The double logarithms In the cross section of
ete” — J/y+ n.at NNLO
R

SHANDONG UNIVERSITY

In collaboration with F {#

S—REFIERENARTE IEtRITERZH
2023F8H14R

1



Motivation

Heavy quarkonium production is interesting in understanding both perturbative and

non-perturbative QCD.
Liu, He, Chao, 2003

It plays a crucial role in investigating various phenomena such as measuring the parton
distribution, detecting the Quark-Gluon-Plasma signal and even new physics.

Hagiwara, Kou, Qiao, 2003

TheeTe™ — J/y+ 1. cross section measured by Belle is about 25.6fb.

Belle, 2002

The LO cross section is much smaller than the experimental measurements.

Liu, He, Chao, 2003



Motivation

The NLO contribution is about 100%.
Zhang, Gao, Chao, 2006

The bulk of the NLO correction arises from
double logarithm of Qzlmf, which already

constitutes 72% of the full result at O = 10.58
GeV.

oleTe” — J/v + ncJ(fb)

Jia, He, Chao 2011

The NNLO correction to total cross

section Is sizable. feng, Jia, Mo, Sang, Zhang, 2019
Huang, Gong, Wang, 2023
Also see Chuan Qi’s talk

“We attempt to fit the coefficient of the
anticipated endpoint logarithm aszln4r. Pitifully,
The Sudakov double logarithms cancel
iIn the sum over Feynman diagrams, but
the endpoint double logarithm needs to
be resumed.

perhaps because the maximum value of \/§(5OO

GeV) is still not asymptotically high, we fail to

determine this coefficient in an unambiguous
Bodwin, Chung, 2014 manner. ” —Feng, Jia, Mo, Sang, Zhang, 2019



Motivation

Our goal is to establish a factorization formula and perform

resummation of the endpoint double logarithms.

As a first step, we study the origin of these endpoint double logarithms

by using the method of regions.



Endpoint divergence

n, = (1,0,0,1), 7, =(1,0,0,—1)

VR S [ is collinear with p (n) ), = %(1,0,0,1), b, = %(1,0,0, 1
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Induce endpoint-divergent integrals

ete” — Jlyw+ 1, is very similar to H — yy, but more complicated.
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Kinematics

Spin and color projectors

-1 (p,p) = T Mme)
le - L(P, ) 2\/§mc%(ﬁ ) VN, Bodwin, Petrelli, 2002
1 1
Jhy  Is(p,p, \) = () mMe) @
i a(pp,Y) = 5 )P +m0) ©
Short distance amplitude at LO
M — —256mre.a;Cr Py b€t

mQ*
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One loop

Just consider diagrams contributing to
endpoint double logarithm.

diagram logQg’—; X IMro

PA V(& A \ 4 A
009909099999 A AAAAAAN v a.
W::@z PR e  FEynCale, FIRE, PackageX b
[
—>
DA Yp A A  / mC —> () C
a b C d:
s I A Y
00009009990 A (S
A
AAAAAAA !
e UV . Only endpoint double logarithm.
t I 1 a,e: contain endpoint and Sudakov
d c double logarithms

The analytical calculation of the two loop diagram is very complicated.
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One loop

Method of regions Beneke, Smirnov, 1998 A ¥ A Y
U VAVAV
: 2 :

dlagram lOgQ@ X ’LMLO ’222\66:66 QI K
a; %6 Ko

o A T A '
b: 127
C: s The Sudakov double logarithms

; canceled after summing all diagrams.
d: 24
e: —Ls

J/y and 7. are color neutral

Endpoint double logarithm

Bodwin, Chung, 2014



Framework

Example:
pl pv
. 2€ le
09009999999 ~ iMENLO)P — M / (2m)D
A / o (—%)*Tr[(igsy* )11 (iQS'Yu)i(l + 2p + m) (ieq'yp)i(l —2p+m) (iQSVV)Hl(iQS'VV)i(I +m)]
12 =m?|({ +p)*(l — p)*[(L + 2p)* — m?][(l — 2p)* — m?]
ST ITITIIT
p Y D
kinematic: p=n-p,i-p0)~ 0*r*1,0) p=n-p,i-p0)~Q1,r0)
Expansion T ﬁ <1 4(p _I_p)Z _ Q2

parameter : 9,
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Framework

Method of regions:

hard region : [ ~ (1,1,1)@Q,
collinear region : [ ~ ('rz, 1,7)Q, iM}OvLo = A X iMZo
anti-collinear region : [ ~ (1, r, r)Q,

soft region : [ ~ (r,r,7)Q.

