QCDeffecTsd’r Jaglell
- transverse momentum:

lgnazio Scimemi, Universidad Cdmplu’rense Madrid (UCM)

M. Garcia Echevarria, A. Idilbi, (EIS) A. Schaefer, orXive:]208.1.281

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
Work in progress with U. D Alesio, S. Melis, ..




Transverse Momentum Dependent ...

Physics

Qf dépenden’r Higgs.‘and vector boson production
(wﬁrh/wﬂrhou’r an associated jet) | '
Semi Incluswe DIS: TMD PDF/FF (Frogmen’rq’rlon Func:’rlons) .

3-D picture of the nucleon and spm origin

TMD fragmentation in lepton-lepton colliders

For all these we need to formulq’ré a consistent
definition of matrix elements called TMD WIThIﬂ
factorization theorems
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TMDPDFs at Leading Twist

HeIICIty v Transversity : [Mulders, Tangerman’96]
: : : [Boer, Mulders 98]

Momentum

2 = Quark Po! arlzatlon 2 :
= m_ Boer-Mulders
3]
N - :

(High s = ‘

strlllitjiet:zitl\/lulders __g _ Iﬂ“'@r

Buffing, = | 1(g1) N\ (hip

Mukherjee."12] 8 o @'/ \
Z

Sivers

The only ones that survive in the collinear limit (when we integrate over qT)

® They are T-odd fJ‘ ,DIS = .]AJ_TDY

® There are similar families for gluon-TMDPDFs and quark/gluon TMDFFs
eThey give us information about the inner structure of the nucleons
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_Expefimental interests...

Current and past )+ NP) > () +h(P) + X B
Experiments: St
Hermes, Belle, LHC,
Compdass

CompdSs eolls
Cern , '
arXive:1305.7317/

New experi"me'nfs:
Jlab, LHeC, EIC

Q2 (GeV/c)? : [3.5,6.0], x,, :[0.070,0.120]

2 ey , o ¢ 10 2 .
(@% = 4.62 Foged 8 g Q%) =4.62
(x,) =0.0921 v¥ et (x,) = 0.0921

 ————] J-

0.3



- Some.. .topics

Transverse Momeh’rufn dis’rrib‘u’rions are fundamental in ’rh'e’
factorization of DY at small gT and SIDIS and ete- to 2]

We formulate the TMD definition independently of the IR/
collinear regulators that we use

Universality of TMDs (the same in DY and DIS)
Evolution of TMDs up to NNLL..

The spin mdependence of the evolution of all quark TMDs '

Model independent evolution of the TMDs.
Extraction of TMDs
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Factorization 1in OCD

> Let’s consider the inclusive Drell Yan process:

® Goal: explore the internal structure of Saral sl ﬁnal states
(beyond PDF/FF)

® Example: how is the nucleon spin orlgmated by partons?
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Factorization 1in OCD

> Let’s consider the inclusive Drell Yan process:

— = Z / dx da72H'bJ(xla$2aQ s )fz/P(ml H )fJ/P(:C2 ,u

1,]= q q,
Short-distance physies. | Long-distance physics.
Perturbative coefficient - Non-perturbative PDFs

* Trento 2013 19/09/13 7



Naiwve TMDPDE...

> One could naively think of deﬁnmg the TMDPDF by extending the PDF
(Collins, Soper):

Froie(0,7,70) = 5 (o] (6] (04,77 § (W16:] 0) 1)

We alio need tranaverse gauge links to maintain gauge invariance EI1S’1 !

2 1f we 2 b this iy element we get:

rnaive __ aSCF 2 A+ 3
EPove =4§(1 —x) + o {5(1 ) LUV In 02 2€Uv
1 3 A+]

—— Ly + 2L71
4+2 T+ Tan

—(1—2)In(1 —z) —

~, LEo1y J.H-i.‘i'l.'l.'i'i.l.lf 272 =t \OF CEO)CiRbtVAS BIVL Ol EEE Y/ =
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- Naive TMDPDF...

