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Based on
a )

- Phenomenology of TMD parton distributions in Drell-Yan and Z° boson production in a
hadron structure oriented approach

(PhysRevD.110.074016)
* (F. Aslan, M. Boglione, J. O. Gonzalez-Hernandez, T. Rainaldi, T. C. Rogers, A. Simonelli )

- The resolution to the problem of consistent large transverse momentum in TMDs
(PhysRevD.107.094029)

e (J. 0. Gonzalez-Hernandez, T. Rainaldi, T. C. Rogers )

- Combining nonperturbative transverse momentum dependence with TMD evolution
(PhysRevD.106.034002)

e (J. 0. Gonzalez-Hernandez, T. C. Rogers, N. Sato )

o /



https://journals.aps.org/prd/pdf/10.1103/PhysRevD.110.074016
PhysRevD.107.094029.pdf
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.106.034002

The Lagrangian of QCD

-~

\_

(

Locp = Z%,f(WM(Du
f

p
®

@

| N
Jij = mp0ij ) Vs — S Fa E,
——
luons
quarks & antiquarks ’ 1/
\1 s R

3 colors

3 anticolors

_
.




he difficulties with QCD

The interaction is strong
Quark and gluons are never observed
, (of order 1)
( color confinement )
e N\ Strong 1

Electromagnetic 1/137

Weak 10°

\_ -/ Gravity 10-39

@ Unlike photons, gluons interact with themselves

Y Y X




Hadronic Structure: Proton

/Flavor 2u—+1d A
Charge:2- (2) +1.(-1) =1
arge : 3 5 ) =

' :1/2
Sein - :1/ Y

Reality is much more difficult



Hadronic Structure: Proton

Credits: CERN


http://home.cern/news/news/physics/proton-century

)
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Many ways to tackle QCD

g Lattice QCD A

Exact calculations on a
lattice (discrete space-time)

- J

-
Others...

P ad

4 Factorization A

Nonperturbative and
perturbative physics

combined

\_ J

Suited for
hadronic
structure

g Effective QFTS\

Chiral perturbation theory,
Topological solitons,

& )




Why factorization is useful

We look at scattering processes (some examples)

®
DIS [+ H -]+ X

SIDIS [+ Hjs—Il+Hg+X
SIA l+1—> H+ X
DY Hi+Hg > 1+1+ X

There are different factorization theorems for different processes but
the idea is the same:

disentangle perturbative and nonperturbative (intrinsic) physics



Where the experiments take place (some examples)
k? Brookhaven

National Laboratory

Jef f.;gon Lab s, G

o— \

PHEN

LINAC Py
~ EBISTSmeft i
BLIPR 3
BOOSTER

= SN

10



Typical scattering experiment

DIS

(Deep Inelastic Scattering)

2

11



Factorization theorem for DIS

-

\_

2
ODIS — Z O-Zj®f]_|_0<Q2>

constituents

~

J

Perturbatively

.

calculable “hard” part

J

\

Mellin

Nonperturbative part
(intrinsic)

~N

\convolutior]

12



What is this intrinsic factor? (intuitively)

/ Collinear Parton Distribution Function (PDF): \
o . k=P PDF “Behaves” as the probability distribution
° to find parton j in hadron | carrying
fo/ (5)

collinear momentum fraction ¢

: fi/m (&)

d 4 (2) Fragmentation Function.(!:F): o
“Behaves” as the probability distribution
o F . Pu=z to find hadron | from parton j carrying
Collinear EE collinear momentum fraction z

\_ dpryj(2) )




What would you expect the pdfs of the
guarks in a proton to be?

