
 [ G e V]tk

5−1 0

4−1 0

3−1 0

2−1 0

1−1 0

1

1 0)
µ, t

x
A(

x,
k

 = 1 0 G e VµP B- T M D N L O Q E D- s et 2- H E R AI +II, x = 0. 0 1, 

gl u o n
 1 0 0 0×p h ot o n 

T
M

D
pl

ot
t
er

 
2.

2.
3

 = 1 0 G e VµP B- T M D N L O Q E D- s et 2- H E R AI +II, x = 0. 0 1, 

1−1 0 1 1 0 21 0
 [ G e V]tk

5−1 0

4−1 0

3−1 0

2−1 0

1−1 0

1)
µ, t

x
A(

x,
k

 = 1 0 0 G e VµP B- T M D N L O Q E D- s et 2- H E R AI +II, x = 0. 0 1, 

gl u o n
 1 0 0×p h ot o n 

T
M

D
pl

ot
t
er

 
2.

2.
3

 = 1 0 0 G e VµP B- T M D N L O Q E D- s et 2- H E R AI +II, x = 0. 0 1, 

Fi g. 2. Tr a n s v e r s e M o m e nt u m D e p e n d e nt p h o t o n a n d gl u o n
d e n si ti e s a t x = 0 .0 1 a s a f u n c ti o n of k t f o r di ff e r e nt s c al e s
µ = 1 0 G e V a n d µ = 1 0 0 G e V.

5 A p pli c a ti o n t o v er y hi g h l e p t o n p air
pr o d u c ti o n m a s s

T h e C M S e x p eri m e nt [ 2 4] h a s m e a s ur e d t h e pr o d u cti o n
of p air s of m u o n s o v er a wi d e r a n g e of t h e dil e pt o n i n v ari-
a nt m a s s. Dil e pt o n pr o d u cti o n i n h a dr o n- h a dr o n c olli si o n s
pr o vi d e s a u ni q u e t o ol f or i m pr o vi n g o ur u n d er st a n di n g of
h a dr o ni c str u ct ur e a n d i n p arti c ul ar f or t e sti n g p art o n di s-
tri b uti o n s. T h e c o ntri b uti o n s fr o m PI l e pt o n pr o d u cti o n
(γ γ → l+ l− , wit h l = e, µ ) i n h a dr o n- h a dr o n c olli si o n s ar e
si z a bl e at hi g h i n v ari a nt m a s s [ 1 6, 2 5, 2 6, 2 7, 2 8].

I n Fi g. 3 w e s h o w t h e m e a s ur e d dil e pt o n m a s s s p e c-
tr u m a n d c o m p ar e it wit h t h e pr e di cti o n of c olli n e ar N L O
P B- Q E D ( S et 2). T h e s p e ctr u m i s r at h er w ell d e s cri b e d
wit h t h e N L O P B- Q E D pr e di cti o n.

M a d G r a p h 5 a M C @ N L O [ 2 9] i s u s e d t o c al c ul at e
t h e dil e pt o n a n d PI l e pt o n pr o d u cti o n at N L O a n d L O.
T h e c o ntri b uti o n fr o m PI pr o c e s s o bt ai n e d wit h t h e p h o-
t o n P D F i s s c al e d wit h t h e f a ct or of 1 0 0 f or b ett er vi s-
i bilit y. T h e fr a cti o n of PI c o ntri b uti o n i n dil e pt o n m a s s
s p e ctr u m i s g e n er all y l e s s t h a n 1 %.

