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Some questions ...and our
answers

Transverse MQménTum distributions are fundamental in
’{hez.foc’rorlzohon of DY at small gT and SIDIS and e+e-
O 4]

Can we formulate their definition inde endently of the
[rR/”%ollmeor regulators that we use¢ YES (Ahmad'’s
a

Are TMDs universale See discussion

How do we write the evolution of TMDs2 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 quark TMDs the same2YES

Can we have a model independent evolution of the |
TMDs2YES no effective strong coupling is necessary



TMDPDFs at Leading Twist

Helicity Transver5|ty [Mulders-Tangerman’96]
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Probabilistic Interpretation

Proton goes out of the screen/ photon goes into the screen

-:i:,.'." @ nucleon with transverse or longitudingl spin
-D.' @ parton with transverse or longitudinzl spin

parton ITansverse momentum

."ﬂf- - \'\.l
o )

I.
N

O\ N
=~(op-<or

From atalk of A. Bacchetta
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Preliminaries...

Diploma Thesis of
A. Signori, 2012
Compass Coll.
Cern |
Preliminary data
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Universality of the TMD's

The extraction of all TMD's requires @ coh’remporory analysis of DY, .
SIDIS, ete- to 2j. Different experiments g(Hermes, Jiab, EIC?, Compass,
Tevatron, LHC, LEP, Belle, Babar,...), different energies

The collinear and soft matrix element are the same in DY and SIDIS

» The definition of Wilson finesin DY and SIDIS is different

DY SIDIS
W (x)= P exp[ig J‘_Ooodsﬁ-An(x+sﬁ)} W.(x)=P exp[—ig J-_OoodsﬁA](x+sﬁ)}

S (x) = Pexp[ig Iowdsﬁ-AS(XJrsﬁ)} S (X) = Pexp[—ig j‘;dsﬁ-a(xmﬁ)}



Universality of the unpolarized TMDPDF at
Oﬂe |OOp ' | EIS, JHEP (20‘12)A | -

Universality of the Soﬁ Function

Slr,DIS - Slr,DY a2CF 5P (k )72- Sl‘”D'S = Slv’DY = 2

bt it 5(2) k
5 ( )ﬂ

'Uni\/ersaliTy of the Collinear Function

Both‘Naive Collinear: And Soft ME Are
Universall

Ergo the unolcrlzed TMDPDE is Universal




Universality of the Sivers functions

For the Sivers functions the universality is
peculiar.
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Evolution of the TMDPDF

The hadronic fensor is RG scale independent

M = H(Q*/ 1*)Fn(x;b,,Q, #)Fn(2:b,,Q, 1)
dInM = |
=0=rut0tra=ra 20 =va + 27,
dinu
: Q° . e R i
7a = Al@)IN=>+B(a,); Fn(x;b,,Q,u)=exp Lljyn Fn(x:b,,Q, 1)

yzi
H(Q%/ /A4 C(Q?/ 2| Comes from the matching of

| | currents: It is spin independent
The hord 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’rurbd’rive region the TMDPDF can be
factorized in a Wilson coefficient and a PDF like in OPE

Fr(xb,,Q, u)— Zj e ~f/,()):,;b,Q,ujf,-,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'+EEH
2r 2 £ T

THESE TERMS HAVE TO BE RESUMMED!! atiyih:




QA2-Resummation
Using Lorentz i-hvoriance and dimensional analysis

InFn=1Inj, -—llns
2

_ . " 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:

dinp -

Independenf
of Q2!

* 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 2-loops!! i



QA2-Resummation
The final form -cjf the TMD in IPS is
InFn=In FZUb—D(a L )(InQ—+L )
_ H

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!

3 A 4. (o)t = |
Ff/P(X;bquuu:Q): Z eXp|:j:_ﬂ7n:|(%j Cf/J(X;bp/h)@ fj/P(X;,u|)

j=a.9

u

Aybat, Collins , Qiu, Rogers; Aybat, Rogers; Anselmino, Boglione,Melis

~ Known pieces for -
-» Our Group unpolarized TMDs from
Catanietal. * 12 And
See Thomas LUbbert talk | 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 )

| (k) =2 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.
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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 pieces




Resummc’rion 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...

2 Byt inare is 2 comolzi2 differant way to rasum ine 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

2]



D-Resummation
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D-Resummation

X =aplL,
ERPETE 27T

X=1->b, = exp
Qi IBOas(Qi)

New expansion!
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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



Results

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

Evolution Kernel

0 =50GeV
Qr=351GeV

i

_-__h“-
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—_—— = 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
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Results

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



Results

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

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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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
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