The UP PDF should be situated at 1/3

but twice the size actuall
filp(f) Y
03 : 2/3
0.2+ uP

0.1+F

|||||||||

0.6 0.8 1.0 f



PDF: operator and renormalization

d S vt
f(O)j/H(f) — W emitPtu <P|¢(0)g (0 w OT)W(O) (w 0) w(O)J‘P> — 0
\ Y

Like the running coupling of QCD
they vary with the energy scale
(DGLAP equations)

Afim (€ ) \
fiya (& p) = Zy; ®f(0);,/ﬂ dlog 1 =2P; ® fj/m

- J

15




rom

ments

 HOW DO WE
-\ READ THIS ?

12

0.8

gfi/p(&:u)

0.6

UP u =3 GeV
—DOWN u =3 GeV
UP u = 100 GeV
-~ DOWN 1 = 100 GeV
UP (naive)
---—-DOWN (naive)

0.4

0.2

16



Generalization to 3D motion? (intuitively)

-

k1| x=e» TMD PDF

f./ (EI }?T)

Transverse Momentum Dependent \
(TMD) PDF:

The parton will generally also move in

the transverse direction

: . f]/H (57 kT)
- Transverse Momentum Dependent
d z, P
jo (% Py ) (TMD) FF:
o F . Pu=7zk The hadron will generally also move in
T™MD FE igH’T the transverse direction
k Dpyj (2, Pu) /

17



/00 of distributions

Distribution Functions

v - 6

Mulders & Tangerman, NPB 461 (1996) 197

Fragmentation Functions

Gl=@_'_ GIT=é - é
b

(P. Mulders, R. Tangerman (1996))

18



/00 of distributions

Mulders & Tangerman, NPB 461 (1996) 197
Distribution Functions Fragmentation Functions
Worm gear D1 - (©)| Collinear |
81T = é - éo) G, ='@.:é"-_:-_“ '6}_’ Gy = é - é
() :,‘Transversitv H, =,f£\ _ KE}\
- O L/
2lvers q@:@% - (? Polarizing FF
Boer-Mulders D ol
Pretzelosity =@ - (@ )Collins
. -Waorm gear | | H é) t
- = L N L
b =@ ;@ e - H =@ - @~ H:=@) - @

(P. Mulders, R. Tangerman (1996))

*They all have operator definitions (regardless of factorization)

19



fi/H(fIf)

More complications ... GTMD(z, k., A)

TMD
vJi/H

(CE, kT) > 07

(superrenormalizable non gauge theories only)

Charge R, S fd2kJ_

Credits: Lorcé, Pasquini and

Vanderhaeghen



https://arxiv.org/pdf/1102.4704.pdf
https://arxiv.org/pdf/1102.4704.pdf

More complications ...

They are not (exactly) probability distributions

They can be negative

foym(i) # [ kTR @ kers 1)

GTMD(z, k., A)

Charge R, S fd2kj_

Credits: Lorcé, Pasquini and

Vanderhaeghen



https://arxiv.org/pdf/1102.4704.pdf
https://arxiv.org/pdf/1102.4704.pdf

Where we encounter TMDs

22



SIDIS: Cross section
H
/y*
h

l+h—~"+h

s [+ H+ X

23



SIDIS: leading power regions

Collinear to minus direction region

Hard region(\/

Soft region

Collinear to plus direction region S

~__— )

24



SIDIS: leading power factorization

mnear to minus direction factor (FF*)

Hard factor\/

S

Soft factor

;Z
T -

Collinear to plus direction factor (TMD*)

~__—

1)

H/d2k1Td2k2Tfj/p (50, kit;p, ﬁ) Dy (Z, zkar; 1, \/E> 5% (g + kit — kor) 25



SIDIS |

do 2
dfdydquT B KSI,D_IS/_F&ES/—I_O (QQ ) FO coI.Iine.ar

QT<<Q qTNQ factorization
l » [FOSIDIS — ASYSIDISJ

[H /d2k1Td2k2Tfj/p (37» kir; p, \ﬁ) Dp; (Z7 zkar; 1, \ﬁ) 6 (gr + kit — ko) ]

Y

v
PN

26



What we know

27



We like to work with the Fourier transform of

fi,H(fE; br; i, C)

\\ br-space y

the TMD

— / koTe_ikT .bT

fi,H(xa kT? L,

kr-space

0

28



1: The tail of the TMDs

OPE expansion in terms of collinear PDFs/FFs

.

