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Exclusive photoproduction of vector quarkonia

» Hard exclusive reaction, similar to

M (par) DVMP, but not “deeply virtual” (¢* ~ 0,
L photon). The quarkonium (J/4, T)
mass Mé > A(QQCD provides the hard
scale

Wap ”ET @ » Experimental data on o(W,,) and do/dt
are available from ep-collisions (JLAB,
HERA, COMPASS) and UPCs (ALICE,
( CMS, LHCb)

~, » Collinear Factorisation(CF) is not
proven to all orders for the case when

+ similar diagram with quark ¢° ~ 0, but complete NLO computation
GPDS7 Starting from NLO [Ivanov, Schaefer, Szymanowsky, Krasnikov, 2004] in

CF was done and it formally works.

Quarkonium is treated non-relativistically, either using ¢(z, kr) obtained
from Schrédinger wavefunction (only at LO and usually in the high-energy
regime) or even resorting to the “static” approximation

¢(z) x R(0)d(z — 1/2), which corresponds to the strict LO in relative
velocity of Q@ in the bound state (v?).
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Collinear factorisation

1
" v dx
A= (59 gl Z —iver, Ci (@8 Fi(@, & ¢, pur),
i=q,97
CF coefficient function: C; = C'° + (as(ur)/m)C" + ..., with LO:

IQC

[z + & — ][z — €+ ie]’
where ¢ = (draseeqR(0))/(m 3/2\/27r Ne). Rj/(0) =1 GeV?/? and
Ry (0) = 3 GeV®/2 from potential models and NLO decay widths.

In our calculation we use the complete NLO result for coefficient

functions [rvanov, Schafer, Szymanowsky, Krasnikov, 2004] .

GPDs:

1 dy* izPty~ n —
FQaSS, = 5/?6 v <p/75/|¢q (Ty) WJqu (%) |p7 S>|y+:yL:07

Ci (z,€) =

1 dy™ . - _
Py = o [ S ) S () B (3) 5y o

Pt ) 2r
are parametrised as (j = g,q):
1 _ , + iot®
Fjsor = 5p7 [us/(P) (Hﬂ + E; 2y us(p)| -
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GPD input

For numerical calcuations we use GPDs obtained as the result of full LO
GPD evolution w.r.t. ur with initial condition at po = 2 GeV, given by
the double-distribution ansatz (without D-term):

1 1—-8|
Hi(z,€) —_/1dﬁl+/ﬁ dos(6 + Ea— z) fi(Bar)

with the following model for DDs:

1819(181) for i = g,
fi(B,a) = hi(B, ) x 0(B)qvar(|8])  for valence g,
sgn(B)gsea(|5]) for sea q.

ren;4+2)  ((=18)2—a?)™
222 (ng+1)  (1-]p])*nit?

ng = ni™ =2 and ny* = 1 as in GK model. A range of values for ny was

tried with very small (few %) numerical effects on the cross section.

where the profile function h; (3, a) = , with
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High-energy instability of NLO CF
The pr-dependence of the LO vs. NLO CF calculation:

— LOCF
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The instability is caused by the high-partonic-energy (¢ < |z| < 1) DGLAP
region ([ivanov, 2007] :

1 1
/gFg(x,f,up)O(l)(x,g) ~ / df = %: if Fy(w) ~ const. and oW ~ .
¢ €
And for £ < z we actually have:

iz M3 asy.
0;5,13(9375) ~ = 2|€ | In <ﬁ> X {CA,QC'F} = C'g”q}}')(x,ﬁ).
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Partonic high-energy logarithms for low-scale processes
/ d
o(z) o [ ZCE @/ 0),
0

where fg(xvf'LQ) = xfg(x,;f). ~
Suppose for z < 1: C(z) ~ o () In"(1/2) and fy(z, p?) ~ 2=, Then

for z <« 1: N

MSTW-08-NLO

QppF
CAa,
us
4 CAlog(2) as
us
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Digression: quarkonium total inclusive cross sections
Inclusive n.-hadroproduction (CSM)

[Mangano et.al., '97, ..., Lansberg, Ozcelik, ’20] AT
tate,

Is, 1 state,
Ui
e

p+p — cE [IS([,l]]+X, LO: g(p1)+g(p2) — cC [15}[)1}] ;
o(/5pp) = fi(x1, pr) ® fi(22, pr) ® 6(2),

where 2z = %2 with § = (p1 + p2)*.

