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Motivation.

The talk is based on: [B. A. Kniehl, M. A. Nefedov, V. A. Saleev, Phys.
Rev. D 94, 054007 (2016)]

Two main pillars of physics of heavy quarkonium production at hadron
colliders:

o NRQCD-factorization (¢ = (J/v, Xxecs, ¥(25),...) + X)

e QCD-factorization (p 4+ p — ¢€ + X): Collinear Parton Model +
radiative corrections

Main observable — pr-spectrum (-+ polarization!), 3 kinematic regions:

e Small pr < M (assuming M > Agcep): Sudakov region, large
logarithms — log?(pr/M).

o “Moderate” pr ~ M: NLO corrections in CPM are significant
(> factor-2), log 1/z-effect? (x ~ M/V/S < 1)

o High pr > M: Fragmentaion region, large logarithms log(pr/M).

‘We need to fit all regions simultaneously, to understand HQ
production! Unified description of regions 1 and 2 + pr-spectrum for
2 — 1 production = kp-factorization.
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Parton Reggeization Approach

Traditionally, kr-factorization is motivated starting from the BFKL

evolution equation (log1/z-resummation). We derive the factorization

formula of PRA starting from the Collinear Parton Model (see Sec. IT of [A.

Karpishkov, M. Nefedov, V. Saleev, hep-ph/1707.04068] for the details).
Auxiliary CPM subprocess:

| g(p1) + g(p2) = g(k1) + Y(Pa) + g(k2).

k—

"TTO000NTTIE00 00000 0%T00000° Modified Multi-Regge-Kinematics
pl—> : Bl a : approximation (mMRK-approximation)
| | : for M2 (21 = qf /pi, 22 = a3 /7 ):

I+ i
A A S 4g2 [Arral?
Q@ IMPZ irk ~ =5 5 Pog(21) Pog (22)————,
| — Y — 1 4192 Z1%22
o1 ! | -
m T : . | . : where |Apra|? — gauge-invariant PRA
v amplitude with off-shell (Reggeized)
,—

‘ initial-state partons:

Mmoo Iz Iz 2 _
Gio=o12P1 5+ a1 2, qr2=—t12 <0}
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Parton Reggeization Approach

Traditionally, kr-factorization is motivated starting from the BFKL

evolution equation (log1/z-resummation). We derive the factorization

formula of PRA starting from the Collinear Parton Model (see Sec. II of [A.

Karpishkov, M. Nefedov, V. Saleev, hep-ph/1707.04068] for the details).

‘ Regions of validity of mMRK

approximation (z1 = ¢i /pf, 22 = q5 /Py ):
| | o Collinear region:

qll : | : t1,2<</12, 0<2z,2<1

|

|+ + N e Multi-Regge region:
A @ A tie ~p?, 22 < L

= ¥ - | Multi-Regge Kinematics = large
” QZT : | : Rapidity Gaps:
— |+ + 1
m@m‘lfmmm 1 1
ke y(k1)—y(Pa) ~log —, y(Pa)—y(kz) ~ log .
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Parton Reggeization Approach

Substituting the mMRK approximation for |M|? to the CPM factorization
fromula, we obtain the PRA factorization formula:

1
d d? d d?
/ xl/ Qqu) (21,1, / 1’2/ arz g o(@3, b, 2)'da'PRA,
0

where ® are the tree-level “uninitegrated PDFs” (next slide) and

|Apral?

4
28z122 (2m)70 (g1 + g2 = Pa) d®a.

dopra =
Note: The flux-factor of CPM I = 2Sx,2> for the off-shell initial-state
partons. Other approaches in the literature are NOT consistent with
Multi-Regge limit!
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Unintegrated PDFs

contain singularities for ¢; 2 — 0 and 21,2 — 0. Introduction of the
Sudakov formfactor (T;(t, ?) = resummation of log?(t/u?)-corrections
in LLA) and rapidity-ordering condition for 21 2, converts them into
well-known (in kr-factorization community) Kimber-Martin-Ryskin
unPDFs [KMR, 2001]:

1

By(x, 1, 1) Mas(t) Z /dz Py(2) - %fj (2775)

t 2
7=4,3,9 %,

x 60 (1 — A]{;\,{R(f, [12) — Z) s
normalized such as:

u2

/dt Oz, t,1%) = xfi(x, ).

