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PARTON MODEL The Behavior of Hadron Collisions

at Extreme Energies

Motivated by high energy lepton-nucleon scattering

From Particle Data Group 2022 RICHARD P. FEYNMAN
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Gauge-invariant propagation of a quark
inside a nucleon of momentumP and spin S
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"Probability" of finding an unpolarized quark
with momentum fraction X and transverse
momentumK; inside a nucleon of spin S

Gauge-invariant propagation of a quark
inside a nucleon of momentumP and spin S
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"Probability" of finding a longitudinally polarized
quarkwith momentumfraction X and transverse
momentum Ky inside a nucleon of spin S

Gauge-invariant propagation of a quark
inside a nucleon of momentumP and spin S
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d(z)
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Gauge-invariant propagation of a quark
inside a nucleon of momentumP and spin S

Nucleon Polarization

"Probability" of finding a transversely polarized
quarkwith momentum fraction X and transverse

dl™ . pte- —
PP, S[E W du(0) P S)

momentumK; inside a nucleon of spin S

®(z) = fi(z)y” + SLgic(@)y 7° + i SHhar(z)y v +ps.
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Why "probabilities" and not probabilities?

POSITIVITY CONSTRAINT

Positivity and renormalization of parton densities

John Collins (Penn State U.), Ted C. Roaers (Old Dominion U. and Jefferson Lab). Nobuo Sato (Jefferson

Lab) (Nov 1, 2021) On the positivity of MS parton distributions
Published in: Phys.Rev.D 105 (2022)

Alessandro Candido (INFN, Milan and Milan U.), Stefano Forte (INFN, Milan and Milan U.), Tommaso
Giani (Vrije U., Amsterdam), Felix Hekhorn (IN Op, the resolution of the sign of gluon polarization in the proton

Published in: Eur-Phys.J.C 84 (2024) 3,335 * & A Collaboration « N.T. Hunt-Smith (Adelaide U) et al. (Mar 12, 2024)
e-Print: 2403.08117 [hep-ph]

Positivity of PDFs is related to the UV renormalization scheme used to define them

f(2) = df‘ e wPTET P SIh(E)W % 2 Wo_mq,b( )P, S)

UV ren.

4 - ) Different treatment of large
UV e P B kii transverse momentum
d” kr /dk‘ KJ)\ corresponds to different UV
renormalizationschemes
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Quark Polarization

Nucleon Polarization

U L
J1
giL
]Jr_r git th, h

Generalization: 3D structure of
nucleon consideringthe whole
intrinsic motion of partons

naive

fi(z) / Php f1(z, k2)

¢

fi(z) = d’kr f1(x, k%)
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Gauge-invariant propagation of a quark
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TMD PARTON DENSITIES

"Probability" of finding an unpolarized quark with momentum
fraction X and transverse momentum Ky inside a nucleon of spin S
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TMD PARTON DENSITIES

"Probability" of finding a longitudinally polarized quark with momentum
fraction X and transverse momentumKky inside a nucleon of spin S
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TMD PARTON DENSITIES

"Probability" of finding a transversely polarized quark with momentum
fraction X and transverse momentumKky inside a nucleon of spin S

ol (2, kr) = S§ har(x, k%) + St

Nucleon Polarization
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Nice, but it doesn't work:
Unregulated divergencewhen k™ = P

_TI‘CTI"D B ]. ]_ /
[55% fowst | BT

Rapidity Divergences Soft-collinear contributions
//;ﬁ\ Large and negative //g;‘ﬂ\ Large rapidity but very
/ @ ‘\\ R F / \ l
//ﬂoq ,\ rapidity / [ \ ow energy
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The elephant in the room in TMD physics (and not only)

Entangling Soft
Radiation

Subtractions

Rapidity
Divergences
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SOFT ENTANGLEMENT

4 N
Two opposite light-

cone directions
entangled by soft

radigtion

Spooky action
)\ at a distance

Many examples:

