Ignazio Scimemi (UCM)

TMD Functions:
Status and Prospects



Outline

+ Factorization theorems with TMDs

+ Evolution and OPE of TMDs

+ The NNLO and N3LL’ new results

+ Conclusions



J R s N . Ao : e % N LCGAN e .,: 7 S _:. AN e 8 R s S RN S L M SN
o R v o SaTA NN “ A= ,5..\‘ L. e Sk } u‘ _}. Io. Lo_r..t.r\'} bl e A R b g s N eSS o\ T ¥ bl iyt s Y e e i
LT IRGN. BTN LY Y P o, 2 s PR ‘_,.»h\ = L Fidato Jederi ;-_‘ (S BTAWRING X { 2N g N DT o~ AL

DY SIDIS etre- to z hadrons TMD

- actorlzatlon

TMDs offer a unified ” TMD’s go begoncl the usual parton |
\ distribution formalism.

description of very ;
different experiments, run * Collins
At ditferent energysscales =cheva | :

~Adop dUNH(Q)/deTe_iquTF(beT)D(Z5bT)

Example: DY type experiments TMDPDFs
SIDIS TMDPDF and TMDEFF
e+e- to 2 hadrons TMDFFs

kt UYn —» +00
Fach mode has the same Yn ¢ y=0

RG equation 11

- < -~ / o,
Lo gt Rt PR ARERCNTRTEN Moy ik SN L N M B e AL 5Dt 10 o S e AR el ¥ DO AT AL S (s B R a4 Sy 49

Wy SN A > TS of S 3 -2 K3 X A e 5 otE S e _ 4 ¥ / ?
N 23 » 20T = “r *J .:’.",'." L Y ) ) e < L < s R PR

\ $ SRS S . P A AL y H > g S " » "

S s NS A il bR s 3
- 3 AN 2 ¢ ¢ 3 e » . » » -
LR LAY . A r v b o " _ X

. T T T TR o TR sy TR TR T
R A S RN TR R it Mo T, F R BRETR

AN 2 & IR 5! ’_.' w04 5
OV AR A X B s A L TR AT N .

I
|
| invariant mass, but different

rapiclitg structure.

Rapiclitg clivergences need an

CSS equation X1‘

a9
99778
9 9 i
0937 o9 Q -
9 9
B
39

...........................

~
-
-

aPProPriate regulator.
Status: NNLO for all
unPolarizecl TMDs

\".V.v\‘ 4 PR IRt A 3 o "y
AR L PR WA W L GRS T NOER

S AR TR Ll PN s

ORI S D B 7 e RN i




Mulders-Tangerman 96,
Boer Mulders 98
Mulders, 2001 (gluons)

Boer, Mulders, Collins
Mulders, Buffing, Mukherjee 2013

Alotof TMD’s: Spin Fun

Quark Polarization
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IMD’s factorization and OPE: general outlook

Factorized hadronic tensor
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can be extracted on its own:

this checked at 2 loops (unpolarized case)

M.G. Echevarria, 1.S., A. Vladimirov '15-‘16
All coefficients are extracted matching effective field theories. During the matching the IR parts have to be regulated

consistently above and below the matching scales



DY. SIDIS, et+e-to 2 hadrons, TMDs status

A complete analysis of the TMDs requires:

* A complete knowledge of the perturbative structure of TMDs at NNLO: the perturbative knowledge should
be maximally implemented in programs (Required to match the LHC and future colliders program).

» Consequently, a correct estimate of perturbative QCD errors and understanding of model dependence (see
for instance: D’ Alesio, Echevarria, Melis, S., JHEP 1411 (2014) 098 and arXiv:1510.0288)

&5U

The status of perturbative knowledge at NNLO is

homogeneous (only for the unpolarized case!)
M.G. Echevarria, 1.S., A. Vladimirov, arXiv:1604.07869
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Construction of (un)polarized TMDPDFs

In the asymptotic limit (High Q, qT) of each TMDPDF PDE
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OPE to PDE, valid ONLY for qT>> Agcp Locs s
Non-perturbative correction

This construction formally recovers the perturbative limit. /-\

2 i i o 0y A 0
2-loop match.mg of PDFs deduce?d from the calculation of Cg%_g — ol Cq@<—q = O(a?) .
the cross section [Firenze (Catani et al. 2008)], or products ? e Starting order
of TMDs [Zurich (Gehrmann. et al. 2012-2014)]. g<q q<g S
M.G. Echevarria, I.S., A. Vladimirov: 1604.07869! ey = O( a2)
: e : q<q s
Direct application of the TMD formalism and -~ >
agreement with previous works Cq(—q’ = @(as)

Status: This formula predicts that one TMDPDF matches onto a sum of PDFs (FLAVOR MIXING).
Currently all analysis of low energy data have fully exploited this up to first order




Construction of (un)polarized TMDFFs

In the asymptotic limit (High Q, qT) of each TMDFF o
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OPE to FE, valid ONLY for qT>> Agcp ; _
Non-perturbative correction

