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DY SIPIS, ee-> 2j, TMP's and
enerqy scales

* Transverse momentuwm distributions involve non-perturbative QCD effects which go beyond the usual
POF formalism. New factorization theorem are required. (Collins ‘11, Echevarria, ldilbi, S. ‘12)
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DY SIPIS, ee-> 2j, TMP’s and
enerqy scales

A complete analysis of the TMDs requires:

* A complete knowledge of the perturbative structure of TMPs at NNLO: the perturbative knowledge
should be maximally implemented in prograwms.

* Consequently, a correct estimate of perturbative QCP errors and understanding of model dependence
(see for instance: 0’ Alesio, Echevarria, Melis, S. JHEP 1411 (2014) 098)

The status of perturbative knowledge is not
homogeneous even for unpolarized case




Construction of (un)polarized TMDPPDFs

In the asymptotic limit (High @, qT) of each TMPPDF oo
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This construction formally recovers the perturbative limit.
Status: This formula predicts that one L "

TMPPPF matches onto a sum of POFs. Bl it amitlEg e
Currently all analysis of low energy g G
data have fully exploited this up to first - 5
Sriey hing of P from th fth T T
2-loop matching of PDFs deduced from the calculation of the .
crosspsec’rion [Firenze (Catani et al.2008), Zurich (Gehrmann. et al. 2012-2014)]. C@ g O(Oé?)

No direct application of the TMP formalism. 4 4574



Construction of (unlpolarized TMUFFs

In the asymptotic limit (High Q, qT) of each TMDFF 3
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This construction formally recovers the perturbative limit.

Status: This formula predicts that one

TMPFF matches onto a sum of FFs. Csg = Olay) & .
Currently all analysis of low energy O e i) Starting order
data have fully exploited this up to first 2 i |
order | Cog = Olag) ‘
(Recently Bacchetta et al., 2019 in ee) ? .
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TMPU’s tactorization: principles and
formalism
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All coefficients are extractéd matching effective field theories. Duriﬁg the matching the IR

parts have to be regulated consistently above and below the matching scales

The tactorization theorewm predicts that each coefficient
can be extracted on its own:
this checked only at 1 loop up to now




TMPFF at NNLO

TMP formalism never been directly tested at 2-loops:

All higher perturbative coefficients deduced from calculations of the product of 2 TMP’s
[Firenze (Catani et al.2008), Zurich (Gehrmann. et al. 2012-2014)1.

We need (a requlator which allows) to caleulate:

* The Universal Soft function ( Spin independent, The same for all TMDs)
* Q naive TMD’s

Wg—provide the matching the unpolarized TMDFF onto FF.
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TMPD structures in SIDIS s formulation)

db
= H(Q/M)/ )2 Days(za,b;p,Ca)Fyr 1 5(28,b; 1, CB)

* Each TMP is Only one Soft Function!!

Dayg(za;bs 1, Ca) = AR (25, b 11, 57) /1 /S (b; 6% 0)
* Rapidity divergences requlated by deltas

1

S(bT) = E(OI[_OoﬂabT’ ooﬁ] [OOﬁ,,O, _Oo'n”O)’ [’7] ~ Pexp (—ig‘/'\YA’Y)

The soft factor contains only rapidity/collinear divergences

* Rapidity divergences canceled within one TMUFF
8



TMPUFF structures (s formulation

Motivations and goals
@ We would like to check the cancelation of divergences individually for every TMD

@ We need expression for soft factor
@ We need expression for naive collinear TMD

@ The expression for TMD FF is under interest

o It is novel part of information, which cannot be get from |Gehrmann.et al| (since they

restrict they-self to space-like separators only)
o It is needed for N2LO analysis of TMD FF. So TMD FF and TMD PDF would be

considered on equal footing.
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TMPFF expansion

Small-bp factorization

d(2)

z3—26 ?

D(z,by) = C(2z,br) ®
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The order-by-order perturbative definition of matching coefficient:
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@ The main difficulty is to calculate Dg‘;]f
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TMPFF expansion

1 +it ~11 1 .

Rapidity divergences cancel here! s B o(Li="2)

cros.rap.div.free
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Regularizations

9@ Massless quarks

9 On-shell incoming partons

dimensional regularization d = 4 — 2¢

d-regularization

"§-regularization"

Reqularization

o UV divergences

9 Other IR divergences (mass-divergences)

(A A A)

{ @ Collinear divergences (A\2,1, )
@ Rapidity divergences (A,A71,1)

—————————————————————————————————————————————————————————————————————————————————————————————"

In original EIS approach the rapidity divergences were regularized as

1

1

k* 440

T kE 436’

5 5 +0.

