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Quarkonia as tools to probe gluon TMDs

® Goal: understand 3D /spin structure of hadrons

®In theory, all information contained in: (PS|O(3, 1, A*) |PS)
® [n practice, color confinement prevents us from calculating them. So?

® [attice or FACTORIZATION THEOREMS

0 =0Opartonic ® [PDFs/FFs/Jets/ etc| + power suppressed



Factorization theorems
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Proof main steps:
1.Pinch singularities Eftfective theories don’t give a proot
2.Power counting: leading contributions But can be checked order by order in pQCD

3.Unitarity, Ward identities* (decouple regions) Factorization = multi-step matching
* Gareful with Glauber gluons!!

Factorization theorems are the key element!



Definition of TMDs

kn ~ Q(1, A2, A) Y= lln ﬂ Different rapidities
kn ~ QA2 1,\) 2 |k~ (mixed under boosts)
ks ~ QX A\

Same 1nvariant mass!

Ye

(a = (pT)%e %

' Tn(angJ_asA;CAaﬂ) — jn

. ﬁ(xBagJ_aSB;CBMu):
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[Collins’ book °11]
[MGE, 1dilbi, Scimema 1111.4996, 1211.1947, 1402.0869]
[MGE, Kasemets, Mulders, Pisano 1502.05354]

We need this quantities to appear in a cross-section
in order to talk about gluon TMDs!



TMDs: evolution

TMDs depend on two scales: renormalization and rapidity scales

®'T'he dependence on the renormalization scale 1s:

d ———InT 20 (2,6, 845 C a0 1) = ( s (1), lnCA)

dinp p? Known at 3-loops.

Numerical at 4-loops

7 (@0, 1054 ) = ~Tuep(@, (W)In 54 —vhelay (1)

Moch, Vermaseren, Vogt JHEP08(2005)049, NPB688(2004
&4
[Moch, Ruijl, Ueda, Vermaseren, Vogt JHEP10(2017)041]

® ['he dependence on the rapidity scale is:

d
din{ lnT[pOl] A(@,b,,54;Ca,p) =—D j (br; 1) Known at 3-loops (almost 4-loops)
aD; 1 Cusp does not completely
dlny %P (@) getermine Dj
Indirect NLO: [Becher, Neubert EPJC71(2011)] Direct NNLO:
Direct NLO: [MGE, Sctimemi, Vladimirov PRD93(2016)] [Li, Zhu PRL118(2017)]

[Vladimirov PRL118(2017)]



T'MDs: re-factorization

® ' MDs contain perturbative information when transverse momentum 1s large:

Tiea(@,br; ¢, p) = > CZ,;(@,br; &, 1) ® t;., 4 (3 1) + O(brAgep)

J=4,4,9

® l'or each TMD we have a difterent OPE. For example:

q/A(a:: bTaC: P') Z / Q/J(z’ bT’C’ “) fJ/A(x/w 'UI)

Jj=q,9,9%x

J_g/A (2)(‘179 bT&C:”) Z / g/g(za bT’C,N) fg/A(w/w /1')

Jj=q,9,9%x

d
FJl@britm = >, [ FC%,@bri¢ g a(a/Em)

Jj=q,q9,9%x

dr d:):
A V@b = Y / b2 Calyeme @1, 82,0y (o ) T j (0151, 22 /3 1)

Jj=4a,4,9

Unpolarized quark/gluon TMD distribution ~ Transversely polarized TMDs at NNLO 1n

and fragmentation functions at NNLO 1n [Gutiérrez-Reyes, Scimemi, Vladimirov
) ) .. JHEP07(2018)172]
[MGE, Sctimemu, Viadimirov JHEP09(2016)004] [Gutiérrez-Reyes, Leal-Gomez, Scimemi,

Vliadimirov 1907.03780]



TMDs n full glory

Tioa(@br;Cm) = Y CE (@ by uZ, 1) ®t e 4 (w5 1)
j=q’q_’g

M dﬂ _ C C _Dj(BT;P"b)
X €Xp / —~ Y5 (as(“),lnA_z) (_2)
Ju, H K71 \Fp

X Tiﬁi(x’ br; €)

® General philosophy: only parametrize what cannot be calculated

® Nonperturbative part of Dj is universal (for all (un)polarized TMDs)
®Higher-order calculations allow better determination of nonpert. ingredients

® At large and low bT we need cutoffs (qT<L.ambda and qT>Q) regions)

® T'here are subtleties with the evolution path  [Scimemi, Viadimirov JHEP08(2018)003]

® | he determination of nonperturbative pieces is not easy (Fourier transform mixes
regions, overlap of perturbative and non-perturbative)

The higher the theoretical precision, the better!