This construction formally recovers the perturbative limit.
M.G. Echevarria, I.S., A.Vladimirov,

arXiv:1509.06392 and 1604.07869 Cg@ g = O(a) Cq@—ng = O(ey) .
c2, — 0l c2,, = O(al) Starting order
Cq@—ﬂj 2 O(Oz?) O(Oz2)?
(Recent phenomenological work Cq@—>q’ = O(Oég) :
Bacchetta et al. , 2015, in e+e-) 8

Status: This formula predicts that one TMDFF matches onto a sum of FFs. (FLAVOR MIXING)
Currently all analysis of low energy data have fully exploited this up to first order




Factorization theorem basics: DIS case

i / et 3 (| J#(2) X, ha) (X, ha|J* (0) )
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TMDPDF o TMDEE
Factor

* PDF, Soft Factor, FF have “rapidity divergences”
* Soft Factor mixes PDF and FF: no “real factorization”, however ..
* We have the splitting of rapidity singularities in the Soft Factor:

S(br) = V/Sbr, O /5(br, ()  mmmmmmn i do ~ H(Q) / d°bre "7 F(z; br) D(z; br)
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Each TMD is now free of rapidity singularity: nice renormalizable non-perturbative object




Operator definitions of TMDs

Light cone Wilson lines | § = (067 tn)

bare TMDPDE  O%"(z, br) Z/ csirnlits {T [gz- Wg]a (g) [ X)X T [W;T/T%L (—%)}
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Formal definition of TMD operator

bare TMDFF  O2*"*(z, br)

Applying these operators to the hadron states we obtain unsubtracted TMDs

Dgen(br) = (h|O%e(z,br)|h)
Agosn(zbr) = (RO (2,br)|h)

To define individual TMD we have to take into account rapidity divergences, UV divergences
and overlap regions

Fq(—h(wa bT;Ca /*”) — V S(bT;C)<h|ZCI(“)Ogare(ma bT)|h>
Dgsn(z,br; ¢ pu) = +/S(br;¢)(h|Zq(1)05*" (x, br)|h)

zero—bin

zero—bin

@ u is scale of UV renormalization.

e ( is scale of rapidity-divergences separation.



Operator definitions of TMDs
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Tilted WL’s [Collins] d-regularization [EIS]
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| Key Stone

Rapidity divergences and the Soft Function

S(br) = NLC<O|[_OOnabT700ﬁ][OOﬁ707 —oonl|0),  [y] ~ Pexp (—igLAv)

« The rapidity divergences arise in the limit k%" — oo, k=~ — 0, Tk~ fixed

+ The Soft Function is undefined without a regulator for rapidity divergences

* The log of the Soft Function is linear in the rapidity regulator at all orders
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« By definition the Soft Function isjust 1in the limit - — (
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One loop Soft Function

Origin of divergences: A.Idilbi, M.G. Echevarria, LS. arXiv:1310.8541, Int.J.Mod.Phys.Conf.Ser. 25 (2014) 1460005
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§

One loop Soft Function

(a)> <<

Origin of divergences: A.dilbi, M.G. Echevarria, LS. arXiv:1310.8541, Int.J.Mod.Phys.Conf.Ser. 25 (2014) 1460005
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Summing up only UV and rapidity divergences survives
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To compute a NNLO calculation we need this result at all orders in €
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One loop Soft Function
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Summing up only UV and rapidity divergences survive:
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Two loops Soft Function

S P - " — . <ot » = v <oty ’ — g - g v o il A B f./d:.' ¢ ’
§ Full result in Echevarria, S., Vladimirov arXiv:1511.05590 § SN
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Modified delta-regularization S S.S. ’
| preserves abelian exponentiation

d-regularization preserving exponentiation

The regularization should be implemented on the level of operator

oo S +
Pexp [—ig/ doA+ (an)] — Pexp [—ig/ doA+(on)e? |"|]
0 0
Then exponentiation is exact
DiagZ
2

Diag 4 + Diagg =

The structure of each diagram recalls the one-loop result

Diagram = p*¢ (A15_2€ + A0 °B° + Ange)

A;, A =0 in the sum of all diagrams

Az in the sum of all diagrams is linear in rapidity logs

We can omit calculation of virtual diagrams

The Soft Function is linear in rapidity logs at all orders in {8




Two loops Soft Function

The D-function which governs the TMD evolution kernel is the finite part of

- dln§| e
= 9 d15 finate

First direct calculation of the D- function at two loops

n
i Z Z a? Llli d(n,k) NEW! 3-Loop results from Soft function of: Y. Li, H. X. Zu arXiv:1604.01404
— ) 11 4
n k=0 oy 460 — G (?CA = RNf)

@) 67 2 20
et o 2CE (<_ = 7T_> G = RNf>

404 112
d(2’0) =CFg ((— = 14C:3> Cy — 2—7 RNf) . First deduced by Becher, Neubert ‘10



