Ignazio Scimemi (UCM)

TMD factorization:
status and implications

Recent results in collaboration with
A. Vladimirov (Regensburg)

and ongoing related work with

V. Bertone (Pavia),

D. Gutierrez-Reyes (Madrid),

W. Waalewijn (NIKHEF),

L. Zoppi (NIKHEF)



Outline

1970s 1980s/2000s

Overview of hadron structure concepts
Factorization for TMDs

2-D Evolution

Phenomenology



Drell-Yan and Deep Inelastic Scattering classical knowhow

Defining pure quark states 1s not an easy task in QCD:
quarks/gluons can only be treated in an asymptotic regime!

Altarelli, Parisi, Dokshitzer,
Gribov, Lipatov,Collins,

Soper, Sterman, Catani,
Martinelli, Nason,.. "70-"90

Basic Principle: OPERATOR PRODUCT EXPANSION (Wilson, Zimmermann...),

|

Drawing from:
J. Preskill lectures

Wilson Coefficients  Factoriza

&M




Drell-Yan and Deep Inelastic Scattering classical knowhow

Factorization!

do 1
dT)zz Z /0dwldﬂ?27{ij($1a$2,Q2,M2)fi/P(wlaﬂz)fj/P(sz,MQN

iaJ:qaqag

PDEF: Parton Distribution Functions
PDF describe the probability of finding a parton “1” in the hadron "P”:
We can define the probability of one parton in one hadron

Tabliatvae. - . independently of the probability of the other parton. . . ... . .
for all The quark states are totally disentangled!

processes PDEF: Parton Distribution Functions

Fhab we All non-perturbative QCD information is encoded in PDFs

khnow? Do exist similar processes with different
Nos...(But all functions which encode a non-

MonteCarlo perturbative information different from

assume yes. PDEs?

Precision?) 4



T'rying to extend our knowledge naively

Suppose to measure more differential cross sections, can we write (Collins, Soper, Sterman "80)

Bb
ZO-’YH Q y [ ) 47_‘_ E) b(I)q/A(xAybnu)q)q/B(xBybwu)?

do
dQ?dqrdy

Unfortunately we cannot be so naive
Dy gz, b, 1) = 6(1 — z) + 0 2Cr BT (—¢) (pgg(z) — (1 — z) — 26(1 —f£) As )}t

Pqq = splitting function
B —h /1
N5 — i (SJr/p+

One does not achieve a full separation of UV and IR singularities! f;

In standard QCD calculations this new rapidity divergent part cancels in the whole cross section computation:
it seems that at small transverse momentum the initial states are entangled ...



Factorization theorem for
TMDs




Factorization theorem basics: siDIS case

o / A6t 3 (| (@)X, ho) (X, hal J7 (0)

I'y“’ .......
- NTAT P Tl e
AT R RO i L e i Ay Y A e e e e e S e N
.....
- ST,
SIS
......

Yn — —O0
\Un — 0 do ~ /deTe_iquTH(Q2)(I)hl (21, bT)S(bT)AhQ (Z27 bT) EYE

TMDPDF o TMDEE
Factor

“ PDF, Soft Factor, FF have “rapidity divergences”
“ Soft Factor mixes PDF and FF through rapidity divergent pieces ..
“ We have the splitting of rapidity singularities in the Soft Factor:

N
.

S(br) = VEBrOYSTr ) el do ~ H(Q) / dbre™ 97 F(a;br) D(z; br)

Each TMD is now free of rapidity singularity: nice renormalizable non-perturbative object
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TMD factorization in nutshell

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

b =
ZU’VH —e TP 4 (24,b,Ca, 1)@y (B, b, (B, 1)

47

dQQdQTdy

VvV Calp = 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

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




/f of the rapidity ,
- ; - ’ diverger}ces is .’
TMD fﬂCtOI’lZﬂthﬂ 11 ﬂUtShell j responsible for the a.

§ new resummation ,
k sca,le 2 D evolutlon

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

b z
ZO:YH ) e (I)q/A(:EAab CA M)(I)q/B(xBab7CBnu)

47

dQQdQTdy

VvV Calp = Q

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

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?




