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Topics and outline

We have bnally factorized cross-sections with TMDs (Collins O11, E
How do we know TMDs?

* Transverse momentum distributions involve non-perturbative QCD effects which go b«
usual PDF formalism. New factorization theorem are required.

* Spin dependent observables and transverse momentum dependent observables nee
theoremsvith TMDOs

* TMDOs are the fundamemantperturbative objects to be used in factorization theorem
(un-)polarized Drell-Yan, SIDIS, e+e- to 2 jets (multi-jets?). What about LHC*

* Properties of TMDOs:
1) The evolution of all TMDOs is universal (alike PDF and FF itis process indep
2) The evolution of all TMDOs is spin independent and it is the same for TMDFFDF &

* We know the evolution completely at NNLLE

S Extraction of unpolarized TMDPDF from Drell-Yan and Zboson preidigctompletely
resummed TMDQOs at NNLL
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Outline ofFactorization theorel

SIDIS as a study case:
S both PDF and FF
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Origin of factorization
and EFT

a
PP / Drawing from J. Preskill lectut
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In Green function, when the momenta OgO of some Pelds are much larger the
we can Ofactor outO the hard momenta onto Wilson coefbcient and effective
elements and use RGE on coefbcients to resum large logs (Wilson, Zimmerm
Symanzyk O70-072)

Wilson coefbcients and hard factors depend only on the high scal
the factorization scaléu” no.other (IRsensitive) scale.

Same philosophy in the construction of EFT: identiPca
modes, effective bPeld theory Lagrangians, factorized
sections, Wilson coefbcients, E




Energy scales: DY examp

Fundamental condition for factorization

=0Q*>q

transition ; { f
M = H(Q?/u®) Cu (b1, Q% /1) Ca(b? 1, Q%1 14°) Fn(n; 18%) fa(as %)

oy

p ,Q2/2)

7 W / : . y !
Matching (Wilson) coefficients are extracted regulating consistently two theories above and below

Smooth 7 ~ Agop * M = H(Q? 12} oz 0, QP 1i2) Falan, b O %)

a7 > A%QCD

the (matching) scale

Processes with different energy scales are more easily treated with EFT: same results

2 2
a7 > A2QCD qr AQCD
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Evolution kKernel for TML
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For consistency the A.D. of the TMD Is the opposite of
of the Hard coefbcient
SIDIS: YH = —VF (as(u),lni—g> =D (@s(ﬂ)alni—g>

YF,D (CVS (:u)a In CZ,2D> ot _Fcusp(as (M)) In CZZD = 7V (053 (,u))

dD
dln u

s Cusp known atorder a3

=== Fcusp




D-resummation

dD(b; p)
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Landau po

The perturbative expansion of the D is valid in limit

(but large, usil@summatiomportion of Impact Paramete
Space



Plots for evolution kernel (Pxed scale e
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* Very good convergence
to b=4-5GeV In all case:

........ ratit , & EEEE R * The region sensitive to
T Dpattl H LT Landau pole is strongly
LR suppressed b>5GeV
Q:! 91.19 GeV 1'5‘-\ i V2.4 Gev
BimEons il * For M=M we are
S B R a7 e B sensitive only to b<1.5C

region

* For M=3-5 GeV we are
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* Studying processes at different energies one eXp‘ores different regio‘ns|
* The Landau pole problems appear there where also the Factorization fa
to fail).This is a QCD general problem!