D at a

M C at N L O P B- N L O- S et 2 (s c al e)

PI P B N L O x 1 0 0

1 0 2 1 0 3
1 0 − 7

1 0 − 6

1 0 − 5

1 0 − 4

1 0 − 3

1 0 − 2

1 0 − 1

1

1 0 1

1 0 2

C M S, 1 3 T e V, D Y, f ull p h a s e- s p a c e

m( µ µ ) [ G e V]

d
σ

/
d

m
[

p
b

/
Ge

V]

Fi g. 3. Dil e p t o n hi g h m a s s di s t ri b u ti o n p r o d u c ti o n c o m p a r e d
t o p r e di c ti o n s a t Q C D + Q E D u si n g P B- T M D s i n t h e f ull p h a s e
s p a c e. T h e s c al e d PI c o nt ri b u ti o n i s al s o s h o w n.

I n Fi g. 4 w e pr e s e nt pr e di cti o n s fr o m N L O P B- T M D-
Q E D a n d N L O m atri x el e m e nt s f or Dr ell- Y a n ( D Y) tr a n s-
v er s e m o m e nt u m s p e ctr a f or di ff er e nt l e pt o n p air m a s s r e-
gi o n s p erf or m e d wit h t h e C a s c a d e 3 M C g e n er at or p a c k-
a g e [ 3 0]. We al s o c al c ul at e t h e c o ntri b uti o n of PI pr o c e s s e s
i n t h e tr a n s v er s e m o m e nt u m s p e ctr u m of v er y hi g h m a s s
dil e pt o n s wit h a c olli n e ar a n d T M D p h ot o n d e n sit y. A s
s h o w n i n Fi g. 4 f or di ff er e nt m a s s r e gi o n s, t h e tr a n s v er s e
m o m e nt u m s p e ctr u m of v er y hi g h D Y m a s s i s di ff er e nt b e-
t w e e n t h e st a n d ar d D Y a n d PI l e pt o n s p e ctr a. T h e di ff er-
e n c e c o m e s fr o m t h e h ar d m atri x el e m e nt pr o c e s s, r at h er
t h a n fr o m t h e T M D di stri b uti o n.
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MCatNLO PB-NLO-Set2 (scale)
PI PBNLOx100
500 < Mµ+µ− < 800 GeV

10−1 1 10 1 10 2
10−7

10−6

10−5

CMS, 13 TeV, DY, full phase-space

pT(µµ) [GeV]

dσ
/
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T
[p
b/

G
eV

]

MCatNLO PB-NLO-Set2 (scale)
PI PBNLOx100
800 < Mµ+µ− < 1000 GeV

10−1 1 10 1 10 2

10−7

10−6

CMS, 13 TeV, DY, full phase-space

pT(µµ) [GeV]

dσ
/
dp

T
[p
b/

G
eV

]

MCatNLO PB-NLO-Set2 (scale)
PI PBNLOx100
1000 < Mµ+µ− < 1500 GeV

10−1 1 10 1 10 2

10−8

10−7

CMS, 13 TeV, DY, full phase-space

pT(µµ) [GeV]

dσ
/
dp

T
[p
b/

G
eV

]

MCatNLO PB-NLO-Set2 (scale)
PI PBNLOx100
1500 < Mµ+µ− < 2000 GeV

10−1 1 10 1 10 2

10−9

10−8

CMS, 13 TeV, DY, full phase-space

pT(µµ) [GeV]

dσ
/
dp

T
[p
b/

G
eV

]

Fig. 4. Standard DY and PI transverse momentum spectra
based on collinear and TMD PB-QED (Set2) at different high
mass regions.

6 Conclusion

We determined collinear and TMD photon densities with
the PB method and investigated the mass and transverse
momentum spectra of DY lepton-pair production at very
high DY masses by matching PB-QED (Set 2) distribu-
tions to NLO calculations via MC@NLO. We observed a
good description of the dilepton mass measurements in the
range 15 to 3000 GeV at

√
s = 13 TeV. We also provided

a new perspective on the contribution of PI lepton process
in the transverse momentum spectrum of very high mass
lepton pairs.

Extracting the photon PB TMD lays the ground work
needed to generate collinear PDFs and TMDs for the
heavy gauge bosons Z, W by implementing the EW sec-
tor.
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