Evolution kernel for TMDs

d alll : 2y 2
PDF leCF 1an/N(xabL737CF7M )__D(anu )7
d -
Fragmentation ST In DLI;]f(Z,bL’ S CD»NQ) —_ _D(bT§M2)°

FIO (2,b1,8;Cr g, 02) = FIUL (2,01, 85 ¢, 62) B (br; Cris 12, Crog, 12)
Dg/]f(z, b Shico i DLF/]f(Z, b, Sk ¢p,i 15) B (013 Cp,is 143, CD, 71 17)
e gz . ¢ ¢ —D(br;u;)

/7’2

iyl

The evolution kernel is the same for pdf and fragmentation and it is also polarization independent



Mulders-Tangerman 96,
Boer Mulders “ 98

Mulders, 2001 (gluons)
Boer, Mulders, Collins

Mulders, Butfing, Mukherjee 2013

Polarization effects with a universal evolution

Quark Polarization i
- Gluon Polarization
: g QUARKS | unpolarized | chiral lransverse g 8 GLUONS | ,.v0larized | circular linear
o= i S 3
25 | v | (W a = S e
— ' § TP EE— 3 = % --l‘" J 1
g = - { h* AL L P .
Z R ‘.\_glL" IL Z O { 8 } hlng
QS T S g ¢ h S > T lg ) g | g ple
i ' L flr &1 th’ th
®D") (2,6) = fi(2,b) + icibusr, M fiz(z,b),
017" (0,b) = Agu(e,b) + ity sl Mayr (. b), Time-reversal flip
B @, b) = s§hi(x,b) — i Mhiy (2, b)
i€t b, Mhi(x,b) + M7 (g?"—#+ ﬂ) hiz(z,b)
ieq by 1 (z, 2 5 B2 stuhip(z,b).
TABLE FROM Leading | Twist of Maximum
1804.08148 Name Function || matching | leading known order
function |matching||of coef.function
unpolarized | fi(z,b) fi tw-2 NNLO (a?)
Sivers fir(z,b) T tw-3 LO (a?)
helicity giL(z,b) g tw-2 NLO (a})
worm-gear T |gir(z,b) | g1, T, AT | tw-2/3 LO (a)
. 2
gans‘;j[rsllty :i(x’ Z) (Shl tw-2 NNLO(?“‘) D. Gutierrez-Reyes et al.
oer-Mulders | hy (z, b) T. tw-3 LO (ay) 1805.07243
worm-gear L |hiz(z,b)|| hi, 6T, | tw-2/3 LO (a?)
pretzelosity** | hi7 (z, b) - tw-4 —

i



e FORTRAN 90 code

@ Module structure

@ Convolutions, evolution (LO,NLO,NNLO)

e Fourier to gp-space, integrations over phase space
@ Scale-variation ((-prescription)

@ User defined PDFs, scales, fyp

e Efficient coie (~. 103 TMDs ~ 6. min at NNLO)

Currently ver A1 .3:

Available at: https://t<orica.fis.ucm.es/artemide

Future plans: add modules for fragmentations, and

polarized TMDs

@ InitializehAs _byUser

& alphaS Bylser

RGE Grxd
Default fram MMHT2014(2

arTeMuDe

|

PDF Grid
-

User d

unpolart

DI

|

Evaluates unpolanzed TMD PDF at kw

o xPLF
eModelInitialization byser
» PN

\

uT'MDFF

Evaluates unpolarized TMD FF at low.scak

mplemented m tl l

Evalua |
wlent part of do See soc. 111
|

e nn

1 ehinext fiom
@CutPrefactor_bylser
@ XPrefactor bylser
1 part of do ¢ Xintegrand

Evaluates of TMD dstribu

ns. See sec IV
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Cross section and TMD structure

g

dO’ = 47 P eleld eled 2 de z(bq)
e = e T A O T [

Y-term
1/Q~2 corrections

Lepton tensor Hard

cuts Coefficient

X Ff<—h1 x17b :ua Ff’<—h2 vab ,LL,

Evolution Low energy
tactor

Ff<_h($,b,uf,Cf) == ,uf Cf ,LL’I,7<’1, Ff(—h L ba:uu(z
d

RI[b; (g, Cr) « (pi, G)] = exp U (7{;(#,0 = Df(u,b)—g)]
= H G

S e

Frawbn0 =Y [ Lop im0 fun (Tn) furtew)

— Matching (Wilson) Non-perturbative

coefficient input



Cross section and TMD structure

Lepton tensor Hard
cuts w Coefficient

do 47 P GG’

/ / C 2
A " I A @2 10 @k

’&(bQ)

X Ff<_h1 xl,b B Ff’<—h2 3727b 1y G J&( Only small gT data

Evolution Low energy
factor

Ff<_h($,b,uf,Cf) == ,uf Cf ,UzyCz Ff(—h L b,,LLz,CZ
d
Bl [ i (mf;m,o; — ¥ (4, b) f)]

Ff%h(xag; Ly C) =5 Z/ %CJQ—Q(Z L/M:ua C)f (gaﬂ) fNP(Zab)
q T

Gaussian?
Exponential?