Two loops Solt Function

The D-function which governs the TMD evolution kernel is the finite part of

~ 1dInS(br)

D nite
2 I pimi

Comparing quark and gluon soft functions, the difference is just the Casimir scaling

T'he Casimir scaling of D’s is valid at all order in perturbation theory
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ITMDFF at NNLO

% The Universal Soft function (Spin independent)
> The unsubstracted TMDs
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TMDEFF expansion

Perturbative expansion:

C'J[.(if = d§(1 — 2)

1] N

~ i — =]

Ci—>j = Di—>j .22

. v . d[l] d[.2]
2] _§ (2] [1] k— f i— f

Cz‘—>f s Di—>f o Ci—>k & »2—2e¢ ~2—2¢

Missing piece

To recover the SF from the soft limit of FF (zero-bin correspondence) :

I 1

(k7 —i0)(k3 —40)... (ki — 10) 2 (B — 6T f2) (kS — 216 [2) .. . (ky — nidt/2)
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RGE for TMD’s

.
= du? e RGE for TMD fragmentation
D — FréusplC 2 7%/
a i T el i 2
Cd—ch—m = =D Di—>h7 2:“ d_,uQD " Fcusp Ly = ln(,u /X)
e -
RGE for coefficients ey e e
d_- > i
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i Okj (i o B
k—>](z) G #(Fcusplc % /VV)(S(Z) = :g 1
Re-writing of the coefficient ACZ._> = P [ — DL \/Z] 1> ]“
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Structure of the result

2n
Log structure of the result Cg"'?’] — E cﬁ@;k)Lk
J (%] v
k=0
(k + 1)é(n,k—|—1) _ zn: F[c?;lsp é.(n_,r;k_l)
Recursion relation e 2 T

i|r r [7]
/7\/[’ | — 2(” — T)B[ ]é(n—r;k) C?(n—'r;k:) Pk—)j
9 i—7j Yk ® 2

The original piece of C20) (%) = C2Qp(2) + CrCaQa(2) + TRN;Qn (2)

q—q
the 2-loop coefficient is o, C
) = Cr (Cr - 2 Qut)
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Sample of the result

Log structure of the result Z C, 7 (mik) Lk

CE)(2) = C2Qr(2) + CrCaQa(z) + TRNsQn(2),

G20 (2) = Cr (CF B %> Qqq(2).

1 2 20 112 16 4
QN(Z)Z; [<31n z—glnz—F?) (z)—gzlnz—gz

B 2717 2572

Full result in arXiv: Echevarria, S., Vladimirov 1509.06392, 1604.07869



Conclusions

+¢» The comprehension of transverse momentum spectra for all energy ranges requires the correct
inclusion of non-perturbative effects: TMDs.

+3» The check of the universality of TMD evolution requires the same degree of precision for TMDPDF
and TMDFF: NNLO.

s3> The perturbative part of TMDs should be used at highest available order to control the perturbative
series (NNLL only achieved in a limited set of TMDs): At present the TMD evolution kernel is known
at N3LO! Casimir scaling of the D function established at all orders in perturbation theory.)

s> The control of perturbative error is fundamental to understand the nature of non-perturbative effects.

+2» We have completed the calculation of the universal Soft Function and the matching of the ALL
unpolarized TMDFF onto FF at NNLO using the EIS formulation. (TMDPDF onto PDF also
checked.) We can perform a complete N3LL’ analysis (only 4-loop cusp is missing, but one can use
Padé estimations)

s» The Soft Function can be used for the evaluation of the matching of all (un)polarized TMDs. One can
reach in principle the same perturbative precision

s» The implementation of all this information in an accepted TMD which includes also non-perturbative
QCD effect is still work in progress (both theoretically and experimentally)

Fhantks!!/
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TMDFF expansion

~

[1] [1] [1] [1] [1]
1-loop Dyl 2 %
Rapidity divergences cancel here! s otl =2
Cros. rap div.free
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i (Z E] F Z£2] e Z%l] Z%] i Zgl] ZE]) 5 ;ure UV
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DYRes results: gr spectrum of Z boson at the LHC G .Ferrera talk at REF2015

1/o do/dqq (1/GeV)

DATA/THEORY

(1/0)do/dqr [GeV1]

An example: Z-production at LHC
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D’ Alesio et al. 2014

NNLL vs NLL
rrrrr1rrrrr 1T
i CMS 7 TeV
0.06 |
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Main differences

DYRes includes full 2-loop matching (NNLO)
onto PDFs, but no low energy DY infos.
Minimal Subtraction.

D" Alesio et al 2014, partially includes
the 2-loop matching (NNLL) and full low energy
DY infos (2 parameters)

{  ATMD approach has the potential to drastically reduce errors!
We can include QCD infos at different energies and experiments

Caveat: THE COMPLETE NNLO PERTURBATIVE QCD
INFORMATION MUST BE INCLUDED