Building a TMD: Inputs from Pert.C

The asymptotic limit of TMDs should be included

construction of TMDs: The Standard TMD form

1 ‘n Q21> —DRr(b,u) 2 o 7 1
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! Process independent
OFE 10 PR vald fesdoch IPDI Non-perturbative correct

Common to all analysis:
Calculated at 2-loops .
Florence (S. Catani et al.O08), Zurich (T. Gehrmann. et al O13-14)

Coej (X, b, 1) I exp(hy " i )Cqej (X, i, 1)

dh. O Exponentiation of part of the
dinp = tausply coefPcle Modaira, Trentadue 1982, Becher, Neubert Wi
dh, C 2011)
dinp :
S iy mmans S rrst Lk o Complete resummation of the logs
hR (b, p) = gl teep Esiiz3)
" (b, 1) e e e the exponent, as for the resummec
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Building a TMD: Inputs from Pert.C

The asymptotic limit of TMDs should be included
construction of TMDs: The Standard TMD form

i = (L

_DR(bhu)
Fq/N(xabaQialu) g 4627E> ZCW—](:C)I?J_MU)@f]/N(x?M)®MQ(x7b7QZ)
J

: Process independent
OPE to PDF, valid for qacp lPDI Non-perturbative correct

Mg expected to corre
{ resummed D and OP

The splitting between coeff. and PDF can generate I
a wise choice of factorization scale can avoid this pr

Becher, Neubert, Wilhelm O1

Ideally: p~ur  Inpracticer ~ Qi = Qo +ar

Q is the scale where PDF are better denke® GeV



Building a TMD: Inputs from Pert.C

VO e G e e b )

Hard coeff. using !-resummati@ins ata. 0§ Volution of H from -Q”2 to Q’

2 _ .2
Ky = Mz

2 _ 2
Hp = —MyzZ

NLL  1.0007389
NNLL 1.087+0:039
N3LL  1.11970:9%

0.201
0.001
113175014

0.001
1.130% 5601

Better convergence of the
perturbative series



Experimental Data

Z, run |I: Becher, Neubert, Wilhelm 20
Catani et al. 2009

<\|'6EI cross section improved from run | to run |l

CDF Run I DO Run I CDF Run II DO Run II
points 32 16 41 9
NG 1.8 TeV 1.8 TeV 1.96 TeV 1.96 TeV
o 248 + 11 pb | 221 £11.2 pb | 256 £ 15.2 pb‘\255.8 +.16.7 pb
12288 200 | 288 300 15288 400 R209
points 35 35 49 6
NG 19.4 GeV | 23.8 GeV 274 GeV 62 GeV
Epeam 200 GeV | 300 GeV 400 GeV B
Beam/Target p Cu p Cu p Cu PP
M range used | 4-9 GeV | 4-9 GeV | 5-9 and 10.5-14 GeV | 5-8 and 11-25 GeV'
Other kin. var | =04 | y=0.21 y=0.03 |
Observable | Edc/d*p | Ed*c/d*p Ed*c/d*p do /dg}

< —
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Expected to be insensitive to Landau pole
Factorization hypothesis hold



Results

Z-boson data are (fairly) sensitive to

functional non-perturbative form
(gaussian vs. exponential)

(1/0)do/dqy (GeV ']

(1/0)do/dgy [GeV)

Non-perturbative kinematics poorly caugh

Avoliding systematics

L
!exp qu exp

Data:

1 [do
Theoryas,, \dgr/,,

DYNNLO: Catani, Grazzini ©07 Catani, Cieri, Ferrera, de Florian, Grazzini
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NLLNLO

Results

E268 pN E~ 200 GaV, v8=19.4 GaV, y-04

4<M<S CeV

E288 pN E.« 300 GaV, v8=23.8 GaV, y-021

E268 pN E = 400 GaV, V8<27 4 GaV, y=003

Exp. Normalization
NE288 NR209
deduced from the bt.

