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Quakonium Production

Study of heavy quarkonia probes hadron configuration and the non perturbatve behaviour of QCD.

Understanding of the production of P-wave charmonium states is a significant bottleneck in the

understanding of charmonium production as a whole.

Current theoretical calculations are limited in their ability to model the production and decay of
these states. The Colour Singlet (CS) mechanism alone is insufficient to account for experimental
measurements.

colour-singlet state

In the CS model only those states with the same quantum numbers as the resulting charmonium
contribute to the formation of the bound state.
Non-Relativistic QCD (Colour Octet model), in addition to CS production, allows for possibility of

heavy quark formation in a coloured state, which subsequently decays into a physical singlet
guarkonium bound state through non-perturbative emission of soft gluons.

High yields of quarkonia available at the LHC will enable stringent tests of existing theoretical models

across a large range of momentum transfer. ey .
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Recent results on charmonium from ATLAS

Results in this presentation:

Measurement of the x, and X, production with Vs=7 TeV pp collisions at ATLAS
arXiv:1404.7035

Cross-section measurement of (2S) = J/Y (> pp)n'nin Vs=7 TeV pp collisions at ATLAS
ATLAS-CONF-2013-094, paper in preparation

Measurement of the production cross section of prompt J/{ mesons in association with a
W boson in pp collisions at Vs=7 TeV with the ATLAS detector

arXiv:1401.2831

See talks from Andy Chisholm and Hannah Arnold
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Theoretical Approaches

The measurements in this presentation are compared with predictions from

* Leading-order (LO) colour-singlet model (CSM) [http://superchic.hepforge.org/chigen.html]

* Leading-order (LO) non-relativistic QCD (NRQCD) [arXiv:1009.3655]

* Next-to-leading-order (NLO) NRQCD [Phys. Rev.D83(2011) 111503, arXiv:1212.5293, arXiv:1009.3655]

* kt-factorisation approach [Phys. Rev.D83(2011) 034035, arXiv:1108.2856]

* Fixed order next-to-leading-logarithm (FONLL) for b-hadron production [arXiv:1205.6344, hep-ph/9803400]
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Measurement of the x_, and x_, production

Inclusive production rate of prompt J/ is the most experimentally accessible charmonium
production observable at the LHC.

Comparisons of experimental measurements with theoretical predictions are complicated by
the large feed-down contributions from x_and {(2S) decays.

An understanding of x. production is a crucial component of any general description of
charmonium production at the LHC.
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Measurement of the
X.; and X, production

Reconstructed x. - J/Uy - ppy with photon
conversions (y—>e'e’)

Main challenge: precise reconstruction of the soft y.

The mass difference A m = m(ppy) - m(pp)
distribution distinguishes between x. candidates.

Simultaneous fit to mass and pseudo-proper lifetime
distributions.

Pseudo-proper time, T, distinguishes between
prompt and non-prompt contributions.

PDG

7|

T =

where L, is displacement of J/U decay vertex from
primary vertex
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Prompt x., and ¥, production

arXiv:1404.7035
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Differential cross sections for prompt ¥, (left) and ., (right) production as a function of p;/¥

Signal yields (N, ) obtained from simultaneous fits, to mass and lifetime distributions, used to
calculate the cross section B % dU(Xc) _ Nye
dpr — LApr

Where the factor B denotes the product of branching fractions: B=B(x. = J/by).B(J/ = )

* NLO NRQCD prediction in good agreement with data

* k;factorisation predicts that majority of J/{ produced from ¥ at high p;. Overestimate w.r.t
data

* LO CSM significantly lower cross section than data. Higher order correctlons known to be large
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Non-prompt x., and ., production

arXiv:1404.7035
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Differential cross sections for non-prompt x., and x., production as a function of p,*/* (left) and p,* (right)

* Polarisation of the x. mesons produced at the LHC is unknown. Both prompt and non-prompt
measurement assumes unpolarised production.

* First measurement of non-prompt x.production at the LHC.

*  Measurements generally well described by the fixed order next-to-leading logarithm (FONLL) prediction.
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B,xo(x ,)/Bxo(x )

Measurement of the x_, and xcz productlon
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The production cross section of prompt ¥, relative
to prompt x., measured as a function of p,/¥

* Prompt cross section ratio is a long standing
puzzle. Much more X, than x,!

* NLO NRQCD in general agreement with data
(due to NLO correction).

* LO CSM underestimates the data — suggest that
CO or NLO terms important.
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The fraction of prompt J/{ produced in x_decays
as a function of p/¥.

Prompt . cross section divided by existing
ATLAS prompt J/ result [arXiv:1106.5325]
Around 25% of prompt J/ are produced in x,
feed-down.