At large TM (k;)/ small b; the TMDs are uniquely determined by an

\

J

~

fisa(x, b7, ¢) = Cij(x, brs 1, C) & fi/m (w5 1) + O(mbr)

/

Perturbatively calculable
(3D info)

\

Usual PDFs
(1D info)

29



2: The RG equations

dln f;/, (z,br; p, /<
(oo h [ ”pf“ — )v(as(ﬂ);u/\@)}
Oln fj/p (x,b0;0,4/C)  ~ n p
aln\/z — K(anu)
\_ ) )
Bl (br; 1) |
T H)
Qg s lase)
- J
Perturbative Perturbative only ?t small b;
(fj/p (CUabT;Ma \/E) = fj/p (iU,bT;Moa \/Cio) X / h

N\

Lo,
X €xXp {/ di, [’y as(p');1) —In (
Ko H

V¢
L

—,> VK (&S(M/))] + In (%f{ (br; uo)) }

/

30



3: The integral relation

The integral over 2 dimensions of a 3D distribution doesn’t give back the 1D distribution

Lie (3D info) (1D info) violation
/ leqf (z, ki p 1) = f (@3 1)+ A (s 1, pre) + pes.
K > Pseudoprobability interpretation

A 1, pre) = Ca(ws py pre) @ f (5 )
The violation is calculable \
using Feynman diagrams

Perturbatively calculable
MS PDF

31



What we don’t know

32



Nonperturbative content of the TMDs

- aYa \

NP transverse momentum parameters needed T

——N’LL HS024 ART23 #& GI
Calculated with perturbation theory | [ ZZ1ASWZ24 1IFY23 MAP22 € CG

0.2 04 0.6 0.8

b, [fm]

I
I
I
|
I
I
|
|
kr 7 Q Lattice calculation from
Bollweg, Gao, Mukherjee, Zhao, (2024), 2403.00664 [hep-lat]

The Collins-Soper kernel at large b,

Small k; (large b;) region

33



Conventional approach

34



Parametrization

(

f:j/p (z; br; HQ Q) — ;%)E (23 by o, Mo, )]X

x:exp { / dui [7 (as(); 1) ~ In (MQ) i <as<u’>>] i (Mﬁ) K (b*;ub*)H

7

x|exp {—Qj/p (#,b1) = gx (br) In (%> }]

&

erturbatively}

, P
[Nonperturbatlve] [ calculable

Drop this

[;%)E (%, bas ., 1i1,) = C e (0/€, b i s 6.) @ Fir (&5 . ) + O (M)

Same for FF [ Fixed order collinear factorization] 35




Parametrization

fisp (@075 10, Q) From pQCD

Model of the nonperturbative part

P
[Nonpertu rbative] {

erturbativel
calculable

yl

36



TMD

Separation of contributions

Known Not known (model)

Model of the nonperturbative part
From pQCD

37



TMD

Separation of contributions

Known Not known (model)

Model of the nonperturbative part
From pQCD

38



TMD

Separation of contributions

Known

Evolve from initial scale to final scale

Not known (model)

From pQCD

Model of the
nonperturbative part

max

39



(Some) Issues with conventional approach

1072 T T T
TMDgt

103 F.  Q=Qp=4 GeV - - min{ TMDgr}
< =\ ——— max{ TMD
5 N x{ sT}
) \\‘\
©.10%F o~ 0.1 GeVl< by < 1.5 GeV'l
)= LN Mg=0.25 GeV
NER : \._ Mp/z=0.25 GeV
© \ “\\
2 PR

- ! \

5 10k : \
© :.' ‘\.
S [ || ------------------ 3

1077 F i x=01  2z=03 3

|
y=0.5
10-8 | | | | | | |
0.0 05 10 15 20 25 30 35 4.0
qr [GeV]

[ Large b, dependence} What is going on?

|do / dx dy dz dqt2| [GeV4]

=
o
N\

Large g; inconsistency

=

o
@
I

=

o
A
I

=

o
&
I

=

o
o)
I

H

o
¥
I

=
o
o

o
o

0.