Matching (Wilson)
coefficient

(-prescription



2-D 'TMD evolution

COUPLED EVOLUTIO

N OF TMD ...

R G

TMD (standard) anomalous dimension

d i

MQd 2Ff<—h(x7b; H, C) == /YFCM )Ff<—h(va7 H, C)
7 2
d

v

TMD rapidity anomalous dimension

Collinear overlap

Cd%w(u, ¢) = —T'(u)
%Dm,m — I'(n)

15



Ambiguity in the TMD evolution

COUPLED EVOLUTION OF TMD AND TRUNCATION OF THE PERTURBATIVE

SERIES
bility Conditi Ci (1, C) = dD( b)
Integrability Condition... dc’}/F L, = ,LLd,u ,

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

S (g, Cr)

Rb; (pf,Cr) = (piy G)| = exp [/P <7F(“’ Odf =2 b)d_<>]

(i, Gi)

16



Ambiguity in the TMD evolution

COUPLED EVOLUTION OF TMD AND TRUNCATION OF THE PERTURBATIVE

SERIES
¢ ( .C ) Solution 1
HfsSf
Hidp Cr
InR= / —F (1, Cr) — D(pi, b) In (—)
1% H Cz
(i, Gi) given in [Collins’ textbook]
2
¢ (g, Cr) Solution 2
Kfod
Hi /-‘l’ C’L
(w4, Gi)
2y
¢ (e I2XS . Solution 3
Hf — Hq
InR = t), C(t
ni= [ (e (). o ot

(pi, G) 1

~P ) T G

Cr—Gi )dt

17



Ambiguity in the TMD evolution

COUPLED EVOLUTION OF TMD AND TRUNCATION OF THE PERTURBATIVE
SERIES

In practice due to the truncation of the perturbative series: ¢ dic - ( 10, C) L u%@( n b)

Transitivity and reversibility of evolution is lost

n

Without Log-resummation O(ag +lL”)

For Q=Mz the solution path

05 1.0 15 20 2 30 A 1 1. 20 25 30 X 4 3 &
\ b[GeV] 55t b[GeV]_os | ;
dependence enormous o \\ AN o Hee
-1.0 -10 N
e \ -15F \ -15¢ \
I— T -20F .
“*linr LO InR NID -2s}InR NNLO

With Log-resummation O (a2 'L)

20 05 10 15 20 25 30 05 10 } 20 25 30
b[GeV] o5t b[GeV] o4t b[GeV]

SS— 25 -25
-20fInR LO — |[InR NLO InR NNLO

18



2D Evolution field: Notation and 1deal case

The evolution scales e ,UQ @
=+l ,1n
are treated equally 1 CeV? 1 GeV?
e d el O
Differentiation ‘= i (n dic Cdg‘ ) curl = | Cdg‘ 2 d/ﬂ)
E7.b) = (ZEYD _pzp)
Evolution field g e Db
TMD Evolution 6F(5L‘, b; 17) = E(ﬁ, b)F(CIZ, b; ﬁ)

—

Integrability Condition = = = i =
and Scalar Potential Voo — 0 E(V’ b) 7% VU(V’ b)
In R[b; 7 — ;] = U(Ff,b) — U(5;, b)

with
Evolution kernel

o ) ;
. ) — / 5 ds — D(V, b)vy + const(b)

19



2D Evolution field: Notation and 1deal case

b= 02GeV‘ b=1.5GeV~!
7,"‘ : ,"' :rrnvvv‘vvvvv
2 (=+) ) "'*(__) '»',"""‘l'f’T"- ‘ ddl '
L iy B D, 2 A By 107 A EERERE s oAl e poit
=" /) | Y ‘*‘  ’ Vv ‘v v ‘ v \ ' 'v .‘
/ \ ’y, "“ L\
:g | Jg‘ ' - ‘:. ‘ ‘. ‘ ‘ ‘ *
= 10} - 107
4 :
1 (a-':,:'-) : - : \ : ':(:'.’_.‘*)‘\ 1
17 [GeV?] 1 [GeV?]