NLO NRQCD describes this fraction well.
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Branching fraction B(B*->x_,K*)

Signal: B*>x,K* = wruyK* Reference: B*=>J/PK* > pruk* NB. photon
NB + +
B(B* = xaK™) = A N%, ., B(B=—=J/¢v)

Where A; is a factor to correct for the different detector acceptances of the two decays,
N® ., and N° , are the corrected yields for the signal and reference decay channels,
Current world average values are used for the branching fractions.

‘ATLAS  —~Daa
Vs =7 TeV — g;a;t ldf;izf:gl':é B(B*—>x . K*)=(4.8£0.6 (stat.)£0.6 (syst.))x10™*
1 .
Jua-ase -~ Sg‘g;ﬁge(rﬂznfozs) e Good agreement with current world average value of
—%- (4.9 +0.9 (stat.) £ 0.6 (syst.) ) x 10* (4.79£0.23)x107
o Belle (4.94 +0.35) x 10*
—o] BaBar (4.50 + 0.32) x 10™

CDF (15.5+5.75) x 10™

T T O S S S Y Same event selection criteria as the . measurement.
2 4 6 8 10 12 14 16

arXiv:1404.7035 B(B'—x,K) [107]
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Cross-section measurement of
BL(2S) 2 I/ (> pru)mte

* Non-prompt J/{ and (2S) production arises from weak decays of b-hadrons.

* Prompt J/Y production can occur through either direct QCD production of J/{ or the production of
excited P-wave X, states that subsequently decay into J/ +X final states.

*  Prompt (2S) ONLY proceeds through direct QCD production.

To provide an accurate picture of charmonium production it is necessary to study prompt and non-
prompt production of Y(2S) as well as

Xo (nP) states and J/ . _ _ :QTLAS Preliminary \s=7TeV,J:Ld1=2.1fb'1 10’
, 8 1921 - - “ATLAS-CONF-2013-094

Cross-section measurement 2 g0

* 2.1fb? of pp collision data at 7TeV § Zg

* ((2S) p;=10-100 GeV e

* Three Y(2S) rapidity ranges : . il
ly|<0.75, 0.75<|y|<1.5, 1.5<|y|<2.0

20

Distribution of Y(2S) = J/Y n+mn- candidates.
Before corrections. 10 s

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
Jhynr |y|
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BW(2S) = J/P(= php)m'

10°
0.45F- o ly| <0.75
- ATLAS Preliminary Data
0.4 -1 .
 Vs=7TeV, | Ldt=2.1fb — Fit
03— v £ e Background
= J/y Signal
0.3
F Signal ~ 2.8 M
0'255 Peak ¢ ~ 37 MeV
0.2
0.15
0.1F
0.05F—
Ml itk bl sl e ol Lokl ool L LL Lt <
98 2.9 3 3.1 3.2 33 3.4
My [GeV
10°
= |yl <0.75
50 - ATLAS Preliminary Data
r -1 )
r Vs=7TeV, | Ldt=2.1b — Fit
Y B WECTEETH Background
40—
C y(2S) Signal
30—
20—
o Signal ~ 96 k
10— Peak o ~ 5.6 MeV
P AP PRI ARV PRI UYL (i U NUVEEN BRI PRI
3.6 362 364 366 368 3.7 372 374 376 3.78
mJ/wm [GeV]

Entries / 12 MeV

Entries / 4 MeV

10°
C 0.75<ly|<1.5
0.25 P
C ATLAS Preliminary —— Data
- -1 — F
C Vs=7TeV, | Ldt=2.1fb Fit
02— Y [N e Background
- J/y Signal
0.15[— Signal ~2.3 M
- Peak ¢ ~ 53 MeV
0.1 —
0.05 -
o eaifnae praereasenan Frreereease yrepegen
9

30

25

20

.8 103AT2E

AS-CONF-2013-004c%

MEREEEEE EEEEENERERN R

C 0.75<ly|< 1.5
:_A TLAS Preliminary Data
F (s=7TeV, | Ldt=2.1fb" — Fit
------ Background
y(2S) Signal

Signal ~ 66 k
Peak ¢ ~ 7.9 MeV

I
3.6

T I I T
372 374 376 378
My [GeV]

v L L L ey T
362 364 366 368 3.7

Entries / 12 MeV

Entries / 4 MeV

0.16

0.14

0.12

0.

