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The main object of this talk is

M. Garcia Echevarria, A. Idilbi, (EIS) A. Schaefer, arXive:1208.1281
EIS:Our final definition of the TMD is given in arXive:1211.1947

Initial definition, calculation and properties of TMDs in JHEP 07(2012)002




Some questions ...and our
answers

Transverse Momentum distributions are fundamental in

’{hez.foc’rorizoﬂon of DY at small gT and SIDIS and e+e-
O /]

Can we formulate their definition indegendenﬂy of the
IR/collinear regulators that we use<¢ YES

Are TMDs universale See discussion

How do we write the evolution of TMDs<¢ Up to which
order do we know their evolution?

We can up to NNLL..we could up NNNLL in some cases
Is the evolution of all guark TMDs the same<¢YES

Can we have a model independent evolution of the -
TMDs2eYES no effective strong coupling is necessary



Factorization iIn QCD

- Let’s consider the inclusive Drell-Yan process:

Coallins-Soper=Sterrnear
Arl',’— Irl()
02, OY

Z / dz1 d~r2H?j($1:£2:Q s [ )fffp('rl p’ ) jxp(.’ﬂg,ﬂlz) |

i,j= qu

Short-distance
physics.
Perturbative coefficient

Long-distance physics.
Non-perturbative PDFs

*The PDFs give us a good description of the inner structure of nucleons. But
more information is gained if one considers the transverse momentum of
partons as well.

e Goal: explore the internal structure of nucleons.

* Example: how is the nucleon spin originated by partons? ;



Naive TMDPDEF...

> One could naively think of defining the TMDPDF by extending the PDF:

Fpese(0, 4=, ) = Z(P ol [EaWa] 0%,y 70)

s Wit 0 |P,o)

- We would also need transverse gauge links to maintain
gauge invariance

- If we calculate this matrix element we get:

- o (}_’SCF { |: 2 A+ 3
EFP4¢ =6(1 —x) + (1 —=x In— +

( )T o O ) evv  @*  2euv
1 3 A"‘]

—Z + §LT 2LT1I1 Q2

A_
—(1 —z)ln(1 — ) — 'quqln 2 LTPq;q}

2t is ill=cdefinzcd!! We cannot renorrmzalize inis cusaniiiy...



Challenging Definition!!

2 Orierezin) finlel rlzin)y elillitiors aof FIIE) PR E “inl ek pplziricar
CoIIInS-Soper 82 just collinear (off-the-LC) -
» Ji-Ma-Yuan '05: collinear with subtraction of complete soft ffunctfv@w (off-the-LC)
» Cherednikov-Stefanis '08: collinear with subtraction of complete soft function (LC gauge)
» Mantry-Petriello "10: fully unintegrated collinear matrix element
» Collins "11: collinear with subtraction of square root of 3 soft functions (off-the-LC “strange’)
» Chiu-Jain-Neill-Rothstein '12: collinear matrix element (rapidity renormalization group)

- The problem are the criteria to properly define the TMDPDF.

* Awell-defined TVIDPDE should*
. Be compatible with a factorization theorem.
. Have no mixed UV/nUV divergencies, I.e., be renormalizable

. Have a matching coeificient.onto PDES Inaependent ot nUV.

r‘-'g,llrllc)l'_) " By 'nUV" | mean non-ultraviolet, I.e., Infrared (IR) and
rapiaity.

> The definition we provide is the only one that fulfills all of them



DY Factorization at Small gr:

General Overview

= Q* > ¢>

Problem with different scales... Perfect for Effective Field Theories approaéh! |

* The IR has to be regulated consistently in the theories above and below every matching

scale in order to properly extract the matching (Wilson) coefficients. 3



Factorization oft Modes (1/2)

The factorization of the relevant modes in tricky...

Soft and Collinear modes have the same invariant mass.
Only can be distinguished by their relative rapidities:

anQ(la)\za)\) —- y>0
kﬁNQ()‘zala)‘) - y<0
kSNQ()‘:/\a)\) — y=0

* Rapidity divergence when k* goesto O
* We need a lower rapidity cutoff




Factorization of: Modes (2/2)

- We need to impose rapidity cutoffs to separate the modes:

H(Q?) JO (1) 8, 1m) IS (1)

Pure collinear!

> A is collinear

- B is soft

- C is anti-collinear
- Soft function is NOT symmetric w.r.t.
the “separating line” k*=k when y*#y.