©)

Two back-to-back hadrons
produced in ¢ e annihilation

Semi-Inclusive DIS at low gr = Pr/z

Drell-Yan with lepton pair almost
back-to-back

DIS atthreshold

Thrust distribution in the 2-jet
limit

Single hadron production from
e*e annihilation, reconstructing
the thrust in the 2-jet limit

19



The world as seen by a soft particle:

Large and
— positive
rapidity

Largeand  S'(bp, ppr) = (O|We (br, dar)|0)

negative
rapidity
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A suitable combination of

fI)(a:.,.gT) = /a;é—ﬂ__ ciePT e (P, S|$(5)WU%5?,D(O)|P, S) <; Collinear radiation

with

S(br, dar) = (0|We(br, dar)|0) <; Soft and Soft-

collinear radiation

leads to a well-defined operator definition for the TMDs

Which combination?

FACTORIZATION (in QCD) gives the answer

21



. From A.Bacchetta, U.D'Alesio, M.Diehl, C.
#. . Miller Phys.Rev.D70 (2004) 117504

~

The factorization procedure is highly non-trivial!
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Soft-collinear radiation feels the world as the soft radiation (same operator definition)
exceptfor a different perception of collinear rapidities:

~— S(bT, +00 — y2) — <0|WC(bT7 +00 — y2)|0>

= S(br, 51 — (=00)) = (0|We (b, y1 — (=00))|0)

27



The factorized cross sectionis then:

dQET ;=7
eld b

dosipIs = HSIDIS/ (27)2 %(bT,yl — (_OO)JS(bT,yl - yQ)E(bT’ oo — 1) + p.s.

Fully perturbative, process /
dependent hard part

_ 1] 2 Soft-collinear subtractions and
HSIDIS =1+ aSH T O(aS) regularization of rapidity divergences

dng igb r r’
— HSIDIS (271_)2 e'Ir oT (:bgq]rt_ (337 bT: yn)os[qr]t (’Z7 bT: yn) + P.S.

\

// [Soft troubles have been J

absorbed into the TMD definition
Smart rearrangement of soft factors

28



TMD DEFINITION

-

\_

~

S(br, i, Yyn — (—00))

) (2, b 1, y) = O (2, by o)

S(bTv f, +00 — (_OO)) S(bTa [y TO0 — y?’b)

J

And analogous for final state part (plus — minus reversedrole).

It cannot be obtained just speculating on the quark propagatorinside a nucleon or
through some parton model generalization.

The factorizationtheorem in full QCD is crucial to get here.

29



BRIDGING THEORY AND
EXPERIMENTAL DATA

Implementing the QCD
Operator Definition



What can we say about this complicate QCD operator? \/E

« Adimensional (in br-space) /

wbr [azfoJre y”}
C1 H

* Non-Perturbativeat large distances p, > “
{4

Sqrt

(@75 1, yn) = O (2, a5 (1),

C1

14

e OPEatsmall distances bT ~

o = Z/ dp[ o /k ('O aslu) log (Mcbl ) log (,%))] fk/h( )+0(ubT)“

/ <@56%§§/§

[Wilson coefficients,} [

fully perturbative™




Most importantly, we know the Evolution Equations:

- dK
Olog Psqrt " oo [ HOT with: ——— = —vg (ag(u))
= as(p),log | — dlog o
dlog /¢ C1 \ e
0 log Pg ¢
qrt . ing- e
81 — Yo | As (/1’)7 log ) Collins-Soper kernel, = ..
- rom oo NtangLemen o |
og W M from Soft Entangl t A |
ﬂOAL: \ v
Implement the QCD operator definition such that:
| c
| S = 1. OPEis satisfiedat low bT
LLI | < &)
ol | S k%) 2. Transition to NP regime is smooth (natural)
O | - c
| > =
| 61:) = 3. pQCD isexploitedas much as possible
| .
¢ /M ~1 GeV—l > br \4 The pheno (model) bias is minimized /

32



General solution of Evolution Equations

O, n(x,brsp, Q) = E1>qj/h($,bT;uo,Co)]

coxp { 5 poor 2+ [ 9 loutastu)| - Fhictaste) o

Reliable perturbative

expansion only at low by Fully perturbative

The reference scales are totally arbitrary.
Nevertheless, their choice is crucial for the "implementationscheme".