Other issues

fgm+ (X,k1:Q0,Q0?)
= = = = =
© © © © 9 5 o
Ul NN w N = o [

=
<
(o)}

Solid and dash-dotted lines should be the same at k;/Q of order 1

A\
= W

41



Some disadvantages

-

 What are the effects of the assumptions, ansatz and auxiliary
parameters?

* Can we actually tell whether or not we are being consistent with
theory?

e Can we maximize the predictive power while minimizing the
ktheoretical uncertainties?

~

/

In the standard approach this is either hard or not possible

42



Hadron Structure Oriented approach

We build an input scale parametrization that already satisfies
the constraints the theory gives us

/

OPE expansion at small b;( equivalently at large k;)

\ Derivable from pQCD «

We can do it without the b, or b, issues

\

Integral relation (quasi probabilistic interpretation)

Bypassed by imposing Solved by using
integral relation renormalization group

improvement

43



Hadron Structure Oriented approach

44



The main features

* Preservation of all theoretical constraints from the outset
* No need of auxiliary parameters
 Clear distinction between perturbative and nonperturbative

* Easily swappable models

45



TMD PDF HSO parametrization at input scale

[ Fixed order collinear factorization} O (

1 1 [ ¥

27 k2 T | i@ i) + By (1, k% +m2 T k% +m2 A7),

Small k¢ modeIJ NP parameters

finpt,i/p(xakT;MQo;Q%) — (ZB MQO)

Such that

ke
fjc/p (,I‘;/LQ) — 27‘(‘/ dkT kaj/p (%,kT;,UJQ,\/E)
0

= fi/p (T Q) + Dj/p (x5 u@, ke) + P-s. 26



TMD PDF HSO parametrization at input scale

[ Fixed order collinear factorization} O (Oés)

Large k; OPE coefficients

finpt,i/p($, kr;po,; Q%) = From pQCD (modified)

NP model

Such that

ke
fjc/p (a:;,uQ) = 27‘(‘/ dkT kaj/p (x,kT;,uQ,\/E)
0

= fi/p (T Q) + Dj/p (x5 u@, ke) + P-s.

47



The role of C (no matter the NP model)

-

N
Recovery of the OPE

expansion at

. small b; (large k) )

-~

collinear and TMD is

o

Correct integral
relation between

satisfied

~

/

48



Choose “core” models (examples)

Gauss 2 e_k%/M%
S (e k@) =
[Gaussian “core” models]
DGaus}i/. (Z ZkTQ%) _ e—sz:er/M%)
core,n/j ) ) WM%

6 MO M2 + k2
(2MF + Mgp) (M2, + k2.)"

chopric;/p (SU, kT; Q(2)> -

’ 7
: (o ’)

[Spectator-llke core models] oML M2+ 2R

(M}, + Mgp) (M), + 2213’

Spect N2\
Dcore,h/j (Z’ZkT’QO) T T

49



Up-quark from Proton TMD pdf

q | | | | I I ]
102 ;\ 0.1 GeV < Mg=mg< 0.4 GeV |
I f ]
101 o\ HSO -
N T fpert E
N i
100 3 \~\ E
— - N Qp=4 GeV x=0.1 ]
5 101 B \’\ |
o 3 N, 3
= . N ]
Y— - AN i
- 10'2 = ~\\ ''''''''''''''''' —
- T :
i \ / ]
103k \f E
: | ;
104 £ | .
10-5 I | | | | | | | ]

0.0 05 10 15 20 25 3.0 3.5

kT [GeV]