T T
3 GeV, L0, Hep Spt. var. ===
LOSNLO, Mg 5pt. var. £

Lo —
LowNL) — |
LONLO, pp=eV/2M, =M — =

Inclusive J/¢-photoproduction (CSM)

[Krémer, 96, ...,Colpani Serri et.al, '21]

~+p — ce [35'{1]] +X, LO: v(q)+g(p1) — cc [35'{1]] +9,

£

o(\/3+p) = fi(z1, pr) @ 6(n) o, o, b=

5—M?

T
-3 GeV
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Digression: High-Energy Factorization (inclusive J/v photoproduction)

The LLA (Z ay lnn'il) formalism [Collins, Ellis, *91; Catani, Ciafaloni, Hautmann,

n
'91,794]

Physical picture in the

LLA for photoproduction: . »T
The LLA in In q—1+ ~1In(l+mn):
1

ANN———=—
~ln(1
H UHIEJF/O (n)
1+Ud [o'e]
/ y/d Tlc( Q71 MR)’H(y,qQTl),
+ IT Yy I+
1/z 0
IL&zszszszsmsvk;L < kf

The strict LLA in In(1 + 1) = In 355:
|

6.1“(1+W)

c
lo00000000s K < ki mer (1)
|

|
I /dQTlc (1+ >qT1>/1F>,“R) / —H(y,ar1).

20200000100000000000000 1z

pf — — kf ~ p1+
The coefficient function H has been calculated at LO[kniehl, vasin, Saleev, '06]
and decreases as 1/y? for y > 1.
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Inclusive J/v photoproduction: NLO CF&DLA HEF

Matched results for J/1 photoproduction can be further improved by
noticing that in the LO process:

v(q) + g(p1) = QQ [3S§”] +9,

the emitted gluon can not be soft, so that (§); , (~ 25 GeV? at high ,:/
for J/4p) rather than M? can be taken as a default value of u% and p

T
NLO+HEF InEW matching, M=3 GeV z<0.9

1n(1+n)-res., dynamical scale
@l <0(3s,l”l>-1 79.Gev3'+'20% (FD w(25))

NLO+HEF, InEW matchmg, M=9.5 GeV, z<0.9

n( 1+n) res., dynamical scale
<op3s,M)>=10.7 Ge\/z’z 22%I(FD Y(25))+12.51%(FD Y(3S))

= =

2 IS E
= <

H 3

e 2

3 Z

Qo ’T

L0t -3

= LO+NLO+HEF, ¢ p Spt. var, = 102} i
5 LO+NLO+HEF, CTI8NLO —— | 2 LOSNLOYHEF, g g Spt. var. &%

MSH TZBnln asllg — - © C

TI8NLO ——
DF31_nlo_as_0118 — - !‘ISNT207|10 asllg — -
NNPDFBlsx nlonllx_as_0118 — -

DF31_nlo_as_0118 — -
Exp. data —@—

MNPmlsx nlonllx_as 0118 — -

1
10t 102 102
Vsyp [GeV] Vsyp [GeV]
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Back to exclusive case: HEF for imaginary part

HEF-resummed result for the imaginary part
in the DGLAP region (ivanov, 2007 :

[e'e]

—iT C
M) = 1 ) degr Coi(lpl, o) h(ar),

where p = ¢/x and (in the LO in v? and a):
M
M3 +4q3"

h(ar) =
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LLA evolution w.r.t. In1/p

In the LL(In 1/p)-approximation, the Y = In 1/p-evolution equation for
collinearly un-subtracted C-factor has the form:

1
~ N dz —2¢ ~
Cyg(p,ar) = 5(1—0)5((12T)+Oés/7 /d2 *kr K (K7, q7)Cog (g,QT - kT)
3

with é&s = a;Ca/m and
1

52-26) (e, 2 2.
m(2m)~2k2, + (k) 2wq(ar)

K(k7,q7) =

where wg (q%) — 1-loop Regge trajectory of a gluon. It is convenient to go from
(2, qr)-space to (N, xr)-space:

1
C(N,xr) = /d272EQT exrar /dﬂ? N7 Cla,ar),
0

because:

» Mellin convolutions over z turn into products

k+1
, T «
> Large logs map to poles at N = 0: a’;Jrl In* E N NSIchl

» All collinear divergences are contained inside C in xp-space.
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Exact LL solution and the DLA
In (N, gr)-space, subtracted C, which resums all terms o« (&s/N)"
(complete LLA) has the form [collins, Eliis, '91; Catani, Ciafaloni, Hautmann, '91,794]:
2 Y99 (N:as)
Yeg(V,as) (q
C(N.ar, ) = Ry (N 225:0) (92 7
ar HF

where 744 (N, as) is the solution of [jaroszewicz, s2]:

Qs .
w7 X(799 (N, @) = 1, with x(7) = 20(1) =9 (7) = (1 =),
where 9(v) = dInT'(y)/dy — Euler’s ¢-function. The first few terms:
B Qs il as

799(N7 aS) - W +2C(3) N4 + 24(5) N6 +...

