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Transverse Momentum Dependent pdfs at LHC

P conventional collinear tactorization: TM In fina
forp1(z1, ko1, 17) : : :
state from higher order perturbative corrections
— slows down convergence of perturbative series
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fg/Pl (xla kJ_,17 ,LL%)

Parton Branching method

underlying idea:

- keep track of transverse momenta along the DGLAP
evolution chain = TMD PDF (or unintegrated pdf)
— MC formulation of DGLAP evolution

&gg(ml,Qa kJ_,1,27 Q27 M%‘)

i, Pﬁb(z) real splitting kernels: prob. that parton splits

- Sudakov form factor: prob. that parton does not split

- both closely related through momentum sum rules

Z — ee, dressed level, 66 GeV < m,, < 116 GeV, |y | < 2.4

® can be formulate at LO, NLO, NNLO
® mplemented in Xfitter framework
e particularly useful for MC studies

phenomenology: Z-boson
production . [ —+ Data

do/dp% [pb GeV ']

® available through https://
B d M t t | 10 = —— MCatNLO PB-NLO-2018-Set2 (exp+mod) _j : g
[Bermudez Martinez et. al.  _F ik op) - tmdlib.hepforge.org/, see also
1906.00919] : intr. kt (down) -

o4 ;_ —— MCatNLO PB-NLO-2018-Set1

® also iImplemented in Cascade MC

MC /Data
=
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Open questions (personal list)

® precise relation to TMD QCD operator definition (—underway, but not topic of this talk)
e high energy/low x limit: QCD amplitudes are naturally factorized into TMD unintegrated

gluon distribution

- high energy factorization in the dilute limit (no high density

effects)

- BFKL evolution
and unintegrated gluon density
- k;-factorization: matching to collinear factorization — analytic

continuation of partonic cross-section

1 1 A ]{32
AM?0(x, M*?) = /ko/O d,zl/O dzo0 (21, W) F(z9,k)0(2129 — )




DGLAP= evolution from
low scale (hadron) to
hard scale (process)

transverse momenta
strongly ordered

B2 kT,i =>> kT,i__l(:negIect
a12pn information on kT«— isolate
logarithmic enhanced term ~

collinear factorization)

proton momentum fraction a treated exactly (no approximation), but implicitly a; ~ a;



BFKL= evolution from intermediate
X~103 to low x~10°6

poroton momentum
fraction a strongly

ordered a; »a;

(:neglect information on

a12pn 0. «<— isolate logarithmic
enhanced term ~ high

energy faotorization)

transverse momentum treated exactly (no approximation), but implicitly K, ~ Kr.. 4



Ol'd e” ﬂ g Iﬂ @ (momentum fraction w.r.t. collision partner)

goal:
e combine DGLAP & BFKL
e cxtend validity of TMD evolution

k=ap+ Bn+ kr

————— to the region x = 107> = 0.7
ki, b1 = Oji’gn
ko, (o, o = Cfﬁj,n
_ Har
k7,1 k7,1 k7,1
... Means ’ ’ ’
b1 > By > B3 > a12n-p>> a12n-p>> a12n-p>>
implies: a] K ag <K ... AND a1 ~ Q9 ~ ...
kpa~ kra ~ .. kT,l > kT)Q > ...

BFKL/Multi-Regge Kinematics
DGLAP/collinear kinematics



Real TMD splitting St
kernels '

q=2z-Tp+qr+ Bn
|

task: search for factorization of correlators which Is
only ordered in 3

% k:$°p+kT

iIngoing line
] . ’ (“kT-factorization™)
real part: =forget about 8

® start from diagrammatic definition of collinear factorization in

axial gauge this talk:
® incoming off-shell legs: high energy factorization as formulated in - explore real TMD

high energy eftective action splitting within parton
® gauge invariant kernel + correct high energy & collinear limit oranching method

® allows to derive real splitting kernels - fix missing virtual

contributions through
probabillistic
Interpretation

® fails for virtual corrections — TMD distribution in light cone gauge
requires transverse gauge link = work Iin progress




Heuristic generalization of the BFKL equation

Fl(x, k%) =

1
—PTMR(Z k/ )

27 99
q

(O) (x, k2 / dz

T4 po,
mq

leading order

a Oy e 7B | 2 1 k'* — 3q® — k2
o p2 |2(1—2)g®2 @2 2q® + (1 — 2)k2
| (14+e€)z(1—2) (2K -q— k’2)2_
(2q% + (1 — 2)k2)? k'

real splitting kernel
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PrOperties: - DGLAP slitting function in the

collinear limit
_ real part of BFKL kernel forz — 0O

20 e~ B¢ [ 1 (q-K')*
lim PP (2 K q) = = 2+ (1 -
w20 99 2,k q) 2 p?e | z(1 — z) Tl +e)

double Mellin space:

2—|—2€ Y1
q
- &SOA )
— rw | e | ,u2 | XO(’V) -+ O(E)_ -+ O( )

