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Threshold Double Logarithms in Quarkonium Production
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 Preliminary results have been available since 2019.
It seemed that NLO NRQCD has trouble describing data for pr » 100 GeV.
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NRQCD vs. Data at large pr

e Prompt J/3 cross sections have been measured up to pr= 360 GeV at the 13 TeV LHC

ATLAS

pp Vs =13 TeV
0 <lyl<0.75
Prompt J/y

~ NLO NRQCD

—
o

Theory / Data

M

—h

—
o

NRQCD with kT-factorisation

10 —

10 102
p,(uu) [GeV]

NLO NRQCD calculation from
Butenschoen and Kniehl,

based on PRD 84, 051501 (2011)
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NRQCD factorization

e |nclusive production cross section of a quarkonium Q is given by
_ _ Q
09 = E :UQQ(N)<O (N))
N

* QQ cross sections are computed in perturbative QCD.
Long-distance matrix elements describe evolution of QQ into quarkonium+X.

e For J/y or (2S), dominant contributions come from N = 35[1l, 35,18l 1.50(8], 3 P8l
For ycy, N =3Pl and 358 at leading order in the nonrelativistic expansion.

e Color-singlet QQ has direct overlap with quarkonium state, while color-octet QQ must go
through transition to evolve into a color-singlet quarkonium.

e QQ(1SyI8l) = J/p+X occurs through AS=1 (spin flip), while
QQEP8) = J/1p+X needs AL=1 with AS=0, and QQ(5:18)) = J/1p+X requires AL=AS=0.
QQ(5118) = yeu+X occurs through AL=1 with AS=0. Color-octet MEs are determined from data.

e P-wave QQ cross sections are negative at large pr.
3
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NLO NRQCD vs. Data at large pr

e Prompt J/3 data vs. direct J/3 from NLO NRQCD from various ME sets.
Js=13 TeV LHC, |y|<0.75. Uncertainties from matrix elements only.
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xcJs production in NRQCD at large pr

| ;(CMEs from Ma, W'ang', Clhalo,l '

e ycy cross sections from NLO NRQCD always turn

negative at large pr, regardless of choice of the color-
octet ME 3518l.

e A significant amount of prompt J/1p comes from
feeddowns from yc1,2 - J/1+y.

Without solving the negative cross section problem,
it is IMPOSSIBLE to make any solid prediction of
prompt J/y production rates.
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What happens at large pr

e | arge-pr cross sections are dominated by gluon fragmentation.
1

oo = Z / dzd; X D;_,o(2)

- ~J0
1=g,4,q
Fragmentation function describes production of hadron Q from massless parton =g, ¢, q.

z = fraction of Q momentum compared to parton momentum in the + direction

e NRQCD factorization for fragmentation functions

Dya(2) = ) Dy gamn (2){0O%N)
N

The perturbative fragmentation functions D, gguv)(2) are singular distributions at z = 1 for
N =358l, 3P,8l, and 3Pjll, because AS=0 processes can occur by emitting soft gluons.

e The 351l and 1508 fragmentation functions are regular functions.
6
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What happens at Iarge pT

e The J/19 fragmentation function contains singular 01 22 Longitudinal I
distributions §(1—2), 1/(1—2)+, |log(1—2)/(1—2)]+, ... .
These change sign rapidly near z = 1, so that

no choice of ME sets will lead to positive definite
fragmentation functions.

J/1 fragmentation function
10 MEs from TUM set |
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Z

e Gluon production rates rise with 2. pr=60 GeV | " pr=200 GeV ~pr=400 GeV|
Slope at z — 1 grows steeper with pr.

(nb/GeV)
(nb/GeV)
(nb/GeV)

e Contributions from singular distributions
become increasingly more important
as pr Increases.
As more singular distributions appear at
higher orders In as, this disturbs

convergence of perturbation theory.

ng/de
do,/dpr (nb/Ge
dO'g/de

7 - gluon production rates
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What happens at Iarge pT

e Similarly, ycs fragmentation function contains singular
distributions §(1—2), 1/(1—2)+, |log(1—2)/(1—2)]+, ... .

e Same problem as J/y : contributions from
singular distributions become increasingly

more Important as pr rises.

e As more singular distributions appear at
higher orders in as, this disturbs

convergence of perturbation theory.
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Threshold logarithms

e Singular distributions in fragmentation functions :