>
o

| I:)1'r‘“/u,inpt |

Tt from

\

Up-quark TMD ff

T | | | | | | g
H ~ i

103 0.1 GeV < Mp/z=mpl/z< 0.3 GeV |
)
[\ Duso i

102 §_‘\ _____ Dpert E
F ]
By ]

101F Qo=4 GeV z=0.3 -
C \ ]
i ‘\\

109 & \, ~
: \
i N,

Al | \ _

107 ¢ \ el
- S T T T =
B “ ./

102 = \' E
u |
- }

10-3 | | | | | | |

0.0 0.5 1.0 1.5 2.0 2.5 3.0 35 4.0
kT [GeV]




Up-quark from Proton TMD pdf

| fu/p,inpt |
= = [N
o o o 5 p p
o N _ o i N

=
o
A

=
o
&

S

|

=\

(

Model depe{ndence

0.1 GeV< ME=mg<-G4 GeV

fhso
fpert

Qo=4 GeV x=0.1

0.0

tt from Up-quark TMD ff

T
!
103 2]
|
102 £\
101 3

109 &

| I:)1'r‘“/u,inpt |

0.1 GeV < Mp/z=mp/z < 0.3 GeV |

Dhso ]
Dpert E

Qo=4 GeV z=0.3 E

20 25 3.0 35 4.0

\




A first phenomenological implementation

52



/7

Drell-Yan

Pp

WS‘I;{ (Ta, 2, Q,q7) = \ /

, d?b r .
= ZHJMDY/ )T I £ (T4, b7 g5 Q ?) 5, (@6, b7; 1g; Q)

—I—(CLHb)—I—O<g,g>

53



o d°d3c/d3q [fb * GeV?]

qr [GeV]

L 5‘ 0.17‘<X<0‘.23 ;‘ 0.21‘<X<0‘.26 }‘ 0.24‘1<X<(‘).30 E | O.28<‘X<0.3‘4 | 0.38<‘X<0.45‘ 0.42‘<X<0.‘49 | 0.45‘<X<0.‘53
Epeam \i\ \A\@ i\\g N
= I A i
400 |- A \ A % \iIL\ {}i %\
éi \ X \K\ $ £ \%
\ X \% X N % L
“.T | \i | | | \X\ | | \\£ | | ER?‘ | | Ezsz“\ ! ! E% ! ! i}%
E %‘ O.l:;< X<O‘.26 £‘ 0.17‘< X<O‘.31 £‘ 0.20‘<X< 0‘.35 ELL 0.21’;<X<(‘).42 | 0.27<‘X< 0.4‘7 T 0.37<‘ X<0.62‘ 0.3 1.3 2.30.3 1.3 2.3
R % E;\ g\é ar[GeVl  ar[GeV]
300 = N i‘& §\£ J ﬁé i
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. > . GeV
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2 ~ \ S R N N
o 1.04 1.68 \ N b e
| | | | | § | | | \§\ | | \§ | | § i ( auss.)
02 06 1.0 02 0.7 1.2 0.2 0.7 1.2 0.2 0.7 1.2 0.3 0.9 1.5 Hessian band
qr [GeV] qr [GeV] qr [GeV] qr [GeV] qr [GeV]
Just 4 parameters for now | | | | | | | |
(Q) [GeV] 4.5 5.5 6.5 7.5 8.5 11.5 12.5 13.5
T T T T T T T T T T
% 0.10<x<0.33 b 013<x<0.35 }\%\i 0.18<x<0.41 &% 0.21<x<0.46 % 0.26<x<0.57 Spectator model too:
\ \\
N £ A
\}% E605 t= % K\\ % \§ %&&
\ best fit __ \ X % . .
\ (Gauss.) y % \ . Spectator model fit
\ , g 3
\} Hessian %\é §i ., b E288 (130 pts.)
\\ \ Ng i\m
\& | | b | = | T | \&ﬁg\‘mﬁ Xﬁnf 1.04
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Higher Q postdictions:
Testing the predictive power

A postdiction of CDFI with just E288 or E605 data 4 Just 3+1 parameters

16

14

[ERN
N

=
o

gt x do/dqt [pb/GeV?]
(0]

theory
.. (E288 fit, Gauss.)