~inating v - - ithin high ffecti on:
anticipating virtual correction (= gluon Regge trajectory) within high energy efiective action

BFKL unintegrated F(x kg) dw / dy (K h(o)(V)
gluon density after kz ynri Y 02 ) w—a.xoe(y)
resumming (/)" to

all orders

collinear limit: BFKL anomalous vPEE (o w) = =2+ 2¢(3) (—)4 —
dimension
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iPTM(Z k' q) = asCpe el 2 2 | (1+¢€)2q° A k,a
g? 91 7 4 2 p?€ | z2q% z2q®? + (1 — 2)Kk? | 2q® + (1 — 2)k?]2
q X -z
L Srvr, asTre 75| 1 2(1 —2)q*(2q - k' — k'*)*" f, | A Z
_2qu’ (2, k' q) = e 2 > 2 > r2 212 Z 7
q 2r  p% | zq°+ (1 — 2)k k?|2q* + (1 — 2)k?]
1 a.Cpe B[ 9 k'’ — k2
_PTM,R k/ __ =S F |
gl R e e T R+ (1 ok

- correct high energy anc

2q* +e(1 — 2)k*
2q* + (1 = 2)k2]?

collinear limits easily veritied

- generalization to arbitra

'y flavors ...

but: still lacks virtual

Folz,k*) = FO (2, k?)

1 2
a"q
> [ [ Ariea

11

B)F, (= (a+ k)?)

contribution + requires
‘renormalization”



From ‘bare' to ‘physical' TMD PDF

- real splitting kernels can
be re-obtained from
operator definitions of

unpolarized gluon and

quark TMD (real 1-loop)

Le = Pexp{—ig f;f dC~ AT (¢, €)} - initial state: reggeized

‘ gluon and quark field as

defined through high
energy effective action

_ 0
2O (1, k) = / (Zi )fpﬁ e e ik pl (e ) L1LoFF (0)|P)

these operator definitions require
- SOft factor

- UV renormalization

- virtual corrections

our treatment:

® determine/constraint these conditions through consistency requirement of the parton
branching method

® independent formal calculation is under way ....
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Parton branching method: collinear case

prob. for evolution

~

u " Ag (k0 12) = Ay (1, 12) Aq (2, k1, 12)

@, kL g d 12
H dg N
/ Z/ /2 /% / dZKab(Zaﬂ)Ab (;7“3

we 0 x
I s zas (1)
dlu/Q
Ho o A, (12, p2) = exp —Z/ > / dzz Py (2, as (b(2)
T g 0
with no . .
pranchings with branching Sudakov form factor
9, =(1— 2"\’ collinear angular ordering
Aa (M27:u2) . ey
Kap(2, 1) = % % u%) Py (2, as(b(2)* 1)) collinear splitting kernel
a » I'Y0
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Naive replacement: P ,(z) — PCQM(Z, K', 1)

- technically possible: since we already integrate over transverse momenta
through angular ordering prescription
- Sudakov form factors etc. remain with the collinear prescription

Conseqguences: rather strong violation of momentum sum rules

d’k relation to conventional integrated pdfs (“DGLAP u
Xfo(X, ) = J—ﬂ(x, K, 1) ° Pals | "

T to phase space”)

1
L dxz xf,(x, 1) =1 need to obey momentum sum rule
a

14



1

J dexfa(x, u) = 1 for collinear splitting
O a

kernels + collinear Sudakov

— WOrks /

u? [GeVA | al(p?), fix. 2y as(q?), fix. 2y as(qt), dyn. 2y,
3 1.000 1.000 1.000
10 0.999 0.999 0.999
102 0.997 0.997 0.997
10° 0.995 0.993 0.995
10% 0.992 0.989 0.992
10° 0.986 0.981 0.984

1
J dexfa(x,,u) = 1 for TMD splitting kernels

O da
+ collinear Sudakov

— does not work x

p? [GeVA | ag(p?), fix. zar  as(q?), ix. 2z as(qs), dyn. zy
3 1.029 1.038 1.000
10 1.087 1.139 1.007
107 1.156 1.304 1.045
103 1.195 1.413 1.091
10 1.219 1.478 1.129
10° 1.229 1.507 1.148
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From the o
‘bare' TMD 7=k =F§°>(x,kz)+§b: / dz / W—qZP;EM(z,q,qw)fb (g(q+k)2)

, dr
U = etc

1 -7
e formulation based on angular ordering

/7, .1

a1 e exact angular/rapidity ordering p# > z'u", u" > 7'y’ etc,

a’, e Current Parton branching code is based on

. . /7
c, k| +9q7 +d angular ordering, but ignores the 7 simplified ordering

prescription: u > u" > u’

e misses complete TM range for z — 0O: incomplete _
BKFL ladder in low Xx region o tOwardS partOn branChlng
® pbut control well the infra-red region z — 1 ®

focus on these aspects in this work Note: this is the region which we need to control to make sense

of our ‘bare’ equation

16



Define now a TMD PDF which
depends on the scale u

_ separate off modes with u’ >

~

A, ki, po) = FO(x, k?) + / /2_¢/

_ separate off modes withz > zy,, z3y ~ 1 — 107>

defines the “no emission probability” Fa(,ulz, K’)
- contains both (unknown) virtual and unresolved real contributions

note: z,, is a regulator; z;, = 1 — 1072 is the
implementation used in the MC solution

