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Part I

Quick introduction to quarkonium
production
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Production Models: the current situation in one slide ...
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Production Models: the current situation in one slide ...

e Colour-Singlet Model (CSM) long thought to be insufficient
...not as clear now
[large NLO and NNLO correction to the Py spectrum ; but not perfect - need a full NNLO]

P.Artoisenet, J.Campbell, JPL, F.Maltoni, F. Tramontano, PRL 101, 152001 (2008); JPL EPJC 61 (2009) 693

J.P. Lansberg (IPNO) DPS theory studies with quarkonia December 13, 2017 3/23



Production Models: the current situation in one slide ...

e Colour-Singlet Model (CSM) long thought to be insufficient
...not as clear now

[large NLO and NNLO correction to the Py spectrum ; but not perfect - need a full NNLO]

P.Artoisenet, J.Campbell, JPL, F.Maltoni, F. Tramontano, PRL 101, 152001 (2008); JPL EPJC 61 (2009) 693

o CSM is doing well for the Pr integrated yield

S.J. Brodsky, JPL PRD 81 (2010) 051502; Y. Feng, JPL. J.X.Wang Eur.Phys.]. C75 (2015) 313

J.P. Lansberg (IPNO) DPS theory studies with quarkonia December 13, 2017 3/23



Production Models: the current situation in one slide ...

e Colour-Singlet Model (CSM) long thought to be insufficient
...not as clear now

[large NLO and NNLO correction to the Py spectrum ; but not perfect - need a full NNLO]

P.Artoisenet, J.Campbell, JPL, F.Maltoni, F. Tramontano, PRL 101, 152001 (2008); JPL EPJC 61 (2009) 693

o CSM is doing well for the Pr integrated yield

S.J. Brodsky, JPL PRD 81 (2010) 051502; Y. Feng, JPL. J.X.Wang Eur.Phys.]. C75 (2015) 313

e Colour-Octet Mechanism (COM) helps in describing the Pr spectrum

J.P. Lansberg (IPNO) DPS theory studies with quarkonia December 13, 2017 3/23



Production Models: the current situation in one slide ...

e Colour-Singlet Model (CSM) long thought to be insufficient
...not as clear now

[large NLO and NNLO correction to the Py spectrum ; but not perfect - need a full NNLO]

P.Artoisenet, J.Campbell, JPL, F.Maltoni, F. Tramontano, PRL 101, 152001 (2008); JPL EPJC 61 (2009) 693

@ CSM is doing well for the Pr integrated yield

S.J. Brodsky, JPL PRD 81 (2010) 051502; Y. Feng, JPL. J.X.Wang Eur.Phys.J. C75 (2015) 313
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@ Yet, the COM NLO fits differ a lot in their conclusions owing to their
assumptions (data set, Py cut, polarisation fitted or not, etc.)
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tends to overshoot the data at large Pr - issue shared by some COM fits
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Production Models: the current situation in one slide ...

e Colour-Singlet Model (CSM) long thought to be insufficient
...not as clear now
[large NLO and NNLO correction to the Py spectrum ; but not perfect - need a full NNLO]
P.Artoisenet, J.Campbell, JPL, F.Maltoni, F. Tramontano, PRL 101, 152001 (2008); JPL EPJC 61 (2009) 693
o CSM is doing well for the Pr integrated yield

S.J. Brodsky, JPL PRD 81 (2010) 051502; Y. Feng, JPL. J.X.Wang Eur.Phys.]. C75 (2015) 313

Colour-Octet Mechanism (COM) helps in describing the Py spectrum

Yet, the COM NLO fits differ a lot in their conclusions owing to their
assumptions (data set, Py cut, polarisation fitted or not, etc.)

Colour-Evaporation Mechanism (CEM) < quark-hadron duality
(factorisation ?)
tends to overshoot the data at large Pr - issue shared by some COM fits

All approaches have troubles in describing the polarisation and/or the #. data

This motivates the study of new observables
which can be more discriminant for specific effects
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Part I1

New observables in quarkonium production
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New observables: what for ?

Observables
J/w+/w

J/w+D

J/w+Y

J/Ww+hadron

JIw+Z

Jw+W

J/W vs mult.
J/w+b

Y+D
Y+y

Y vs mult.
Y+Z
Y+Y

Experiments
LHCb, CMS, ATLAS,

DO (+NA3)
LHCb

DO

STAR
ATLAS

ATLAS

ALICE,CMS (+UAT1)

-- (LHCb, DO, CMS
)
LHCb

J.P. Lansberg (IPNO)

CSM CEM NRQCD
NLO, LO? LO
NNLO*

LO LO? LO

(N)LO LO? LO

LO - LO

NLO NLO  Partial
NLO

LO LO? Partial
NLO

- - LO

LO LO? LO

NLO, LO? LO

NNLO*

NLO L0O? LO

NLO ? LO? LO?

DPS theory studies with quarkonia

Interest

Prod. Mechanism (CS
dominant) + DPS

Prod. Mechanism (c to J/psi
fragmentation) + DPS

Prod. Mechanism (CO
dominant) + DPS

B feed-down; Singlet vs Octet
radiation

Prod. Mechanism + DPS

Prod. Mechanism (CO
dominant) + DPS

Prod. Mechanism (CO
dominant) + DPS

DPS

Prod. Mechanism (CO LDME
mix) + gluon TMD/PDF

Prod. Mechanism + DPS

Prod. Mechanism (CS
dominant ?) + DPS

December 13, 2017
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Part I1I

Z+prompt J [y

J.P. Lansberg (IPNO) DPS theory studies with quarkonia December 13, 2017 6/23



|
Our re-analysis of Z+prompt J/y at NLO and with DPS

JPL, H.S. Shao, JHEP 1610 (2016) 153

@ Significant tensions between the ATLAS measurement and the SPS NRQCD yields:

normalisation, Pr and A¢ distributions
ATLAS Collaboration, Eur. Phys. J. C 75 (2015) 229
B. Gong et al., JHEP 1303 (2013) 115
L.Gang et al., JHEP 1102 (2011) 071
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Our re-analysis of Z+prompt J/y at NLO and with DPS

JPL, H.S. Shao, JHEP 1610 (2016) 153

@ Significant tensions between the ATLAS measurement and the SPS NRQCD yields:
normalisation, Pr and A¢ distributions
ATLAS Collaboration, Eur. Phys. J. C 75 (2015) 229

B. Gong et al., JHEP 1303 (2013) 115
L.Gang et al., JHEP 1102 (2011) 071

@ We employ a NLO CEM computation of //y + Z with the single non-perturbative
CEM parameter Ppmmpt fit to the latest single-J/y ATLAS data at 8 TeV.