Processes sensitive to gluon TMDs (probably not complete...)

p+p—n.p+X factorization ansatz @ NLO

P+p—Xcp+X factorization ansatz (@ NLO, KO beyond NLO!
p+p— H°+X NSLL+NNLO, factorization proof
p+p—=v+~v+ X factorization @ L.O

p+tp—=>J/p+7+X

p+p—=>J/Yv+Z+X

p+p—=>J/+J/+X

p+p—n.+n.+X factorization ansatz (@ LO
etpretcti+X (if any)
e+p—et+J/v+jet+X

e+p—re+J/Yp+m+X

etp—oet+J/Yp+X

et+e > J/p+n+ X

® [ 'hese processes are very promising to access gluon TMDs (but with proper formalism!)

® With polarized protons one could access different TMDs (Sivers, etc)

'The most basic, the unpolarized gluon TMDPDYE still not fixed...

1 icti Lansberg, Pisano, S. , Schlegel PLB784(2018
® No pheno studies (predictions) beyond L.O [Lansberg, Pisano, Scarpa, Schlege (2018)]

Ansatz: factorization of 2 soft mechanisms in the proceses: [, QU ~ qT
soft gluon resummation and formation of bound state




T'MD factorization for
pp — NcX



Effective operator (in SCET+NRQCD)

“000000000)

+ crossed diagram

0(6) = ~2¢°Crr(~a* 1) [0 (€) T x(©)] [BEL(©) V1 (€) Y2o(€) BL£(9)
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Wn(§) = Pexp ig/ dsn- A% (& + ns)ta] ,
: _OOO ° . .
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- imas2v/2
NN

Caligraphic means: (%)% = —i fob°



Hard-Soft-Collinear factorization (in SCET+NRQCD)

Cross-section given by:
1 d>q

do —
77 25 (2m)32E,

/ d'¢e "y " (PSa, PSp| O1(&) | Xng) (neX|O(0)|PSa, PSp)
X

/va ~ drT

Xng) = |X5) ® | X5) ®@|Xng)

Factorization in EF T

decoupling of modes! PS4, PSp) = |PSa) ® |PSE)
etac couples to soft
and ultrasoft

1 d3q
2s (2m)32F,

x> (PSal BYY (€)1 Xn) (Xa| B (0)[PSa) > (PSp| BLY (§) | Xn) (Xa| BLY(0) |PSp)

do = AM®* H(M?, )T, T / d*¢ et

Xn Xn
< (0] [V Y| (€) 1Xama) (ng Xl | VI Vacwtx | (0)[0)
Xs

H(M?, p?) = |Cu(—¢°, 1)
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Homogenous power counting: Taylor expansion

Dervatives of matrix elements

~ M(1,1, )\ .
1 ( ) scale as their own momenta

1 d> AM* H(M?, u? :
q ( 71u )F*O_FMV/dllé- e—zqf
2s (2m)32E, (N2—-1)2 °

PSa| BIE(€.€1) BLS(0) [PSa) (PSp| BLY(E4,60) BAL(0) [PS)
< (0] [l Vet (€0) afang | VI Vim0t (0)0)
+ O(N)

do =

X

<
<

Played with color (beam functions are diagonal) and used completeness relations:

Z ‘Xn> <Xn’ =1, Z ‘Xﬁ> <Xﬁ‘ =1,

Z ‘XSUQ> <Xs77Q’ — aij Z | Xs) (X Ung = aija??Q
X X

S
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Factorization theorem

do  AM*H(M?, p?)
dyd?q,  2sM?(N2 —1)

% Ty (2m) / Pl d?kn Ak 6P (g, —knt —kaL —ks1)

X J(O)O-V(ajAa ’nLaSA s 77?”& _O :CBa ’rLJ_asB s 77n S( ) SJ.?ILL)

\ \ / TAB = VT eV

Rapidity divergences! T=(M*+4q7)/s

Pure collinear and bare TMD shape functions defined as:

€T P+ d d2 _ a — V,a
J7(10)“V — A2 / €(27T>£¢ ( rAl PT—€ &k nJ_) <PSA‘B$’L(§ ,&)Bnl(O)\PSA%

y P~ [ déTd? _ _
JéO)IJJ _ xB2 / 5(27T>£J_ ( rpéTPT—€ kK nJ_ <PS ‘B €+ €J_) 0) ‘PSB>,

(0) _ 1 d*¢ | o€ kst tabyibe., 1 ted~sda, )t
S8 = 5= | T e (01 I v] (€0) algan [VEDi }(0) 0
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Definition of gluon TMDs

We need to introduce the relevant soft function (same as for Higgs production):

S _ 1 / d2€J_ 6?:£J_.k"SJ—
N2 -1 ) (2m)?