<
% 0¥ v 5<M<6 GoV ey Fotroi 3o
£ . A sy Bz Total: 4 parameters
T et SO " . gy
w : R i T, ! NP —A1b 2
' - B —— 1 T
w0 3 1 1 Fq/N (.’B, bT, Q) — e (1 + A2bT)
0 05 ; 15 2 o 05 1 15 2 0 05 1 15 2
ar [CeV) Gr [GeV) ar [GeV)
N NNLL, NNLO|NLL, NLO
0 [ 288 SN E- 200 0V, Vo194 oV, yo0 £268 pN E.< 300 G4V, 18=238 GaV, y=0.21 £268 N E.< 400 G4V, 18=27.4 GaV, y=0.03 points x2 /points x2 /points
il | | | 223 1.10 1.48
10 N————
%io, — s e e E288 200 | 35 1.53 2.60
s | g 2% s E288 300 | 35 1.50 1.12
R 8<M<d GaV 8<M<9 CaV . :m:g&.z
S . gy T GOV E288 400 | 49 2.07 1.79
- - R209 6 0.16 0.25
0 0s 1 15 2 0 05 1 15 2 0 05 1 15 2 CDF Run 1 32 0.74 1.31
ar [GeV) ar [GeV) ar [GaV)
DORunl | 16 0.43 1.44
NLL | 223 points x’/d.o.f. = 1.51 CDF Run II| 41 0.30 0.62
A= 0.267305% + 0,055 GeV | A2 = 0.13 % 0.01ih % 0.03410 Gev2 | (DO RunlIl | 9 0.61 240
Ngass = 0.9707 + 0.045¢a Nr20o = 1.3 & 0.01¢h % 0.25¢a
NNLL | 223 points x?/d.of. = 1.12 P/ ) 1 1
A1 = 0.33 £ 0.02 £ 005501 GeV | A2 = 0.13 £ 0.01¢ + 0.0350ar GeV? X/ \ gLobOLl Fh
Ne2ss = 0.85 + 0.01en + 0.04stac | Nr2oo = 1.5 £ 0.01en # 0.250a¢ | " Oiﬂt S




Results

Exp. Normalization

NE288, NR209

deduced from the bt.

Total: 4 parameters

Korchemsky Stermz

Q*\ 2"
; /N(:z: br; Q) = e~ M7 (1 + Apb7) ( )

NNLL-NNLO
'-'_‘ 0'12 NN AR S LARRAE AR RRRAEARRAL AR
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= 008fF bi +
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',8. 0.04 ¢ K +i
b I I
E 0.02 "’ "‘u‘. ";
o 1 2 2 2 1 L 4 1 2 2 p
0 5 10 15 20 25 0 5 10 15 20 25
qr [GeV] qr [GeV]
NLL | 223 points x%/d.of. = 1.44
A = 0247000 £0.050a GeV | A2 = 0.17 £ 0.02¢n £ 0.0551a¢ GeV?
Az = 0.03 £ 0.02n £ 0.015a¢ GeV?
Ng2ss = 0.85707" + 0.0450a Nr2os = 1.2 + 0.2 £ 0.25¢a¢
NNLL | 223 points x?/d.o.f. = 0.81

A1 = 0.30 £ 0.02¢;, + 0.055tar GeV

A2 = 0.22 + 0.0144, £ 0.05410: GeV?

Az = 0.05 £ 0.01,, £ 0.02410: GeV?

Niass = 0.7870 05" % 0.05stat

Nroog = 1.3 £ 0.1, = 0.25¢a¢

Q3

NNLL, NNLO|NLL, NLO

points| x?/points | x?/points
223 0.79 1.40
E288 200 35 1.24 2.27
E288 300 35 0.90 1.20
E288 400 49 1.33 1.69
R209 6 0.24 0.30
CDF Run I| 32 0.58 1.26
DO Run I 16 0.36 1.43
CDF Run II| 41 0.15 0.48
DO Run II 9 0.36 2.26