@ Just as the CEM tends to produce too many J/y at large Pr, we expect it to be the
same for J/y + Z and to provide us with an upper SPS limit. ¢ & N~

g g
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Our re-analysis of Z+prompt J/y at NLO and with DPS

JPL, H.S. Shao, JHEP 1610 (2016) 153

@ Significant tensions between the ATLAS measurement and the SPS NRQCD yields:

normalisation, Pr and A¢ distributions
ATLAS Collaboration, Eur. Phys. J. C 75 (2015) 229
B. Gong et al., JHEP 1303 (2013) 115

L.Gang et al., JHEP 1102 (2011) 071

@ We employ a NLO CEM computation of //y + Z with the single non-perturbative
CEM parameter ’Ppmmpt fit to the latest single-J/y ATLAS data at 8 TeV.

@ Just as the CEM tends to produce too many J/y at large Pr, we expect it to be the

3 u c

same for J/y + Z and to provide us with an upper SPS limit. ¢ 3 c
@ we obtain (ATLAS quoted ratio converted to o)

g g u,d W

exp LO CEMSPS NLO CEMSPS  DPS (o = 15 mb)
ATLAS inclusive 1.6 + 0.4 0.1070-53 0.1970-5° 0.46

The theoretical uncertainty for the (N)LO SPS is from the renormalisa-
tion and factorisation scales. All quantities are in units of pb.
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Our re-analysis of Z+prompt J/y at NLO and with DPS

JPL, H.S. Shao, JHEP 1610 (2016) 153

@ Significant tensions between the ATLAS measurement and the SPS NRQCD yields:

normalisation, Pr and A¢ distributions
ATLAS Collaboration, Eur. Phys. J. C 75 (2015) 229
B. Gong et al., JHEP 1303 (2013) 115
L.Gang et al., JHEP 1102 (2011) 071

We employ a NLO CEM computation of J/y + Z with the single non-perturbative
CEM parameter Ppmmpt fit to the latest single-J/y ATLAS data at 8 TeV.

Just as the CEM tends to produce too many J/v at large Py, we expect it to be the
same for J/y + Z and to provide us with an upper SPS limit. ¢ & v c

g g

we obtain (ATLAS quoted ratio converted to o) -

g g u,d W

exp LO CEMSPS NLO CEMSPS  DPS (o = 15 mb)
ATLAS inclusive 1.6 + 0.4 0.1070-53 0.1970-5° 0.46

The theoretical uncertainty for the (N)LO SPS is from the renormalisa-
tion and factorisation scales. All quantities are in units of pb.

This gives a 3-¢ discrepancy without DPS contribution
DPS yield evaluated with o.¢r = 15 mb is too small; Fit: o.¢r = 4.7774 mb
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Our re-analysis of Z+prompt J/y at NLO and with DPS

JPL, H.S. Shao, JHEP 1610 (2016) 153

@ Significant tensions between the ATLAS measurement and the SPS NRQCD yields:

normalisation, Pr and A¢ distributions
ATLAS Collaboration, Eur. Phys. J. C 75 (2015) 229
B. Gong et al., JHEP 1303 (2013) 115
L.Gang et al., JHEP 1102 (2011) 071

We employ a NLO CEM computation of J/y + Z with the single non-perturbative
CEM parameter ’Ppmmpt fit to the latest single-J/y ATLAS data at 8 TeV.

Just as the CEM tends to produce too many J/v at large Py, we expect it to be the
same for J/y + Z and to provide us with an upper SPS limit. ¢ & N

we obtain (ATLAS quoted ratio converted to o) - g

g g u,d W

exp LOCEMSPS NLO CEMSPS  DPS (g5 ~ 15 mb)

- - 003 .05
ATLAS inclusive 1.6 + 0.4 0.10%5-03 0.19*7-03 0.46

The theoretical uncertainty for the (N)LO SPS is from the renormalisa-
tion and factorisation scales. All quantities are in units of pb.

This gives a 3-¢ discrepancy without DPS contribution
DPS yield evaluated with o.¢r = 15 mb is too small; Fit: o.¢r = 4.7774 mb
However presence of a peak at A¢ = 7 in the azimuthal spectrum
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Issue with the azimuthal distribution ?
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@ Itis important to note that the ATLAS A¢ spectrum is a raw yield distribution

@ Since ATLAS efficiency increases with Pr, large-Pr events more likely to be recorded
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Issue with the azimuthal distribution ?

