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Why 7 ?

High-energy instability of the NLO cross section
High-Energy Factorization = resummation of In1/z
Reproducing NLO and NNLO results at z — 0 from HEF
Matching HEF and NLO CPM calculations
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Do we understand quarkonium production?

Understanding of hadronisation of the QQ-pair (Q = b, ¢) into heavy
quarkonium turned-out to be challenging
theoretical/phenomenological problem (recent reviews: hep-ph/2012.14161,
hep-ex/2011.15005, hep-ph/1903.09185). Do we understand which states of the
QQ-pair are important?

For some processes — yes! The importance of the color-singlet
QQ-state has been established:

» Photoproduction of prompt J/v¢ at 0 < z < 0.9.

» Bulk of the double prompt hadroproduction of J/
and (somewhat unexpectedly...)

» Prompt 7. hadroproduction
Probability (=LDME) of hadronisation of the color-singlet QQ-pair to

the physical state is oc |R() (r = 0)|2, which is relatively well
constrained, in comparison to CO LDMEs. No free parameters!?
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Is 15(()1)—d0minance in n.-production a bug or a feature?

The 7. hadroproduction was found » Color-octet LDMEs for 7. are
to be dominated by the cc [1 Sél)} related (up to 02 corrections)
state: to LDMEs of J/’lﬁ by
T heavy-quark spin symmetry

< (long wavelength gluons do not “see” heavy
8 quark’s spin). Strong HQSS
= violation?
f > HQSS is quite “good”
g‘} Y symmetry, manifests itself e.g.
8 10 'F \/§=8Tev-‘.’-_4:~““\\ ] in hadron spectrum as

107 LDVEs Buemschental ] closeness of D and D* (B and

4 6 8 10 12 14 16 18 20 B*) masses.

p; [GeV]
[Butenschoen, He, Kniehl, 2015] ThlS iS a > My SpeCUIation: HQSS maybe
problem for NRQCD factorization, Elapphcable fo pmd;“l“’n’
because roughly the same ecause mg 1s not the largest
contribution of color-octet states
as for J/v was expected.

scale in the problem. There is a
lot of “soft” gluons with
Me,b K Eg <L pr.
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Is NLO QCD prediction for 7. production perturbatively
stable?

If we want to calculate the pp-integrated total or y-dfferential cross
section, then NO:
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Why?
Collinear factorization for total CS for the state m =25+1 LSO):

1

a[m](\/§)= / —ﬁw(z WF)G; m ](Z,HFaHR)v

Zmin

where 4,5 =q,q,9,| 2 = 1\172/3 and partonic luminosity:

+Ymax

Lij(z,pr) = / dy fi (\/%ey,/w) fi (%fZHLF) ,

~Ymax
with f;(x, ur) — momentum density PDFs.
NLO coefficient function [kuhn, Mirkes, 93°; Petrelli et.al., 987 i1 the z — 0 limit

o7 = otg [Agm]‘s(l —-2)+ CMM (A[m]l e +A[’"]> + O(zas,ai)} ,
™

where Cyg =204 = 2N,, Cyy = Cygq = Cp = (N2 —1)/(2N.), Cyq =0
and A" < 0.
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Match. uncert.

doge/dz, nb
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Optimal pp choice?
It is natural to choose pur such a way, that the negative Agm] is
Cancelled [Lansberg, Ozcelik, 2020].
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is equivalent to resummation of some of the terms oc ol In ;
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High-Energy factorization in a nutshell

High—Energy FaCtOfizatiOH [Collins, Ellis, 91’; Catani, Ciafaloni, Hautmann, 91°,94°].

Y+ H Y_
ary P b= . ar-
fo(Z1, pir) i - — - fo(Za2, pir)
Pix v P_To
P, 7 pP_
M2 M?
Small parameter | 2 = — —5 242, | where M7 = M? + p?. and
5 Mz,
D+ p—
2+

= — 2_ = —
P+£E1 ’ P,£E2

Using the BFKL formalism one resums corrections to & enhanced by

1-— 1 2
Yy =In ( 1y Zi) ~ %—Hn —, in LP w.r.t. e
lar+| 2+ qr A i\ 1 — 24

where py = pLeT¥* ~ My, in inclusive observables.
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Resummed coefficient function

A [m], Vi 7 Mt
Uz[j] HEF(Z,MF,HR) = / dn/dqzﬂd(ﬁz Cyi (W\/zen,QQThNF,NR)
—00 0
27
Mp . _ dop H™ (g%, a4, ¢)
Xng (ﬁ\/ze naqg"QquyuR)/? ]7\141% T2 ’
0

The coefficient functions H™ are known at LO in av [magier et.as 2000;
é178) 3P§1’8) 3S£8).

_1
Kniehl, Vasin, Saleev 2006] for m = S
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LLA evolution w.r.t. In1/z

In the LL(In 1/2)-approximation, the Y = In 1/z-evolution equation
for collinearly un-subtracted C-factor has the form:

1
- R d o -
Clo.ar) = 30-23()+a. [ Z [ @2k ) (2 ar — k)

with ds = asCys /7 and
T (Am) T+ )T%(1 —¢) n 1
(1 - 2¢) m(2m)—2¢k3.’