-
LLA

DLA [Bliimlein, ’'95]

L by Ppg(z = 0) = 254 4
The function R(7) is
R(vgg(N,as)) =1+ O(oz:;).
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HEF-resummed coefficient function

Resummed coefficient function in N-space (yn = &s(ur)/N):

. M2 TN
C(HEF) N o —1TTC Q TYN
g ( )_ 2 4 2 5 :
i2)  sin(myw)

Resummed coefficient function in p-space:

. ~ oo k
A(HBR) o Zmeds L ) Y oS Lige(—1) (£2) 20/I,L
g (p) 2 1o\ I, { 1 ( p u) ];1 igr (—1) L, 2k—1 ( o u) ,

where L, = &sIn1/|p| and L, = In[MJ/(4p})].
The p < 1-behaviour is governed by the singularity at N = &s:

Gy () ~

so the hard Pomeron intercept in DLA is &s, not 4és1n 2 like in the full
LLA.
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Matching of the CF NLO and HEF-resummed coefficient functions

The CéHEF)(p) can be expanded in as (up to overall factor —ime/2):

& M2 @ 1 [n% 1, (M3
5(lpl — 1)+ —Sln<—Q) +—=1In —[—+—ln < )}4—0045
Qo= 0% o \ag) "Wl 2 @y )| e
N————
:%Cél. ;\sy.)(m’g)

To avoid double-counting with NLO, we use the following subtractive
matching prescription:

9.9

C(match.)(x7€) _ C!g(,)g(x’g) + Qs (7r )C!g,lg( §)

+{ G (g2 — Q2B o120 (0, ) (1a] )
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Numerical results, ur = 2M, pp-variation

The pr-dependence of the LO vs. NLO CF and NLO CF¢oDLA HEF

matched calculation:

T

— LO CF
N L5l NLO CF ez=z=

% 10° F NLO CF ® DLA HEF ===

0] GPD: GK + CTEQ6M, GPD evol.

o M =3.1 GeV

5104 ug = G M, ug = 2M, ¢ € [0.5:2.0]

~ 0t L
£

__u
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S10%

2 ‘\\\

1 SRS ,\)&\\\

P NS5 22
i 10 , ‘4,0
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10" :
10’ 102
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Points — H1 data on do/dt at ¢ ~ 0.
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pp-variation

=M)

R tio o(Hp, HR)/O(KE = M, ug

i LO CF: o(ug = M/2, pg = M)/o(pF =M, ug = M)
LO CF: o(ug = 2M, ug = M)/o(ug = M uR =M)
102 3 NLO CF: a(ug = M/2, ug = M)/o(pp = M, pg = M) - - .- E
NLO CF: o{t = 2M, pp = MY/o{ke = M, g = M) oo
[ NLO CF 0 DLA HEF: aflie = M/2, s = M)/l = M, e = M)
| 'NLO CF 00 DLA HEF: (i = 2M, i = M)/o(p = M, i = M
10! | e
\<\ LN \\ NMNN \\\
Y I \\\\\ \\k\\ LN
\.\\\\\\\\.\\\.\\ A
107 F .
I GPD: GK, CT1 NLO, GPD evol. a,
[ M=23.1GeV \'\'
-2 T
10 ; ; —
10' 102
- [GeV]
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[ Rr-variation

—

=

1

i
= LO CF: oty = M, pig = M/2)/0(1z = M, iy = M
> LO CF: o(uF = M, uR = 2M)/o(uE = M, ur=M

I i NLO CF: o(ug = M, pg = M/2)/o(ug =M, ug = M) -

w 102 NLO CF: o(Ug = M, pg = 2M)/o(ug =M, ug =M a
& F NLO GF O DLA HEF: o{ig = M, i = M/2)/o(iiy = M. {1g = M) - ;
5 E 'NLO CF O DLA HEF: o(pif = M, i = M)/l = M i = M)

s | Lt T e—

c 10 F L
NS F

[} %\‘\

o RITRE \’\ \i\\\\\\\\ \ \\\\\‘\\\\\
= 0 “\wa\w\\‘ﬁx
s Ee AN

w
NS

1 o
L 100 F
= I GPD: GK, CT1 NLO, GPD evol.