@ Itis important to note that the ATLAS A¢ spectrum is a raw yield distribution
@ Since ATLAS efficiency increases with Pr, large-Pr events more likely to be recorded

@ Our NLO CEM evaluation allows us to state that, in the ATLAS acceptance, DPS
dominate at low Py and SPS at large Pr [Thin blue histogram vs. the light red one]

10°

Prompt J/y+Z production at 8 TeV LHC
LO CEM SPS ==

10° ¢ T NLO CEM SPS == 1
'f' DPS mm
:% NLO CEM SPS+DPS =3

107k : ATLAS data =~ |
DPSi0g=4.7 mb

Br(IY — i W)/o(2)do(Ip+2)/dpy [Gev']

o 10 20 30 40 50 60 70 80 90 100
Pr(aIy) [GeV]
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Issue with the azimuthal distribution ?
@ Itis important to note that the ATLAS A¢ spectrum is a raw yield distribution

@ Since ATLAS efficiency increases with Pr, large-Pr events more likely to be recorded
@ Our NLO CEM evaluation allows us to state that, in the ATLAS acceptance, DPS

dominate at low Py and SPS at large Pr [Thin blue histogram vs. the light red one]
10°

F‘"— Prompt J/y+Z production at 8 TeV LHC

2 LO CEM SPS =
8wt T NLO CEMSPS == §

= + DPS mm

g :% NLO CEM SPS+DPS =3

S w0k . ATLAS data |
ES DPS:0¢=4.7 mb
3 —

g\ 10° £ }

L
2

[l )
=1

T

2wl

Iz

@

10t
o 10 20 30 40 50 60 70 80 90 100
prH) (6e]

@ Can the A¢ peak (with only 1/6 of SPS events overall) be due to that ?
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Issue with the azimuthal distribution ?
@ Itis important to note that the ATLAS A¢ spectrum is a raw yield distribution

@ Since ATLAS efficiency increases with Pr, large-Pr events more likely to be recorded
@ Our NLO CEM evaluation allows us to state that, in the ATLAS acceptance, DPS

dominate at low Py and SPS at large Pr [Thin blue histogram vs. the light red one]
10°
Prompt Jig:+Z production at 8 TeV LHC 4 Prompt Ji+Z production at 8 TeV LHC
. LO CEM SPS = NLO CEM SPS =1
109 L T NLO CEM SPS == 1 as DPS —
+ DPS mm NLO CEM SPS+DPS &=
:% NLO CEM SPS+DPS =1 ATLAS data
107k : ATLAS data = 30 OPSi0=a7 mb
DPS:04=4.7 mb Assumption BIS=17/p;(y)

9| 4
10 15
recan g 10
5
10t
4

10 20 30 40 5 60 70 8 90 100 . . .
pr(Iiy) [GeV] 0 1 2 3
BYZ,INY)

@ Can the A¢ peak (with only 1/6 of SPS events overall) be due to that ? YES !

Events (1/5)
3

Br(IY — i W)/o(2)do(Ip+2)/dpy [Gev']
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Issue with the azimuthal distribution ?
@ Itis important to note that the ATLAS A¢ spectrum is a raw yield distribution

@ Since ATLAS efficiency increases with Pr, large-Pr events more likely to be recorded
@ Our NLO CEM evaluation allows us to state that, in the ATLAS acceptance, DPS

dominate at low Py and SPS at large Pr [Thin blue histogram vs. the light red one]
10°
Prompt Jig:+Z production at 8 TeV LHC 4 Prompt Ji+Z production at 8 TeV LHC
. LO CEM SPS = NLO CEM SPS =1
109 L T NLO CEM SPS == 1 as DPS —
+ DPS mm NLO CEM SPS+DPS =1
:% NLO CEM SPS+DPS =1 ATLAS data
107k : ATLAS data = 30 OPSi0=a7 mb
DPS:0=4.7 mb Assumption: BIS=17/p:(1)

Events (1/5)
3

15
g 10
5
10t ++
0 10 20 30 40 50 60 70 8 90 100 .

. .
Pr/Y) [GeV] 0 1 2 3
Az I

@ Can the A¢ peak (with only 1/6 of SPS events overall) be due to that ? YES !

@ The last plot has been made by folding our DPS and SPS cross sections by an
estimation of the ATLAS efficiency, and it works.

S,

Br(IY — i W)/o(2)do(Ip+2)/dpy [Gev']
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Issue with the azimuthal distribution ?

@ Itis important to note that the ATLAS A¢ spectrum is a raw yield distribution

@ Since ATLAS efficiency increases with Pr, large-Pr events more likely to be recorded

@ Our NLO CEM evaluation allows us to state that, in the ATLAS acceptance, DPS
dominate at low Py and SPS at large Pr

10°

T Prompt J+Z production at 8 TeV LHC 4 Prompt J1y+Z production al 8 TeV LHC
3 . LO CEM SPS =1 NLO'CEM SPS 2
8wt T NLO CEMSPS == § as DPS —
s + DPS mm NLO CEM SPS+DPS 31
g # NLO CEM SPS+DPS = © ATLAS data o
= 7 e
S 10 f ATLAS data DPSi0g=4.7 mb
E DPS:0=4.7 mb Assumption: B/S=17/py(JI)
3 I 25
B 100} = E
<3 1 s
o g o
fg 10° z
= w15
K {
=)

T

21010 1
3
b1 5

10t
o 10 20 30 40 50 60 70 80 90 100 L

Pr(aIy) [GeV]

0 1

. .
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2Q(Z,I1)

@ Can the A¢ peak (with only 1/6 of SPS events overall) be due to that ? YES !

@ The last plot has been made by folding our DPS and SPS cross sections by an
estimation of the ATLAS efficiency, and it works.

@ We are waiting for an ATLAS update to confirm our explanation

J.P. Lansberg (IPNO)

DPS theory studies with quarkonia
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Part IV

Z+non-prompt J/y
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.
Our analysis of Z+non-prompt J/y at NLO and with DPS

JPL, H.S. Shao, Nucl.Phys. B916 (2017) 132
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Our analysis of Z+non-prompt J/y at NLO and with DPS

JPL, H.S. Shao, Nucl.Phys. B916 (2017) 132

@ In the same analysis, ATLAS reported on Z+non-prompt J/y.
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Our analysis of Z+non-prompt J/y at NLO and with DPS

@ Good agreement. Owing to the data uncertainties at low Pr, we cannot constrain

J.P. Lansberg (IPNO)

JPL, H.S. Shao, Nucl.Phys. B916 (2017) 132

In the same analysis, ATLAS reported on Z+non-prompt J/y.
This gives an original handle on Z + b at lower P than b-jets

Interesting check that nothing went wrong with the prompt analysis
SPS predictions were absent at the time of the publication. We filled this gap using

MaDGRAPH5_AMC@NLO and PyTHIA 080.1.