Singularities: Landau pole (on the left, not shown) and saddle point E(#sa441e, b) = 0

de
(D’(t?ﬁBvb) = (t7w(t71737b)) dw VU( b) 0

MU = HUsaddle and Vi Vsaddle

Equipotential/null-evolution curves:

Special null-evolution curves:

20



Truncation of the perturbative series

The truncation introduces a path difference

dD(:Uﬂ b) (N) Al 2 n—1 j(n,k)1 k
ol (u,b) =T () — p i NES 0, Z Znﬁn_l(as)as di
n=1 k=0
with Bn ) — Z Bkak+2
ST ~ O(a NHLN) with perturbative D .
X*b
TN ~ O(aNT'L,,) with resummed D b= 1 (46_2%)

Rlb; {p1, 1} = {12, G} = 2usTan = | Hsriy pyig (LW
R[b; {1, Cl} = {2, (2} 2/f2(P1UP2) o /ug H (k:0) (@(M))

e — et e
The path dependence is enhanced by the difference in rapidity scale

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

2l



Recovering path independence

Helmholtz décom.posmon E(7,b) = B(7,b) + ©(7,b)
of evolution fields Ideally one could

= repair the truncation

curlE=0, V-6=0, E-©=0. | =
using decomposition of

the evolution field

Basic properties
of evolution fields

~

Scalar potentials E(7,b)

VU@,b)  O(7,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
In R[b; v o ﬁ@-] =15 (ﬁ £ b) —U (D};, b) completely the evolution potential
one needs boundary condition for
& 1) J ' Ve
sz( vl = Vr (V) the evolution ﬁel.d. |
2 ay) at the moment no theoretically solid

non-perturbative input is known -



Recovering path independence

We modify anomalous dimensions such that integrability restored

—y

dD(p, b) _

dyr (i, C)
dg

It can be done from both sides of the equation.

Improved D

Facilitate

dD _
udu— :
by

D) = [ ‘L—“r(u) + D0, b)
1o

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

@ Already used in many studies

@ However, it is not the best way

Improved 7~

7F(#’a C) — 71\4(/1" Ca b)
2

v = (I'=6I') In (%) -

@ Completely self consistent

@ Very natural

wT'n

23



Improved D scenario

d ~ 1 T(s)(s — ) — vy (s
D(p, b) = / LD (W) + D(pa0,b) ——p O bipo) = [ HNEZEIZI s D, by, + consty
7

2 2
- In p§
The truncation effects should be minimized by the choice of /0

i BB 1y 1) — G o] = [ (v (%) ~ (W) - / " () - Dl by (L)

e R
Aln_{

The minimization occurs
only when one finds a M0
such that

(SF(,LL(), b) —1)

This is a mixture of .
solution 1 and 2.
The solution dependence ——
is parameterized by L |

L\ 0 . U B B B
Y L oy

)|
AR T U U B U B | 1T L ¥

In order to compare fits -
one should agree on a a AL AR
conventional [4( D S TSR ARRE RN
scale NN N

AERRRRE I

A

O\ N |

» A LUy 2
N N ,4‘, .\.‘, .<..‘,‘ ln& 24




Improved 7Y scenario

a0 (1,€,8) = ((1) — ST o1 BYlc — v (1) o) = [ L= =W 4y D7y, + consi(t
I RlE (g, G7) = (s Gl = = [ 2 (2D(0,b) + 9w (1)) + Dlag, B (‘g) - D b)In (4) |

CLEAR ADVANTAGES:

+ NO MORE THE INTERMEDIATE SCALE [l

+ PATH INDEPENDENCE

+ SIMPLICITY

+ WE ACHIEVE A CLEAR SEPARATION OF EVOLUTION AND NON-
PERTURBATIVE PART OF THE TMD

25



Equivalent TMDs: no evolution on equipotential lines

Aln 3 .
¢ The 2-D evolution just connects
o 4 Ky ‘ . ; :
) gANHARARRR IS TMDs on different equipotential
| - ¥ Y o4 5 .
R s T lines
<< - ‘ - . I 4 " yvy Y Y Y
- : ’V'i' VYUY
P /YTy R TMD distributions on the same equipotential line are equivalent.
# y Y Y
. )y |
- i aadr \ \BRRRE (Ur.Ly,)
< /¥
- DR TR ENE —— TMD(z, b, 1)
R— CLERLERIRERE , —— TMD(z, b, 2)
T/ NREREEEEE AR R i — TMD(z,b,3)
I~ A Y \
N = " VALY 2\ \ °">_' We can enumerate them by a lines
(i) \«‘:\: TERTRRRRRREREE 3 not by (u,¢)
> A 2\ A ‘ — 10
> N < f* N N “‘ \ ““ ) ‘ A n ~ This the main idea of (-prescription
Ho F(z,b; u, () — F(z,b;line)
We can provide evolution first on il

