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Diagrammatical analysis at tree leve

dr(m, n) = d(mn) 1+00)  +d)(mn) 1+00N)  +--
S-wave: For S-wave, color-singlet For color-octet
simple result heavy quark pair the soft contributions new soft
gluon contribution, at wilson-lines enter the
leading order, cancels. soft matrix element.

f
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—chevarria vs FMM

TMD Shape Functions for Quarkonia

From Tom’s talk
pp — Ne + X small p M. G. Echevarria, JHEP 1910 (2019) 144

ao AM* H(M?, 1) ., 2 2 2 (2)
dyd?q, 2SIE(N2 1) [ 1w (27) /d k, d°ky d°ks 67 (q, — k., —kn, —ks,)

X Ggfa(was ks, Sai Cas 1) Gl ks, Sui oy ) Shol 'SU | (ko ) (16)

TMD Quarkonium Shape Function

SO = 7y [ G et 0l Pydv] €0 afgane [PV O 10)

e NoO disagreement between the two papers.
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Diagrammatical analysis at tree leve

9
2m

a =L (u®) {sir®s, [ q- B,

\ Also through RPI transformations —/
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Quarkonium production

Quarkonium recoils against soft
and collinear init. state.

/ \b < M,
Away from the

kinematic endpoint Soft-collinear sensitive

and no additional measurement
measurement l
traditional) NRQCD ~ 2PProach is needed
approach similar to in-jet

factorization

Example: Semi-Inclusive DIS
(photo/lepto-production)

(Qﬁ(‘ p

/Y

€

Particularly interesting processes
for accessing the momentum of
gluons in the |S.
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The "extra” logs

From Pieter’s talk

C+p->C+JIy+ X
matching of collinear and TMD calculation

Collinear calculation at small g,

—a\2
Ty dep asdE a5y = o< [J—H 57 Fyur +4(1 —y) Fyu,r + (1 —y) cos2¢y Fffz?z%]
transverse y*  longitudinal y* lin. pol. y*
TMD calculation at high g,.

do _£[1+(1—y)2

dyde,dzdgids,  y | @ Jvvr AT Tvun +1my) cos2y ff’o’im] =2
T

In kinematic region.of overlap:

5
Q +M¢)
q2

2 2
Q +M¢)

g2

Fuvur = Fyur —ovurCa 111(

Fuu,L = Fuu,L —ovu,. Ca ln(

f-cos 2¢y Fcos2¢¢
vuU - - UU

the same thing

Referring to

From Tom’s talk

Some Important Points

IR Safety - checked to NLO

368) 3 (1) both required for IR safety (old NRQCD story)

pT shape functions linked by RPI (new story)

octet mechanisms - final state radiation from
soft Wilson line introduce additional logs

Evolution is slightly different than TMD
resummation, than e.g. Drell-Yan

_
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The "extra” logs

From Pieter’s talk

C+p—->C+JIly+ X
matching of collinear and TMD calculation

Therefore, assuming both TMD factorization and enforcing the

matching:
Fuu,r = Z’Hgtgj TC[ iqA[n]] (z,q2)
Fuu,L = Z ng}j C [fiqA[n]] (z,q2)

flc}°52¢’/’ Z H[’n] ,COs 2¢¢C hil—gA[n]] (m, qi)

we have to introduce the foIIowmq ‘smearing’ function:
2

C'4 (0|0, (n)[0) 111“’:—2

n 2
A[ ](kT’/'l‘z) o 2k2

Are these the perturbative tails of the ‘shape’ functions
introduced by Miguel, Tom & Yannis?

Echevarria (2019); Fleming, Makris, Mehen (2019)

27

» Yes! well...

From Tom’s talk

\ N LN AN

(X

d

Spy =

almost

+ mirror diagram

_ 2308
(i) + (i) + (k+k)+1 — §( Si')Lo (SDY

N4 Nt N4

+ mirror diagram + mirror diagram

(1)

n asCa (1l o
~5(2) -
+ or {6 (pr)

asCF

{% [2£0(P%, %) — %5("’)(%)] + =

2
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The "extra” logs

From Pieter’s talk

C+p—->C+JIly+ X
matching of collinear and TMD calculation

Therefore, assuming both TMD factorization and enforcing the

matching: .
Four = ZHHJ,TC [fiqA[n]] (z,q2)
Fuu,L = 27'4?}1 LA (z,q7)

flc}°52¢’/’ Z H[’n] ,COs 2¢¢C hil—gA[n]] (m, qi)

we have to introduce the foIIowmq ‘smearing’ function:
2

C'4 (0|0, (n)[0) 111“’:—2

A[n](k:%a /"2) =

2 2k2

Are these the perturbative tails of the ‘shape’ functions
introduced by Miguel, Tom & Yannis?