Hee Sok Chung

less singular/regular functions

ra. C0iCa (2log(1 -2\ F
Dg_>35[81 (Z) — 3/ N2 5(1 — Z) | — T ' | Braaten and Lee, NPB 586, 427 (2000)
1 3m3 (N2 — 1) 7 1 —z N Mo O
C i 1 Ma, Qiu, Zhang, PRD 89, 094029 (2014)
202 (NZ — 4) 1 asCy [(—4log®(1 — 2) _

D

D

g3 P (2) = IMON. (N2 — 1)

( ) 20@
1]\ <) —
g—3P; I9m> N2

1

(1 —2)+

(1—2)4

-

1 — 2z

T

1 — 2z

Oa [ —4log?(1 —
o) A( og”( z)) L
_l_

) o

Zhang, Meng, Ma, Chao, JHEP 08 (2021) 111

e The severity of the singularities can be quantified in terms of Mellin moments:

~

D(N) = /Oldz 2V D(2)

Singularities in D(z) at z = 1 correspond to nonvanishing/divergence of D(N) at N—,

Mellin transform of a delta function is a constant

1
/ dz 2"V "16(1—2) =1
0

Plus distributions give logarithmically diverging Mellin transforms

/1 N (log”“ll(l - Z)> (="
0 —Z +

T
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Threshold logarithms

e N—oo divergences in Mellin-space fragmentation functions :

~

D

e Resummation of threshold double logarithms can be accomplished by
soft factorization—loop calculation of soft function—resummation by exponentiation

T g

g CA

g—38S

N =gz |

202 (N? — 4)
IM°N(N2 —1) |

2002

11 (V) = log N

T

log N

4 o, Cy

IM N2 | )

e The most severe singularity at loop level involves aslog? N compared to LO.
Since this divergence is associated with the singularity at the boundary z = 1,
we refer to them as threshold double logarithms.

g—3P
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log? N + - -

4 o, C'4

log® N + - -

log® N + - -
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Soft factorization

e The z—1 singularities in the gluon FF are identified by taking the Grammer-Yennie

approximation to gluon attachments to Q and Q. This turns quark lines to Wilson lines:
(soft approximation) Grammer and Yennie, PRD 8, 4332 (1973)

gpl/( ? I

p2 z—1
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soft function =¥ - | it
Crng = 23K+ 2n(N2 — 1)(d—2)) AL = T [U(p1) Wy, (00, 0)(—igy"T*)W,, (00, 0)v(ps)|
e This essentially provides the soft factorization with tree-level Wilson coefficient.
Loop level coefficient will not be needed until next-to-leading logarithmic accuracy.
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Soft function for 358l

e Soft functions for individual channels are obtained by nonrelativistic
expansion and projecting onto spin and color states.

e The 35,88l soft function is given by an adjoint Wilson loop with timelike
and lightlike segments.

Sy () = OIWEST)?i2md(n - p— PH(1 = 2)WEST)? ) ey =

e At tree level, (N2 — 1)2r
Sgsgs] (Z) — Dt 5(1 — Z)

This reproduces the tree-level result

T g

D9—>35£8] (2) = 3m3(NZ? — 1)

0(1 — 2)

12
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Soft function for 358l

o 35,18 soft function at NLO :

2m(N? — 1 asCa|  6(1—z
535[8] — ( ) 0(1 — 2) = ( 2 ) |
1 P T | 2€tTy W anomalous
- dimension
—2log(1 — 1
b (2ot =) oo |+ 0(a?)
1 — =2 1 — =2 n

e The double pole and the associated double log [log(1—2)/(1—2)]~+ term come only from the
planar real and virtual diagrams. The self-energy diagrams only produce single poles.

* The same soft function in the fundamental representation appears in b—qg+X, and exactly
same NLO result is obtained by setting Ca = Cr. See e.g. Korchemsky and Sterman, PLB340, 96 (1994)
Especially, the cusp anomalous dimension asCrep/7 1/(1-2)+ is identified from the

coefficient of the UV pole.

e The double log term exactly reproduces the same term in the 35,18l fragmentation function.
13
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Resummation for 358l

e We can write the double logarithmic correction as

o C —2log(1l — z
Ss o181 (2) |threshold = {1 | - ( 2l )) T 0(043)} ® S48 (2)|L0
1 T 1 —z2 n 1
.. ldZ
f(z)" g(z) # ?f (z)d(z/z ) (Mellin convolution)
0

This is trivially exponentiated : See theory of webs in e.g. Laenen, Sterman, Vogelsang, PRD 63, 114018 (2001)

- ; ! —21log(1 — -
0 +

3 3
P - L P

e While the exponent diverges like —asCa/mr1og2 N, the exponential vanishes faster than any
power of N, so that the resummed soft function has a convergent inverse Mellin transform.