? [ M=3.1Gev
L R(Z:fn) o -

'\L;I._ 10 10
el Wyp [GeV]

The increase of pgr-variation of the matched result with energy is due to the
—as(kr) for p — 0.

HEF)(

nr-dependence of the C| p) ~
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Exclusive J/v photoproduction in CFOHEF

9-point pur and pgr variation:

[ CT1NLO: -ptv . =—= ]

o CTINLO: pg =g M, yp =M =<1

S 105 . CTINLO:ug=(eM,ug =M ====1

7 F NNPDF31 -nlonll - -011

1) F CT1 NLO ——

r JR14NLOO FF ——

2 L M HT20-LO- 130 ——

R M HT20-NLO- 11

10" F H1 (2006) —a—i

€ g

X r

g i |
= 10° F E
> : ]
3 g 1
= I GPD: GK, GPD evol. ]

1 5 M=3.1 GeV

a 10° F Lg R €[0.5:2.0] E
\;; E NLO CF ODLAHEF
S I ]

1 I |
10
10’ 107
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Exclusive J/v photoproduction in CFOHEF

Comparison to data on do/dt(¢tmin), extrapolated from total cross section
data at various energies:

T
NLO CF ® DLA HEF: M, g =M, b2 init. ©—= ~
Hr=Ce M, ug = 2o OO\ \\\\sk X
H1 2013 —l—~ R \\\\\\\ O
10000 LHCb-2014 —©— \ AN 5< 1
[HCb 2018 —@—. >><
ALICE-2014 +-
ALICE 201 \
H1-2008, do/dt data scaled &Q \
NN \»< ”
Y \\\ ! \
8 NS
2 N ‘\\ AN db
= SOOOOORX CI)Q)
£ SOOI * |
I}

dofdt(t

1000 [ OO\ X Tﬂ#
\ \\\\\&}( 4. 4
\\\ DX d#
RN\ X :
\

100F

10 100 1000
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Results for T(1.5)

—tmin [Nb GeV?]

do(yp - Yp)/dt],

102

T

CT1 NLO: -ptv .
CTINLO: pyg={g M, i =M
CT1NLO: pr =4 M, pg = M

NNPDF31 -nlonll - -011 -

1 NLO

CT :
JR14NLOO FF

M HT20-LO- 130
M HT20-NLO- 11
E (200)

—
o1
| raw.aval

—a—

GPD: GK, GPD evol.
M= .46 GeV

{rp €10.5:2.0]

NLO CF O DLA HEF

W, [GeV]

10°
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U2

-corrections to exclusive J/1 photoproduction CGC

Plots from hep-ph/2204.14031 CGC calculation without and with

O(v?)-correction:

108 p+y o p+ I/

— Yok, M08k = 4.61
- Y08k, mo,8x = 0.00
Q2 =0.05 GeV?

Ot [Mb]

Ttot [nb)]

ptY —p+I/Y

— Yopk. M08k = 4.61
- Y08k, Mo,k = 0.00

Q*=0.05 GeV?

2
?‘i — NLOKCBK v HI v HI
i?/} — NLOTBK o ZEUS ; o ZEUS
,I//’ ,' — NLO ResumBK ® ALICE ; h — NLO+rel ResumBK ®  ALICE
(il  LOLOBK % LHChH /,' ! © LO+rel LOBK % LHCh
10 10% 10 o ' 10% 10
W [GeV]

W [GeV]
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v2-corrections in NRQCD

In NRQCD, the production amplitude is expanded in a series in relative
momentum k? ~ v?, which is perturbatively matched on a series in terms
NRQCD operators:

of

Aqep [y +p = QQ(k) + p] = co{QQ(K) % 0ix|0)+c2(QQ(k) ¥ o (=D?) x|0)+. ...,

in this way the coefficients co, c2 are determined and then the state

|QQ(K)) — |Q):
Ay +p— Q+p] = co (Q0ix|0) +c2 (QlyT o (=D?) x|0) +. ...,

xR(0)+0(v2) xV2R(0)4+0(v?)