lobGJl =

~ 0.3



Results

) NNLLANLO Exp. Normalizatic
10 E288 pN E.» 200 GeV, Vs=19.4 GeV, y=0.4 E288 pN E,= 300 GeV, V$=23.8 GeV, y=0.21 E288 pN E,» 400 GeV, Vs+27.4 GeV, y=0.03 N E288 N R 209
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< 107 I . I 1
g o ' edtsgoy - | | S, TP P L sawesgev Total: 4 parameter
| A | * 5<M<B GoV 1 . ' 5<M<6GoV 1 ., B<M<7GoV 1
N E . T Gov " G Gov bM< Gov
q: 10 z 8<M<H GeV v 8<M<9 GeV ” };:mﬂgg\‘; - 1
w f' f--,- - “13<M<14 GeV
10} 1 1T — R 1
N I | ] NNLL, NNLO|NLL, NLO
0 0.5 1 15 2 0 05 1 15 2 0 0.5 1 15 2 . 5 : 5 .
ar (GeV] ar (GeV] ar (GeV) points| x“/points | x“/points
223 0.79 1.40
Q2 E288 200 35 1.24 2.27
NP . )) — o—A1b
FNE (2,br3 Q) = e (14 Agb2) ( o ) E288 300 | 35 0.90 1.20
0 E288 400 49 1.33 1.69
R209 6 0.24 0.30
NLL | 223 points x%/d.of. = 1.44 CDF RunI| 32 0.58 1.26
A = 0.2470%% £0.05,0 GeV | Az = 0.17 £ 0.024n % 0.055c0 GeV? DORunl | 16 0.36 1.43
A3 — 003 :t 0 02th :t 0-018tat Gev2 CDF Run II 41 0.15 0.48
Niags = 0.857 32" 4+ 0,0dy00 Nraoo = 1.2 £ 0.2 % 02500 DORunll | 9 0.36 2.26
NNLL | 223 points x?/d.o.f. = 0.81

A1 = 0.30 £ 0.02¢;, £+ 0.055ar GeV

A2 = 0.22 + 0.0144, £ 0.05410: GeV?

Az = 0.05 £ 0.01,, £ 0.02410: GeV?

Niass = 0.7870 05" % 0.05stat

Nroog = 1.3 £ 0.1, = 0.25¢a¢

~ 0.3

lobGJl =



LHC

NNLL SRS _
e Prediction for Z production WS
006 | | A data: Peak region
o Bin width not shown
(3- [
g 004f | 2
3 B 0.9
© points
- 002 | j ' ' E288 pN E;= 200 GeV, v=19.4 GeV, y=0.4
10734 ¢
_10® o
NE 1036
Scale dependence e
me ~ 1.3 GeV < Qp < 2.7 GeV 9 ol
7 1st bin energy "’E -
: 1039
10740 |

0O 02 04 06 08 1 12 14
ar [GeV]

* Data are not sensitive to: the Landau pole region in IPS, non-perturbative Q-depender
of Ravor dependence needs to include also W-production dataE.
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Conclusions

The analysis of current data coming from experiments run at different energy require
evolution of TMDOs and full resummation techniques:

Reduction of model dependence
Recovery of the complete perturbative limit (we have to connect to pQCD restL
Improved Convergence of the perturbative series
We have tested all this in DY and Zboson T spgcteanent with data

|

Fits for unpolarized TMDPDF in DY and Zproduction, performed with data which fulbll fundament
for factorization, allow to bx the non-perturbative parameters. More data and more processes are v
(SIDIS, ee-> jj,E)

TMDs can be used to bx the bnal precision at LHC, bxing the amount of non-perturbative QCD eff
knowledge from PQCD studies must be used.

Features of TMDOs: £ x
The evolution for TMDPDFOs and TMDFFOs Is the same and spin independent
TMDGs are universal (they can be extracted from DY, SIDIS, ee->2 jets,E)

QCD non perturbative effects can be taken under control with TMD forn
and (not too extremely ) low energy data.
A new era for precision physics ?

ThanksE..




Back up:
Evolution Kernel: EIS vs CSS
Modes in EFT
Rapidity divergences
Debnition of TMDs
Regulators
Soft function



EIS vs CSS

R Evolution Kernel

25
DR at NNLL
200 s Pmax=0.5GeV ™!
........ Prmax=1.5GeV™!
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Evolution Kernel

DR at NNLL
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-------- Pimax=1.5GeV ™!