(O] |V yte|eL) [vivie] 0) fo)

Soft function can be split to all orders in pQCD:

~

~

~

S(br; 13, a) = S— (brs 15 1n) S+ (br; 1515)

TMDs are defined as (Rapidity divergences free):

éZ/VA(CCA, bi,Sa;Ca,p) = O (x4, b1, 545 15m0) S— (b 5 1n)
GM (wB,by, SBiCa, ) = S (w5, b1, SB35 71) S (brs 113m)

14



Final factorization theorem

do  AM*H(M?,p?)
dyd?q,  2sM2(NZ2 —1)
X GZ/VA(SCA, kni,54;Ca, 1) é§7B(xB, kri,SB;C, 1) Solksy; )

F;UFW<C’)(1S([)”)> (27) / Pk, ks ks 6% (q, —kpi —kni —ks1)

TMD ShF!
g (y,) = S(QO) (Y1) Normalized to one when
w <0(1S([)1])> S(y,) integrated over

(O(5)) = (0 xTp af,_ay. wix|0)

® Here we have all (un)polarized TMDs

® I'MD shape function is spin-independent

® |'MD shape function depends on the quarkonium state

® ' MD shape function universal for future/past pointing Wilson lines
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Factorization theorem for unpolarized pp collisions

do
dyd4q

= ao(u)H(M?,1?) (0(*SI)) [Clff f{Sa] - Clwvuhi*hi¥So]

(4maug )

o) —

N2(NZ — 1)sM3

vV r M2 V7
[_ g fi(wa, b5 Cay ) — 2B hfg@)(m,b?r;%u)]

DO | —

GhY (2, b1, Sa5Ca, p) = 5

Clwf fSol = /d2pj_a/d2pj_b/d2kl Plo+Piy+kl—q))

X w(pJ_aapJ_b) f(ajAvp?Ta; CAalu) f(xBapszS CB7/’L) SQ(k%)

|92 %
pJ_CL pJ_b uv
2 M

Wyu =

Convolution of 2 gluon TMDs and the TMD ShF!
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Calculation of H: virtual part of cross-section in full QCD

Hard part

finite part of virtual diagrams in

full QCD (pure dim. reg.)???

[Hawigara, Kim, Yoshino NPB’81]
[Kuhn, Mirkes Z.Phys.’92]
[Ma, Wang, Zhao PRD’14]

[Petrelli, Cacciari, Greco, Maltoni,

Mangano hep-ph/9707223]

d
=601 —24)5(1 — 2p)
o)
Qg w2 Ca L { Bo MZ M2 s 1
ton| O T 2<R tom <2 FOaln gz | = Calv® i = Cagr +2BY, | 601 = 24)3(1 — )




Calculation of H: virtual part of gluon TMDPDF

D Py D D © '
LA HO

- Q Y - Q s Q 5000 &
s, =¥ > = e, 5000 s,
o, ore o, DO0000000008 IS o,
O Q) | O QO O O O
- e - > < > -
= = = = = = =
Q Q ' Q Q Q Q Q
X = == &=

) + ] 5(1— x)

[MGE, Kasemets, Mulders, Pisano 1502.05354]
Renormalizing, 1n dim. reg.:

:5(1—x)—|—%

U 27'('

Ca L { Bo s
—— — C'4ln d(1 —
EtR 51R<2 +lamn M2>} ( %)
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Calculation of H: virtual part of the TMD shape function

B B
< > + crossed diagrams

ultrasoft gluon

soft gluon

There are no diagrams which connect at this

order the heavy fields with the Wilson lines!
[Luke, Manohar, Rothstein

, hep-ph/9910209]

Qg . T
=1+ —Cr— —|-S‘1
27 v v

\ contains rapidity

. .
) S(Q ) (y,) divergences

2
=14+ %CFW—
v 27 (Y

5(0)
SQ

[
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Calculation of H: putting everything together...