0
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PRA amplitudes

In PRA, the gauge-invariant matrix elements with off-shell initial-state
partons are obtained in the framework of Effective Field Theory for
Multi-Regge processes in QCD, introduced by L. N. Lipatov [Lipatov, 1995].

Part of the Feynman rules:

777777 Z —i84p a

b
[—
o = (—ig?)n) dap
q

2

9sfaaras (n;fnf) :T

2
-2 (0 F o F o F ) 4 | Sabay fragay fabay fraias
igi (nf,nf,nif,) 5 T + T

where n/t = 2P§,/VS,n} =n2 =0,ntn" =2.

Induced vertices of interaction of Reggeized gluon (R) with n gluons are
O(g?l), due to the Wilson lines in the Lagrangian of EFT.



¥ (2S) and Y(3S) hadroproduction in the Parton Reggeization Approach: yield, polarization, and the role of fragme

R+ R — QQ [359)} + g amplitude.

& &

4 / /
7 7 ). 7

Collinear limit:
27

dprdes . 7 2
/ e t};rﬂoMPRA' = |Acpum]|
0

Squared amplitude coincides with the squared amplitude, obtained in the
“old kr-factorization” prescription:

i
dr12

Viia’

e"(q1,2) —

due to the Slavnov-Taylor identities.
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2 — 1 amplitudes.

= [3 (8 8) 3 (1,8
Processes R+ R — QQ [3S§ )71 Sé )75 P§ >]
\
\ \
,j /
/ /
Lipatov vertex:

N SRR IR AR

Squared PRA amplidude coincides with the amplitudes obtained earlier
in the “old kr-factorization” [Kniehl, Saleev, Vasin, 2006].

For single heavy quarkonium production, PRA = “old kr-factorization”
with KMR unPDF and CPM flux factor for all subprocesses.

For pair production, the amplitudes are different, see the talk by Zhiguo
He.

-
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Heavy quarkonium production in PRA

The fits of Color-Octet LDMEs for J/1, ¥(2S) and x.s-production in the
LO of PRA has been performed since [Kniehl, Vasin, Saleev, 2006], and in
[Nefedov, Saleev, Shipilova, 2012] the LHC data has been included.

The fit of CO LDMEs for T(15), T(2S) and T(3S) production, based on
LHC data, has been performed in [Nefedov, Saleev, Shipilova, 2013].
Strategy of the present work:

o Concentrate on the most “clean” states: ¢(25) and T(3S) which are
minimally affected by feed-down decays. For 1(2S) there is no excited
states with My 25y < M < 2Mp. For Y(35) there is only x5(3P), with
unknown branchings.

@ Include Tevatron (pr < 30 GeV) and latest LHC (pr up to 100 GeV)
data into the fit.

@ Include fragmentation mechanism, to describe high-pr data and
obtain consistent description for all values of pr = reliable LDMEs.

@ Obtain the predictions for polarization of ¢(25) and Y(3S) and
compare them with the data.

In such a way we obtain the clear and unambiguous manifestation of
polarization puzzle.

10 /29
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Prompt 9(2S5)-production. Description of the LHCb-2012 data.
=T7TeV, 2 <y <4.5.

i LHCb-2012 |

103

1
t

o,
i

do/dpr({(2S)) , pb/GeV

3

0 2 4 6 8 10 12 14 16

pr(P(28)) , GeV

Contributions: ”.5'1 I " 35§8>7 lS(()S>-
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Fit results

it = o [55]) +  o [ri”)

LDME Fusion Fragmentation _ NLO CPM [1,2] _NLO OPM [3]
ov(25) [3s(D]Y /gevs 0.65 + 0.06 0.65 + 0.06 0.76 0.76
<ow(25) 3558) /Gev3 x 103 1.84 +0.23 2.57 + 0.09 1.24+0.3 2.80 + 0.49
Mg(ZS)/che' x 102 3.11 £ 0.14 2.70 £ 0.11 2.04+0.6 0.37 £ 4.85
 Ry(2s) 23.0 £ 1.0 23.0 £ 1.0 23.5 23.0
x2/d.o.f. 0.6 1.1 0.56 2.84
0T3S 35D /gevd 3.54 - 3.54 -
<OT(3S> 3S§8) /Gev3 x 102 2.73 4 0.15 2.71 4+ 0.13
M;g(?’S)/ch?’ x 102 0.00 + 0.18 - 1.083 + 1.66 -
Ry(ss) 22.1+0.7 22.1
x2 /d.o.f. 9.7 3.16