0; = V2.4 GeV

Q5 = 91.19 GeV
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O T o T P T o e
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- EIS and CSS agf’ée, completé perfurbative region. Model for TMD bulk
EIS: Model Independent E\/olution (Completely Resummed Kernei‘) Model f

Stefano talk)
:Landau pole reglon I\/Iodeled both In EIS and CSS

/ /




Modes In EFT

Using power counting we have
collinear, anti-collinear, and soft sec

H(Q?) JO (1) 81y 1) Iy (1)

In EFT each mode belongs to a Hilbert space
separate from the others.

To each mode correspond a different Lagrangic
Boosts mix soft and collinear modes (same
Invariant mass)

. 1 "
(+perp) J,7(0 ’y#’yﬁs):E&o/Nl(Pi'll)T_n (CINAA )%/ W(O)IN P/ )
kn ~Q(1,A%,A) — y>0
+ 1 D 7] + D
kn~ QN 1,0 = <0 Jiala(@ ,0#,y$)=§&%I2(P,/2)ﬁ (0)% =Yy Oanye )IN(REE 5]
ks ~ QA M\ — y~0 5!
NI S(0°,0% vy, )=9®| TrT[S] ST] (0,6 y, J[ ST S]] @0, “=wT¢
Q@
J] FEEE [ multipole expansion Pxes argume

(1;0,0:-1) || | o



Debnition of TMDOs

Positive and negative rapidity guanta can be collected into 2 differ
because of the splitting of the soft function

SR PR R R e S (brs ¢ A+)
T7A+A_7:u T Fa:u7 -|— T7D:u
!F = QZ/" bT)CF):u A \/
b =" Q7

AT A+

S (bT7CD7/'L7A+ \/ _|_7 )
ap
#—»
Pure collinear____

- TMDPD lnFij(ZU’bJ_aS§CF»M25A\‘1H@$)(%baS3N23A)+1n§(bTQCFaH2§A)
F’ﬁ {_W \ —w_!
| TMDFI: 1nDij<xabJ_75h;CD7:u2;A+)ZIHAE?)(xabas s K 7A+)+IHS+(bT7CD7M7 ) 1

'—_‘

B e ———
22



Soft function: structure
andproperties

In the high gT limi€ > ¢r > Agcep the hadronic tensor

M =H(Q*/u?)C(Xn,Zg, L1 , Q) (Xn,! " /u?)dg(Za,! " /u?)

and PDkr &and FFrdhave single log dependence on U\

cu tOff(Korchemsky, Radyushkin 1987)

| !
e ROl o )i RraOun b in s

|7
Ind,; = Rfl(zr_h! s)+ 7?'fQ(Zﬁ’! S)In F
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Splitting of the soft function

- AN
In S —173 (br,as) + D(b a)ln((A_)Q)

—SpRbn e ERnen B or - eperde i
ln§+ — %Rs(bTaas) g D(bT7a5)ln <(<i—;)2 )

Q-dependence of TMDOs

I =104/

i 0 : nEL) (x, b, ,S:1e, 0 = 1 D(br;p?)

: D d|n||: fIN ) g7 ) ’ ) )
d

[1 ] _ 5 |
ginTo MO (2by Shito,u) =1 D(brin%).

The Q-dependence of the TMD iIs dictated by the soft f
spin independent
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Soft function: structure and properties

All this implies that eaptire collinear and soft sectors are of the fc

. AT
In quO) = Rnl(ibn,Ozs,LJ_) +Rn2<$naasaLJ_) In 2
14

2 AT
In J;SO) = Ra1(xn, a6, L1 ) + Rao(xsn,as, L) In ? ;
ATAT

— 0§ = Raa(0s 1) +2D(an, Ly) In T

* Each sectoris linear in logs of the rapidity cut
* Each collinear sector depends just on 1 IR/rapidity regulator

* Each collinear sector depends solely on the corresponding collinear momentum. It is
that a Q dependence arise in a pure colline a@<iepemdence arises only in the soft sector.

* The soft function is linear in the logs of rapidity regulator to cancel the corresponding
collinear sectors (In QCD there are no rapidity divergences)

* The soft function is Hermitian, so it is the same for DIS, DY and ee to 2 jets
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