Br(Jy—p*1)/o(2)do(JAy+2)/dpr [GeV'']

108 b

3

3

pretan

10
0

Non-prompt J/y+Z production at 8 TeV LHC 10 ses
noses £

s mm s
Asas et g
T DPS:0,=5 mb 3
o E e
C3
8¢
=
3
S
fir

Srapk

Mad

Non-prompt Jiy+Z production at 8 TeV LHG
NOSPS )

no ]
80 F repeg—

DPSio4=5 mb
Assumption: B/S=17/p(J/y)

10 20 30 40 50 60 70 80
Pridiy) [GeV]

9 100

ANZ )

Differential cross section/distributions for non-prompt J/y + Z production: pr distribution of J/y
(left) and azimuthal angle distribution (right)

o.¢f more than with a lower limit, 5.0 mb, at 68 % CL.

DPS theory studies with quarkonia
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Part V

W+prompt J/y
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R
Our re-analysis of W+prompt J/v at NLO and with DPS

@ Similarly to Z+prompt J /v, significant tensions between the ATLAS measurement
and the SPS NRQCD vyields: normalisation, Pr and A¢ distributions

ATLAS Collaboration, JHEP 1404 (2014) 172
L. Gang et al., PRD 83 (2011) 014001
J.P. Lansberg, C. Lorce, PLB 726 (2013) 218
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Our re-analysis of W+prompt J/v at NLO and with DPS

@ Similarly to Z+prompt J /v, significant tensions between the ATLAS measurement
and the SPS NRQCD vyields: normalisation, Pr and A¢ distributions

ATLAS Collaboration, JHEP 1404 (2014) 172
L. Gang et al., PRD 83 (2011) 014001
J.P. Lansberg, C. Lorce, PLB 726 (2013) 218

@ Just as above, we employ a NLO CEM computation of J/y + Z (upper SPS limit)

JPL, H.S. Shao, N. Yamanaka, 1707.04350
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Our re-analysis of W+prompt J/v at NLO and with DPS

@ Similarly to Z+prompt J /v, significant tensions between the ATLAS measurement
and the SPS NRQCD vyields: normalisation, Pr and A¢ distributions

ATLAS Collaboration, JHEP 1404 (2014) 172
L. Gang et al., PRD 83 (2011) 014001
J.P. Lansberg, C. Lorce, PLB 726 (2013) 218
@ Just as above, we employ a NLO CEM computation of J/y + Z (upper SPS limit)

JPL, H.S. Shao, N. Yamanaka, 1707.04350

@ we obtain (for the cross section)

exp LOCEM SPS  NLO CEM SPS  DPS (0ef = 15 mb)
ATLASinclusive  4.5712pb  0.16 +0.05 0.28 + 0.07 L7

The theoretical uncertainty for the (N)LO SPS is from the renormalisa-
tion and factorisation scales. All quantities are in units of pb.
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Our re-analysis of W+prompt J/v at NLO and with DPS

@ Similarly to Z+prompt J /v, significant tensions between the ATLAS measurement
and the SPS NRQCD vyields: normalisation, Pr and A¢ distributions

ATLAS Collaboration, JHEP 1404 (2014) 172
L. Gang et al., PRD 83 (2011) 014001
J.P. Lansberg, C. Lorce, PLB 726 (2013) 218

Just as above, we employ a NLO CEM computation of /v + Z (upper SPS limit)

JPL, H.S. Shao, N. Yamanaka, 1707.04350

@ we obtain (for the cross section)

exp LOCEM SPS  NLO CEM SPS  DPS (0ef = 15 mb)
ATLASinclusive  4.5712pb  0.16 +0.05 0.28 + 0.07 L7

The theoretical uncertainty for the (N)LO SPS is from the renormalisa-
tion and factorisation scales. All quantities are in units of pb.

This gives a 2+0 discrepancy without DPS contribution. The discrepancy rises up to
3+ o with the differential x-section: evidence for DPS (see next)

DPS yield evaluated with ¢ = 15 mb is also too small
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and the SPS NRQCD vyields: normalisation, Pr and A¢ distributions

ATLAS Collaboration, JHEP 1404 (2014) 172
L. Gang et al., PRD 83 (2011) 014001
J.P. Lansberg, C. Lorce, PLB 726 (2013) 218

Just as above, we employ a NLO CEM computation of /v + Z (upper SPS limit)

JPL, H.S. Shao, N. Yamanaka, 1707.04350

@ we obtain (for the cross section)
exp LOCEMSPS NLO CEMSPS  DPS (o4 ~ 15 mb)
ATLASinclusive  4.5712pb  0.16 +0.05 0.28 + 0.07 L7

The theoretical uncertainty for the (N)LO SPS is from the renormalisa-
tion and factorisation scales. All quantities are in units of pb.