Genuine many-body operators, such as: ¥7o;E - Dy, can also be included
into this expansion.
The quantity:

(Q¢'o: (=D?) x[0) _ V.R(0)
mq(QYioix|0) — mER(0)’

(v*) =

is estimated [Bodwin, Kang, Lee, 2006] t0 be ~ 0.25 for J/ZZ) and ~ 0.1 for Y.
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Resummation and 1)2—COI‘I‘CCtiODS

It makes sense to consider (v?)-corrections to the resummed coefficient
function, because on the level of the full amplitude (C®GPDs):

oo k
A() = A(O’O)+asA(l’O)+(v2>A(0‘l)+Z [as In %} (ALres.,O) + (U2>A1(€res"1))+. -,
k=1

and we have (M) ~ (v°) ~ 0.25, while as In(1/€) ~ 1.

The HEF coefficient function can be expanded in (v?):
har) = h(az) + (") (a7) + ..,

M2
0) (2.) —
h (QT) M2 +4q%7
B () = M? (31M* + 104M*q7 + 176(q7)?)
ar) = 12 (M? + 4q2.)°

)

and the O(v?) correction to the resummed CF coefficient function in Mellin
space is:

22 1 L0
CHEF VT (N = 73 (4w (27w = 7) +31) x CHEF YO ().
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Resummation and 1)2—COI‘I‘CCtiODS

2 0 & a2 1 (L2 a? .
O () = 6(lpl — 1) + L+ Thln o | 54 T ) 4 0(ad),
—ime ol ol 1ol \ 2 6

2 _(HEF, v?) 31 Qs (31 7)

—C: ’ = —9 -1 (==L, - =
—ime ¢ () = 380l =D + ol \12°7" 3
A2 2
&% 1 /31 4 7 2 31w ) 3
e - R S R 0(a?),
+mlﬁm(% nTgletgt gy )T O

where L, = In[M?/(4u%)]. Correction to the LO in a; is +31/12(v?),
however the correction to the resummed coefficient funciton has a negative

part:

as+CAI=0.24, v?=0.25

— Chier(p)-Cnio(0)

vcldio)

10 0001 0010 0.100 1
p

So the relativistic correction does not behave as just the overall factor.
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Towards the Next-to-DLA
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The Gauge-Invariant EFT for Multi-Regge processes in QCD
> Reggeized gluon fields R+ carry (k+,kr, ks =0): 0z R+ = 0.

» Induced interactions of particles and Reggeons [Lipatov *95,

’97; Bondarenko, Zubkov ’18]:

L= gistr (Rt (WA ]-W A ]) +(+ o )],

with We o [v4, %7, AL] = Pexp [7_»29_1 jf dm':FAi(mi,m/:F,xT)] =
(1+ ig_;a;lAi)il.
» Expansion of the Wilson line generates induced vertices:
tr [Re07 A + (—ig.)(07 Ry)(A_9-"AL)
+(—igs)* (0T Ry )(A—9Z A0 A) + O(g2) + (+ + —)] .
» The Eikonal propagators 91" — —i/(k¥) lead to rapidity
divergences, which are regularized by tilting the Wilson

lines frOm the hght-COne [Hentschinski, Sabio Vera, Chachamis et. al.,

’12-°13; M.N. ’19]:

nf — nf =nl +rafl, r <1 EE=ntk.
The terms for conversion of the result into any other
regularisation scheme for RDs can be easily computed. 26 / 32



Rapidity divergences and regularization.

b+

P &g (p3 d +d Foordg()
pr(nin_ q q (...
= CA5ab = dy
at - ( P ¢ (p — q+q / / ¢ +

Y1

the regularization by explicit cutoff in rapidity was originally proposed

Lipatov, 931 (5 = /@2 + qZe™, p =p~ = 0):

dD—QqT
a7 X Cagl / -
T aZ(pr — qr)?

w® (p2.)

X (y2 — y1) + finite terms

The square of regularized Lipatov vertex:

. 1602 2
LDy P = A0 £(y),
T

1
)= (re=v 4+ ev)(rev +ev)’
“+oo
/ dy f(y) = —Inr+O(r)
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Rg — cc [15([)1}} and cc [3S£8}] @ 1 loop

c
Interference with LO: M
=

Some Rg-coupling dlagrams

WMWKK

BB bicRgr2 © DrAgks ©  Agbicmm ¢ Rgbiwys o

g c g g R c c
Se c c
.