[1] H.-S. Shao, H. Han, Y.-Q. Ma, C. Meng, Y.-J. Zhang, and K.-T. Chao, 2015
[2] B. Gong, L.-P. Wan, J.-X. Wang, and H.-F. Zhang, 2014

[3] B. A. Kniehl, M. Butenschoen, 2016
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S)-production. Fit of the ATLAS and CDF data

ATLAS-2013
lyi1.2

ATLAS-2013
1.2<lyl<2.25

CDF-2002
Iyi<04

20 30 a0 50
Pr(Y(38)), GeV

Contributions: * 5| I " 35§8>7 lS(()S>-
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1d, polarization, and the role of fre

Y (35)-production. Description of the LHCb data.

LHCb-2012
20<y<2.5

1
g
101
3 LHCb-2012
H  S<y<3
£ 25<y<30 3.5<lyl<d.0
LHCb-2012 210
30<y<35 § 40<lyl<ds
2 0 o 10 12 1 2 0 o 0 10 2 1
PrOFGS), GeV

PIY(S)), GeV
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Fit results

eization Appr

it = o [55]) +  o [ri”)

LDME Fusion Fragmentation _ NLO CPM [1,2] _NLO OPM [3]
o¥(25) 3S§1> /Gev3 0.65 =+ 0.06 0.65 = 0.06 0.76 0.76
<ow(25) 3558) /Gev3 x 103 1.84 4+ 0.23 2.57 + 0.09 1.24+0.3 2.80 + 0.49
Mg(ZS)/GcVS x 102 3.11+0.14 2.70 £ 0.11 2.04+0.6 0.37 £ 4.85
 Ry(2s) 23.0 + 1.0 23.0+ 1.0 23.5 23.0
x2/d.o.f. 0.6 1.1 0.56 2.84
0T3S 35D /gevd 3.54 - 3.54 -
<oT(3S> 351 jcevs x 102 2.73 £ 0.15 2.71 +0.13
M;g(?’S)/ch?’ x 102 0.00 + 0.18 - 1.083 + 1.66 -
Ry(ss) 22.1+0.7 22.1
x2 /d.o.f. 9.7 3.16

[1] H.-S. Shao, H. Han, Y.-Q. Ma, C. Meng, Y.-J. Zhang, and K.-T. Chao, 2015
[2] B. Gong, L.-P. Wan, J.-X. Wang, and H.-F. Zhang, 2014

[3] B. A. Kniehl, M. Butenschoen, 2016
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Fragmentation mechanism

In the LO + Leading Logarithmic Approximation, only the production of
8 .
1

35(®) _state recieves the corrections ~ log(pr/M). They can be taken into
account by the introduction of fragmentation function Dg— 3 (2, uF)

1
do do 2
dpTdyn (PPHH+X):/dZm(pPHQ+X)‘Dg [3S<8)](Z KE)
0

which evolves with the scale u% according to the DGLAP equations, with
the following initial condition at the starting scale p%, = M?

2
D, _yufas(®] (2 Hro) = %’g“) (0% [sP]) a1 - 2).

The gluon production cross-section in PRA is

do _
dprdy,  (p7)?

/ Ay By (21, 11, 12) Dy (22, b2, w3 MRR 5 )P,
0

where |[M(RR — g)|2 = (3/2)mas(p%)(p%)? is the square of Lipatov vertex

17
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Fit of the ATLAS data (v/S = 7 TeV).