The problem resides in the light-cone
divergences

Collinear part:

p+_|_k+

(2m)e [k+ — ig][(p + k)2 + ic] [k + i0]

In the PDF these divergences dre canceled between real- -
and virtual emissions, but this does not happen now

The rapidity divergence of the soft part is the double of the collinear pdr’r
IN QCD THE HADRONIC TENSOR (M) HAS NO RAPIDITY DIVERGENCES!!
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The Deﬁnition

One can find many definitions of TMDPDF “in the market”:

Colling, Soper ’82: just collinear (off-the-LC)

Ji, Ma, Yuan "05: collinear with subtraction of complete Joft function (off-the-LC)
Cherednikov, Stefanis ’08: collinear with subtraction of complete soft function (LC gauge) .
Mantry, Petriello ’10: fully unintegrated collinear matrix element xs |
Colling ’11: collinear with subtraction of square root of 3 soft functions (off-the-LC)

M.G. Echevarria. A. 19ilbi, 1. Scimemi “11-"12: collinear with subtraction of square root of

soft function (on-the-LC) ' | |

- Chiw,Jain, Neill, Rothstein *12: collinear matrix element (rapidity renormalization group)

The criteria of the proper definition of the TMDPDF:

" | mean non-ultraviolet, 1.e., infrared (IR) ana rapidity.

L L ) AL

Our definition fulfills all of them

* Trento 2013 19/09/13 10




DY Factorization at Small qr:

General Overwew

C=Q*>aq |
Problem WITh different scoles Perfect for Effective Field Theories approach!-

 EEES ;
1 = H@ ) Foo, @, ) By .0 "

g7 > A2QC’D

M = H(Q*/p?) C..(b° 1%, Q% | 1*) Ca(b? 1, Q% / 11) Fu(@ns 12) fr(Ta; )

The IR has to be regulated consistently in the theories Obové and below every |
matching scale in order to properly extract the matching (Wilson) coefficients.
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Effectlve field theory of OCD SCET .

We can d|shngu5h two energy scolmg reg|mes

.. Q>>qT o 0>q, >>A |
One defines a power counting of opero’rors in terms of.

A
qdr OCD
e
| 0 =y

We need an effective field theory for each energy scolé |
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Factorization of Modes (1/2)

The chiorizaﬁon of the relevant modes is ... , [Manohar-SteV'vart '06]'

chh mode has its own Lagranglan (|f one. conno’r write an on-shell interaction
mixing the modes) -

kn ~Q(1,LA%0) = y>0

~Q(M%,1,)) — y<k0
NQ()‘,/\’}‘) — y=0

Soft and Collinear Modes can be mixed under boosts,

(they have the same invariant mass.)

We need rapidity cuts '

(modes can be distinguished-only by their relative rapidities);

® Rapidity divergence when k* goes to 0
® We need rapidity cuts

19/09/13 13



Drell-Yan at small T -

4.77:0( d4 L 4 -_,qy V | = ut v
43 = e }jfdye. = )<N<Po>N<Po)u (M OV (P.o)N.(P.0.)

g0,

.M "Hadroni-c Tensor

655 _; quyﬂz/j ngg;i]T Jscer _C(Q2 Il’l); anSTT ST)(n

i A

However this 1s not the end of the stOry

Collinear, anti-collinear and soft act on difterent Hllbert

spaces!! (SCET)
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Drell-Yan at small qT -

M=[CQ W [dye™™ Y e (07,57, 3) 0,0 (7,07, ,)8(0%,07, )
q

Thé cdllinedr currents are PURE!! (zero bin subtfracted)

7

+ 3 1 s + .- : |
000y y) =2 > NP0 7,00, 7,y )22, O Ni(P0)