an equ?pown’a’a[ [ine

and then on a vertical line.

2rsitat Regensburg
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TMD on equipotenual lines
The TMDs one equipotential lines are not evolved so one can define a TMD by a single parameter line
F(z,b;7g) = F(z,b;75), g € &(Fp,b).

ONE CAN HAVE AN EVOLUTION ONLY WHEN MOVING BETWEEN DIFFERENT LINES

F(.CIZ, b; ﬁB) — R[b, ﬁB = ﬁ’B]F(QZ', b; ﬁ/B)

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?

27



The optimal TMD distribution

There is a consistency constraint in the TMD matching to PDFs

i
I

2
(1n £ ATl < 2)
1 GeV 1 GeV

Ff_>k(£13, b; ﬁB Z Z C](en_zf/ 37, b, ﬁB, MOPE) & f](fl)h(a:, MOPE)

b=0.2GeV~!

The values of popg are restricted to the values of i taken along the
null-evolution curve

102 T+ h TR
T+ S (Rl
-

if B <lIn Hsaddle = HOPE < Msaddles T .75 AL €+,-)
? 2 . ‘ .
if UG In Msaddle = HOPE > Msaddles ! ’;O[Gevzl 10

CHf e 2 ;

iy =(ns g ine . = ptopg unrestricted

28



(-prescription
We have just to evolve between different equipotential /null-evolution line

F(:I:‘,b; vaCf) ir R[b§ (Nfacf) T (Mf7<Mf (ﬁBvb))]F(xab5 ﬁB)

This is realized choosing Cy (b) such that

Ve (1 Gu(B)

dF(z,b;
,LL2 ('I‘?d 7/'L7CN) :O
L4

29



0.10f

0.08}

0.06

0.04|

0.02f

Perturbative stability of R with { prescription

TMD evolution kernel - Z MASS

— Evolution kernel at NLO
— Evolution kernel at NNLO

1 1 1 1 > o Gev
2 4 6 8 10 12 14 ar(GeV)
QCD +nput from LHAPDF - D-improved evolution - Q=10.58 GeV - bp.x=2.5 GeV'!, gk=0.1

Drawings from D. Gutierrez-Reyes. See talk of L. Zoppi

0.7

0.6

0.5¢

041

0.3f

0.2

0.1f

TMD evolution kernel - BELLE Il

— Evolution kernel at NLO
— Evolution kernel at NNLO

. . . . 7(GeV
0.5 1.0 15 20 q ( )
QCD input from LHAPDF - D-improved evolution - Q=10.58 GeV - bp.x=2.5 GeV’l, gk=0.1
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Perturbative orders. .

name || D | vy H | Cy 4 |las(run) [PDF (evolution)
LO al al a’ a’ lo lo
NLO || a? a’ al al nlo nlo
NNLO|| a? a’ a’ a’ nnlo nnlo
2 .ThCOFCtICal uncertainties . In the implementation we must choose

matching prescriptions such that the
. perturbative series is as convergent as
! possible, undesired power corrections are '
' not introduced '

e b analusis. ..

do AP / ;[ d% ;
dQQdyd( 3N 8@2 ZZZGZ/G Zzgﬁ 4ﬂ- (b®|CV(Q’CQQ)|2{Rf[ (CQQ Q ) (C3Ni7<03,ui);cl,uz']}
GG’ T

X Fpn, (2,5;captops Cospops ) Frehy (2,55 C4toPEs Cosnops )

Small b . Parameters and quality of the fits .
depend strongly on the choices made
for the implementation