> We proved that the soft function can be split
in two “hemispheres”




Definition of TMDPDIF

Positive and negative rapidity qucm’r'o can be collected into two different
TMDs because of the splitfing of the soft function

A7) =1/ S(A-, A7) S(A+, AY)

M = H(Q?/p?) Fn(zn,b; Q% 1) Fr(za, b;Q%, 1)

No soft function in the factorization theorem!!
9



Evolution of the TMDPDF

The hadronic tensor is RG scale independent

M = H(Q/ #*)F (b, Q. )F(z:b,.,Q. )
d .

In M7
=0=y, +7 TV =7y 275 =Va + 27,
dinu

i = A(as)ln%+ B(ar); Fa(X:b,,Q. 1) =exp{ = %‘y} Fn(x:b., Q. 14)

The hQrd coefﬁcien’r IS ’rhe same. “ds for inclusive DY |
Ergo,

WE KNOW THE AD of the 8 TMDPDF up to 3-LOOPS



OPE of the TMDPDF on to the PDF

When gT is in the per’rurbo’rive region the TMDPDF can be
factorized in a Wilson coefficient and a PDF like in OPE

F (X bLiQ zu)‘_ Zj dX ~f/1())((,;b!Quujfj/P(X';:u)

1=0.9

The coefficient C works as any other Wilson coefficient
IT IS INDEPENDENT OF IR-SCALES

BUT THERE IS STILL A QA2 DEPENDENCE ‘

E (x:b, 0, 1) =5(1—x) + %C { b H (1=x)—8(1- x)( §LT'+IHQ—2LT'+éﬂ
2r 2 £ T

THESE TERMS HAVE TO BE RESUMMED!! b
” ; z YE




QA2-Resummation
Using Lorentz i-hvorionce and dimensional analysis

InFn=1Inj, ~—£InS
2

v . ¥ 2¥
In j, =Rn[xi0‘s’|—w|”§j’ InS:R¢[aS,LT,In Q% 2]
U

Since the TMDPDF (Wilson coefficients and PDFs) Is free
from rapidity divergences to all orders in
perturbation theory

d
dinA

InFn:O




Q*-Resummation

> From the fact that the TMDPDF is free from rapidity divergencies we can
extract and exponentiate the Q?-dependence.

* But we can also extract it just applying the RGE to the hadronic tensor:

dlnpg

Independenf
of Q3!

* The Q?-factor is extracted for each TMDPDF individually.
* We do not need Collins-Soper evolution equation to resum the logs of Q2.
* We know cusp AD at 3-loops, so we know D at order a”2!! 13



QA2-Resummation
The final form -cjf the TMD in IPS is
INFa=InFp Do 2 )(InQ—+L )
_ i

Q b2 27E
4

D(as,L7)
Fn<x;6ﬂQ,u)=( j Cn(X;b,, 1) ® T, (X; p2)

D) ] ve -3 2]

cusp ( S

dinu

d (L, )——rnl+Zm v (E)

The cusp AD Is known at 3-loopsl!!
— The function D is known up to order an2



Resumming!

SR R e oD = '
Ff/P(X;Bquuu:Q): Z eXp|:J‘ﬂd_l'l7/n:|(%j Cf/J(X;bp/h)@ fj/P(X;,u|)

i=a.q a7/

Aybat, Collins , Qiu, Rogers; Aybat, Rogers; Anselmino, Boglione,Melis
Known pieces: C for

-. Our Group unpolarized TMDs from
Cataniet al. * 12 And

Gehrmann et al. ‘12



The Evolution of all quark TMDs

The hard matching coefficient H does not depend
on spin! And its AD governs all evolution of the TMDs
and also the evolution of the D-function! (EIS+S, "12)
even when the TMDs do not match on PDFs

~d%F <i(crx i TR
[ g (0,1, 1 )YS (0,0 )

| (X k) =~ T

@, (07,17, 7 ) =(PS [£, W, 10", y, ¥, )W, '&,,1(0)] PS)
S =¢0|Tr[sI'sT]0",07,y.)[SI'SI1(0)|0), @, 8 = Dirac indeces

THIS IS SPIN INDEPENDENT: o -
Same evolution forall 8 TMD’s  Jr =< /H
Up to NNLLI 2



Evolution Kernel

e |f we want to connect two TMDPDFs at two different scales:

Fn($ b Q_f) — (ﬂ’ b; Qz) R(b Qa*@f)
) —D(as(Q:),L7(Q:))

R(b; Qi, Qy) = (gi

Qy dy’ Q>
! f
exp /Q " YF (aq(,u,) ln’u )]

* The evolution is given in terms of the function D and the AD

* When we Fourier transform back, we need to resum large logs in the D...

