Definition and evolution of GTMDs
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Motivation

® GIMDs are the most fundamental hadronic objects (“mother functions”)

® Naive GTMDs have the same issues as naive TMDs: spurious rapidity divergences
® No clear connection with experiment yet

® Anyway we want a definition supported by pQCD (no need of factorization th.)

Not only a theoretical motivation!
(although that’s enough)

2 phenomenological implications

Collinear

Evolution .
expansion

[Lorce, Pasquini, Vanderhaeghen 1102.4704]

Miguel G. Echevarria - Universitat de Barcelona 2 QCD Evolution - Amsterdam, 2-June-2016



Outline

I. Naive GTMDs at NLO 2. Proper definition of GTMDs
® Definitions, kinematics, etc ® Soft factor
® NLO results: problems... ® NLO results: solution!
Pr, e/i’h :
I”O/v
3. Evolution of GTMDs 4. Collinear expansion of e
® Evolution kernel at N3LL' GTMDs
® [llustration: F ® Fijonto H at NLO

5. Conclusions & Outlook
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Naive GTMDs: definition

7 = (0 X a(—2/2) Wa(~2/2) 5 Wi(2/2) a(2/2) Ip. M

z1t=0

Whas(2) = {Pexp —ig/ ds n-A(z + sn) }
0
af

DIS kinematics

® Jo make it gauge invariant one also needs transverse gauge links
® This reduces to the naive/unsubtracted TMDPDF in the forward limit (p=p’)

_ — 1 dz_d2ZJ_ (" kt—= .k —
W;\I;],’q(xafak%,A%,kJ_‘AJ_) = 5/ (271_)3 et (2 e = k’L) gb[;)]\}q((),z ,ZJ_)

naive

Miguel G. Echevarria - Universitat de Barcelona 4 QCD Evolution - Amsterdam, 2-June-2016



Naive GTMDs: kinematics

i = 0 N (22 Wa(—2/2) 5 Wh(2/2) a(2/2) Ip. N

z1t=0

® We choose the symmetric frame

PH = (P+, P~,0,)
A = (—26P* 2P, A )

p— — A2 +4M?
p=P—3A p'=P+3A AP

® We will calculate the GTMD for an unpolarized quark (in the DGLAP region |§|<x)
® However this story applies as well to all (un)polarized quark/gluon GTMDs
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Naive GTMDs: properties
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N = 41 [Lorcé, Pasquini 1307.4497]
DY [Lorcé, Pasquini 1512.06744]
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Naive GTMDs in pQCD

® We use the following regulator:

| ~ ® |t consists just in keeping the
wp+y) 0 1 A “epsilons” of the propagators finite
(p+ k)% +iA k= 40" pt

® We send them to zero unless they

o regulate some divergence

Dimensional regularization for UV ® Not confuse transfer with regulator!

[MGE, Idilbi, Scimemi 1111.4996]

® A convenient upgrade of the regulator for higher order calculations: = Alexey’s talk
[MGE, Scimemi, Vladimirov 'l 6]

Physics is regulator IN-dependent!!
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Naive GTMD at LO

® We decompose the GTMD in four independent structures:

v,
Wil

= F{, Ty Ffy Ty + Fiy Ty + F{, T

[Meissner, Metz, Schlegel 0906.5323]
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Naive GTMD at LO

o At LO we get:

® This result trivially reduces to the unpolarized TMDPDF in the forward limit and after
taking the average over spins:

i Loz%ﬁ(ﬂl—x )6 (K Zu p, Vv ulp, \) =61 —2) 8@ (k)

Fip =1 —€)5(1—2)0® (k) + O(as)

® We can decompose it: Yy = O(as)
1 _
WyTu=2P (1 - + P11y Filg=56(1—2) 5P (k1) + O(ay)
F1q,4 = O(as)
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Naive GTMD at NLO: virtual part

4 1 — OéCF 2 5 3
Wi la = a(p My ulp. N 6(1 — 2) 6@ (k) =2 1
AA ¢ virtual 2P+ U(p , )'7 U(p7 ) ( x) ( J_) 27’(’ EUV np—i—\/@ _|_ 2€UV
3. A A 5 1., 6 1., 6 7 5 5, .. 1-¢
— Zln—= —2ln—1 — ] — ] — = l
e TR e ice 2 Pra+d 2 Pr(i-g 412" Mg

® Spurious rapidity divergences are present: no anomalous dimension!!

® The logarithm in the mixed UV-rapidity term is fixed: p* and p* come from adding
left and right virtual diagrams, and we have a single logarithm.