* The resummed expression agrees at double logarithmic level with the resummation in the

soft gluon factorization formalism. A.-P. Chen, Y.-Q. Ma, and C. Meng, PRD 108, 014003 (2023)

14
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SOft fu nCtiOn fOr 3 P J[8] Field-strength tensors

e Similarly, we obtain the 3P /8| soft function by nonrelativistic expansion and
projecting onto spin and color states.

Sspie () & $O|[W “CCPN 2#$(n ap" PT(1" z))WyX(3|:>[8])|Og@$$

PN 1 ol
\~‘~ 1 -0
q) /U Seai—— =
SNl —-——
1

W CP®) & T drt r e PP GRs(p! A BR( Y 0 A ,0)
0

e The 3P,8 soft function involves field-strength insertions onto the timelike
Wilson lines. The leading order result is

(d! 2)4Bg (NZ2! 1)! (1+ #)
2 1 Tm2p+ (11 z)i+2! Br = (N2! 4)/(4N.)
1 | 1

1
 From the identity AEED = | - (1! z)+ 11 )t

we reproduce the 1/(1—2), term in the 3 P/8 fragmentation function.

2,
27
-7

3|:>[8] (z) =

+

15
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Resummation for 3P J[8]

e The double logarithmic corrections come from planar
real and virtual diagrams.

$sCa  4BE(N2! 1)#,¢

NLO A4 A
Sipl (2) = | 2lm2[P+ (1! Zz)]i+4! +aa
n u 1 —_— 1 11 | 1
e From the identity 11 7 | v 1! z)+ 11 )T n

we obtain the same [Iogz(l# z) (1# z)]+ term in the 3P,i8l fragmentation function.

e Again the double logarithm is trivially exponentiated:

N _4 aSC 1 L _210 ]._Z ~
e e N G e A

16
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Resummation for 3Pl

e The soft function for 3P/l is almost identical to the
3Pj8l case, except for final-state color.

e The resummation is carried out in the same way :

Qresum _4 O‘sCA ! _ —2 log 1 —=z ~
spn) (V) = exp 3 /0 dz 2" 1( 1—(2: )) 331’19[11(N)
_|_

e There is an additional soft function arising from the anisotropic contribution that produces
J-dependent single logarithms; this can be discarded at the double logarithmic level.

e The 3P, soft function is essentially equivalent to the ycs shape function.

! n ' n . n .
Ssg[g](h) = "l #1721 ,20)P, 0o S(l+ 1 D4 )! P%0)" #' T 9 usc, JHEP 07 (2023) 007
1

17
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Resummation

e The resummed formula for the fragmentation function is
: ( + v Fixed-order NLO D

resu FO LO
D¢ gan)(N) =exp Iy D Q@(N)(N) v Dg” gan)(N)

JSS[S] — | dZ / |

1 . 0 1 / +
A

Jspw = Japp = §J3N358]'

All double logarithms are accounted for by the resummed exponential. The subtraction
term removes the double log in fixed-order NLO expression to avoid double counting.

* While the exponent diverges double logarithmically, the resummed exponential vanishes

faster than any power of N, so that the resummed soft function has a convergent

inverse Mellin transform.
18
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Fragmentation Functions

 The resummed fragmentation functions are b === Resum, transverse
now smooth functions that vanish at z = 1. < T O ancese
? 6- ----- FO, longitudinal
~ MEs based on TUM set
* The resummed fragmentation functions are =, %
semi-positive definite, which ensures S
positivity of cross sections. = T e
This essentially resolves the negative 2
cross section problem. DR
S
e The polarized fragmentation functions lead 02 6F
to the estimate $0.25 §, % §, +0.15 X4
for direct J/¢ and (2S) polarization at cE 2
pr=100 GeV at midrapidity. =
Shapes of transverse and longitudinal FFs S B T
0.0 0.2 0.4 0.6 0.8 1.0

suggest very slow rise of Ag with pr.
<
19 With DGLAP evolution from 3 GeV to 50 GeV
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Large-pr Cross Sectionsm

e 10° X Resum, 1.5 < |y| < 2.0 .