- 1 will show you TWQO methaods: the “traditional” CSS and the one we propose.

17



Resummation of R; CSS

Non-perturbative model (BLNY)
. ' / A

RGSS(b QRi, Qy) = exp {——g b2 In<L }

Q;
} Qdf 2
fdu Q
f. M’YF(()IHPB )])

Q _[D(b*aﬁb)_fii _”Ercusp
&

Qi \
\ Perturbative pigces




Resummaﬁ.on of R: CSS

Oi=v24 GeV

The Evolution Kernel with the effective
coupling hits the Landau Pole!! :-(




Resumma’rion of R ala CSS

~ Pert
R

i 0;=vV24 Gev
Of = 5GeV

Buax = 1.5 GeV !

We impose a cutoff over b writing b*(b) instead of b.
But we loose information at large b!!




Resummo’ripn of R: CSS

bmax are extracteq

from fits to
eXperimentg| data

R(b;Q;, Q) = R (b*(b); Q:,Q;) RNF(b;Qi,Qf)

We need to add a non-perturbative model in the evolution
extracted from data...

> But inara2 is a comolzta diffi2rant way to rasum inz logs,,



D-Resummation

- We are going to write D as a series and resum it directly:

n—1 '
d 1 B Recurrence
——d,(Ly)==T,_1+ Z MBp—1-mdm (L) PE UL
m=1

dL 2

22



D-Resummation

I'y
—_— (—1 + H{I ) |n}3 + _|n}2)

0

B r Bir
;ﬂl n|n}ri+ Bﬂﬂt |n.2>5

.SIFD F1
)[— L0 +Iu(1 = X))+ £

Bal'g

X2
232

r
% (X(X —2)—2n(1 — X)) +

’ Iy
) |20 + g2 0x@ - %)+

+B 20 +121X°% —188X° + 13X* +30X3 +12X2 (1 — Lis(X)) + 12X (X + 1)In(1 — X)
33 24 X2

5Fu n— 1
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D-Resummation

X =afl,

e INn The IR region X~1
Xilish, = e 27 9

exp
Qi ' :Boas (Q| )

New expansion!

DIFD[X—|—111[1—X}} FW

By bo

F . r . N r
2 (X(2- X))+ ‘f?._l (X(X —2) —2In(1— X)) + “"f,:'

=0

31 Fo F121X° — 188X7 + 133{4 +30X% 4+ 12X (1 — Lis(X)) + 12X (X + 1)In(1 — X)

By 24X 2 -
0

35?.]

ZDU

x>
<

(1— X2y




D-Resummation

Properties of DR:

e The resummation works for all X<I

e The sign of DR is the same at all orders (that we checked|
e Asymptotically, when X—1

F (1 J'i_ 2 le F
DRLE—}l— — __Gln(l - X) [1 + ( ) a ) 1 1

]_ — ‘L _,a"_'.fﬂr[}

'?'u

= —ilu(l ~ X)
-._._,J_[]

Truncation of DR;:
e We can think to truncate DR when a/(1-X)~1
e We have fried the truncation at bc such that

X(b)=L aQ)/(1-X(b,)=L aQ)/(1-X(b,))=0.2



Resuﬂs

Evolution Kernel
Oi=+/24 GeV
Q=425 GeV

O
e, —
L
L)

......“

e emmeneme Da=0.5Ge V1
- mm Dpae=1.5GeV !
smememems Resummed D at LL

— B ecummed D at NNLL
e b6V

1 1 1 1
2 4

R
Evolution Kernel 23 Evolution Kernel

= -1 1 EIEEEEEEEEEEE 'bIlli-T =0-5Gev_1
NN EEE. bmll_USGEV U bmas:l-jGev_l

— e - bm“=1.5GeV_1 :.__._:--. Fesummed D at LL
==smememen Resummed D at LL I Resummed D at NLL

memmemem Fesummed D at NLL L D
Resummed D at NNLL Resummed D at NNLL

Oi=+24 GeV Q= /24 GeV
[ Qr=20GeV




Resuﬂs

Evolution Kernel

0 =50GeV
Qr=351GeV

i

_-__h“-

EEEEEEEEEEEE E'm;=0.5GEV'1
—_—— = bpy=135GeV!
mmmmmmmmee Besummed D at LL
i e Festimimed D at NLL
— Besumuned D at MNLL

I b (Gev!)