It is convenient to go from (z, qr)-space to (I, xr)-space:

2
K%, %) = 672 k) P1)

C(N,xr) :/d2 2e Z"T"“T/dgvav (z, qr),

0

because:
» Mellin convolutions over z turn into products: f dz _, %
o Ik 1 af“
» Large logs map to poles at N = 0: In —> N

» All collinear divergences are contained inside C in x7-space.
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Collinear divergences

Exact (up to terms O(¢)) solution for C can be obtained [carans.
Hautmann, 94°] . It contains collinear divergences, which can be removed
(absorbed into PDFs) in the M S-scheme to all orders in a:

€

~ -2
GsSepp

_ 1 d
Zco%l. = exp 7; / aO[’YQQ(O" N) ’ S6 = exp [6 (ln 4 — ’YE)] )

0

C(N7XT) =Z C(viTa/"’F)

coll.
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Exact LL solution

In (N, qr)-space, subtracted C, which resums all terms o (&s/N)"
has the form:

(N,as)
Yaq (N, g q2 Tag
C(N.ar. i) = Ry (N, ) 22:00) ( T) ,

2 T2
ar Hr
where 744 (N, a;) is the solution of (sarossewics, s2:

X9 (N, 02)) = 1, with x(3) = 26(1) = (1) = (1 =),

where ¥(y) = dInT'(v)/dy — Euler’s ¢-function. The first few terms:

as at as
Yag(N, as) = N +2C(3)N‘4 + 2{(5)N‘6 +...
~—
DLA
LLA

The function R(y) is
R(vg9(N,as5)) =1+ O(Ozg)
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Doubly-logarithmic approximation
we obtain:

TN =

=z

Taking the LO result for vy44(N, os) —

2 YN
YN (A7
CDL(NaqT;,uF):_ <_) )
a \ i
which resums (ﬁ In ﬁ)n & A In" (ﬁ) In"! (1)
N pa s pa z)"

In (z,qr)-space it iS [Biamiein, 947
Jo (21 Jévg 1ng—2~“ In 5) . lar| < pr,

CoL(z,q7, ir) = -

2
I (21 [ésIn j—; In %) . lar| > pr,

where Jy/Ij is the Bessel function of the first/second kind.
This approximation should be used with standard LO, NLO,

NNLO PDFs, because DGLAP evolution is taken at fixed
order (LO, NLO, NNLO).
14 / 23
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Does this work?

The resummation has to reporduce the A[lm] NLO coefficient
when expanded up to NLO in a;. And it does. We have
performed expansion up to NNLO:

State | AL | A" 1 Al B
150 1 -1 %z %z
3, | o 1 0 =
I TilT
1 54 9 .9
NN E Y

for e.g.

s m my . M?
Sl HEF () — glm] {Agm1a(1 —2)+ %‘20,4 {AQ T4 almim N—}

2
F

N\ 2 2 2 )
T (i) 3 ln% {zAg’"} + B Al ]K—Q + 24l 1 24—2] n 0(a§)} ,
F

@ F
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Connection with fip

The HEF resummation would be equivalent to the jip prescription,
if the HEF CF HI™l(q%,, g%, = 0)/M} was o« (% — g%, ). But it is

not:

HEF coefficient function
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Matching with NLO of CF

The HEF works only at z < 1, misses power corrections O(z), while
NLO CF is exact in z, but only NLO in as. We need to match
them.

» Simplest prescription: just subtract the overlap at z < 1:
h d
[m] [m] 2o [ <Imlig
ONLO+HEF = 9L0 cF T / > [UHEF (2)
Zmin

[m] »ij A [m] 7ij

+onLo oF (2) — ONLo CF(O)] Lij(2),

» Or introduce smooth weights:
1
ONLO+HEF — 9LO CF z OHEF \#

Zmin

+ &%QMM} (1- rrwiiw(z))} ,

z
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Inverse error weighting method

In the INEW method [michevarria, et.at, 2018) the weights are calculated
from estimates of the error of each contribution:

[AUgEF (2)] -2

[Aoipp(2)] 2 + [Aodp(2)] 72

Wwpp(2) =

T T T
10 /S5=2000.GeV,

CTIBNLO

> For Aocrp we take the a?ln 1 ol
term obtained from HEF
+0(a?)-term which we vary.

» For Aopggrr we take the
as0(z) part of the NLO CF
result +O(a?)-term which we
vary.




Matching plots
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Matched results for 7,

K-factor

NLO

NLO+HEF DLA

T
Lo 10f
CT18NLO, NLO, M=3 GeV HrR 4ot var. CT18NLO NLO+HEF, M= 3 GeV
, , , (om0 e 4t v
InEW vs. subtractive matching,
15,(1) .state LO4NLO, u,-eWM u.‘-M - - lse 1 _state
channels:gg+qg+ga+aa 107 = channels: gg-+ag+ga-+aidi+aidj+ad;
210°
oL
- 100 . b At var. B
LO+NLO+HEF subtr. matching, jis  4pt. var. =
LO+NLO+HEF INEW matching, jie g 4pt. var. 22
LO+NLO+HEF, subtr. matching
LO+NLO+HEF, INEW matching =———
| | ! 10° | LO+NLO, pr-e UM, =M = = _|
- g 20
4 gk N
10
% 05 - N
| R ——— o | L 1
102 10° 104 10° 102 10° 104 10°
VS, Gev VS, Gev

20 /23



Matched results for n,

K-factor
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The PDF dependence
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Conclusions and outlook

>

>

>

The high-energy instability of the NLO cross section is related
with lack of the o In" " L corrections in 6(z) at z < 1.

The HEF at DLA is the formalism to solve this problem if the
standard fixed-order PDFs are to be used.

Matching between NLO CF (finite z) and HEF (z <« 1) has to be
performed, but there is no strong sensitivity to matching
procedure.

Scale-uncertainty is reduced, the K-factor is flat at high energy.
But the uncertainty of NLO CF+DLA HEF calculation is still
too large.

NLO CF+NLL HEF calculation is in progress.

Future plans: y-distributions, production of x.s,
photoproduction...

Thank you for your attention!
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Backup: Higher-twist effects

Convolution of C-factor with the
Gaussian in krp:
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Backup: DGLAP P, at small z
Plot from hep-ph/1607.02153 with my curve (in red) for LL
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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. 25 / 23



	