7

o 1 & g o e S '.
IO 00075 =2 SN P.0) 17,0 (70 .y No(Pon))
(07,07, »,) = (0| Tr T S7's7 ] (0*,0, y )T S7isT](0)[0),  x=WTiE
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Double Countmg

(deﬁmtlon of pure collinear currents)

Tokmg the soft I|m|’r of colhneor grophs one can get
the sof’r con’rrlbu’non S Manohar, Stewart 2006

d’k | pr+k”
(2 Y [k =i0" ][(p+ k) +i0 ][k2+10]

‘

- =22ig°C,8(1- (K, ) [

1
(2n) — 0 [k +i07][k* +i0]

=-2ig’C, 6" (k, )u* f

FOR PURE COLLINEAR f's WE HAVE TO SUBTRACT THE OVERLAPPING WITH THE
SOFT PART : THIS CAN ALWAYS BE DONE BUT THE ANSWER IS~

REGULATOR DEPENDENT _

The factorization theorem must be written in terms of PURE COLLINEAR objects
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Factorization of Modes (2/2)

We need fo impose rop|d|’ry cu’roffs ’ro sepora’re the modes:

H(Q?) JO (1) Sty 1m) Iy (1)

Pure collinear! —
A. Alis collinear

B is soft
C is anti-collinear

Soft function is NOT symmetric w. r’r.
the “separating line” k+=k-

We identify positive ‘& negative
rapidity quanta with each TMDPDEF!!
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‘Rapidity Divergences

- We need @ rdpidi’ry regulafor. S |
All properties of TMDPDF ofé regulator independent
(Only the z’efo bin subtraction is regulator dependent).

We did our calculations staying on-the-light-cone and using the A- .
regulator (Chiu, Fuhrer, Hoang, Manohar,'09), and we have checked that our
.results are consistent with all other regulators. |

i(p+¥) 1
(p+ k)% +iA- Tk tie-

it~ 1

THE TMD MUST BE FREE FROM RAPIDITY DIVERGENCES
A subftle problem related to this cancellation.
JHEP 1207 (2012) 002 we used the anstatz 0"'=0" =0

In arXiv:1211.1947 we have removed the ansatz!ll Subtle property of Soft funct.



Definition: of TMDPDE

Positive and negative rapidity quon’ro can be collected into two dn‘feren’r
TMDs becouse of the sphffmg of the soff function

o~

S(AT, A7) =+/S(A-,A-) S(A+, A+)

M = H(Q*/p?) Fr(%n, b; @, 1°) Fr(zs, b Q%, p°

No soft function in the factorization theorem!!
* Trento 2013 19/09/13 19



- TMDPDF: One loop results
: M 5 H(Q2 /‘u'z)ﬁ;(xn,bz;le,ﬂ.z)ﬁ;(xnabz;Qzuuz)
LB =TS A
F=JO@) 5@ a0

729G o -0 1l 1,0 3 | 5 NOMIXEDDIVERGENCES
| 25

4 275 8UV SUV Auz ; 2gll‘V
1 2 3 Q2 .7772 2t - : |

il 2L L T (i-x)-L.P ] > MAICHING COEFF.TO PDF
2 T 2 T T M2 12 = glq ‘ Xy

I A

, |
|—Pq/q ln—2—ié(l—'x)—(1—x)[1+1n(1—x)] } ——> PDF
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Univers'ality of uhpdlarizéd TMDPDF_‘

' The colhnecr and soft md’rnx elemen‘r Gre fhe same |n DY
and SIDIS - ~ ~

The deﬂm’rlon of Wilson Ilnes o BB ond'SIDIS IS
different CAAE
SIDIS

D¥L 7 o S / .
58 | | = e B T S A
W (x)=>xp’[ig fo dsi-A (x + Sﬁ)] Wa(x)=Pexp|~ig f L asmd (x+si)