P e R e A, Tgouae A rgormrs n.@r RgmIE

Hg. e Ao a,m Ao qus fu o Rgnu Rg o ans

S o ad_ e ¢ 9 g ¢ 9 o o W99
S - - ! -

ROpcrgme  Aoordmre  Adondmsc  Aooudme ©  Agoidmo ©

g

and so on...

Induced Rgg coupling diagrams:

gR s cc
|mngm c |mmgu2 c \mnguz c R Ind Bgi4 ¢ A ind gyms
mngus ~|naﬂg:7 c "\mﬂgﬂa ¢ H— [ A= g rgrto
gR > cc
i Y :cg : : “j;I:
\ngIlH mnngmz mngma Ind. gnu R Ipegigm1s
c g c
g ot e W
- g9
R ndgignis ARG ngui7
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» Diagrams had been generated using custom FeynArts model-file,
projector on the cc [1 S([Jl]]—state is inserted

» heavy-quark momenta = pg/2 = need to resolve linear dependence of
quadratic denominators in some diagrams before IBP

» IBP reduction to master integrals has been performed using FIRE

» Master integrals with linear and massless quadratic denominators are
expanded in r < 1 using Mellin-Barnes representation. The differential
equations technique is used when the integral depends on more than
one scale of virtuality.

» In presence of the linear denominator the massive propagator can be
converted to the massless one:

1 1

(D) + k)@ —m?) (e D) + k) A+ mis 2 (i 1+ mi 2 (8 — )

= all the masses can be moved to integrals with only quadratic
propagators.
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Result: Rg — c¢ [1 S([)lq @ 1 loop

Result (vn, 231 for 2R [H”“ x Lo(ar)—(On-shell mass CT)]

(as/(2m))Hro(aT)
2 €
1 a1 o N. 1 q, 25 2np 3
Sy’ | = —— 4+ —|N¢|(In F M>
5 <q2T> { 62+€[ ( et 5 N | [T u(qT/ )
_ 10 (CF) (CA
Figm(r) = —gnFHR[CFFl iy (1) + CaF| ( )l
C C
Fl(s[fl) (1) = Fl(s[g])(T)v
0 0
. C C
while F{4)(r) # F{53) (7).
0 0
g+g->'Sk+g @ 1L, sM?=10°
E o O 7
s o E'_‘O C . R0
? 2: ‘—(2. b L WIM?=1
= of [ Sy S AIM=10
% L w : i

o001 0010 0.100 1 10 100
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Role of In q%-corrcctions in the matching

Next-to-DLA coefficient function contains

CHEF () 5 / 2 o(DLA)

‘ .
v p,ar, 1, nR) [h(LO)(q%) 4 Qs pp(NLO)

o (qQT)+...],

0

suppose h(NEO) (qT) ~1n"(q%) for qF < M% with n = 1,2. In N-space
(1n = s /N):

2
”‘F

KR
R d 2 2 YN "
o - 5312
qr

7 \uE
—1)"n! —N forn=1
:&37( )'n —{

ar qT

—'(lp| —1)  form=1
'yj'\L[ % for n = 2 Mellin transform %f\w( ‘ -1) for n =2

So these contributions do not belong to NLA and will be removed in the
matching procedure!
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Conclusions and outlook

» The perturbative instability of NLO CF computation for vector
quarkonium photoproduction comes from the high partonic energy
region £ € x <1

» It can be resolved by the resummation of higher-order corrections
~a?In""*|z/€| (LLA) in the coefficient function, using High-Energy
Factorisation(HEF')

» The DLA is the truncation of LLA, appropriate for the use together
with fixed-order GPD evolution

» The matched NLO CF®DLA HEF results agrees with data within very
large scale uncertainty

» This results confirm that there is no pathology in the
leading-twist CF computation and it can be safely used e.g.
in the low-energy region

» Study of O(v?) (“relativistic”) corrections and Next-to-DLA corrections
is underway

Thank you for your attention!
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Rg — cc [1 S([)lq @ 1 loop, cross-check

In the combination of 1-loop results in the EFT:

—OT =T =T
- O ]

the Inr cancels and it should reproduce the the Regge limit(s > —t) of the
real part of the 2 — 2 1-loop QCD amplitude:

g+g->"sihg @ 1L, siM?=10°

100 ’ g+g—cc [IS(()I)] +g.
0 o pAIM?=0.1
= #iM¥=1p The 2 — 2 QCD 1-loop amplitude can be
:Z: ", HIME=10 computed numerically using FormCalc
_200f__* (with some tricks, due to Coulomb divergence)
T » The Regge limit of 1/e divergent part

agrees with the EFT result
2
—t/M » For the finite part agreement within few

% is reached, need to push to higher s
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Non-relativistic QCD