® Double logs will be cancelled by combining this result with real-gluon emission piece

® Imaginary piece allowed since GTMDs are complex. Consistent with hermiticity.

p" =P (1-¢)
p'"=PT(1+¢)
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Naive GTMD at NLO: virtual part

® This result reduces to the TMDPDF (in DIS kinematics) in the forward limit:

+ 1 — (8% CF 2 (S 3
Wi = a(p M)y Fulp. N 6(1 — 2) 6@ (k| ) = 1
3. A A 0 1.5, 4 1.5, 4 7 5 , .. 1-¢
— Zln= —2ln—1 | | — = ]
e TR e ice 2 Pri+g 20 Pr(i-g) 412" Miye

p=p’ .
Spin average ’
naive _ CF [ ) A 3
q =51 —2) 5@ (k)= 1
fl virtual ( CC) ( J_) 27 EUV HQQ * 25UV
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— 5111? — QIHPIH@ — lIl @ -+ Z -+ 1—27T

[MGE, Idilbi, Scimemi 1111.4996]
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GTMDs: proper definition

® By the inclusion of the soft function we properly define the GTMDs:

ST = (0 N1 2(=2/2) Wa(—2/2) 5 W(=/2) a(2/2) Ip. M)

z1t=0

Naive definition

w Ahmad’s talk

New proper definition

® This applies as well to gluon GTMDs
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GTMDs: proper definition

® The soft function is defined as:

S(zr) =

(

Sn;ozﬁ(z) = 9 Pexp

\
’

Sﬁ;aﬁ(Z) = < Pexp

DIS kinematics

~ asCa 2 2 . 07 ) 6%
S (br;u;0) =1 — ] L 2LrIn— + —
(br; 13 90) + o [ 5%V+5UV Illuz—l- T T TIIMZ—l- 6

® Exactly the same soft function as for quark TMDs
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GTMD at NLO: results (virtual part)

1 CL’SCF 2 ) 3

_|_
Wi
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— “ln= — 2ln—1 — 2] — 2] = 1
e T ey Ao 2 PR+ 2 Pra-g 412" T

1 1 _
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S virtual 2

- - -
i ha — e _whla
AA virtual A ¢ virtual A S virtual
+ 1 _ a,Cp| 1 1 /3 u?
Wi — ——a(p/, )yt ulp, \) 6(1 — ) 6P (k) =2 — (241
P virtual 2P+U(p ’ )'7 U(p’ ) ( x) ( J_) 2m 5%\7 i euv \ 2 " HQ2(1 _ 52)
3. A 1 , A? , A A? o 1o, 1, 7T ow . 1-—¢
— 5lnE — §ln 207 + In 2 +1D,LL2QQID(1 — &%) — §ln (14¢) — iln (1-¢&)+ 1 + F#—mlnl ny:

® Evolution is ok now!
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GTMD at NLO: results (real part)

® Following the same procedure now for real gluon emission diagrams:

v, _ Lt
WAK, q real - WAZ\, q ¢ real B WAZ\/ q S real
+ 1 0% CF | N1 1 ]_62 _
Wil _ bY A\) — —0(1 —
W T opr a(p’, N )y u(p, A) om? | DD ( x) Q2
CVsch _ N2 _
Pra(p', N A
T4 o—( ) NI\ 1 asCp | N3 _
+ kTu(p ) A )WTu(pa )\) V2 D_|_D_

® This is calculated in the DGLAP region |§|<x

® Deltas are dropped here, since kr is finite.

® Deltas should be kept to properly regularize remaining k=0 divergences
® Reduces to the real part of TMDPDF in the forward limit (DIS kinematics)
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GTMD at NLO: results (complete)

® Combining virtual and real and decomposing the result into the basic structures:

_ Crl| 1 1 /3 e
Jal = (1-€)5(1 —2) 6@ (k) 1+ =E — (241
1,1(‘5‘ <z)=( £°) o( ) ( L){ + o 5%\/ +5UV 9 + nQ2(1_§2)
3. A 1., A? 5, A A? o 1 1., 7T om . 1-¢
——lnﬁ——ln 207 + In —+1n 2Qan(l—f )—iln (1+§)—§ln (1—£)+Z+€+27r1n1+€
asCr [ (1= €N - A%Nﬁﬂu ALN; : 1 R
52 DD —(1-¢ )5(1—x)—ln@

1 o AZ
N, DR (14 2%) =283 k3 +26(1— )k AL — (1 —x)° 2],
_ (- N -z _ 1—zAL\

® Double logs are cancelled if deltas are properly kept in real part
® So all rapidity divergences cancel and the remaining delta dependence is taken care
of by confinement
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QCD evolution of GTMDs at N3LL

® The evolution of the GTMDs w.r.t the renormalization scale is given by:

v (s (1))

Known at 3-loops!!
[Moch, Vermaseren, Vogt 0507039, 0403192]

® The evolution of the GTMDs w.r.t the rapidity scale is given by:

InW (br; p, Q%) = —D? (br; )

dIn()?