’ ~' k& ; 0 e ke ]
S (x) = Pexp [igf_o dSﬁ'AS(x+Sﬁ)] Sa(x)=Pexp —lgf_oodsn-AS(x+Sn)
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Umversahty of unpolarlzed TMDPDF

Unnverscll’ry of ’rhe Soff Funchon

SrDIS is SrDY 05221: (5(2)(]( )ﬂ ‘ SvDIS SvDY azip 5(2)(/( )yz

Unlvérsoll’ry of the Collmear Func’non

~7.DIS - ArDY o C AWDIS A.V,DY aC
el . = F(S(z)(k )75 Sl ] 1 e F(S(z)(k )75
2T i il

Bo’rh Nowe Collmear And Sof’r Iv\E Are
| Universall -

The TMDPDF s Umversol
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Evolutlon of the TMDPDF

The hadronlc ’rensor is RG scale lndependen’r

W = H(Q? /u )Fn<x ;Q,M);”ﬁ('z;l_i O.1)
din M |

—O +yY +y =y, +27y_ =y, +2
d1n YgtV,tVs )’H Va=Vy ¥4,

fu d,u' .

xéY M R

Comes from the maiching of
i) S0 T currents: I is spin independent

The hard coefflmen’r |s ‘rhe some CIS for mcluswe DYI

Ao )'lhg+B(a );_ I?n(x' h Q-M) = exp

\<
=
o Il
s [\)‘
T
I
1=
[\
[\)
[\9)
%)
(\)

WE KNOW THE AD Of The 8 TI\/\DPDF Up fo 3 LOOPS ,1



OPE o_f the TMDPDF onto the PDF

| Whéfn,qT is in the perturbative region the TMDPDF can be
fcc’rorized in @ Wilson coefficient and a PDF like in OPE

% Filxh, 5, O }jf oo f( ,,bQM)f/P(x,M)

e

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

BUT THERE IS STILL A Q/\Q DEPENDENCE

OC C 3 Q2 ‘ ﬂz
C (x:b 51x+ ¥ =)0l L2——L+1n—L+—v
(x;0,0,u) =0(1-x) 5 P o ( ) { )( . i : 2)}
THESE TERMS HAVE TO BE RESUMMED!! (S8 P
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O"Z-Resummatlon

Usmg Loren’rz mvongnce Clﬂd d|men3|oncl analysis

_,lnFn =lnjn-—%lnS

lnj =R X;O‘S’LT"IHE e DI =5 an2 =
u

Since the TMDPDF (Wllson coefflaen’rs and PDFs) IS free
from rapidity divergences 1o all ordersin
poerturbation theory
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Oz-Resummat.ion

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

® But we 2ah also extrachit Just app]ying the RGE to the hadronic tensor:

1

= 2 1
"= m = ——A(as)an— — 5 B(ew) - dInF, =InFP -
Independent .
of Q?!!
A(O(S) = 2]‘_‘cusp

* The Q2-factor is extracted for each TMDPDF individually. A
* 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 aA2ll
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O~2-Resummation
Th'e final form of.’r'he TMD in IPSis
an—+L )
u

O*b*e’'r
:

~ sub

lnFn —lnFn —D(a i)

| ] D(a,,L,)
| Fn(x;li,Q,u)=( ) Cn(x;l;l,u)@ﬁ,l(x;u)'

dD(a,Ly)

, 2 . (04 2
| dWor=L Y=y d (L s
cusp(as) (‘S T) ; ”( T)(4ﬂ:)
: , 1 ‘h—l vy
40 g=nl +m}=)lm/$n_l_mdm<a>

dln u

The cusp AD is known at 3- loops!!
— The function D is known up to order a2

* Trento 2013 19/09/13 27



Evolution Kernel

® [fwe want to connect two TMDPDFs at two different scales:

Fo(z,b;Q%) = Fo(z,b;Q%) R(b; Qs, Qy)
—D(as(Q;:),L1(Q;))
Qf) !

Qfd , / Qf
exp fz ﬂ" F(as(ﬂ)lnu )]

® 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...