G

/1/2

)
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NATURAL implementation scheme (PART 1)

[uo =c1/br =y, Co = K ]

(I)qj/h(.’l},bT;M,C) = (I)qj/h(ajabTE baCb)

X €X {%K(b{r; 1p) log =+ /: d;f, {%(as(u’)) - %vx(as(u’)) log i} }

M/Z

a’S (Cl/bT) i q)sqrt . 2 _
Problematic at q; /h(x br; 4o, Mb) qu/h( )_l_

d
- + as(p) Z/ quJ/k fk/h(WP»ﬂb) T .

large distances

K (br, pp) = O (az(m))

_ 34




STANDARD implementation scheme

Logs do not cancel.
/) Problematicat large
1 distances

K(bTJ M;)

x b
= —8ag(uy;)Cr log (\/1 4+ b2T

4 )
C1 b’% * * 2
= —¢/1+ = Hp, CO —
o bT blgnax b My
- Y,
H dﬂ, 1
B Drotastu) - 3

b, = br
/ 1 C
(aS(M )) 0og W

max

)+
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STANDARD implementation scheme

. . Purely perturbative (and
A way out (?): sum&subtract/ multiply&divide

K (br; i) =|K (b7, py) = 9 (brs - - .)
(I)q /h(x bT Mb /UJ ) (I)q /h(a: bTaugaﬂ“b )(I)N/h(bTw")

1
X exp {—§gK(bT, ... ) log ?0 }

t
@S(jﬁh(x b5 1y 1) = fay /n(2)+

+as(4) 3 f I (9) fiyn (@ p 1) + O (b /bimax) " a2 (113)
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STANDARD implementation scheme

A way out (?): sum&subtract/ multiply&divide / Purely non-perturbative (FIT)
K(bri ) = K (b5, 1) ~ o (br, ) /

® . s i 152) = Dy (o, b 1 1 2fONT )

X exXp {—%[QK(Z)T, . )Jlog ?0 }

Nice. But does it really work?

37



STANDARD implementation scheme
[@qN;h(bT, N )]

MAP (Multi-dimensional Analyses of Partonic distributions) Collaboration « Alessandro Bacchetta (Pavia
U. and INFN, Pavia) et al. (Jun 15, 2022)

B2

T

2, —
leP(msz:C!Qﬂ) - g1($)+)\‘29%3(5‘r)

Valentin Moos (Regensburg U.), Ignazio Scimemi (Madrid U.), Alexey Vladimirov (Madrid U.), Pia
Zurita (Regensburg U. and Madrid U.) (May 12, 2023)

fﬁfJP{I!hj= :

cosh ((A{(l —z) + }{:m) h) ' (2.32)

b2 2
() e + X2 (@) [ 1= (@) | e F £ grc(a) e
+
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STANDARD implementation scheme
[QK(bT;---) ]

MAP Collaboration « Alessandro Bacchetta (Pavia U. and INFN, Pavia) et al. (May 22, 2024)

‘ , b2 .
gk (b7) = =93 - (30) wel
da’ta\’ew
Bo’(.‘(\“t
lgnazio Scimemi (Madrid U.), Alexey Vladimirov (Regensburg U.) (Dec 13, 2019)
D(jpt,b) = Dyesum (e, b* (b)) +[rﬁ[]:’3:‘;r*{é’3].] (2.88)