This gives a 2+0 discrepancy without DPS contribution. The discrepancy rises up to
3+ o with the differential x-section: evidence for DPS (see next)

DPS yield evaluated with ¢ = 15 mb is also too small

Fitting o.¢r gives 6.175 mb
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Comparisons with the differential distributions

@ Like for Z + J/y, DPS dominate at low Py and SPS at large Py in the ATLAS

acceptance, [black histogram vs. the blue one]

I 20
F"> N K Prompt J/u.u+Wi production at 7 TeV LHC

[ Prompt J/y+W" production at 7 TeV LHC

S LO CEM SPS =21 NLO CEM SPS &%

>10° = 1 DPS

T NLO CEM gﬁé 15 | NLO CEM SPS+DPS ]
2 NLO CEM SPS+DPS ATLAS data =
+'§ ATLAS data +=- . Assumption: B/S=6/p(J/)

Lo} E

>’

g g
5 e

N 1w

%m’ﬁ 3

o

K

3

1

100 F

2 .
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@ The A¢ plot has been made by folding our DPS and SPS cross sections by an
estimation of the ATLAS efficiency
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Comparisons with the differential distributions

@ Like for Z + J/y, DPS dominate at low Py and SPS at large Py in the ATLAS

acceptance, [black histogram vs. the blue one]
T 20
i N ! Prompt J/y+W* production at 7 TeV LHC
3 Prompt J/y+W" production at 7 TeV LHC NLO CEM SPS
= (s~}
B0 F NLO CEM SPS 5 1 DPS
& DPS 15| NLO CEM SPS+DPS ]
2 NLO CEM SPS+DPS ATLAS data =
+'§ ATLAS data +=- . Assumption: B/S=6/p(J/)
=
g 2
5 g
P w
%m’ﬁ 3
o
R
3
1
S10°F
2 .
@ 0 10 20 30 0 1 . 2 3
PrIy) [Gev] AW INp)

@ The A¢ plot has been made by folding our DPS and SPS cross sections by an
estimation of the ATLAS efficiency
@ Agreement but large exp. uncertainties
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Comparisons with the differential distributions

@ Like for Z + J/y, DPS dominate at low Py and SPS at large Py in the ATLAS

acceptance, [black histogram vs. the blue one]
T 20
i N ! Prompt J/y+W* production at 7 TeV LHC
3 Prompt J/y+W" production at 7 TeV LHC NLO CEM SPS
= (s~}
B0 F NLO CEM SPS 5 1 DPS
& DPS 15| NLO CEM SPS+DPS ]
2 NLO CEM SPS+DPS ATLAS data =
+'§ ATLAS data +=- . Assumption: B/S=6/p(J/)
=
g 2
5 g
P w
%m’ﬁ 3
o
R
3
1
S10°F
2 .
@ 0 10 20 30 0 1 . 2 3
PrIy) [Gev] AW INp)

@ The A¢ plot has been made by folding our DPS and SPS cross sections by an
estimation of the ATLAS efficiency

@ Agreement but large exp. uncertainties

@ We are waiting for ATLAS data at 13 TeV
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Part VI

Quarkonium-pair production
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On the importance of QCD corrections : Py enhanced topologies
JPL, H.-S.Shao PRL 111, 122001 (2013); PLB 751 (2015) 479

@ AtBorn (LO) order, the P4" spectrum is §(P}"): 2 - 2 topologies
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@ AtBorn (LO) order, the P4" spectrum is §(P}"): 2 - 2 topologies
@ It can be affected by initial parton kg [« interest for TMD studies]
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On the importance of QCD corrections : Py enhanced topologies
JPL, H.-S.Shao PRL 111, 122001 (2013); PLB 751 (2015) 479

@ AtBorn (LO) order, the P4" spectrum is §(P}"): 2 - 2 topologies

@ It can be affected by initial parton kg [« interest for TMD studies]

@ By far insufficient (blue) to account for the CMS measured spectrum

10 T Lo SPS+smedrmg ug 4
—~ ol 5% NLO® o3 E
% 107 KX Wecy o’ E
—2 B QAN E
Q 10 d % .
'@ 107 E=b Y&\/I”\\'Z E
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5 107°%E LA

< ,f 7TeVeLHC 3
107" ¢ CMS Accep. :
—8f ) ) | 5
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Pl;/.l// (GeV) data: CMS Coll. JHEP 1409 (2014) 094
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On the importance of QCD corrections : Py enhanced topologies
JPL, H.-S.Shao PRL 111, 122001 (2013); PLB 751 (2015) 479

@ AtBorn (LO) order, the P4" spectrum is §(P}"): 2 - 2 topologies

@ It can be affected by initial parton kg [« interest for TMD studies]

@ By far insufficient (blue) to account for the CMS measured spectrum

10 T Lo SPS+smedrmg ug 4
~ ol §55% NLO” o E
% M Bl e as
—2 BlOOAN E
O 107 2
@ 10_3? = (\X\Q\\v E!
~ 04— 3
3 RS
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5 107°%E RS
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107" ¢ CMS Accep. :
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Pl;/.l// (GeV) data: CMS Coll. JHEP 1409 (2014) 094

@ FO «? contributions (green) are crucial here and do a good job even at PY" =~ 30 GeV
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On the importance of QCD corrections : Py enhanced topologies
JPL, H.-S.Shao PRL 111, 122001 (2013); PLB 751 (2015) 479

@ AtBorn (LO) order, the P4" spectrum is §(P}"): 2 - 2 topologies
@ It can be affected by initial parton kg [« interest for TMD studies]
@ By far insufficient (blue) to account for the CMS measured spectrum

1 £ R\\\\\\ LO SPS+smedrmg ug
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i i
—2 RO OA
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Pl;/.l// (GeV) data: CMS Coll. JHEP 1409 (2014) 094

@ FO «? contributions (green) are crucial here and do a good job even at PY" =~ 30 GeV
) Slight offset up to P#w ~ 20 GeV [ about a factor 2, but well within error bars]
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On the importance of QCD corrections : Py enhanced topologies
JPL, H.-S.Shao PRL 111, 122001 (2013); PLB 751 (2015) 479

@ AtBorn (LO) order, the P4" spectrum is §(P}"): 2 - 2 topologies

@ It can be affected by initial parton kg [« interest for TMD studies]