31



Details of scale variations

b ) -t | . [
~t 2 FIY FYYYYYY Y Y Y0 Y Y Y -~ -, 177048 44000ARARNBAR -~ - 177044000 ARRRNARAR
- - - - 7 - - - x

(/“:‘i‘ =1 X (,-_:_i_,_‘__z.l_x_u.:.u.u.n.u.n_.a_g_x [/«———j-—‘-‘—_AJ—uo-l-l-l-l-l-l—l—l—l—.i—i—!—l
o) = ) o) = P o) - "
b < = - - > Wy < - - > Ny
- <l‘4 Ivvvnvvwwwlhwiw - <LAAA ';,vvvvvvvche(]/zz)w - 4:44“ | ,7vvvvwvv111:11 \B
D ‘AARRERERRE R RN R e e~ ) ,v‘vvwwwwwiﬂww 1y a4 ILEAAARRRRR R R R M AL
) | ‘ | &) | | &y | )
- ARARRRRRRE RN e/ ) ARRSRRRERARARE RN v el ARRARRRRRRRRE R AN
e y - | 4
- CLLLL ey 72421 ARRERRRRRRRRRARES ~ L7 21 ARRRRRRRRRRR AR LS
b = y b= y
L LRRRRRRRRVLRRE R 1“‘1‘\\\\\11\”1‘\1 R v“‘\‘«\\\\\««u\\\\
1 \|
— MELEEEEEERER ~ 1/ L\ \“\‘«\\\\\\\i\\\‘ e AR AR EEEEEEEEERR RS
- ~ AN T
n 4R N 3 4B N \C\\\\\\«\\{\\\‘ AR ETEEEEEEERRR
A\
N V"‘* *‘\«\\««{\«\\ N V"‘* : \ *\\«\«\\l\\\« ‘\*‘\««\\«l\\\\
, e = NS e N\ S e e e e \e=\2 SRR A . S W W . W
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A \ R \ ~ AN A AN G AN
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0.05

A new error analysis: LHC

cl variation

¢2 variation

.

¢3 variation

!iriation

\_ej/iliri/’\——/

0.05

o SRS AT A -
-0.05 / /ﬂ\—J—h -0.05
0 5 10 15 20 25 0 5 10 15 20 25 0 5 10 15 20 25 0 5 10 15 20 25 0 5 10 15 20 25
cl variation c2 variation c¢3 variation c4 variation \envelo'pe
0.05 0.05
0.00 P:U%Q(\‘ E - & - - — 0.00
-0.05 7 /—_—' -0.05
(:J 5 10 1.5 20 25 0 5 10 15 20 25 0 5 10 15 20 25 0 5 16 15 20 25 0 5 10 1.5 20 25
cl variation c2 variation c¢3 variation
0.05 0.05

xcll\variation

\envelope

\! nl S
0.00 —WSQL:>= Sc ) W / 0.00
-0.05 £ -0.05
0 5 10 15 20 25 0 5 10 15 20 25 0 5 10 15 20 25 0 5 10 15 20 25 0 5 10 15 20 25

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

0.10 cl variation ¢2 variation c¢3 variation c4 variation envelope 0.10
0.05 ,/\’\,J/ 0.05
0.00 —>®‘:~"‘ e w ;é< 0.00
o \'J‘\\—/—/‘\ ‘E\JJ /\/_\,J‘\_LJJ\ oos
-0.10 -0.10

0 5 10 15 20 25 30 5 10 15 20 25 30 5 10 15 20 25 30 5 10 15 20 25 30 5 10 15 20 25 30

0.10 cl variation ¢2 variation ¢3 variation c4 variation envelope 0.10
0.05 \' 0.05
0.00 —WSL—:,—,;:—__ > <« ————— 0.00
-0.05 \—/\\1 -0.05
-0.10 -0.10
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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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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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Modeling non-perturbative inputs for TMD extraction

The TMD modeling is not very constrained

dz
q(—h xr, b / Zcm—f z,b; p, Cu ff(—h

WA /

Perturbative Wilson coefficient matching

gy

)fNP(Zab)

Dy

Non-perturbative
non-asymptotic part

Asymptotic limit of TMD
for large transverse momentum

|+ a nonperturbative contribution to evolution factor l

DNP v gKbb*

Exponent

....................