[Nowadays, thereis no agreementon NP content of TMDs ]
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STANDARD implementation scheme b, —

b2
1+ L
The b* prescription is doing two different jobs: \/ bmax

1. Evolution (RG)

C1 C1 < Mild impact on pheno

bT bma,x

2. Separation of Perturbative from Non-Perturbativeregime

K(brs i) = K (b, ) — gic(br, .. G swongimpacton

pheno

D, /0 (T, brs 1, %) = P, (2, 05 i, 1y 2) @R (b, )

1
X exp {—§gK(bT, ...)log ﬂgo }

40



STANDARD implementation scheme P
x =
b2
- . - T
Resolution to the problem of consistent large transverse momentum in 1+ b2 ax
TMDs
J.0. Gonzalez-Hernandez (Turin U. and INFN, Turin), T. Rainaldi (Old Dominion U. and Jefferson Lab),
T.C. Rogers (Old Dominion U. and Jefferson Lab) (Mar 8, 2023)
Published in: Phys.Rev.D 107 (2023) 9, 094029 - e-Print: 2303.04921 [hep-ph]
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STANDARD implementation scheme

GOAL.:
Implement the QCD operator definition such that:

1. OPEis satisfied at low bT
2. Transition to NP regime is smooth (natural)
3. pQCD is exploited as much as possible*

4. The pheno (model) bias is minimized

A

Resummation
Intrinsic NP

~1 GeV~!

Not if b, is used

Extractions at N3LL, N4LL...

42



HSO (Hadron Structure Oriented) implementation scheme

Combining nonperturbative transverse momentum dependence with TMD
evolution

J.0. Gonzalez-Hernandez (Turin U.), T.C. Rogers (Old Dominion U. and Jefferson Lab), N. Sato (Jefferson
Lab) (May 11, 2022)

Published in: Phys.Rev.D 106 (2022) 3, 034002 » e-Print: 2205.05750 [hep-ph]

Resolution to the problem of consistent large transverse momentum in

TMDs

J.0. Gonzalez-Hernandez (Turin U. and INFN, Turin), T. Rainaldi (Old Dominion U. and Jefferson Lab),
T.C. Rogers (Old Dominion U. and Jefferson Lab) (Mar 8, 2023)

Published in: Phys.Rev.D 107 (2023) 9, 094029 » e-Print: 2303.04921 [hep-ph]

Phenomenology of TMD parton distributions in Drell-Yan and With" boson

production in a hadron structure oriented approach

F. Aslan (Connecticut U. and Jefferson Lab), M. Boglione (Turin U. and INFN, Turin), J.O. Gonzalez-
Hernandez (Turin U. and INFN, Turin), T. Rainaldi (Old Dominion U.), T.C. Rogers (Old Dominion U. and
Jefferson Lab) et al. (Jan 25, 2024)

e-Print: 2401.14266 [hep-ph]
43



HSO (Hadron Structure Oriented) implementation scheme

Most of the information about hadron structure is at low energies

CERN website

Extract TMDs Qg = few GeVs, then evolve and postdict high energy data

44



HSO (Hadron Structure Oriented) implementation scheme

4 )
1 2 *We used a different
o = —4 /14 — QO(bT) Co = Q(Q) parametrization for the
br /Qo reference scale
N\ J

®,/n(2,0r; 1, Q) = g, s (,br; Qo (br), Qp)
1 — H du 1
. exp{§K<bT;@o(b o Gz + [ U Las(as(u)) = goc(as(u')) og ﬂ}

Resolution to the problem of consistent large transverse momentum in
TMDs

Why the la l’ge lOgS are J.0. Gonzalez-Hernandez (Turin U. and INFN, Turin), T. Rainaldi (Old Dominion U. and Jefferson Lab),

not a problem nOW? T.C. Rogers (Old Dominion U. and Jefferson Lab) (Mar 8, 2023)
Published in: Phys.Rev.D 107 (2023) 9, 094029 « e-Print: 2303.04921 [hep-ph]

45



HSO (Hadron Structure Oriented) implementation scheme

Because we parametrize (and fit) the large distance behavior:

as(Qo)CFKO micbr) + bre”™ibT —|—DK Qo,mKabK

YA

Fit parameters Enforces the perturbative expansion
(and the integral constraint)

K (br, Qo) =

— —br + SGS(QO)CF log %
b
Kby = c1/Qu, Qo) = —8as(Qo)CF log leT

K(br > c1/Qo,Qo0) = D (Qo,mK,bx) +

+ ...