ATLAS-2014
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pr(P(28)) , GeV

Dashed histogram — no fragmentation, solid histogram — fragmentation
included.
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Fit of the CMS data (v/S = 7 TeV).
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o
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»—\
2
9

CMS-2015

_____ 0.9<lyl<1.2, n=4

1

_____ 0.6<lyl<0.9, n=3

o 20 30 40 50 60 70
pr($(29)) , GeV

Dashed histogram — no fragmentation, solid histogram — fragmentation

included.
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Fit results

eization Appr

it = o [55]) +  o [ri”)

LDME Fusion Fragmentation _ NLO OPM [1,2] _NLO CPM [3]
ov(25) [3s(D]Y /gevs 0.65 + 0.06 0.65 £ 0.06 0.76 0.76
<ow(25) 3558) /Gev3 x 103 1.84 4+ 0.23 2.57 £ 0.09 1.240.3 2.80 + 0.49
ME35) /Gevd x 10 3.11+0.14 2.70 & 0.11 2.0+0.6 0.37 £ 4.85
 Ry(2s) 23.0 £ 1.0 23.0 £ 1.0 23.5 23.0
x2/d.o.f. 0.6 1.1 0.56 2.84
0T3S 35D /gevd 3.54 - 3.54 -
<OT(3S> 3S§8) /Gev3 x 102 2.73 +0.15 2.71 +0.13
MEGS) jgevd i 102 0.00 + 0.18 - 1.083 £ 1.66 -
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x2 /d.o.f. 9.7 3.16

[1] H.-S. Shao, H. Han, Y.-Q. Ma, C. Meng, Y.-J. Zhang, and K.-T. Chao, 2015
[2] B. Gong, L.-P. Wan, J.-X. Wang, and H.-F. Zhang, 2014

[3] B. A. Kniehl, M. Butenschoen, 2016
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Polarization observables

The angular distribution of decay muons in the rest frame of the heavy
quarkonium can be parametrized as:

d
d—g o 1+ g cos® 0 4 A, sin® 0 cos(2¢) + Mg, sin(26) cos .

The polarization parameter A\g can be calculated as:

oM — 307

N = ———F
oMo’

where o, was estimated using a simple model expression [Cho, Leibovich,
1996]

= [t [ 4 ( [50 [])
DRt P 3 ]

The matrix elements corresponding to Jﬁzl[m“LJ] are derived in the
paper for the s-channel helicity frame.
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Polarization of ¥(2S

CMS-2012 % CMS-2012
2k lyl<0.6 % 0.6<lyl<1.2 ]
05 F ES E

0 ] .I.. ]
05 F EX '-I_' E|
CMS-2012 CDF-2007

b 12<lyie1.5 £ Ini<0.6

V(2S), Ay, Helicity frame {(2S), A4, Helicity frame

5 10 15 20 25 30 35 40 45 5 10 15 20 25 30 35 40 45
pr, GeV pr, GeV

“Polarization puzzle” is reproduced. In the model, polarization at high pr is

mostly transverse, due to g* — c¢ [3558)]—transition.
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Polarization of T (3.5)
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There is essentially no tension with data for polarization of Y(3S), due to

the smaller fraction of 3558) state at high pr. 23 /29
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Conclusions

@ Description of the production of heavy quarkonia in the LO of PRA is
the same as in the NLO of CPM. Both hierarchy of contributions and
values of LDMEs are similar. The CO contributions are necessary,
contrary to some statements in the literature [Baranov, Lipatov, Zotov,
2012|. The discrepancy has been caused by the use of 25 = 2M? instead
of 28x1x2 = M? 4 p2 fluz-factor for the 2 — 1 subprocess in this paper.

o The fragmentation mechanism is important at high pr in PRA. In
CPM it can be less significant, because FSR of 1 gluon is explicitly
taken into account.

o The polarization problem for 1(2S) is reproduced. It is very robust
and can be solved only by some kind of depolarizing final-state
interaction.
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Thank you for your attention!
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Plot of Ry (pr)
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Description of pr(J/v)-spectrum from 1(25) — J/o +ntn~

The approximate formula for pr-shift in the decay Hi — H2 + X is used:

M (AM)?> M
Ho\ Ho  Hq
<pT > - M’Hl pT + O < M2 I pT

ATLAS-2014
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Polarization transfer model

ot = e et [ 4 ([ o )

1 2
L (ot o] o [ 2o ]

° 3S£8) — emission of (at least) two very soft gluons, which can not flip
the spin of heavy quark (HQSS)

o Y [h=LJi=0J2=1,/.[J=0,J.=0)] =1,
=0,+1

o Y [h=LJu=0l=1 [J=1J=1)"=3,
=0,+1
Z |<J1:15J12:0;J2:17 |J:25Jz:1>|2:%a
=0,%+1

o ¥ h=lLJu=0l=11 =20 =0 =3
=0,%+1