[Li, Zhu 1604.01404]

dD’ . Known at NLO. Recently at NNLO

— TV
= Tusp(as(p)) Indirect: [Becher, Neubert 1007.4005 ]
Direct: [MGE, Scimemi, Vladimirov 1511.05590]
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QCD evolution of GTMDs at N3LL

® Combining both renormalization and rapidity scales evolutions:

W (brs i, Q) = RI(E,br; 1, Q% 110, Q) W (br; 1o, Q)

Rj (Sa bT7 M, Q27 O, Q%)

2 — D7 (br;10) ’udA 2 2
- (%) oo | [~ By (ol @)
7

® D is the same as for quark/gluon TMDs (i.e. also the same non-perturbative piece!!)
® Evolution is universal among all (un)polarized quark/gluon GTMDs
® Their evolution is identical to the one of the TMDs

® Since evolution comes from virtual diagrams, it applies for all €
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Example: evolution of Fj,

® We illustrate the evolution with F, ; by taking a simple model:

qu,l(xag — 07 IE%) A’_2F7 EJ_'AJ_; QO) — Hq(,fl,’,f — Oat — _A%; QO)

e GPD is matched onto PDF: H(z,& =0,t;Q0) = f{(z; Qo) exp [A\t]

® b* prescription

e Non-perturbative input the same
as for TMDs
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Example: evolution of Fj,

[

7 i | | | | | | |
Qo = V2 GeV

6 f AR R — - ® NNLL evolution kernel
Q =10 GeV mumimim

o | ] ® Non-perturbative parameters from
[ § = [Konychev-Nadolsky 0506225]

4 | z=0.1 i

= | t =—0.3 GeV? SPETR :
i ® Distribution flattens and widen
(2) 02 Gev? stribution flattens and widens, as

bras = 1.5 GeV~1 for TMDs

g2 = 0.18 GeV?
® Evolution is UNIVERSAL among all

(un)polarized quark/gluon GTMDs,
and we already know the ingredients
for N°LL’ resummation for both
quark and gluon GTMDs
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GTMDs: Operator Product Expansion p"ell',,,
i,,q'
) ¢

® The relation between GTMDs and GPD:s is through an OPE:

~ir/eﬁl(m7€7b22f7Af2F7bT ) AT;Ma QQ) — Zci/j(xagab%vbT ) ATaA?F;:anz) X w;?rllﬁl(xvga _ACZZUM)

J

GIMD GPDs

o We computed the coefficient for F;, in the quark channel at NLO:

1
ren d ren/ x
qu,’l (CU,é-:O,b{Zr,A%,bT 'AT;,Ua Qz) — / ?yC'Q/q(y,b%,bT-AT,A%;,LL,Cf) H? (5,0,—A%)
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GTMDs: Operator Product Expansion p"elif,,
'bap
y

(v Regular function

X(xv b’%a A%a bT ' AT? :u)

+ (1 —2)[14+1In(l — )] — 2z (cos (5Ebr - Ap) — 1) (ln(l — az))
n

® Need to calculate H with the delta regulator (tricky...)
® Need the Fourier transform of F;| (even trickier...)

g CF

CQ/q(mab%abT'ATaA’%wuaA) :5(1_33)_|_ 9
T

1l —=x

21 T
— COS (1—7be : AT) Lt — A=)
— )+

(1 —2)4

1 2 T _

sin (PTbe . AT)

® No divergences in the coefficient!
® |t reduces to the TMDPDF coefficient in the forward limit
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Conclusions & Outlook

* Naive definition of GTMDs does not work (like TMDs, double TMDs,...)
* Combination with a Soft Function cancels all spurious rapidity divergences

* Only when properly defined it makes sense to talk about its evolution and
collinear expansion, and thus connect it eventually to experimental data through
factorization theorems (whenever we have them!)

) o

Evolution kernel is universal among all (un)polarized quark/gluon GTMDs

) o

We currently know the perturbative ingredients for the kernel at (almost )N3LL

<+ Extension of OPE to gluon GTMDs
Relations between GTMDs, GPDs and OAM, effect of evolution,...
% Measurement of GTMDs?...

o
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