A=Ay + (.AC — As) + (.A(j — .As) + Ag
=Ag + Ao + .A@ — Ag

Zero bin subtraction

Idilbi, Mehen, 2007
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Framework

Introduce regulators A, and A, to concretize endpoint divergence.

1 1
(+p)?  (+pP+A
1 1 Al, AQ — 0
soft region: (—p)?  (—p)2+Ds
[~ (r,r,r)Q
A —_1 CQZ 26/ le 1
s = — Mo CrQp (2m)P (12 —m?) [(n - )Q/2 + A1][— (7 - )Q/2 + A,]

We adopt cut-off UV regularization.
[ di2 ()% [d(n-1) [d(n-1) — [T diZ [d(n-1) [d(n finite

When l% > Qz, the poles in collinear, anti-collinear, and soft regions will cancel with the hard region.
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Framework

0 A . .
Ag = 2567T32a3CFQ Qd_2/0 le/d(n l)/d(n )
1

X

(7 +(n-D@-1) —m?) [(n-1)Q/2+ A][-(7 - 1)Q/2 + Ay]

We first integrate over n - [ by choosing the residue in [?—m’=0.

1 1

Q* 0
7.l e Ty / di2 / d(fi - ) _
327'('2 0 B (l% e m2 | 2A1Q(’n'l)) [(’FI, ) l) e %]

We divide the integration of 71 - [ into two parts.

A L 0, CrOM0 /de12 /O ) : /_Q
— ZQ{S i n - B :
. .
2 Q bt
. 1 e /Q 12 InZX- | e
327'('2 0 (l% + mz) (l% it m2 | 2A1 (7 l))




Framework

Keeping only double logarithm,

aslog?r aslog 2logr aslog Llogr

soft region: Ag = | |

[~ (r,r,r)Q e e i

| | aslogQ§ logr
collinear region: Ac = o

2

[~ (17,1,4)0 The final result is independent of A, A,

| | | aslog Llogr
anti-collinear region: 2 .
.
[~ (1,A%,1)0

Setting A, A, = Q?, the collinear and anti-collinear contributions vanish.

We need to analyze only the soft region to get the large double logarithms.



Two loop double logarithm

A Y _ Busecdec. As Heinrich, Jahn, Jones et al. 2022
S~ region. y » ASY Jantzen, Smirnov, Smirnov, 2012

| s soft(s) g ~ (r,r,r)Q soft-anti-collinear(sc) g ~ (r°, r, r*)Q
SCLLIIIS2LLD anti-collinear(C) g ~ (r’,1,r)Q hard-anticollinear (hC) (r,l,\/;)Q

log(l-m) + log(l - n) (log(l n) +logl-m)*

e (m? P)(l nyd-nm e(m—PR)d-n)d-n 2(m -B)yd-n)-m

1 : log(l - m) log2(l- m) S+ hc + ¢+ sc
eP-m*)I-nd-n em -F)d-nd-n 2((m -B)(I-n)(-m)

1 log(m?) log?(m?) log*(l- n) log(m?) log(l - n) . log(l- n) log(l - n)

2— . . J— —
2&(m-P)d-mi-m 2e(m-Bd-md-m) 4m-B)d-nd-n 2(m*-B)A-m-m (M -P)A-mA-m)  (m-P)d-m)(-m)

1 2 log(l - n) + log(m?) (2 log(l- n) + log(m?))
- +
elP-m)l-nd-m 2e(P-m*)d-nd-n) 4(F-m*)d-nd-n
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Two loop double logarithm