The velocity-expansion for quarkonium eigenstate is carbon-copy of corresponding
arguments from atomic physics (hierarchy of E-dipole/M-dipole with
AS /M-dipole transitions):

Iy = 0(1)‘05[355”]>+O(v)‘ca[3p§8>]+g>
+ o] ) rou [0 )+

for validity of this arguments, we should work in non-relativistic EFT, dynamics
of which conserves number of heavy quarks. In such EFT, QQ-pair is produced in
a point, by local operator:

Axrqep = (J/¥ + X[ xT(0)kn1(0) |0),

Different operators “couple” to different Fock states:
X (0)w(0) & |ee['s§0]) X @)ai(0) & [ec [Ps{V]),
(00, T*(0) ]ca [3s§8>] > . xT(0)Ds(0) & ]ca [1131(8)] > o
squared NRQCD amplitude (=LDME):

DA = Oyt lxal g gy et 10) = (o),

@i/w
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Backup: DGLAP P, at small z

LO: ng():2iA+ SN =R
Plot from hep-ph/1607.02153 with my curve (1n red) for the strict LLA:

820 (10 (N)) = 1 = 700 (N) = % +20(3) 2 +2((5) 25 + ...

ag=02, ng=4, QMS
0.4+

<True LL

0.35

0.3

0.25

x ng(x)
o
5]

0 1 1 1 1 1 1 1 1
1 10t 102 10% 10* 10° 10° 107 108 10?
X

The “LO+LL” and “NLO+NLL” curves represent a form of matching between
DGLAP and BFKL expansions, in a scheme by Altarelli, Ball and Forte which is
more complicated than the strict LL or NLL approximation. 35 / 32



~ d4 &6
G 1 2¢(3) 25 +2¢(5) =% +

Effect of anomalous dimension beyond LO

Effect of taking full LLA for v44(N) =
together with NLO PDF.
NNPDF31_nlo_as_118, M=3 GeV

10*

. ¢
4 L0 CF — -
£ L0 CF, Mg-var. 0
HEF DLA ——
HEF DLA, pg-var £X<J
Ll

HEF full LL vgg — —
s

HEF LL Voo, Mprvar

10% ‘ ‘
Vs [GeV]
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Scale-fixing solution

Studied in [Lansberg, Ozcelik, 20°], [Lansberg et.al, 21']. For J/1) photoproduction:

(LO+NLO) o NMmax )
% > <(217r> / dﬂ{ln(l+n) {01(n—>oo)+51(n—>oo)lni\:[—%}
0

X <fg (zn, u7) + g—ij(xn, ,u%)) + non-singular terms at n > 1}

“principle of minimal scale-sensitivity” = for g

J/v¢ photoproduction: / /
Iy ci(n = o0) PN CTLENLO; -NLD “g+q
=M — | ~0.87TM .
e eXp[?m(woo)] ’ |

for n.-hadroproduction: \
A M \
fir = M exp [_1} = — ~0.61M. . x\
2 Ve o S

The jir-scale removes corrections o« o In"~'(1 +7) from &;(n) and
resums them into PDFs. But is such resummation complete?
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Quarkonium in the potential model

Cornell potential:
V(r)=—-Cr as(1/r) +or,
T

neglect linear part, because quarkonium is “small” (~ 0.3 fm) — Coulomb

wavefunction (for effective mass -"172 = Q).
m1+meo 2

as?(mgwv)
05
0.4}

/3 3013 i’

myasC ;

R(T) — Qs Fe—iang mqQr mg=1.5 G@,V
2 0.3}

2 _C%Oli 3 1
() = =5 ’<T>7—20Fva

0.0 0.1 0.2 0.3 04 0.5

021
mp=4.8 GeV
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High-Energy Factorization (7. hadroproduction)

Y, %
ki ’fg g ! ’f"gfl b
fo (2r) e A L R fo (2.r)
~ ———
Pt Cyg(z+,ar1)  HI™(apy.ar2)  Cgqlz-.arz) Py

Small parameter: z = MT2, LLA in " In" ! é:

. [e'e) [e'e] ]\/[ ) ‘
Uz[j b HEF(ZvﬂF,MR) = / dn/dQTldQT2 gi (A—/[T\/zaquTn/iFv/iR)
—oo 0

Mr _ .
><ng (W \/g()' '7’ q%Za HFs UR

)/@H quvqT27¢)
2 M2
0

The coefficient functions H!™ are known at LO in QUs [Hagler et.al, 2000; Knichl,
1g(1,8) 3p(1.8) 3g(8)
0 ’ J ) 1 -

Vasin, Saleev 2006] fOI' m =
The H'™ is a tree-level “squared matrix element” of the 2 — 1-type process:

Ry(qri,q) + R-(ar2,q; ) — ce[m].
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Fixed-order asymptotics from HEF
When expanded up to O(as) the HEF resummation should predict the
5> M? asymptotics of the CF coefficient function &
For the v+ g — c¢ [359)] + g we have
1) o) 1) computed 1 — oo limit of the z and
For the g +g — cc [150 3Py, 3P, ] p = p%/M?-differential NLO “scaling
the NLO and NNLO(a2 In(1/2)) terms in functions” in closed analytic form,
¢ are predicted [M.N., Lansberg, Ozcelik 22]:

[m] [m] [m] [m]
State A0 A1 AQZ 322
) 1 —t & %,
35, 0 1 0 n
3 43 2 2 Z 40
Po 1 —2r e +3 = i
il 0 51 ~9 4
3 53 1 11
P2 ! —a3s | 'ty | 'ty ) .
and obtained numerical results for
sl 0 = o[y {Agn]‘s(l -2 NNLO “scaling function” co in front of
N ] ] M2 as In(1+n).
+—2C04 A + A In

+<%)3 nl c? |:2Ag'”] + Bgm]

[m

), M2
+4A1 “In

2

M

- + 24 m? =
HE o

+o<a§)},




Inverse Error Weighting (InEW) matching

Development of an idea from [Echevarria et al., 187 :

a(n) = wer(n)éer(n) + (1 — wer(n))Fuer(n),

the weights are determined through the estimates of “errors”:

A& (n)
wCF(n) = ~—2 S ~—2
AUCF () + AUHEF(U)
> Aécr(n)ds due to missing
higher orde nd large
logarithms, it can

estimated from the as
expansion of égrr(n).

, whEF(n) = 1 — wer(n).

Dinewyg () —— T
6.5x08newyq (N ——

> Adugr(n) is (mostly) due
to missing power
corrections in 1/n:
A&HEF(W) ~ Aﬁ*aHEF We
determine A and aggr
from behaviour of
ber(n) — 6cr(oo) at n > 1.




Matching with NLO
The HEF is valid in the leading-power in M?/3, so for § ~ M? we match
it with NLO CF by the Inverse-Error Weighting Method [Echevarria et.at., 18].

.
n.-hadroproduction,
100 T T T m
z = M2/S cnam.o NLO+HEF, M=3 GeV
vs. subtractive matching,
— 159 1_state
ol 45-7000 GeV g9 107 £ chanets: “‘W.m‘a‘.q‘w‘a,
Lome Sl
_sow | =
H Ll
§ oow? 1 o 0, He g Spt.
2 LO+NLO+HEF subtr. match., g x Sp!. var
g LONLO+HEF InEW match., pg g 5pt. ==

5p
InW matching un(enxmty 4

LOMLOWEE, subtr. matching
L0~MLO‘HEF IV\EW ma(chl"ﬂ
g

wE 1 bt
525
szn\—/
Sist
10
Sosk ]
- e i o0 7 o f o
NLO, S o om e o ew an om om it EF « v [6ev]
. [ crienlo, nLosHEF, M=3 Gev J
| “default scale .
J/'l/) hotoproductlon, 0081352179 Gev? + 20w (D w(2s)
2 2, 0L
n=(5§— M ) /M n:
“"ﬁ‘u":s:z:m«” = [
e %
ES
CTIBNLO, VSy,= 700.0 GeV 7
feran <
*>m E | be,g 5Pt.
z tehing anceriainty

g, ThEW match.; i var =
LOMLOHER . ToE maten, We,p Spt. var, i

[ LOWNLOVHEF, TnEW, n(1en)-resumm. ——
LOWNLOSHEF, TnEW, n(1/E)-resum. —
LOSNLO, 1p=0.869*M, pg=M — ~—

do,p/dinin), b

* L

30100 Ll il il il 102 10°
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