At two-loop such regularization violates exponentiation, and may result to non-cancelation of

divergences.
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é-regularization preserving exponentiation

The regularization should be implemented on the level of operator

oc o0
P exp [-ig/ daAi(an)] — Pexp [—ig/ daAi(an)e_sil"']
0 0
Then exponentiation is exact
Diag%.
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Reqularization

Regularizations

9@ Massless quarks

9 On-shell incoming partons

o UV divergences

dimensional regularization d = 4 — 2e @ Other IR divergences (mass-divergences)

(A, A\ A)
o Collinear divergences (A\2,1,))
@ Rapidity divergences (A,A71,1)

e ———————————————————

"§-regularization" {

d-regularization

In original EIS approach the rapidity divergences were regularized as

1 1
kx +i0 = k* +i6%’

5 5 +0.

At two-loop such regularization violates exponentiation, and may result to non-cancelation of
divergences.

Ward id.




2-loop structure of the Soft factor

Soft tfunction is linear in the rapidity requlator

Counting powers of Iné

@ Logarithm of soft-factor must be proportional to single In(678~), otherwise definition of
individual TMDs impossible.

— +5- — 1] (2]
S=exp[AIn(676")+B] =1+ §_ + R

Cplnd C%&-{-CFCA Iné64+CrNglné

o All v Cp [(...) L +68(z)(Iné + ..)]

Explicit check that only rapidity divergences enter the soft factor
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2-loop structure

CrCx and CpNy part

1) K1) ] [y/ o)
D!2] @ 5/2 +3S/'S:é a +....

o Structure of A%l ~ C4 and ~ Ny part should be

(free of Ind), + §(1 — z) (linear in Ind)

@ Rather straightforward cancelation, can be traced diagram-by-diagram.

C}%. part
Iné x (..)+ +6(2)(n%6 + ..)
1 1 2 0 0

5(2)(In26 + ..)

o Structure of A2l ~ CZ part should be

(Iné+..), +6(1 —2)(In*6+1nd +..)

@ Complected cancelation between higher € terms of products of one-loop expressions.



2“"00[) structure: cancellation of

divergences
CF 2

In* 8 and In? § cancel in the sum of A2

In“ § and 1né cancel in the combination
(Am - lgmAm) iREss
2 3 F

1 1
<A[2] i 5S[llA[l] i gS“LS’[”A[O]) e

higher orders of cexpansion (¢") cancel

All Nf divergences cancel
CF CA

A 2]

e is free of 1n o

Ind in A?(]l_z) o, 18 canceled in the combination with two loop soft factor
s A
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Sawmple of the result

ol IR e L2+8 8 —62+82° —3(1+2%)Inz i
G 3z \1—z i i 9z 1—z £ i

8 4 2 40 1 112 L
+5(1 — Z) [§LM3 —— gL'U?)\C —|— §LN2 3= ?LM)\C et §(26 — 47T2)LN = W)\C] _|_ C(Z’O’O)

(200 _1[(2,2 _ 20 112 _6 . 4. o (2717 | 257 | 52
Cn, Z[(gln 2 3lnz—&— o7 p(2) 3zlnz 3z+-}-5(z) 162 + 9 -+ 9C3 :

17



Conclusions

& The correct measurement of non-perturbative effects in transverse momentum dependent
observables requires the use of TMUs on very different energy spectrum

& The universality of TMPs requires the computation of TMUFF with the same degree of precision of
TMPPPE:  NNLO

& The evolution of TMP’s should be used at highest available order to control the perturbative series
(NNLL only achieved in a limited set of TMDs)

& The control of perturbative error (2-3 scales) is fundamental to understand the nature of non-
perturbative effects

& We have completed the calculation of the universal soft factor and the matching of the
unpolarized non-singlet quark TMDFF onto FFs at NNLO using the EIS formulation: The result has
passed all consistences check... to be full released soon

& The soft function can be used for the evalvation of the matching of all TMPDs

Fheartes!/”
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2-loop structure: cronreiation

()

The wmost general structure at order “n” which respects RGE

n
(n,k,l) k l l 252027 2
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and one can find (and check) recursion relations
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