@ By far insufficient (blue) to account for the CMS measured spectrum

10 T Lo SPS+smedrmg ug 4
- % NLO* 0, E
% 107" SO yecy o’ E

—2 B QAN E
o 10 . %
@ 107 E—L (\X\ @ X E!
g -4\ B
3 RS
s 0 i I
5 107°%E RS
S ,[ 7TeV@LHC E
107" ¢ CMS Accep. :
—8f ) ) | 5

10 0 20 40 60

Pl;/.l// (GeV) data: CMS Coll. JHEP 1409 (2014) 094

@ FO «? contributions (green) are crucial here and do a good job even at PY" =~ 30 GeV
) Slight offset up to P#w ~ 20 GeV [ about a factor 2, but well within error bars]
@ We do not expect NNLO (a?) contributions to matter where one currently has data

[the orange histogram shows one class of leading Py af contributions ]
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The so-called CMS puzzle
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The so-called CMS puzzle
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o At P¥ ~ 0, where the bulk of the yield lies, one has My, ~ 2m}. cosh %
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The so-called CMS puzzle

do/d|Ay| (nb)
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gy CSM
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0
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MKWJ (GCV)

o At P¥ ~ 0, where the bulk of the yield lies, one has My, ~ 2m}. cosh %
@ Large Ay, i.e. large relative longitudinal momenta, correspond to large M.
[At Ay = 3.5 and Py = 6 GeV, Myy = 40 GeV.]
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The so-called CMS puzzle

do/d|Ay| (nb)

10F KRS ¥on
1 3
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leay CSM
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F CMS Accep.
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o At P¥ ~ 0, where the bulk of the yield lies, one has My, ~ 2m}. cosh %

@ Large Ay, i.e. large relative longitudinal momenta, correspond to large M.

[At Ay = 3.5 and Py = 6 GeV, Myy = 40 GeV.]
@ The most natural solution for this excess is the independent production of two J/y
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The so-called CMS puzzle
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@ Predictions for LHCb, DPS >> SPS at large Ay

J.P. Lansberg (IPNO)

1 2 3
|Ay| between ¢

IAY (W )i

At P}¥ ~ 0, where the bulk of the yield lies, one has M, ~ 2m}.cosh %
Large Ay, i.e. large relative longitudinal momenta, correspond to large M.

[At Ay = 3.5and Pr = 6 GeV, Myy ~ 40 GeV]
@ The most natural solution for this excess is the independent production of two J/y
— double parton scattering
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On the importance of double parton scatterings at large Ay I

In fact, the argument of C.H. Kom, A. Kulesza, and W.J. Stirling was used by DO to
separate out DPS from SPS contributions

D@, L = 8.1 fb’
m*m @ Data prompt
SP MC

m?m = DP MC
8388 Syst. uncertainty

N ents’ AlANY, J/y)|

2.5 3 3.5 4
|[AN(J/y, Jiy)| DO Coll. PRD 90 (2014) 111101
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On the importance of double parton scatterings at large Ay I

In fact, the argument of C.H. Kom, A. Kulesza, and W.J. Stirling was used by DO to
separate out DPS from SPS contributions

. DO, L = 8.1 fb’
SPMC

= DPMC
5 Syst. uncertainty

Neyerts/ ANy, J/)

0 05 1 15 2 25

3 35 4
ANy, Jy)] DO Coll. PRD 90 (2014) 111101

@ The DPS MC template is obtained from ¢P?S = 1 2%

2 Oeff
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On the importance of double parton scatterings at large Ay I

In fact, the argument of C.H. Kom, A. Kulesza, and W.J. Stirling was used by DO to
separate out DPS from SPS contributions
S DO, L=8.11b"
e o Dita prom
SPMC

= DPMC
5 Syst. uncertainty

Neyerts/ ANy, J/)

0 05 1 15 2 25

3 35 4
ANy, Jy)] DO Coll. PRD 90 (2014) 111101

@ The DPS MC template is obtained from ¢P?S = 1 2%

2 Oeff

@ Fitting these MC templates, they splitted 129 + 46 fb
into oP"% = 70 + 23 fb and 0°"° = 59 + 23 fb by comparing the histograms

@ 028y =170130 fb and o5h° = 59 + 23 fb are still compatible at 1-o level
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On the importance of double parton scatterings at large Ay I

In fact, the argument of C.H. Kom, A. Kulesza, and W.J. Stirling was used by DO to
separate out DPS from SPS contributions
S DO, L=8.11b"
e o Dita prom
SPMC

= DPMC
5 Syst. uncertainty

loyens/ AIANW/Y, JIY)|

0 05 1 15 2 25

3 35 4
ANy, Jy)] DO Coll. PRD 90 (2014) 111101

@ The DPS MC template is obtained from ¢P%S = %%
@ Fitting these MC templates, they splitted 129 + 46 fb

into P = 70 + 23 fb and 0°*® = 59 + 23 fb by comparing the histograms
@ 028y =170130 fb and o5h° = 59 + 23 fb are still compatible at 1-o level

@ In turn, they obtained o.¢ = 4.8 £ 2.5 mb
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On the importance of double parton scatterings at large Ay I

In fact, the argument of C.H. Kom, A. Kulesza, and W.J. Stirling was used by DO to
separate out DPS from SPS contributions
s DO, L=8.11fb"
e o Data prompt
SPMC

= DPMC
5 Syst. uncertainty

loyems/ AANI/Y, JI)|

0 05 1 15 2 25

3 35 4
ANy, Jy)] DO Coll. PRD 90 (2014) 111101

The DPS MC template is obtained from gPFS = 1 %

2 Oeff

Fitting these MC templates, they splitted 129 + 46 fb
into P = 70 + 23 fb and 0°*® = 59 + 23 fb by comparing the histograms

@ 028y =170130 fb and o5h° = 59 + 23 fb are still compatible at 1-o level
@ In turn, they obtained Ueff = 4 8+2. 5 mb
@ A question arises: using oPPS = 1 %% 4nd g4 = 4.8 + 2.5 mb,

can one acco&nt ffor the large Ay CMS data.?
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On the importance of double parton scatterings at large Ay II