1 Evolution Kernel
Evolution Kernel volution kerne

ceecceomees  bmag=0.5GeV ! e Bya=035GeV!

- wm Dpe=1.3GeV ! —— e = Bpa=1.5GeV!

e men Fespmmed D at LL ememememem  Besummed D at L1

mmmmmm=e Bemnmmed D oat NLL ol mmmmmm== Fesummed D at NLL
Fesummed D at NNLL L ——— Fezummed D at WINLL

O;= 30GeV Oi= 50GeV

O =182 GeV




Resuﬂs

In practice the TMD are concentrated on a region of IPS
shorter than the range of validity of the evolutor

Evolved Sivers
Evolved function (Bochum)
unpolarized TMDPDF
Initial model at O; = 4/ 2.4 GeV
Tnitial model ﬂg‘ - 2_4 Gl.‘_!ﬁur . B | wems-- = Evolved TMD at Qf =5 GeV |DF' at N-NLL']
Evolved TMDat 0 = 5 GeV (D* at NNLL) Evolved TMD at Q0 r=20GeV (DF at NNLL)
Evolved TMD at 0= 20GeV (D* at NNLL)

b (GeVl)

Compass Compass



Evolved unpolarized TMDPDF

............. by =0.5GeV!

e Bpae=1.5GeV !
Fesummed D at NLL
Fesummed D at NNLL
Imitial model

05

Banax=0.3GeV!
Bpam=1.9GeV"!
Resummed D at NLL
Resummed D at NNLL
TImitial model

0= 24 GeV
Or= 5GeV
x=01

Results

We compare with CSS and
bmax=0.5, Collins ideal
bmax=1.5, fitted from
Phenomenology
(Konychev, Nadolsky’'06)

All graphs show an agreement -
With the bmax=1.5 choice

wn Pra=0.3GeV!
- bmy_:l.ﬁG'E'\"_l
Fesummed D at NLL

Resummed D at NNLL




CONCLUSIONS

We have a formuld’rion of factorization on-the-light-cone
(no parameters on any matching coefficient!)

We can relate the AD of the hard matching coefficient to
the AD of the TMDPD's WE KNOW THE EVOLUTION
‘OF ALL TMDPDF UP TO NNLL

We can build an evolutor for TMDPDF removing the
problem of the Landau pole in a model independent way:
(agreement with fits that use bmax=1.5)

We need experiments to get a mapping of TMDs as
precise as for PDFs
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SPIIIAG o1 the Seit FUAction

* Iine soit unction can be splitin two pleces .
LS

> FwilliusetneA JJLI):i[Dl PUi-the-argumer

* The hadronic tensor can be = H(Q?/1$?) Co(@n; L, Q% /1?) Ca(s; Ly, Q% /14°)
{f‘[CEQ izea'n terms o1 twe X fr(Tn; A /1“’2) fﬁ(mﬁ;AJr/’uu)
IS,

b INe Nadronic tenser can ne

AISEWHIiten as:

> [IESEItiUnClen can Pe spiit!
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Formulas for Aqcp

= QexplG(ty)]
=271 (£,,(Q)
o)<t + Liinin- Azl B -2655+ 5k L |
25, 4180 L 8,30 2t
aS(MZ)_O.117
n,=5
Agep =157 MeV

26—7/E

b= ~7.15GeV

QCD



TMDPDFs at Leading Twist

Helicity Transver5|ty [Mulders-Tangerman’96]

: Boer-Mulders "'98
Momentum [ ]

= Quark Pclarization
B Mulders
= Iiﬂx"@i’
= IEIAINGHS
o
= J m Worm-Gear
D)
Z
Sivers Worm-Gear - Pretzelosity

2T nE only ofss i suevive in s caollinszie limie (Wasn weintegriis ovar
¢|'l) .

S nErearessimilaigiaiieSNeRUINORAEIAVIID RID ES AT G UK/ I UG AVI D IEES

2iFf1ay i disiriouiions ifef el L iniarziion clgatifiria inae e sttt of
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