do
dyd?q,

= oo(n)H(M?, 1?) (O(*5y7)) {C[f{’ffsg] — Clwyuhy *hy? 8]

® Putting everything together:

D\ 50— 24)5(1 — 2p)
00
o T Ca L ( Bo s o i 1]
t o 0%2(5%3*513(2 +Caln g | = Cali® g = Case +2Big, |1 0(1 = w4)d(1 — )
p s CA 1 50 :u2
T =9(1 — — | —— - Cualn— | |6(1 —
flv (1-) 2 | iy sm<2 oAy (1—2)
<O(1Sm)>§ _1_|_Oésc T
0 e, o
, , New!
_ Qs | _ 2 W AT [1]
H=1+ 27 Caln M? Ca 6 +23150 (same log as for

Higgs in pp) 2



T'MD factorization for
e p—e J/YX

very preliminary...
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Effective operator (sketchy...)

0" (¢) ~ [ (€) Tita x(&)] [Vac(e) BLE ()]

Several color-octet LDMEs contribute
[Bacchetta, Boer, Pisano, Taels 1809.02056]

Time-like Wilson lines needed for gauge invariance!

[Nayak, Qiu, Sterman hep-ph/0501235]
VIYITY, x = T YTl Y [Nayak, Qiu, Sterman hep-ph/0509021]
[Rothstein, Shrivastava, Stewart 1806.07398]

0
Y, (&) = Pexp [zg/ dsv-A% (€ + vs)t®

— 0

v=(1,0,0,0), v*=1

For color singlet there was no 1ssue:
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Factorization theorem (sketchy...)

Cross-section given by:
do NL,uz/ H(M27 :u2) <O(1S([)8])> Fg*rg(Qﬂ-) /d2knJ_d2ksJ_ 5(2) (q_l_ _ knJ_ — ksJ_)
X é(;fA(anknJ_a Sa;Ca, i) So(ksy; )

There 1s actually a sum over states, with
different TMD ShFs, H and Lorentz
structures, but let's ssmplify. ..

1 d2£ 1€ ks | a c c c a &
So = / G €8 (0 Virhexteew| €L) alay | YiYiptey] 0) o)

GHY (@, b1, Sa3Ca, 1) = TS (wa, b1, Sas 5 mn) S (br; 15 7m)

S(br; 143 My Ma) = S— (brs p3mn) St (br; 5 1m)

S (QO ) (Y1) Different from
(O S([)S])> S_(y,) etac case!

SQ(?JL) —

<(’)(1S([)8])> = (0| x "t a,@canc Tty |0) This is not full S!
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Hard part (sketchy...)

Hard part

finite part of virtual diagrams in

full QCD (pure dim. reg.)???

[Maltoni, Mangano, Petrell
hep-ph/9708349]




Virtual part of the TMD shape function (sketchy...)

+ crossed diagrams

ultrasoft gluon

soft gluon

There are no diagrams which connect at this

order the heavy fields with the Wilson lines!
[Luke, Manohar, Rothstein

hep-ph/9910209]
2
50)| _ 1 1 asCa
SQ (0 N 27‘(’ (CF CA) S_’U 2T EIR,
L GBIV & m?
(O(SE))So| =145 (Cr — 50) " -
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Calculation of H: putting everything together...

do|  ag 1 2 Ca Bo 12 - Ca, T U (8]
O'—O —% (CF—§CA)7_ (812}{—'_81R<2 +CA1H—2 — 9 ——In —2—CA 2—|—D150
9| _ §(1 — s | _=A _ Caln 5(1 —
fi| =0 —z)+ o e2. em<2 +laln M?)}( 7)
L o[BI & 7
OsBWS, =12 % (c ——C T
<(0)>QU +27T(F A)v
=1 CAN“ C ™ D8 |
Sl4 g | -5 yE ~Cagg + D | New!

A similar calculation yields the hard
part for the other state that contributes
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Conclusions & Outlook

®New factorization theorem derived for quarkonia production at small qr
(more to come!!)

® New non-perturbative matrix elements appear: TMD Shape Functions
®All studies up to now should be revised (careful with the produced pheno!)

“*Lots of work to do before being able to extract gluon TMDs from quarkonia production:
Derive factorization theorems, calculate perturbative ingredients, etc

“*Mesure not only gluon TMDs but also TMD Shape Functions (need different
processes with the same TMD shape function)

“*Better fix LDME:s (currently several incompatible fits exist)

\
Aot \\O\;