@ Let us investigate the consistency
between D0 and CMS data
@ For that we assume: ¢P?S = %GUW—ZW

@ We take 0.¢ = 4.8 + 2.5 mb from DO
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On the importance of double parton scatterings at large Ay II

@ Let us investigate the consistency
between D0 and CMS data

@ For that we assume: ¢P%5 = %%

@ We take 0.¢ = 4.8 + 2.5 mb from DO

@ 0y are fit from data with a Crystal Ball
function parametrising | Aggyx/|*

C.H. Kom, A. Kulesza, W.J. Stirling PRL 107 (2011) 082002
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On the importance of double parton scatterings at large Ay II
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On the importance of double parton scatterings at large Ay II
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On the importance of double parton scatterings at large Ay II

@ Let us investigate the consistency

J.P. Lansberg (IPNO)

between D0 and CMS data

S _ 199
2 Oeff

For that we assume: ¢P%S =
We take oo = 4.8 + 2.5 mb from DO

oy are fit from data with a Crystal Ball
function parametrising | Aggyx/|*

C.H. Kom, A. Kulesza, W.J. Stirling PRL 107 (2011) 082002

Gap between theory and CMS data is
filled at large Ay and My,
by DPS + NLO* CSM SPS

Agreement not altered elsewhere;
improved even at low P‘;w (see (a))

Conversely, fitting our own o, from the
CMS data yields 8.2 + 2.0 £ 2.9 mb
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On the importance of double parton scatterings at large Ay II

MW LO SPS+smearing 7 TeV@LHC
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= —4
0y 0 =10
@ For that we assume: ¢P?S = %M =
Jet S106
@ We take 0.¢ = 4.8 + 2.5 mb from DO 5

,_.
9
A

oy are fit from data with a Crystal Ball

. .. 2 - - .

function parametrising | Ageyx| 10 S TeveLHC m Losrs

—_ CMS Acceptance S

C.H. Kom, A. Kulesza, W.). Stirling PRL 107 (2011) 082002 2 DPS
=10- E
@ Gap between theory and CMS data is 2102 mbrs-vosEs |
a,
filled at large Ay and My, £107F 1
= " W7
by DPS + NLO* CSM SPS 107¢ AR
10-° i 3 3 4

@ Agreement not altered elsewhere; IAy| between ¢ (b)

-

WLO §P§ WNLO SPS [ DPS+NLO SPS j
a® SPS

improved even at low P‘;w (see (a))

@ Conversely, fitting our own 0e¢ from the
CMS data yields 8.2 + 2.0 £ 2.9 mb
F 7 TeV@LHC (IR

@ Fit done prior the ATLAS analysis — P S . g

| , i | e ]

good agreement ! S —— % ST
Myy (GeV) (c)

J.P. Lansberg (IPNO) DPS theory studies with quarkonia December 13, 2017 18 /23

10—6, P j |

o/dMy,, (nb/GeV)
s =
Lo
T




R
Comparison with the recent ATLAS data

ATLAS Eur. Phys. J. C (2017) 77:76

RTLAS T T
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[ NLO® SPS+DPS Pred.
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Comparison with the recent ATLAS data

ATLAS Eur. Phys. J. C (2017) 77:76
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Predictions: excited states

JPL, H.-S.Shao PLB 751 (2015) 479
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Predictions: excited states

JPL, H.-S.Shao PLB 751 (2015) 479

@ Even though we find it a natural, accounting for DPS introduces another parameter
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Predictions: excited states

JPL, H.-S.Shao PLB 751 (2015) 479

@ Even though we find it a natural, accounting for DPS introduces another parameter
@ How to check that one is not playing with a further d.o.f. on the theory side?
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Predictions: excited states

JPL, H.-S.Shao PLB 751 (2015) 479
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Even though we find it a natural, accounting for DPS introduces another parameter
How to check that one is not playing with a further d.o.f. on the theory side?
DPS vs SPS dominance are characterised by different feed-down patterns

We define Ff,fv, (F%) as the fraction of events containing at least one . (')
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How to check that one is not playing with a further d.o.f. on the theory side?
DPS vs SPS dominance are characterised by different feed-down patterns

We define Ff,fv, (F%,) as the fraction of events containing at least one . (')
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Even though we find it a natural, accounting for DPS introduces another parameter
How to check that one is not playing with a further d.o.f. on the theory side?
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@ Under SPS CSM dominance,
° F;’jw is slightly enhanced by symmetry factors,
° Ff;;,, unlike single quarkonium production, is not enhanced and is found to be small

J.P. Lansberg (IPNO) DPS theory studies with quarkonia December 13, 2017 20/23



Predictions: excited states

JPL, H.-S.Shao PLB 751 (2015) 479
Even though we find it a natural, accounting for DPS introduces another parameter
How to check that one is not playing with a further d.o.f. on the theory side?
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@ Under SPS CSM dominance,
° F;’jw is slightly enhanced by symmetry factors,

° Ff;;,, unlike single quarkonium production, is not enhanced and is found to be small
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@ This plots does not show the (slightly forward) LHCb data just discussed by Vanya
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@ This plots does not show the (slightly forward) LHCb data just discussed by Vanya
@ J/y+charm and Y+charm data point at gegr ~ 20 mb
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@ J/y +]/y LHCb region: SPS computations with too large uncertainties to conclude
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@ Looking at the feed-down pattern likely necessary to check the SPS/DPS ratio

J.P. Lansberg (IPNO)

DPS theory studies with quarkonia

December 13, 2017 21/23



Harvesting quarkonium data: 4 extractions using theory

30

25 ¢

[ IEK

20

ti

15

Off [mb]