CDFI 20 --> e*e” ro |-

- 66<Q<116 GeV
- Vs=1.8 TeV

o

=
%E

- e

w

4 56 7 8 910

qr[GeV]

100 101
qr[GeV]

101
100
1071
1072
1073
1074
10°°

106

1 107

16

14

12

10

g7t x do/dqgt [pb/GeV?]
(0e]

theory __ |
(E605 fit, Gauss.) —F

J? CDFI 20 --> e*e™ r=o |-

Vs=1.8 TeV

66< Q<116 Gey
|
|
|
|
|
|
|
|
|

%ﬁ i

12 3 456 7 8 910
ar[GeV]

Il ‘HH‘ Il Il ‘ ;\
100 101
qr[GeV]

101
100
1071
1072
1073
1074
10°°

106

1107



Higher Q postdictions:
test different fits on the same experiment

4 Just 3+1 parameters

A postdiction of DOI with just E288 or E605 data

I I
theory
(E288 fit, Gauss.)

DOI1Z0 --> e*te r=i |

gl x do/dqgt [pb/GeV?]

16

14

[N
N

=
o

(o]

I I
theory

(E605 fit, Gauss.)

D01 Z0 --> ete =i |-




Higher Q postdictions:

test different models on the same experiment

A postdiction of CDFIl with E288 GAUSSIAN fit

(E288 fit, Gauss.) -
\ CDFIl 20 --> e*e™ =t ||

theory

No Fitting

- Vs=1.96 TeV |

e 2T e

1

23456738910

qr[GeV]

100

101
100
1071
1072
1073
1074
10°°
1076

1077

A postdiction of CDFIl with E288 SPECTATOR fit

16

14 [

12

10

g7t x do/dqgt [pb/GeV?]
e}

theory __ | <
(E288 fit, spect.) i

\CDFII Z0 --> e*e =1 || :
- No Fitting ]

f - Vs=1.96Tevi
3 ! % 3

£ | @
- L i %
| B
i B ]
f i i 5
i :
I S N SO B l ﬁ
I I I I I I I I I T o
W@@W@@é@%ﬁ§ ............ —
i |k ! il

= -
I\)A
w

qr[GeV]

4 56 7 8 910

101
100
1071
1072
1073
1074
10°°
1076

1077
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k12 fo/p(Xx.kT:Q0,Q02)

TMDs are affected by collinear distributions

0.1

0.08

0.06

0.04

0.02

-0.02

-0.04

\
finpt (M =
finpt (M =

41)
42)

Example: take two pdfs associated with the same flavor (s here)
and compute the input TMD

—— Maybe unexpected different small k; behavior

MMHT2014nlo68cl

Qy=4GeV x=0.1 |

because of integral relation

Expected different tails because of the OPE expansion

Changing the integral necessarily
changes the integrand

58



summary

(Consistent TMD parametrization for large TM at input scaD
e Control over perturbative vs nonperturbative

* Quantifiable collinear effects at small k;

* No need of b,,.,, or other auxiliary parameters

* Improved TM behavior in matching region (not today)

\l

/
NEXT/SOON:

o More checks with data
o higher orders and polarized cases (Sivers)

VAN

\O Incorporate NP calculations (lattice, EFT, ...) Y,

59



i Thank you
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Why are b. and b, used ?
N

p
fiyu (@, br; 1, C) = Cyj(2,br; 1, €) ® fi/m(z;p) + O(mbr)

‘ br— &
T oo

b
Powersof In (”T

)= e
2eVE br—0

N - =X y

LARGE b;: solved by arbitrary cutoff b, .,

SMALL b;: solved by choosing a different scale Up, (bT, bmax)

61



Why bxand b, ,

fiyu(x, 015 1, Q) ) = Cij(x, by o, ¢) ® fi/u(z; 1) + O(mbr)
‘ br——+00
ubr 3 +00
Powers of In — =
2e~VE br—0
S — —00

~

)

These problems are treated simultaneously in the stardard approach

BUT they are completely independent

and there is more to the story

62



Why is this important?