Echevarria (2019); Fleming, Makris, Mehen (2019)

27

» Yes! well...

From my talk@REF-2019

Color octet contributions

- Half the rapidity divergences

do ~ {34 (z, b)ZH x S+ (b)

- No operator mixing at NLL
The shape functions

Seame~ Y (05 skeste|o+ x)(Q+ X
X

a’C v
2ﬂ_A %ln (E)ﬁﬂ(qi, ﬂz} %ﬁl (QE_’ /"'23_ 2'CO(q_2Lv 1%

setssiof!'y

= (0o (5(2)(¢1¢) +

The hard functions

asCA 2

o {2D(")_71r_2_1n( ) 2[2?14 n(?)_%lnz

arXiv:hep-ph/9708349 (F. Maltoni, M. L. Mangano, and A. Petrelli )

H,=1+

CCO-Iogarithm same as in Case—D
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The "extra” logs

Advantages of shape function formalism:

® [hese logs are the same form and accuracy as the ones TMD factorization resums.
Shape function formulation resums those logarithms.

¢ Makes it much cleaner to classity non-perturbative contributions.

Shape functions in non-perturbative regime are the “smearing” function.

e Perturbative calculations are far more easier.

e Otherwise “hard to catch” operators become explicit.

Quarkonia as tools: 13/01/2020 9



The hadroproduction of n

> v > ) ) ) ) | |
| What does it mean in
! iZzation?
ANNAAL AAAAIN terms of factorization”:
|
Glauber Coulomb |

X

x No factorization

x Factorization with shape fun.

Factorization with soft fun.
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Additional slides
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N

RQCD In brief (scales)

NRQCD = Non-Relativistic QCD

CD|—

v Non-Perturbative
2

va _—

4 bb - v2 ~ (0.1 bottomonium
cc: v?~ 0.3 charmonium
L-> Relative velocity of the heavy quark and
4 Perturbative antiquark in the quarkonium

typical momentum of heavy quark: [Pgl ~mqv  (soft)

typical kinetic energy of heavy quark: Ko ~mgv? (ultra-soft)
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NRQCD in brief (regimes)

Quarkonium spectrum vs EFT regions

Fragmentation
| Functions
TMD Region NRQCD (NRQCD)
| | » PT
mQu mQ
Expansion in v and in A Expansion in the
A=q, /M relative velocity

will properly incorporate |
quarkonlum recpll!ng Note: it is possible to probe TMDs in this region as
against soft radiation N |
well but the additional measurement introduces a
new soft scale which alters the factorization:
e.qg., IMD fragmentation functions

U. of Pavia: 26/11/2019 13



Diagrammatical analysis at tree level

n N 0
=X 2w UL

49 = (u®)'s] 1O 5,50 Sy(z, —00) = P exp ( — ig /_0 ar v - Asopy(¥ +v7))|
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Re-parameterization transformations

2
YLSETO Sy i wﬂ_,ii Pitps = Ups
4m?2’ " 2m
¢1Xp,i = —Xp,*
R P
U T o T 2

¢;,+S’z]:+ F(O) S’U— Xp,—

q 1 1
P —gA v 0 v) — v,+ — v . —gA v
(v—|—2m> (P—9gA)(Sy +6S,) =0 Sv+ S+2mv-(73—gA)q (P —gA)S
1 1
= Sy + 55 Ps,lq- (P — gA)S,
HQET: mov 1
arXiv: hep-ph9205228 (M. E. Luke and A. V. Manohar) —s, - 2g q-B.
SCET: 2m V- P

arXiv: hep-ph/0204229 (A. V. Manohar, T. Mehen, D. Pirjol and |. W. Stewart)
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Shape functions at NLO

S0

U. of Pavia: 26/11/2019 16



RGEs and their solution

d =~ ~ d
: _ §: nm y ,nm : [n] (1) — E : [’m (u)
e = —0
s . H Dy [ ~asCr. (v*\) [asCa 8as()Cr (00