An analogous treatmentis adopted for the TMD at input scale »



HSO (Hadron Structure Oriented) implementation scheme
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Phenomenology of TMD parton distributions in Drell-Yan and With? boson
production in a hadron structure oriented approach

F. Aslan (Connecticut U. and Jefferson Lab), M. Boglione (Turin U. and INFN, Turin), J.O. Gonzalez-
Hernandez (Turin U. and INFN, Turin), T. Rainaldi (Old Dominion U.), T.C. Rogers (Old Dominion U. and
Jefferson Lab) et al. (Jan 25, 2024)

e-Print: 2401.14266 [hep-ph]
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HSO (Hadron Structure Oriented) implementation scheme

Two jobs are now disentangled:

C
* Evolution ! > (o

br

. Yo
[- Separation My, Mg, bg ... ] /’@,70

GOAL.:
Implement the QCD operator definition such that:

1. OPEis satisfied at low bT
2. Transition to NP regime is smooth (natural)
3. pQCD is exploited as much as possible*

4. The pheno (model) bias is minimized

A

LLI
o
O

Intrinsic NP

Resummation

~1 GeV~!

Our extraction at NLO

48



Where can we improve the scheme:

o Transition (intermediate) region,i.e. where the logs gets large

Catani, Frixione, Trentadue a Resumming towers of logs:

etc... late 80s-90s |

| S
| =
(qo]
o E
| 7
| D
| nd

c1/p
O = O|ref. scale €

L = log ©

Qref.

49



Where can we improve the scheme:

o Transition (intermediate) region,i.e. where the logs gets large

Catani, Frixione, Trentadue a Resumming towers of logs:

etc... late 80s-90s : — o
S n rn
. : = E (ISL
o | E 2
| - 5
| D =
| Y
¢/ ~1 GeV™!
e
B Lgi (M) £93(N)+...
O = O|ref. scale € .
L = log -2 A L
= log x as(Q)

Qref. 0



Where can we improve the scheme:

o Transition (intermediate) region,i.e. where the logs gets large

Catani, Frixione, Trentadue a Resumming towers of logs:

etc... late 80s-90s : -
(o
| = Z a's L="
LUl | & o
D-I S = nr2n—1
© 2 = agl
I ¥ 1=
| b n 2n—2]
» O L
c1/ ~1 GeV™! S

/ Next-next-
Leading Log
_ Lg1 (N)+92(N)+ g3 (V-
O = O|ref. scale € \ t (N2LL)
o/

Qref. A U»S(Q)L .

L =log



Where can we improve the scheme:

o Transition (intermediate) region,i.e. where the logs gets large

Catani, Frixione, Trentadue a Resumming towers of logs:

etc... late 80s-90s | =
| S 5 a’L L2"
L | g O
%I - g nr2n—1
Can't be the final answer: | 2 = (ZSL
A< 1 NN S
> b n r2n—2
™ c1/ 1 ~1 GeV~! g EISL J

/ Next-next-
Leading Log
_ Lg1 (N)+92(N)+ g3 (V-
O = O‘ref. scale € \ = (N2LL)
o/

Qref. A aS(Q)L

L =log
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Where can we improve the scheme:

o Transition (intermediate) region,i.e. where the logs gets large
Q=1 GeV

0.0 0.2 0.4 10 1.2 14

ET/ .Q




Where can we improve the scheme:

The efforts of TMD
community are
concentrated here

o Collinear PDFs are (usually) justinputs

Dy /h = Z Cy. /k ® x e X|(NP content)
k e

From LHAPDF for instance, ultimately from
global analyses of collinear (integrated) data

The problem | s R N

do )
10—

do 1 RT2N <ra W\
(I.r,‘,d()»’d:dl’-l-'»/ d.zq,ngf\(](\ ) vs. qr (GeV ol

of the tails

~

“ 0 \\\

- ’ DDS (LO) 1()'—’\.-.;“; <
A

20.0

7 ._;'/

W i "We are basically trying
o to describe the integrand
= from the integral”

AR T. Rogers

N = | 024<2<030
AN {0.30 <z <040
AR {040 < z < 0.50
t 065<2<0.70

— 109

A —— DDS(NLO)
Gonzalez, Rogers, Sato, Wang, S . r>Q N
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Phys.Rev.D 98 (2018) 11, 114005 % o W
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Where can we improve the scheme:

o We struggle to implement TMDs in b-space, but data are in k; space

* Inverse Fourier Transform are an expensive and crucial part of
TMD pheno analyses

* Inverse Fourier Transform necessarily requires to introducea 3, — br
pheno bias (e.g. prescription to avoid the Landau pole) 1+ bzb%
max
Ny, e —
0 Q=133 GeV |
? f
Why don't we try to replicate what people L

do for event-shape observables? g\
aS

1 1 1 1 1 1
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35

=T

0.4
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Where can we improve the scheme:

o We struggle to implement TMDs in b-space, but data are in k; space

The problemis that it is very difficult to obtain analytic expressions
in Ky space and also being consistent with Evolution (log-counting)

Problems in the resummation of soft gluon effects in the transverse
momentum distributions of massive vector bosons in hadronic collisions
Stefano Frixione (Zurich, ETH), Paolo Nason (CERN), Giovanni Ridolfi (INFN, Genoa) (Sep, 1998)
Published in: NuclPhys.B 542 (1999) 311-328 - e-Print: hep-ph/9809367 [hep-ph]

Non-analytic expression!

. 9 1 R > & e A A
Fu(Qua) = Q5 leXP Gx(Q.1/a2) expSal) (—f) | Jl(b}]
o d A e 2¢,\ " T(1 4 h/2)
= I le}.p Gn(Q,1/qr) expS(ag, ) ( - ) Fa=h/2) | (2.39)

3
I.O : T T T T | T T T T | T T T T | T T T T T T T T T T T T B
f\ Solid: b—space
\ Dashed: EV
Mo Dotted: NLL gy—space
102 L Dot—dashed: NLL g;—space, ]
;' with b cut
5
e
=
10l — —
Q=100 GeV e
cy=1, cp=Rexp(—7g) T
100 | | | 1 | | | | | | | | | | | | | | 1 | | | | | T-Tlxl:%'d-\. |
0 5 10 15 20 25 30
qr (GeV)
Figure 1: Comparison of the numerical results of the various approaches for

the calculation of the form factor.
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Where can we improve the scheme:

o We struggle to implement TMDs in b-space, but data are in k; space

More recently

Resummation of Transverse Momentum Distributions in Distribution Space

Solution of Evolution
Markus A. Ebert (DESY), Frank J. Tackmann (DESY) (Nov 25, 2016) . .
Published in: JHEP 02 (2017) 110 « e-Print: 1611.08610 [hep-ph] dlreCtly In kT-SpaCG
dett 1 d ) BT o=
- = r — falwg, 1 Whe LT | d“pr e — N /d_;‘,k_ﬁ
0%z, ~ 2mar quf (Wa, o) fo(ws, o) [ Pr ﬂKP{[H” Y YyH (G, 1 J} | s
pr|=qr
U dy; [ oge o . . .
{ pr —k ;+ZH[ v /dzkﬂ.y{kl—_l —k?;.,{_.[]'jlcﬁ(pir — ks —Zkf”
n=1i=1 b
D 1 d HT d;..: . Nat :
X (-:}(.I:SJ + [E:frks D exp{/ﬁ va AT cysp [avs (p2")] I " H ) (6.8)