E288
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Data and limit of TMD analysis

The limits of the TMD analysis
are defined by the limit of
factorization and are independent
of the non-perturbative
parametrization of TMDs or
perturbative order

0 — C]t/M

For high energy data we find §; < 0.2

ATLAS experiment has an
extraordinary precision:
is this criterium sufficient?
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Statistics

X minimization requires the analysis of experimental correlations

N
Eperimental result (i o~om+ i oy and Z otF)

1,COTT
k=il

m,; = central value of measurement i
0;.stat = uncorrelated statistical error
T une — Uncortrelated systeimnatic error

G oo — culteloted erroy

All this information is provided by experiments and should be used to make the correlation matrix



Statistics

2
X minimization requires the analysis of experimental correlations
N
i 2 (k) (k)

Vt';j = (Ui,stat 2 Ui,unc)éij 3 Z Oi.corr9j.corr

=
N
2 Sl itee s Bt
N (my; —t;) ij (mj —t;)

We reformulate this in terms of I

nuisance parameters,

 ‘uncorrelated uncertainties,

shifted theoretical predictions
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Resume fo main uncertaintes

. THE FACTORIZATION ESTABLISHES SOME LIMITS
FOR ITS VALIDITY.
12. SOME DATA SETS (ATLAS) CAN BE MORE
SENSITIVE TO Y-TERMS AND UN-FACTORIZABLE
_ CONTRIBUTIONS DUE TO THEIR PRECISION ]
' 3. SCALE VARIATIONS |
PDFsS: DIFFERENT SETS AND REPLICAS CAN |
, PROVIDE DIFFERENT RESULTS
iS. MODEL BUILDING: STILL IN A GUESS AND TRY
° PROCESS ...

¢ QED corrections.
See talk of Miguel

Jets!!
See talk of Lorenzo
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Conclusions

A NNLO ANALYSIS IS NECESSARY FOR FITTING DATA AND EXTRACTING UNPOLARIZED TMDsS.
LHC PROVIDES VERY PRECISE DATA THAT SHOULD BE INCLUDED IN FITS (ESPECIALLY DATA OFF
THE Z-BOSON PEAK). ATLAS AND CMS coOULD DO BETTER AT 13 TEV!!

THE DATA ANALYSIS SHOULD COMBINE HIGH ENERGY AND LOW ENERGY DATA, BECAUSE THEY ARE
SENSITIVE TO DIFFERENT NON-PERTURBATIVE REGIONS, BOTH COMPATIBLE WITH TMD
FACTORIZATION
SCALE CHOICES AND PRESCRIPTION SHOULD BE CRITICALLY ANALYZED (2D-EVOLUTION AND
ZETA-PRESCRIPTION, OPTIMAL TMDS PROVIDE A BETTER DESCRIPTION OF ERRORS AND
SEPARATION OF PERTURBATIVE/NON-PERTURBATIVE EFFECTS)

ALL THIs Is/WiLL BE INCLUDED IN ar TeMiDe (already new 1.3 release)

MORE TO BE DONE
IMPROVE THE STATISTICAL ANALYSIS, ESPECIALLY FOR LHC DATA
COMPASS DATA FOR DY AND SIDIS
EXTEND THE CODE TO POLARIZED PROCESSES AND JETS

PREPARE FOR THE ADVENT OF EIC
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Some recent literature on TMDs in perturbation theory and some

Perturbative &
Calculations 2

Phenomenology *

0
%

7
%*

N/
%

and 1803.11089

phenomenology

Evolution to N3LO Y. Li HX. Zhu, arXiv:1604.01404 A. Vladimirov, arXiv:1610.05791
Soft function at NNLO M.G. Echevarria, LS., A. Vladimirov, arXiv:1511.05590.

NNLO coefficients for TMDPDEFEs M.G. Echevarria, 1.S., A. Vladimirov, arXiv1604.07869, T.

Liibbert, J. Oredsson, M. Stahlhofen, arXiv:1602.01829, T. Gehrmann, T. Liibbert, Li Lin Yang arXiv:
1403.6451

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,
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
TMD extraction using

gh@&ﬁ)&@@fﬁcﬁlom (ARTEMIDE) arXiv:1706.01473

IT IS POSSIBLE TO MAKE A COMPLETE ANALYSIS OF UNPOLARIZ D IN DRELL-YAN AND SIDIS

USING NNLO RESULTS

Also new studies with JETS! 1. Gutierrez-Reyes, 1S, W. Waalewiji, L. Zoppi 1¥07.07573, PRL,..

The study of polarized TMDs at the same precision is just started (see Daniel Gutierrez work):

D. Gutierrez-Reyes, L.S., A. Vladimirov, arXiv:1702.06558 and 1805.07243
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