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....I'MD factorization ....

.. for DY and heavy boson production we have (Collins 2011, Echevarria, Idilbi, Scimemi (EIS) 2012)
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vV CalB = Q

..and similar formulas are valid for SIDIS (EIC) and hadron production in e+e- colliders

The pathological behavior is associated to a particular kind of divergences: rapidity divergences

The renormalization of the rapidity divergences is responsible for the a new resummation scale

We have new non-perturbative effects which cannot be included in PDFs.

THE CASE OF UNPOLARIZED TMDs:
THE PERTURBATIVE CALCULABLE PART OF UNPOLARIZED TMDS IS KNOWN AT NNLO!
How CAN WE USE THIS INFORMATION?
WHICH SCALE PRESCRIPTION ALLOWS AN OPTIMAL EXTRACTION OF TMD’S?
WHAT IS THE RANGE OF VALIDITY OF THE TMD FACTORIZATION THEOREM?
Do LHC DATA HAVE AN IMPACT ON TMD EXTRACTION?




Status of unpolarized TMDs in perturbation theory

« Evolution to N3LO Y. Li H.X. Zhu, arXiv:1604.01404 A. Vladimirov, arXiv:1610.05791

Perturbative + Soft function at NNLO M.G. Echevarria, 1.S., A. Vladimirov, arXiv:1511.05590.

Calculations » NNLO coefficients for TMDPDFs M.G. Echevarria, LS., A. Vladimirov, arXiv1604.07869, T.
Liibbert, J. Oredsson, M. Stahlhofen, arXiv:1602.01829, T. Gehrmann, T. Liibbert, Li Lin Yang arXiv:
1403.6451

X/
L X4

NNLO coefficients for TMD Fragmentation Functions M.G. Echevarria, LS., A.
Vladimirov, arXiv:1509.06392, arXiv:1604.07869

+ Global Fits (SIDIS+DY) A. Bacchetta et al. arxiv:1703.10157,
Phenomenology + DY and Z-boson fits (ResBos, D’ Alesio et al. arXiv:1410.4522 up to NNLL)
* Implementation of standard CSS (DYres/DyqT, Cute)

+ LHC data q
h th;%@FiCﬁlons (ARTEMIDE) arXiv:1706.01473

« IMD extraction using
IT IS POSSIBLE TO MAKE A COMPLETE ANALYSIS OF UNPOLARIZ D IN DRELL-YAN AND SIDIS
USING NNLO RESULTS

The study of polarized TMDs at the same precision is just started (see Daniel Gutierrez talk):
D. Gutierrez-Reyes, 1.S., A. Vladimirov, arXiv:1702.06558
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Cross section and TMD structure
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Cross section and TMD structure
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How can we compare different extractions of TMDs?

Can we compare different extractions of TMDs?
What kind of non-perturbative information can we really extract when we use a particular TMD

implementation?

The problem goes beyond the usual variation of scales

dO- GG/ elel d b ’L(b(f) 5 f | . '
TR 3N 0 G%Zw %;fo, Cv(@, QP { R B; (6@, @2) — (e Cesr )i 1] |

X Ff<—h1 (337 b; C4LOPE, CC4MOPE)Ff,<—h2 (ZU, b; C4HOPE, CC4MOPE)

0.10f

[ CDF run2 CDF run2 CDF run2 CDF run2 CDF run2
_ 0.08:— NNLL/NNLO NNLL/NNLO NNLL/NNLO NNLL/NNLO NNLL/NNLO
_’> [ ¢ variation ¢» variation ¢3 variation ¢4 variation max uncertanty
o
<) 0.06_—
ER
5 0.04F
<
lb |
0.02F
%7;7717717717717777177177]7[777777]7]7 17 77[77[7 I77I77 7]7]77177[7 '[Gev
010 6 12 18 24 6 12 18 24 6 12 18 24 6 12 18 24 6 12 18 24 11’"0
005+ H// 0.05
.‘80.00 F 1mmwmﬂmﬂ 1l 11 11' i 111 1111 1M mﬂm ﬂm 11 I 1111149 l1gssees nmnn 11 1111 1 30.00
SO0 cesanion 3110011 egaagacisecessssss s iR R R T R J [ T AT
005" — j-o.os
-010E 12010




Ambiguity in the TMD evolution

COUPLED EVOLUTION OF TMD AND TRUNCATION OF THE PERTURBATIVE

SERIES :
TMD (standard) anomalous dimension Collinear overlap
2 : e :
% d_ﬂgFf%h(vav 1, C) = 9 e n(z,b;p, ) Cd_C/VF(,uaC) = _F(H)
d d
Cd_CFf?—h(xa b7 s C) =3 _Dl(:uv b)Ff%h(Q% b7 by C N@D(Ma b) = F(lu)

TMD rapidity anomalous dimension




Ambiguity in the TMD evolution

COUPLED EVOLUTION OF TMD AND TRUNCATION OF THE PERTURBATIVE

SERIES
ity Condit (2 ey €) = —H-—D(u, b)
Integrability Condition... 4 C YE\U, — U d,u ,

...ensures the path independence of the evolution factor...