e The resummed cross sections agree well with ATLAS " Prompt J/4 10"  Resum, 075 < [y < 15

—~ 10° x Resum, 0.0 < |y| < 0.75 |
data at large pr. Pl N 1O, 15 o] < 20
g \\\\\ -=-=10' x FO, 0.75 < |y| < 1.5
S 1 \.\ 10° x FO, 0.0 < |y| < 0.75
* Predictions for prompt J/4 include feeddowns from £ 9%, ™
7,0(28) and Xcd- c§ | ‘|
ii - pp /s =13 TeV Ii Lo
aa | - .

\
0.01r% 10? x ATLAS data, 1.5 < |y| < 2.0 | '|
I
I

e Fragmentation (leading power) contributions are _
included to NLO accuracy with threshold TS a0 <p <o 1 4|
resummation and DGLAP resummation. S

Next-to-leading power contributions are also
included to NLO.

=
1o

£0.0 < |y| < 0.75

O
o1
B B bl | Y

120075 < |y < 1.5

Theory/Data  Theory/Data  Theory/Data

e Results shown from MEs based on TUM set. I
J/ and ¢(2S) : Brambilla, HSC, Vairo, Wang, JHEPO03 (2023) 242 10
.. XcJ : Brambilla, HSC, Vairo, JHEP 09 (2021) 032 5
Similar results for direct J/¢ are obtained from MEs .
05 "7

K.T.Chao et al, PRL114, 092005 (2015) A i TP
based on J/p and e data. '\ "ganq et al, PRL114, 092006 (2015) 100 150 200 250 300 350

20 Pr (GGV)
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Summary

e \WWe resummed threshold logarithms that appear in J/y, ¥(2S) and ycs inclusive

production cross sections at the leading double logarithmic level.
This resolves the negative cross section problem in fixed-order calculations in NRQCD.

e Resummation leads to solid predictions of prompt J/¢ production rates that agree well
with ATLAS data at very large pr.

e Resummation removes the singularities in the fragmentation functions near the boundary.
Resummation may also be important for observables involving kinematical cuts near the
boundary, such as photoproduction rates and fragmenting jet functions.

e Theshold resummation may be extended to single logarithmic level, as well as to double-
parton (next-to-leading power) fragmentation contributions.
Resummation for non-singular fragmentation functions will require next-to-leading
logarithmic accuracy.

21
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e Note that FFs still contain distributions
singular at z—=1 after DGLAP evolution.
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What happens at large pr =~
| =60 GeV,
* DGLAP evolution makes the problem HF |
worse. on functions _ |
orse Xcs fragmentation functions = | ':
DGLAP Ieadi%lo s resummed °
s from TUM set - \
* Note that FFs still contain distributions |
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e [he 3Pl soft function is

Soft function for 3Pt o

Sipr = WL CPH)] 2" (ndp! P (1! 2))Wp(*PM)|0sg*

70 H
2, /,,
,a’f’
-

WECPM) & d™ pGL(p)! (O R 0) T
0

which is essentially the ycs shape function in NRQCD

!QO — | T an ab - bc " | 1T C
533[8](|+) = "L #TL(0)Pr 81 T ID &) -H0)" # T qHSC,JHEPO7 (2023) 007

with the 5(&/ wavefunction factored out.

“
\ \\\
~\\\N
~
v~

There is an additional soft function arising from the anisotropic cont_ribtzjtion
, N4 Ny |
SThw = HOIW2 CPE)] 2" (nap! P*(11 2)WECPI)j0s z o
n |
The anisotropic term is suppressed by e=(4—d) /2 compared to the isotropic term, so that it
only has a single UV pole at NLO, and is IR finite consistently with NRQCD factorization.

This does not produce double logs, but is necessary to reach single log accuracy.

25
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Large-pr Cross Sections

e Feeddown contributions e Feeddown fractions
. : : : DD 1.0 —mm™——m—m—m—r—rH—"H—D———+—-+—F—"+—-"—"—""1—"r—"—"7—""T1—"""—
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