] We propose A NEW METHOD TO RESUM THESE LOGS
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D-Resummation

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

d 1 Recurrence

dL. dn(L1) = _Fn—l + Z MBn—1-mm (L1 ) RN

m=1
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D-Resummation

=ap,L,

2 o - Properties of DR:
X=1—b, = 0 /),a ©) ‘ ® The resummation works
l’ : for X<1 ‘

In the IR region X~1

New expansion!

F1

/30
(X(X —2) —2n(1 - X)) + %)@
0

DR(b;ui):—%lnl X+ Ty

(25 ) [peor+ 35 cxe-xn 4

> ﬁ1oX_|_1(1 X)) +
pil

260 263
+ ..

—|-2178(1n (1-X)- X2)]
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D-Resummation

The résummed D is convergent almost up to the Landau polé (bL~7).
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D-Resummation

-1
7 b(GeV™)

We cannot define the evolution beyond the range of convefgence of the
resummed series, nor beyond the Landau pole.’

As a result we cut the evolution kémel where the resummation fails.
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D-Resummation

-1
7 b(GeV™)

The ihpu’r TMDs turn out to be small in the tail, so no effec’r_frdm the cut
The highers is Qi the narrower is the TMD in IPS

= ph(GeV )




Results: Evol. Kernel at LI, NLL, NNLL

Evolution Kernel Evolution Kernel

— DR atNNLL

=Vv24 GeV

=v24 GeV
Or = V9 Gev

Evolution Kernel

—— DM atNNLL i —— DR atNNLL

=24 Gev ) ’-_ Qi=\/ﬂGeV
Qs =V25 GeV otk Q; = 91.19GeV

-1
3.Ob(GeV )

The evolution kernel so defined is compIeTer poromeTer
free and model independent

Trento 2013 19/09/13




Results

We compare with CSS and -
bmax=0.5, Collins ideal
| Jmax=1.5, fitted from
MiE== "nomeroog

cmemmmmmem Bppe=1.5Ge V!

il (Konychey, Nodolsky Oé)

The value of bmax~1.5is a ‘
_ _ ¥% by-product in our resummation:

Evolved Sivers function (Bochum)




CONCLUSIONS

| We have a formulo’non of fac’ronzohon on-the- light-cone.
(no parameters on any matching coefficientl) -

We can relate ’rhe AD of the hard matching coefflmen’r to
the AD of the TMDPD's WE KNOW THE EVOLUTION
OF ALL TMDPDF UP TO NNLL |

We can build an evolutor for TMDPDF treating conms’ren’rly
the problem of the Landau pole in a model independent -
way (we predict bmax=1.5 in the usual CSS evolu’non) '

Unpolorlzed TMDs and Slvers under study now

Effects of TMDs on vector boson production and Higgs
production are under investigation (including ¢ *
distribution at LHC)
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@ &> @@ QO O

(a) (b) (©) ()
Cr A"'A' ATA- 72
S1( )= 2m [ ey " cov | pH2Q? + Lz +2Leln HQ? T

= % [S’I(A+,A+) + Sl(A‘,A")]
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: Res_ummihg! (Unpolafized éase)

Va

Ff/P(x;bJ_:anal":Q):_ E GXp,f: ‘L‘?

J=4.8

Q2 —D(b,MI)N o .
(Mz) Cf/j(XleaMI)@)f_j/P(X;M]) .

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

Known pieces: C for
unpolarized TMDs from
Catanietal. ' 12 And
Gehrmann et al. ‘12

Polarized case: Sorhe new results from Bacchetta, Prokudin '12,
and work in progress by EIS
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Results: EISS vs CSS

Evolution Kernel

0;=V24 GeV , Qi =V24 GeV

-1
25 300GV

CSS: The evolution is modeled with a bmax and a gaussian.
In this way it is defined also BEYOND the Landau pole
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