W[ TR T[T T T[T T T[T T T [TTT[TTT[T
I I I I I I

0.08

0.06

0.04

0.02

10°

E Vs=7TeV,

E_A TLAS Preliminary

15<ly|<2
Data

= Fit
Background
J/y Signal

I Ldt=2.1fb"

Signal ~2 M
Peak ¢ ~ 72 MeV

R rresepeannresirneapagapagaapayenpageapageapne iR
9 2.9 3 3.1 3.2 3.3 3.4
m,, [GeV]
_1U“
18— 15<|y|<2
e ATLAS Preliminary Data
C 1 .
F Vs=7TeV, | Ldt=2.1fb — Fit
W= J LXx e Background
12 y(2S) Signal
10—
8-
o
4 Signal ~ 41 k
E Peak 6 ~ 10 MeV
2=
0:,.1...|...|...1...|...[...|...|...|...x.
36 362 364 366 368 3.7 372 374 376 378

mJ/\|11t7t [GeV]

* Uncorrected yields and the invariant mass resolutions for the di-muon (top) and J/{ m+m- system
(bottom) in the three rapidity ranges of the measurement.
* The data distributions are fitted with a combination of two Gaussians (for the signal peak) and
second order polynomials (for backgrounds).
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Isotropic m__ = 0.2831 GeV

[GeV]

V(2S) p,

20

B(2S) = J/P(= php)mi

A TLAS Preliminary

1

. Spin-alignment:

The spin-alignment state of the {(2S) is directly

transferred to the J/{. Acceptance therefore depends

on the spin-alignment of the (2S).

Each (2S) candidate was weighted with the

1 1 e 1 e
—0.3
—0.2
—0.1
_II|III|III|III|IIIIIII|IIl|IIII[II|Ill|I[I|IIl _0
0 02040608 1 1214 1.6 1.8 2 2.2 24
v(2S) Iyl

inverse product of:

Acceptance

Muon reconstruction efficiency
Pion reconstruction efficiency
Trigger efficiency
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* For the central results, the {(2S) is assumed to be

isotropic.
ATLAS-CONF-2013-094
5 |
o 10°F lyl <0.75  — Total Weight
= C
I Acceptance -:-- Muon Reco.
s Pion Reco. Trigger
1o ATLAS Preliminary
E \s=7TeV, f Ldt=2.1fb"'
Yo 20 3'6 - _4'07 - 50 60 70 80 90100
Y(2S) p, [GeV]
Sue Cheatham kk/ MCGlll 13



Cross-section measurement of

BY(2S) = J/P(= php)min

ATLAS-CONF-2013-094

Measured differential cross-sections for prompt and non-prompt {(2S) production.

7 T T T T T T T |
O ATLAS Preliminary Prompt y(2S) data
..... Vs=7 TeV, | Ldt=2.1fb" —— |y|<0.75 (x10°)
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) ?6¥®/dp_/dy [nb/GeV]

[ ] NLO NRQCD

= = x K, factorisation
1 1

M 10 20 30 40 50 60 10°
y(2S) transverse momentum [GeV]

LO predictions show agreement with data, albeit
with large uncertainties.

NLO NRQCD predictions describe data
reasonably well. Potential to improve at high p;
with CO matrix element re-tune.

k; factorisation model clearly undershoots data.
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Non prompt \V(ZS) data
—e— |y|<0.75 (x10%

—=— 0.75< |y|<1.5 (x10°)

—— 1.5<|y|<2.0

ATLAS Preliminary

Vs=7 TeV, | Ldt=2.1fb™
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)

; 10°

ﬂ NLO with FONLL fragmentation

[ FoNLL

@ 10 20 30 40 50 60 10°
y(2S) transverse momentum [GeV]

Both NLO and FONLL calculations describe
the data over a wide range of p;.
However both overestimate at high p; and

underestimate at low p;.
Important testing ground for different QCD

approaches. EE MCGlll y



Associated W boson + prompt J/U production

« Offers new tests of QCD at the perturbative/ non-perturbative boundary.
* The relative contributions of CS and CO processes are expected to differ in W*+J/{ and inclusive J/.
* Sensitive to multiple parton interactions in the colliding proton.

Single parton scattering (SPS): the W* and J/{ originate from the same parton interaction.
Double parton scattering (DPS): the W* and J/{ originate from two different parton interactions in the
same p-p collision.

arXiv:1401.2831

% O I
= 5_ ATLASNs=7ToV, [L =45 1b E Two-dimensional plot of W* + J/{ candidates in pseudo-
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o 15— : ° a ° -
> e ¢ . S % *
D ety Cut o Sre oo, . Background contributions assessed from:

17 . * E Pileup, Z+jets, top pair production, W+b-quark,

- . * : ] B> J/U + v +X, heavy quark jets.
o | | Ll | ]

34
pu Invariant Mass [GeV]
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Associated W boson + prompt J/U production

Unbinned maximum likelihood fit to J/Y mass and lifetime distributions used to extract prompt
component from data.