C (Hfa(f)

RIb; (pg, Cr) — (14, Gi)] = exp {/P <7F(“’ O% = D(M’b)d_c)]

(i, Gi)




Ambiguity in the TMD evolution

COUPLED EVOLUTION OF TMD AND TRUNCATION OF THE PERTURBATIVE

SERIES
¢ o Solution 1
(g Cr)
Hf du ¢
InR = - 3 - D ivb 1 -
ni= [ o) - Dl ()
(pi, ) u given in [Collins’ textbook]
>
¢ (g, Cr) Solution 2
o (2)
] - — i) — ,b)1 S
n R /M p Yr(p, Gi) — D(py,b) In 2
(i, G)
2y
¢ (5, ¢ . Solution 3
= pi
InR = t), C(t
nk= [ (o). o) - e
—D(u(t),b F 5t gt
(i, G) (1(®) )(Cf —Ci)t+Ci)
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Ambiguity in the TMD evolution

COUPLED EVOLUTION OF TMD AND TRUNCATION OF THE PERTURBATIVE
SERIES

d d
d—cw(u, C) # —u@D(u, b)

In practice due to the truncation of the perturbative series: -
Transitivity and reversibility of evolution is lost

For Q=Mz the solution path dependence enormous:
at b=0.5 an error of about 18% at N3LO on the evolution factor R

—4

.0j5. - 1.0 I I1.15‘ ‘ 2.0 I ‘2.15. . .0.5Al ‘1.10‘ I 1.5 ‘ ‘2.I0. ‘2.5‘ T
b[GeV] b[GeV]
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" InR NLO ./ InR NNLO -4t InR N3LO
-25+ -4r

FIG. 3: Comparisons of different solution for In R((Mz, M%) — (uy, i) where p, = Co/b+ 2. The blue line is the solution 1.
The red Line is the solution 2. The green line is the solution 3. The error band is obtained from the improved D solution at
fo = ;i by variation of po € (0.5,2)u;. The blue line with error-band corresponds to the solution used in [18].
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2D Evolution field: Notation and 1deal case

The evolution scales o ,UZ e
e — | n =l -
are treated on equally 1 GeV 1 GeV
e d e i 2i
Differentiation Y: 7 (n du?’ Cdg‘ ) curl = ( CdC 2 du2>
E,b) = (29 _p,p
Evolution field Zbhe o o D D)
TMD Evolution ﬁF(:E, b; ﬁ) — E(ﬁ, b)F(CIZ, b; ﬁ)

—

Integrability Condition . G o | — 0 = E(7,b) = VU(#, )

and Scalar Potential

In R[b; 7 — ;] = U(Ff,b) — U (5, b)
with
Evolution kernel /ul I(s)

> . W b ot

U(7,b) =

12



2D Evolution field: Notation and 1deal case

b= 0 2GeV‘ b= 15GeV‘
iy ﬂ,‘ . r,,, AP ey :'rrrv;vvv BRER
’ .'(_9+) : 1‘ 7‘ 2y v § (— _) ' L~ : Y/ rY Yoy v ' (_"_)* .
102} | ':' . v ‘. z \ 102+ A ', / ' + ' { ‘ ‘ " \ ' ‘ :Saddle pOll’lt
Y \ \ # Pk
N “/r| 1 \ 7 “N\ ¥ 4y "" ‘V Y y ' ' ¥ ‘ ‘. ‘ ‘.
“; ;’g‘ Ay’ ," n *‘ \ v‘ v‘ ‘ 1 ‘1\ ! 'E
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1t x Lr
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Singularities: Landau pole (on the left, not shown) and saddle point E(#sa4d1e, b) = 0

i s dw
Equipotential/null-evolution curves: &(t, VB, b) = (t,w(t, VB, b)) = .VU(&,b) =0
Special null-evolution curves: 1 = psaddle and UVp = Usaddle
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Truncation of the perturbative series

The truncation induces a difference

(,LL, ) P (:LL) —H d,LL 9 == Z Znﬁn—l(as)as I
n=1 k=0
n—1
with Bn(as) = Blas) — >  Brait?
STN) C’)(aéVHLfLV) with perturbative D 2 2k=0
X“b
STV ~ O(aéVHLM) with resummed D L,=In (46_2%)

RI[b; {1, Q1) = {2, (o} _ 1 . " dpy (Q(u))
In — dvob (b= —oI'(p, b) In
R[b; {p1,¢1 ) R {uz, (2} 2 /gz(PluPQ) = /ug 2 (#:5) G2 (1)