Yields CSS kernel  Additional term (octets only)

8Cr as(p)
p— 1
w35£8] (,LL, :uf) 3m2ﬁ0 I (as(,uf))

1wy gl (s pf)
1 Y
0 1

Us gis1 (s p1p) = (

ST = Ut () (O
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The mixing effect in the evolution

1 dl'x’
FO dZQJ_ le dZQ

- /O bdb Jo(bq1 ) Urr (e, My)Vs(My, pi, 1) Dy m, (21, 1) Dgym, (22, p13)

0.35F
0.30F
0.25F

0.20F

do /og

0.15F

do/o¢(g2 = 0.0)

0.10F

0.05F

0.00F7

0.0 0.5 1.0 1.5 0.0 0.5 1.0 1.5

qr qr
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Case-2: Photoproduction

Photoproduction
processes relevant for
accessing gluon TMDs
in DIS:

S-wave octet: 1 558)

(WITx) St B, SPek

. 3p(8)
P-wave octet: “Fj 5
j pm
(T TSI By Sivel

o £

A A
[ ]

Ba,i Ba,j
T -m nl—nl | _k
(Yo X){ P }GJ_
The color singlet operator is
suppressed in the \ power

counting but enhanced in the
relative velocity, v.

See also: arXiv:hep-ph/0211303 (S. Fleming and A. K. Leibovich)
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Case-2: Photoproduction

Photoproduction NN /666 o (666 /666 . ,666

processes relevant for
accessing gluon TMDs

in DIS: . abb\.‘. a%\ a}}\f. a}B\
400 [

300 [ T CS (LO) B g%
------- CO (NLL+NP) (wgmx)[ %L. PM}GIE

The color singlet operator is
suppressed in the \ power
counting but enhanced in the
relative velocity, wv.

A * A
[ ]

_8 L
© 200
o] L

100 -

arXiv.hep-ph/0607121 (S. Fleming, A. K. Leibovich, and T. Mehen)
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Color singlet resumed vs fixed order

Color octet contributions (only)

400 [ —
_ Total O —— NLL+NP
300 [ -roeoe CS (LO) SEETELER NLL
....... CO (NI_I_-l—NP) _g 40 | e LO+NP
S0 | s
i) - Qo
- 20 |- |
100 |
- 0
0 0 1 1

arXiv.hep-ph/0607121 (S. Fleming, A. K. Leibovich, and T. Mehen)
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Color octet contributions

1 1
do ~ fg;u(z,b) Z Hy, x 55 (b) - CO-logarithm same as in case-1

- No operator mixing at NLL
The shape functions

n a c c e n f
Soquisa ~ D (O51shest sgtsstof! )
X

Q+XXQ+X

a?Cy
27

= (09)10 (6@ (a.) +

The hard functions

2 2 2

1+ 528 omt = o ()] o () - ()} -0

arXiv.hep-ph/9708349 (F. Maltoni, M. L. Mangano, and A. Petrelli )

Jam (5,) £otat w?) (et w2 2L0(ad %) = 150P(a1) ) + O
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Color singlet contribution (collinear)

dO’(SS£1)) ~ H3S§1) <M, M)BJ_ (Z, M, ,U) X S;_SF) (/L)

Note: For non-perturbative
values of the transverse

| . momentum then one has to
For perturbative values of transverse momentum match onto a higher twist

we can match onto the collinear PDF. collinear function(s).

BY*7 ~ Tm|(PIT(BL By («+,07, 2 ) BYY B (0)]|P)]

1—=z 1 :
dx z+y

BJ_(ZaMa :u) :/O dy/+ T Cj(_l)( ~ ,y,,LL) ®fg/P(x7:u) BJ_(Z,M, ,u) = Cﬁ_o)(ajl,iljg) ®G($1,£132)
z+y

Leading order
contributions:
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Color singlet contribution (soft)

do (i) ~ H, g (M, 1) B1 (2, M, 1) © Sy ()

EFT Lagrangian insertions:

Sigpr ~ 2 (Weh|e+ X)(Q+ X|wlon))

First beyond

leading order &) @ &)

contributions:

- Peculiar form of the first beyond leading order contribution to the
shape function: Is “CSS-like” factorization still possible”?
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