Events / 0.04 GeV

_I‘Il\lllll\ll4lll | (/J102:\\\Illllllll\\l\ll\llll\l\I1II|IIII\\II:
- ATLAS,\s=7TeV, _[L dt=4.5fb 14 2 FATLAS,\s=7TeV,|Ldt=45fb ]
S0[ ¢ Data 1« C —o— Data ]
L == Total fit 1@ L = Total fit ]
~
E oo W JIy ) ] 1 & I | W W + prompt J/y |
40—_...‘ W + prompt combinatorics € | 11 s W + non-prompt J/y
[ w W + non-prompt combinatorics 1 @ B <= W + prompt combinatorics |
- 1 > 10 E : i a
= 4 w E H Gl W + non-prompt combinatorics]
30 N L -
201~ ] 1 o 4 =
10% . i =, i
- + +-»_+]L | + :: ] :E::. Eii; ::!:- - . %,//"’f/, i
0lu-:I:'ET-‘»"”-“:'H“Hl'_ﬂu'll‘"w_i‘t_,:_ |-‘:I‘I}zl [ RARARARAR Mﬂﬂdmmmﬂr.‘.r 10—1 | ;;J:I é' I |-=:‘\ [ :"ﬁ' i P |% L1
2.6 2.8 3 3.2 3.4 2 -1 0 1 2 3 4 5 6
pu Invariant Mass [GeV] J/y Pseudo-proper Time [ps]
Yields from two-dimensional fit
Process Barrel Endcap Tola? ) 27 4 +7.5
Prompt J /y 10047 192438 202+73(x) Avyield of 21.2_¢5
Non-prompt J /1 27.97%3 13.9733 4187535
Prompt background 20.4737 18.8*%3 39.275%
Non-prompt background 19.8%3% 19.2+%] 39.0*54
p-value 80x107% 14x10°¢ 21x1077
Significance (o) 24 4.7 5.1

(*) of which 1.8 +0.2 originate from pileup
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W* + Prompt J/W events is observed,
with a statistical significance of 5.10.
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/‘)
W + prompt J/y

candidate event

Missing E; vector

Muons from J/y
candidate decay

@ATLAS

EXPERIMENT

Run Number 191513, Everst Nember: 11053516
Date: 2011-10-23 17:21:09 UTC

ATLAS-CONF-2013-042

Muon from W boson decay ——"

J/y candidate p; = 9.3 GeV
Pseudo proper time = 0.0 ps

W boson p; = 39 GeV I ‘I




Associated W boson + prompt J/J production

The Probability of an additional distinguishable process (J/{ production) for a collision in which a hard
process occurs (W* production), is taken from W* > W+2 jet measurement [arXiv:1301.6872].
The total number of DPS events in the W* + prompt J/{ signal yield is estimated to be 10.8 +/- 4.2.

x10°®
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20— ~ 3 > : _ ]
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i DPS uncertainty ] — 2—_ X\ Spin-alignment uncertainty N 7777, DPS uncertainty 4
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3. r N B
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AG(W,J/y) J/y Transverse Momentum [GeV]
F.Iat D.PS contrlbuhgn expeFted The WH + prompt J/ .: W prgduc‘uon The inclusive (SPS+DPS)
since independent interactions. differential cross-section ratio

CO + CS models both predict SPS ¢ inthe J/{ fiducial region,
contribution peak at Ap =Tt » after correction for J/{ acceptance,

e after subtraction of the DPS.

cross-section ratio.

arXiv:1401.2831

* The LO CS mechanism makes the dominant contribution to the single parton scattering cross section.
» Data suggests single parton scattering is the dominant contribution to the total rate at low J/{ p;
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Summary

Measurement of the x_, and X, production

* Wide range of measurements made, some for the first time at the LHC.
* Prompt and non-prompt cross section measurements for x., and X,

* The fraction of prompt J/{ produced in x_ decays.

* Branching fraction B(B*—>x_K*)

Cross-section measurement of (2S) - J/P(=> pHpw)mne

* Prompt and non-prompt production cross section measurements.

e Expanded on the precision and reach of previous measurements.

* Provides useful input to theoretical calculations, since J(2S) is the only charmonium state without
any significant feed-down contributions to complicate the theoretical framework.

Associated W boson + prompt J/J production

* The first observation of W*+ prompt J/ events with a 5.10 significance.

* Novel double parton scattering study environment: Further ongoing studies at 8 TeV in W/Z+onia
and in double quarkonium production.
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