, Y hard-collinear(/ic) (r,l,\/l_f
h collinear(c) g ~ (r? ,1,r)

| soft-collinear(sc) g ~ (r3 v, rz)

collinear(c’ (r .7

soft(s) g ~ (r, r,7) Introduce a regulator 7

(g2)1+

1 log(mz)
(Z-m?)d-myd-me L (m*-12)d-my - my i O(El)
+
n
1 log(Z - m?) +log(l-n)  2log(m?*)log(l- n) + log*(* — m?) + (log(m?) — log(I* — m?))? : 1
— 0 0,
2E-m)d-mdn  em-B)d-nd-n 2 (2~ B)d-m) (-m) - )J+ )
1 log(m?) 1
B mame | P-mddmdm fiLE 1 log*(m?) 1 1
+ + +O(e') [+ O(n')
1 e(P-m*)U-nyd-n) 2m*-F)d-n)-n
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Two loop double logarithm

hC . 2 . 2 log(l-n) . logz(l-n) + 0( 1)
. €
em -BYI-nd-n el-m)d-ndn m-F)d-ndn

1 log(m?) log?(m?)

: . O(€'
C . 2€* (P-m*)-n)(-m) 26((12—m2)(l-n)(l-n))+4(12—m2)(l-n)(l-n)+ <)
) log(mz) ) 2\\2
1 log(F — m*) —log(l-n) + > (2log(* — m*) - 2log(l- n) + log(m?)) o)
+ + +
SC . 2@2md-nd-m-2Ld-nd -m) e(P—n?)(-n)d-m) 4(m? - P) (- m) (I-m) ;

2log%(l-n) 2 log(m*)log(l-n)\ 2log(> —m?*)log(l-n) 2log(m*)log(l* - m?)
/. - +
s+hc+c+sc+c': (m*-F)d-myd-m\ (m*-B)d-n)(-r (m* - F)d-n) (- m) (m* - F)d-n) - m)
[*—m*=0
®
Pole
] — n PS l

structure : o




hc :

SC .

Two loop double logarithm

2 2log(l-n) log?(l- n)

0] 1
2m-Bd-mdm cB-m)dndmn mM-Bdmndmn (€)

1 log(m?) log*(m?) o)
- + + Ole
2¢ (P-m*)(-n)yl-m) 2¢((P-m*)d-n)d-m) 4(F-m*)-n)d-n)

Pole
structure :

(0] m2
I log(? - m?) ~log(-m) + ) (2 10g(P2 - m?) — 2 log(l- m) + log(m))?
+ + + O(€)
e2m*(-nl-m-2F1-nd-n) e(P-m*)(I-n)-m 4(m*-F)d-n)d-m
1 log(mz) 1
(mz—lz)(l-n) d-me 5 (_lz—mz)(l-n) - m . O(G ) 1 logz(mz) i 1
+ + +O(e') [+ O(n')
7 eP-m)I-nd-m 2m-B)d-n)d-n
2 log?(l- n) 2log(m?)log(l-n)  2log(F —m?)log(l-n) /2log(m’)log(l* — m?)
sc+c': (m*-F)d-myd-m) mM-B)d-nd-m) (m*-F)d-n)d-n (m* =) d-n)(-m)
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®
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Two loop double logarithm

The contribution from the soft-collinear region and the soft-anti-collinear region vanishes
in the sum of all diagrams.

A
Y A
202002090990 ~
. s 4 e N P J/y and 7. are color neutral
—BO000000000 ) —~ G080 00005000)
A \ A \

i+ d5° + diF + A + i + i + 55 + dff + s + 435 =

d5° +dg” + d7” + dg” + i + dig + di5 + dig + dg; + d3g = 0
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Two loop double logarithm

diagram log4g—§ X tMro
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Two loop double logarithm
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diagram

2 :
log* 2z X iMro
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Conclusion

* Reproduce the endpoint double logarithms at NLO.

 In part of the two-loop diagram, we analyze the regions that contribute to the
endpoint double logarithms at leading power.

* The double logarithms coincide with the result extracted numerically using

AMFlow diagram by diagram.(See ChuanQi’s talk)
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Thanks!