* We can quantitatively and conclusively answer the question:
How much collinear dependence do my TMD extractions carry?

4 , )
TMD | @
operator 4 Collinear operator + O(a.)
S P J
4 ) )
TMD [ e

parametrization 4 Collinear operator + O(a.)
- Y




TMD from collinear factorization

szPE(xv bT; MaC — ,LLQW
oo 2N

MS OPE

coefficients

QCD running L, pbr
coupling 2eVE

_Zzast (nk) ®f]x,u \
n=0 k=0
\ NS p
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Conventional approach : @

{H/d2k1Td2k2Tfj/p (5'37 kir; 1, \E) Dpy; (Z» zkor; 1, \ﬁ) 6P (gr + k1r — k2T)}

Fourier Transform

~N

d*b — -
H/ T b1 qTfj/p (Q?,bT;M, \/Z) Dh/] (ZabT;:ua \/Z)

J
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Solve evolution equations @
relating input scale with SIDIS scale
81n];jp CU,b : 7\/2 o dln}p ,b s L,
/a(mfz” ) = R (b b ((f{nj V) = (@s(): 1/ V<)

dK (br; )
= —7k (as(p))
dinp e Same for FF

p=1/<

‘ 1o = /o
4 )

fj/p (:C,bT;,u, \/E) = fj/p (m br; po, \/QTO)

on{ [ 8 o (o] ()

N J 66




Separate|b; < b, |&[by > by, regions @

with a b« prescription

\

fip (@15 10, Q) {ﬁ-/p (25 by; g, Q)

J

T (b0 110, Q)
\fj/p (CB; b*§ HQ Q)J

o2 ienbni ) Same for FF

» [Nonpertu rbative]

[QK(bT) = f((b*;ﬂ) — K(bTW)}

/Pertu rbatively A

calculable with fixed
order collinear
Q‘actorlzatlon y
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What are b* and bmax?

b (b ) L bT? bT << bmaxa
o bmaxa bT > bmax
a
br
Sy T
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Choose ansatzes for g functions

31y (2,br) =

1

[MEb:

£gh/j (2,b1) = @Mz%b?l}

/

gk (br) =

(&

g2

M2

In (1 + M3z ba.

)

)

LQK (br) =




Collinear Evolution
Note : lim C'R =0

dfc p as—0
In 1 :\2Pij®fj}kp.s.|
’ § dCZ ) dp.s
=RP;; @ [j [+ Ch; 2P, ® fi ’ZJ@f“J{ J
\[ J 9] \A’J / dln u “; dln u

! T

Usual evolution Additional term
suppressed
(scheme change) 70




Comparison with MAP22

© © © ©
[l w Ul ~
— ===

ky2 * fp(x,k1:Q,Q2)

©
=

I
N\ — HSO (Gauss)
1 —-—- HSO (Spect)
—-- MAP22(NNLL)

=
_—

-
-
~.
~.
~.

©
o

ST ek

—
-~

k2 * fu/p(X,kT;Q,QZ)

©
N

o
w

o
W

©
=

o
=

Observations:

__—[No tail matching for MAP

Different models can describe

the small k; region at low Q

Model dependence

washes out at large Q

1.2 How do we choose?
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Problems in the large kT-tail

Ho{In (”—b>}(kT) 1 O N Ho{In (Cﬂl Vo2 + bﬁmn) Fkr) = — 2 K (binkr)

kT

—
1
Ho{In? (L1 /02 4+ 82, )1 (k) = — 5 | Ko (uwinkr) + bminkr K1 (bminkr) I
C) K2

QMHNQ

2eVE krp

)|
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