Infinite convolutions due to rapidity evolution
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Where can we improve the scheme:

o We struggle to implement TMDs in b-space, but data are in k; space

Also:
 Coherentbranching algorithm

Higgs Transverse-Momentum Resummation in Direct Space

Pier Francesco Monni (Oxford U., Theor. Phys.), Emanuele Re (Annecy, LAPTH), Paclo Torrielli (Turin U.
and INFN, Turin) (Apr 7, 2016)

Published in: Phys.Rev.Lett. 116 (2016) 24, 242001 «+ e-Print: 1604.02191 [hep-ph]

EU$]—<ml/~(dk53Tk e kel ()

n—+1 ks 1
x§: II/; (k)R (ke )O (pf = 1) - (7
L '[II i t,1

° Semi—analytic resummation A fast and accurate method for perturbative resummation of transverse
momentum-dependent observables

Daekyoung Kang (Los Alamos and Fudan U.), Christopher Lee (Los Alamos), Varun Vaidya (Los Alamos)
(Sep 29, 2017)
Published in: JHEP 04 (2018) 149 » e-Print: 1710.00078 [hep-ph]
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NATURAL implementation scheme (PART 2)

— 2
as (e1/br) (g = er[br =y, Go= 41 |
Problematic at
large distances

Let's trade this problem for the
analogousissue in ki-space

4 N\

N
pbr 14 krbr
log — =]log -|log

C1 ]{‘T C1
£ Taylor expansion
variable

Log-countingin transverse L
momentumspace



NATURAL implementation scheme (PART 2)

| [ A = 2Bpas(p)L ]

2wk%

(I)LL

(@ ks, ) = — hi(A\)e" N f (2, kr)

(I)NLL

qi/h (CC, kT, M, lJ,2) = LeLgl(A)ﬂ‘gz()\)

B 27‘{']{3%

. { (M) + 200 6O D)+ L0200 + WO D) Fy k) + o fw)}

v" Full analytic

v Full perturbative —  Can't be the final answer: )\ 5 1
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NATURAL implementation scheme (PART 2)

1

(I)LL
2wk%

2 (@ ks, ) = —

NLL

1
(I)%/h (x, kr, i, M2) — = oLgi(M+g2(A)

QWk%

y { [(hl()\) + %191()\)) Y\ L) + 705

hq ()\)eLgl (/\)qu/h (ZL‘, kT)

v" Full analytic 1.2 1+1/2g1(N)
(k7)
v' Full perturbative

v' Natural extensionto NP

[ A = 2Bpas(p)L ]

(A L)| Fgyppl br) + —— ka%/’“(m’kT)}

\ 1

(k% 4 m2)1+1/2g1(/\)

Power-law seems the functional
form suggested by pQCD
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NATURAL implementation scheme (PART 2)

* Cleantest of how far we can get with the sole perturbative QCD

(no pheno biases at all)
* Clean(er) test of QCD factorization

* Exploration of collinear PDFs in the Deep InfraRed

(I)qj/h Lo qu/h((ﬁ, 0.46 b>5 collinear
% i phenomenology
0.45F € |
0 |
BONUS: Natural flavor dependence inside S 044> g i DGLAI.D
the TMD Non-Perturbative content = S evolution
< |
0.43= &
o |
=
0.42=F | . . .
0 4 6 8

10
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CONCLUSIONS




STANDARD

b, =
b7
\/ L
THEORY
GOAL:
1. OPEis satisfied at low bT SCHEII/IES
2. Transition to NP regime is smooth (natural)
NATURAL

3. pQCD is exploited as much as possible

4. The pheno (model) bias is minimized

IMPLEMENTATION

_ TMDphen0

collinear
phenomenology

DGLAP

evolution

N

4 6 8
Q [GeV]

10
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