10

5 F

0

ATLAS (J/g+WZ, Lansberg-Shao-Yamanaka)
ATLAS (np J/P+Z, Lansberg—Shao)
ATLAS (J/g+Z, Lansberg-Shao)
CMS (J/p+JI/y, Lansberg—Shao)
DO (J/P+Y, Shao-Zhang)

DO (I/p+INp)

ATLAS (I/y+INp)

CDF (4 jets)

CDF (y + 3 jets)

DO (y + 3 jets)

ATLAS (W + 2 jets)

CMS (W + 2 jets) [

0.1

J.P. Lansberg (IPNO)

1
Vs [TeV]

DPS theory studies with quarkonia

10

This plots does not show the (slightly forward) LHCb data just discussed by Vanya
J/w+charm and Y+charm data point at e ~ 20 mb
J/w +J/w LHCDb region: SPS computations with too large uncertainties to conclude
Looking at the feed-down pattern likely necessary to check the SPS/DPS ratio
Y + Y data by CMS: same as above about the current theory uncertainties
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Conclusion
@ For the first time, our study shows that both DPSs and the NLO QCD corrections to

SPSs are crucial to account for the existing di-J/y data
Confirmation by the recent ATLAS study using our predictions (see ATLAS, EPJC (2017) 77:76)
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@ Still for di-J /v, this provide evidence for

(i) the dominance of af (LO) CS SPS contributions for the total cross section,
(ii) the dominance of > (NLO) CS SPS contributions at mid and large pYY,
(iii) the dominance of DPS contributions at large Ay and at large My,
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o A small 0., i.e. large DPS, is also required to describe J/y + Z/W, but also Y + ] [y

DO PRL 116 (2016) 082002 + H.S. Shao - Y. J. Zhang PRL 117 (2016) 062001
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@ Lower limit on e from Z + (b — J/w) JPL, H.S. Shao NPB 916 (2017) 132
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equally speaking, charmonium-pair-production rates involving excited states, in
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@ Hint at a flavour dependence of g ?
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SPSs are crucial to account for the existing di-J/y data
Confirmation by the recent ATLAS study using our predictions (see ATLAS, EPJC (2017) 77:76)
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(i) the dominance of af (LO) CS SPS contributions for the total cross section,
(ii) the dominance of > (NLO) CS SPS contributions at mid and large pYY,
(iii) the dominance of DPS contributions at large Ay and at large My,

@ We have also derived generic formulae predicting feed-down contributions or,
equally speaking, charmonium-pair-production rates involving excited states, in
case DPSs dominate. These do not depend on ..

A small ., i.e. large DPS, is also required to describe J/y + Z/W, butalso Y + J [y

DO PRL 116 (2016) 082002 + H.S. Shao - Y. J. Zhang PRL 117 (2016) 062001

@ Lower limit on e from Z + (b — J/w) JPL, H.S. Shao NPB 916 (2017) 132
@ Hint at a flavour dependence of g ?
@ There could also kinematical dependences involved See e.g. B. Blok M. Strikman EPJC 76 (2016) 694
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CEM results for single J/y
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Comparison between the ATLAS data (EPJC 76 (2016) 283)and the CEM results for
do/dy/dPr of ]|y + a recoiling parton at (left) LO and (right) NLO at /s = 8 TeV.
[The theoretical uncertainty band is from the scale variation.]
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On the (non-)importance of CO channels for di-J/y
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Single //y LDME fit: M. Butenschoen, B. Kniehl arXiv:1105.0820, PRD 84 (2011) 0515

DPS theory studies with quarkonia December 13, 2017 26/23




|
On the (non- )1mp0rtance of CO channels for di-J / v

10

MW Lo CSM gy CSM 3 10¢ M LONRQCD 3
775 NLO® CS+LO CO

B NLO* CSM
1

i o)
2 10N i 15
= E =
> E
4 102 13
<) 2 =]
= ; 5
5 1073 10
3 E W LleveLhc
L 4L Ac i
104t 1074 CMS, i/cep
E 7TeVeLHC Jo-5LaXiv:1105,0820 ‘ ‘
10-5 L FMS Aceeg N . — 0 1 2 3 4
0 4 |Ay| between ¢

IAyI between w

Single //y LDME fit: M. Butenschoen, B. Kniehl arXiv:1105.0820, PRD 84 (2011) 0515

@ Adding CO using NLO LDMEs of the Hamburg group has no impact
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On the (non-)importance of CO channels for di-J/ w
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Single //y LDME fit: M. Butenschoen, B. Kniehl arXiv:1105.0820, PRD 84 (2011) 0515

@ Adding CO using NLO LDMEs of the Hamburg group has no impact

@ Same with other NLO LDMEs, by the PKU group (incl. my co-author), by the IHEP
group as WCH as bY BOdWil’l et al. PRL 110 (2013) 042002 ; JHEP 1505 (2015) 103; PRL 113 (2014) 022001
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T DPS+NLO* SPS
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Fit 2
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@ Using for the upper bound: (O’/W(3S£8])) <2.8x1072 GeV? & (O//W(‘S([)s])) <5.4 %1072 GeV?
[see the solid and dashed black lines]

o Nota: 1, data: ((/V('SI*)) = (7 (3s1¥1)) < 1.46 x 1072 GeV?
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Another way to see this with 2

CO channels
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@ Using for the upper bound: (O’/W(3S£8])) <2.8x107° GeV> & (O//W(‘S([)g])) <5.4 %1072 GeV?
[see the solid and dashed black lines]

o Nota: 1, data: ((/V('SI*)) = (7 (3s1¥1)) < 1.46 x 1072 GeV?

JPL, H.-S.Shao PLB 751 (2015) 479

H. Han et al. PRL 114 (2015) 092005

@ Ignoring all previous constraints and fitting (one channel at a time) the LDME on
the CMS data one gets irrealistically large values:
(O (3st1y) = 0.42 £ 0.12 GeV? & (0¥ (1s1¥1)) = 0.91 + 0.22 GeV?> 11!
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