17



Intermediate result:

probability of no emission: gathers unresolved
real contributions + unknown virtual corrections

real TMD splitting kernels (known): probability of emission

next step: impose momentum sum rule to / ; /dk Aok .
fix the unknown no emission probability £, Z o (2, ku, 1) =

18



technically: extend usual MC : N

2 Ao
arguments to k- dependent case, Fu(u? ki) =) 5 | 47 2Bz, k, p)
obtain from sum-rule: b 0

- sufficient to satisty the sum-rule
- not necessarily the most general expression

—inally reformulate evolution equation
using a TMD Sudakov form factor

depends now on TM!

~ / Aa( k) » /
Ag (aj kJ—’MQ) = A (,u kl)A (le kJ_a:uO)_l_ Kab(zvkvy’) A, (12, k) P]?)(Z k Na@s>

a

zn (p')

/ / Kap (2, k + a(z)p’, @) Ay (; k+a(z)u|, quz)

MD evolution equation with clear probabilistic
INnterpretation

19



Properties of splittings & the TMD Sudakov

o - angular average splitting kernels grow
& / dz 2P (% ]ﬂ,#)) with t-channel transverse momentum
— Increased splitting probabillities

TMD Sudakov (no splitting probability):
drops off for large TM

Ag(p?, k1) exp( Z/M

angular average TMD kernels -

1.02 0.065
1.00- 1 =100 GeV . I 1 =100 GeV . . . .
vos| — Ji'dzzPy, sosol — Jiidz 2Py, - collinear limit by construction
0.96- .
e 0.055- - low X resummation only complete for
e 0.050- small transverse momenta k; << u
0.88 0.045- 1
T T et q0r 108 -1 100 10t 107 103 dexfa(x,,u) = 1 for TMD splitting kernels + TMD Sudakov
kr [GeV] kr [GeV] Jo
a
0.385- 1 =100 GeV
e 0.380{ —— [ 0z 2Pqq 2 (GeV?) | a,(p?) fix. zar  a(q), fix. zy ag(q?), dyn. 2y
0.003- 0.375- 3 1.000 1.000 1.000
— 0.370- 10 0.999 0.999 0.999
0.365- 102 0.997 0.996 0.997
e e 0.360- 103 0.994 0.992 0.994
0.000{ 0 | qg | UM 104 0.991 0.987 0.991
10~1 10° | 101! 102 103 101 100 | 101! 102 103 105 0.984 0.978 0.983
kT [GeV] k—,— [GeV]
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gluon, =100 GeV

Py T \‘ I I I 1T \‘ I T \‘
3 10% col P, fixed zps, as(q1) =
) - TMD P col Sud, fixed zps, as(qr) =
yY - TMD P TMD Sud, fixed zps, as(q1) ]
102 = =
10 = =
1 e -
1071 = —
1072 & —
10—3 i |1 \‘ | | L1 111 \‘ | | L1 111 \‘ i
2 [ T T TTI \‘ I TTT \‘ T T TTI \‘ T T L
1.5 — —
1 L1l L1l L1l \
104 1073 1072 1071 X
down, =100 GeV
. 102 T T T T =
3 = col P, fixed zps, as(qL) =
o) - TMD P col Sud, fixed zps, as(q1) ]
+ - TMD P TMD Sud, fixed zps, as(q1) .
10 = =
1 e =
107 = =
- 1 <
| |
L o
—
1072 & - £
= 4 2
- 4 =
- 1A
103 1 Ll 1
15 T T NYY{NW T T NYY{NW T T NYY{NW T T TTT
1 \
L | I | H‘ | I | H‘ | I | H‘ | | L 1T
1074 1072 1072 10 X

TMDplotter 2.2.0

Distributions:

Xx-dependence

k-dependence

- so far: identical collinear initial condition

- separate fits left as task for the future

9
'lﬁ,o

~ 1
Aa(ﬂf, kJ_,Oa M(Q)) — lefa(.?f, M(Q)) '

s/ T

exp

- large differences for TMD splitting +
collinear Sudakov
- reason: violation of sum rules
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Conclusion:

e [irst implementation of TMD splitting function within the Parton Branching method

e Region which needs to be controlled: soft/infra-red region z — 1
- Implies a rapidity divergence

- requires ‘renormalization’; here achieved through the MC based Parton
Branching method (require probabilistic picture)

® |n parallel: formal study in progress; seems to lead to similar results
® Future plans:

- can we include in this way the complete BFKL limit (arbitrary emitted parton
gratz — 1)?

- explore relation to MC implementation of CCFM equation (old Cascade
) and NLO BFKL MC (BFKLex

)

- fits + phenomenology
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