The path dependence is enhanced by the difference in rapidity scale

At large value of impact parameter the breaking of integrability condition becomes crucial
14



Recovering path independence

Helmbholtz décom.posmon E(7,b) = E(7,b) + O(7, )
of evolution fields Ideally one could

= repair the truncation

CUI‘IE:O, 6-6_)):0, E-© =0. . =
using decomposition of

the evolution field

Basic properties
of evolution fields

~

Scalar potentials E(7,b)

VU(@7,b)  ©(F,b) = curl V(7,b)

ST(7,b)

curlE = curl® = # 0

THE INTEGRABILITY CONDITION IS RE-ESTABLISHED DEFINING THE EVOLUTION KERNEL AS

However in order to fix

~ ~

I RbE— v = b completely the evolution potential
one needs boundary condition for
Vzﬁ( 7,b) = 1 dyr (V) the evolution ﬁel.d: |
2y at the moment no theoretically solid

non-perturbative input is known 15



Recovering path independence

We modify anomalous dimensions such that integrability restored

dD(p, b) _

dp

dyr (i, C)
d¢

It can be done from both sides of the equation.

Improved D

Facilitate

dD _r
#dl_t - N
by

Db = [ ‘i—“r(u) + D(uo, b)
10

@ In the spirit of [Collins’ text book].

@ Already used in many studies

@ However, it is not the best way

Improved ~

7F(/J'a C) — ’71\/1(/-1'9 Cv b)
2

v = (I' = 0I") In (%) —

e Completely self consistent

@ Very natural

W 'n
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2 d / :
D(u,b) =/ i,F(u’)JrD(uo,b) —_— U(ﬁ,b;uo>=/
v’

o M

Improved D scenario

= Tl )

ds — D(ug, b)ve + const(b)

In p2

2

The truncation effects should be minimized by the choice of /40

g—j) = w(u)) 7 /:i %F(u) In (%) — D(po,0) In (%) '

0 B (. 65) — (s sl = [ 2 (e (
e

This is a mixture of
solution 1 and 2.

The solution dependence
is parameterized by (i

In order to compare fits
one should agree on a
conventional [

scale

1273

Aln{

0

BREBEERERER
SEERERERERRI.BERER

\
\RERBERERERER TR B

SRR RRE IR

W

The minimization occurs
only when one finds a 10
such that

5F(:u07 b) =1

. i1/



Improved 7Y scenario

a0 (1,G,D) = (T() = T (s, )k — v (1) o) = [ L EZ b D, s + constd

12

REdu (2D (11, b) + v (1)) + D(ps,b) In <Cj:> — D(pi,b) In (,u_)

In R[b; (15, Cr) = (i, G| :_/. i

CLEAR ADVANTAGES:

+ NO MORE THE INTERMEDIATE SCALE [l

+ PATH INDEPENDENCE

+ SIMPLICITY

+ IT CAN BE COMBINED WITH NON-PERTURBATIVE MODELS FOR D (AT LARGE
B)

18



-prescription

) | ‘ L] L] (] 7 7 Vd
99, 1444123200 RRRARR R We can provide evolution first on an equi-potential [ine
P
‘} )’), VY v ‘ | f’(f) N o o
— T and then on a vertical line.
“A) N Y
> oy
« y 'v Y Y (Y
4 C . C :
— | 'y \ R TMD distributions on the same equipotential line are equivalent.
y
" 7' (1Y \
\ BRBERS (f58u,)
“ /7
I 4
B
{7/ |\ \ A\ THIERERE — TMD(z, b, 1)
LRELRRERE RERRE ) ‘ —— TMD(z, b, 2)
104+ I
4 MR CRERRRR AR R R TMD(z,b,3)
4 U\ 1 —
N7 n " ANV LY % l We can enumerate them by a lines
PO AR RRRRRRRER 3 not by (u,¢)
»— A A Y 4 ' = 10+
n X ) | Nn
A AL X ‘( N N\ “\ \ “‘ “ ‘ “ “ “““‘11’1 &2 This the main idea of (-prescription
o F(z,b; 1, () — F(z,b;line)
1_

1P [GeV?] QR

Universitat Regensburg



(-prescription
We have just to evolve from an equi-potential / null-evolution line to the final point

F(x,b5 5 Cp) = RIb; (pps Cp) = (s Cuy (VB D)) F' (2, 0, UB)

This is realized choosing ¢, (b) such that

Ve (1 Gu(B)

2dF($7b7:u7C,u) :O
d 2 :

1
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f<\h(xb/1§) Z/

I Cre gz, L B ( ,N) Inp(z, b)
(-prescription

In this prescription the structure of coefficient is much simpler
D ——

We do not introduce undesired power corrections
T e ———————————SRET

We have several proof of scale stablllty TMD area,

Cancellation of logs

21



TMD on equi-potential lines

The TMDs one equi-potential lines are not evolved so one can define a TMD by a single parameter line

F(xabaﬁB) o F($7b7 ﬁlB)) ﬁlB 6("_J)(D)‘Bab)

ONE CAN HAVE AN EVOLUTION ONLY WHEN MOVING BETWEEN DIFFERENT LINES

F(QZ, b; ﬁB) — R[b, ﬁB — ﬁ]/_g]F(ZIZ, b; ﬁ,B)

22



TMD on equi-potential lines

The TMDs one equi-potential lines are not evolved so one can define a TMD by a single parameter line

F(xabaﬁB) o F($7b7 ﬁlB)) ﬁlB 6("_J)(D)‘Bab)

ONE CAN HAVE AN EVOLUTION ONLY WHEN MOVING BETWEEN DIFFERENT LINES

F(Q’J, b; ﬁB) — R[b, ﬁB — ﬁ]/_g]F(:E, b; ﬁ]/_g)

Outcome: the modeling of the non-perturbative part of the TMD does not depend anymore
on the relation between renormalization scale and impact parameter.

Question: Is there a preferred line?

78



The optimal TMD distribution

There is a consistency constraint in the TMD matching to PDFs

Fr px(x,b; V) ZZC}”_))JC, (z,0,VB, LopPE) ®f /_>h(37 JLOPE)

mn
The values of popgare restricted to the values of u taken along the null-evolution curve

. 2

if vVp1 < In e HOPE < Hsaddle;

. 2

if Vs In 15, 341 = HOPE > Msaddle;
R 2 :
e = g e = topg unrestricted
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Perturbative orders. ..
et

name || D | vy H | Cy 4 |las(run) [PDF (evolution)
LO al ! a’ a’ lo lo
NLO || a? a’ a: al nlo nlo
NNLO|| a? al a’ a’ nnlo nnlo
Tl"l . I e . In the implementation we must choose
... Iheoretical uncertainties... | " tehing prescriptions such that the
e e t—— 5 perturbative series is as convergent as

possible, undesired power corrections are
5 not introduced

do ZZG’G/ ZZGC/;’ d’b z(bcD‘C (@, ¢ Q)|2{Rf[ @l cmdo b N']}
dQ2dyd(q3) 3N 2L i v(Q, 2 2 el

GG’ e

X Fpn, (2,5; CatopEs Cospops ) Ff by (€5 05 CALOPE, Cos pops )

Small b . Parameters and quality of the fits
depend strongly on the choices made
for the implementation
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Details of scale variations
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A new error analysis: LHC

cl variation c2 variation \ c¢3 variation ¢4 variation envelope
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FIG. 10: Comparison of error bands obtained by the scale-variations for cross-sections given by (6.2) (top), (6.5) (middle),
(6.12) (bottom). Here, the kinematics bin-integration, etc., is for the Z-boson production measure at ATLAS at 8 TeV [29].



A new error analysis: CDF
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FIG. 9: Comparison of error bands obtained by the scale-variations for cross-sections given by (6.2) (top), (6.5) (middle), (6.12)
(bottom). Here, the kinematics bin-integration, etc., is for the Z-boson production at CDF at run 2 [36].
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A new error analysis: E288
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FIG. 11: Comparison of error bands obtained by the scale-variations for cross-sections given by (6.2) (top), (6.5) (middle), (6.12)
(bottom). Here, the kinematics bin-integration, etc., is for Drell-Yan process measured at E288 experiment at Epeam = 200GeV
and Q = 6 — 7GeV [38].
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o~ 'do/dqr[GeV™!] theory/data o~ 'do/dq[GeV~')

theory/data

arTeMiDe version L.l ((1[11@1[1\\7@ Z(@ltal=]P>]r<e§<CJrEL]P>1t[i<o>1n1))

Results for LHC in Z-production ....
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do/dqz[pb-GeV~']

theory/data
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model 2 NNLL/NNLO
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[ e A | [ e I} [ | b

...and Drell-Yan at NNLO

0.05F
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Conclusions

R A NNLO ANALYSIS IS NECESSARY FOR FITTING DATA AND EXTRACTING TMD (MANY ISSUES
SOLVED JUST INCREASING THE PERTURBATIVE ORDER).

“* LHC PROVIDES VERY PRECISE DATA THAT SHOULD BE INCLUDED IN FITS (ESPECIALLY DATA OFF
THE Z-BOSON PEAK). ATLAS AND CMS COULD DO BETTER AT 13 TEV!!

% SCALE CHOICES AND PRESCRIPTION SHOULD BE CRITICALLY ANALYZED (2D-EVOLUTION AND

ZETA-PRESCRIPTION, OPTIMAL TMDS)

& ALL THIS IS/WILL BE INCLUDED IN arleMiuDe
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