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Hidden flavour production

from CHARM 2013 / Manchester:

Overview: Three J/˵ Production Works 

Theory of Charmonium Production 15/21M. Butenschön
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Hidden flavour production

from CHARM 2013 / Manchester:

Theory of Charmonium Production 21/21M. Butenschön

Summary

40 years after J/˵ GLVFRYHU\���������������������������������������������������������������������������
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5HVXPPDWLRQ RI�ODUJH�ORJULWKPV S7��PF

� �ODUJH�S7 UHVXPPDWLRQ�
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Hidden flavour at ATLAS: experimental environment

high production rates for signal and background, in a detector
optimized for high-pT discovery physics at

√
s = 14TeV
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Hidden flavour at ATLAS: experimental techniques

rate limited by trigger bandwidth, especially at Level 1 (hardware)
B-physics & onia: high-pT µ, M(µµ)-restricted-dimuon, . . . triggers
increasing L −→ higher-pT triggers, prescaling, . . .
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Υ(nS) production cross-sections
ATLAS Collaboration, PRD 87, 052004 (2013)

dimuon trigger: pµT > 4GeV, |ηµ| < 2.3; largely un-prescaled, 1.8 fb−1

resolution differs at high |y |

and at central |y |
weighted event-by-event for ε;
fits in pT bins: e.g.

fiducial cross-sections:
no spin-alignment uncertainty

corrected cross-sections:
full Υ decay parameter space

data disagrees w predictions;
NNLO∗ CSM: at high pT ;
colour evaporation: on shape;
note pT dependence of the
spin-alignment uncertainty
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Υ(nS) production cross-sections
ATLAS Collaboration, PRD 87, 052004 (2013)

dimuon trigger: pµT > 4GeV, |ηµ| < 2.3; largely un-prescaled, 1.8 fb−1

resolution differs at high |y |
and at central |y |

weighted event-by-event for ε;
fits in pT bins: e.g. [0.5, 1.0]

fiducial cross-sections:
no spin-alignment uncertainty

corrected cross-sections:
full Υ decay parameter space

data disagrees w predictions;
NNLO∗ CSM: at high pT ;
colour evaporation: on shape;
note pT dependence of the
spin-alignment uncertainty
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Υ(nS) production cross-sections
ATLAS Collaboration, PRD 87, 052004 (2013)

dimuon trigger: pµT > 4GeV, |ηµ| < 2.3; largely un-prescaled, 1.8 fb−1

resolution differs at high |y |
and at central |y |

weighted event-by-event for ε;
fits in pT bins: e.g. [20.0, 21.0]

fiducial cross-sections:
no spin-alignment uncertainty

corrected cross-sections:
full Υ decay parameter space

data disagrees w predictions;
NNLO∗ CSM: at high pT ;
colour evaporation: on shape;
note pT dependence of the
spin-alignment uncertainty
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Υ(nS) production cross-sections
ATLAS Collaboration, PRD 87, 052004 (2013)

dimuon trigger: pµT > 4GeV, |ηµ| < 2.3; largely un-prescaled, 1.8 fb−1

resolution differs at high |y |
and at central |y |

weighted event-by-event for ε;
fits in pT bins: e.g. [40.0, 45.0]

fiducial cross-sections:
no spin-alignment uncertainty

corrected cross-sections:
full Υ decay parameter space

data disagrees w predictions;
NNLO∗ CSM: at high pT ;
colour evaporation: on shape;
note pT dependence of the
spin-alignment uncertainty
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Υ(nS) production cross-sections
ATLAS Collaboration, PRD 87, 052004 (2013)

dimuon trigger: pµT > 4GeV, |ηµ| < 2.3; largely un-prescaled, 1.8 fb−1

resolution differs at high |y |
and at central |y |

weighted event-by-event for ε;
fits in pT bins: e.g. [40.0, 45.0]

fiducial cross-sections:
no spin-alignment uncertainty

corrected cross-sections:
full Υ decay parameter space

data disagrees w predictions;
NNLO∗ CSM: at high pT ;
colour evaporation: on shape;
note pT dependence of the
spin-alignment uncertainty
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Υ(nS) production cross-sections
ATLAS Collaboration, PRD 87, 052004 (2013)

dimuon trigger: pµT > 4GeV, |ηµ| < 2.3; largely un-prescaled, 1.8 fb−1

resolution differs at high |y |
and at central |y |

weighted event-by-event for ε;
fits in pT bins: e.g. [40.0, 45.0]

fiducial cross-sections:
no spin-alignment uncertainty

corrected cross-sections:
full Υ decay parameter space

data disagrees w predictions;
NNLO∗ CSM: at high pT ;
colour evaporation: on shape;
note pT dependence of the
spin-alignment uncertainty

 [GeV]
T

 p
0 20 40 60

) [
pb

/G
eV

]
-
µ+

µ 
 B

r(
×

dy
 

T
/d

p
2 d -210

-110

1

10

210

ATLAS
-1 L dt = 1.8 fb = 7 TeV  s

Corrected cross sections
| < 1.2  |y 

(1S) 
(2S) 
(3S) 

Bruce Yabsley (ATLAS / Sydney) Charmonium production at ATLAS CHARM 2015/05/18 6 / 32



Υ(nS) production cross-sections
ATLAS Collaboration, PRD 87, 052004 (2013)

dimuon trigger: pµT > 4GeV, |ηµ| < 2.3; largely un-prescaled, 1.8 fb−1

resolution differs at high |y |
and at central |y |

weighted event-by-event for ε;
fits in pT bins: e.g. [40.0, 45.0]

fiducial cross-sections:
no spin-alignment uncertainty

corrected cross-sections:
full Υ decay parameter space

data disagrees w predictions;
NNLO∗ CSM: at high pT ;
colour evaporation: on shape;
note pT dependence of the
spin-alignment uncertainty
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Search for a Xb → π+π−Υ signal
ATLAS Collab., Physics Letters B 740, 199–217 (2015); arXiv:1410.4409 [hep-ex]

hidden-beauty analogue of X (3872)→ π+π− J/ψ

16.2 fb−1 of
√
s = 8TeV data; 2× (pT > 4GeV muon) trigger

fit in 2× 2× 2 bins of (|y |, pT , cos θ∗) to discriminate vs bkgd

kinematics: ATLAS/CMS

Υ(nS) d2σ
dydpT

; validated on

34300± 800 Υ(2S) signal

Υ(3S): model for Xb search

significance z = 8.7;
most sensitive bin z = 6.5 −→
χ2/ndof = 1.0 for simultaneous fit

Nfit
3S = 11600± 1300

Npred
3S = (σB)3S · L · A · ε

= 11400± 1500

C
a

n
d

id
a

te
s
 /

 8
 M

e
V

4500

5000

5500

6000

6500

7000

 =  1390 +/­ 210sN

ATLAS ­1 = 8 TeV, 16.2 fbs

2012 Data
Total Fit
Background Component
Signal Component

*>0θcos

>20 GeV
T

p

|y|<1.2
2012 Data
Total Fit
Background Component
Signal Component

(1S)) [MeV]ϒ −π +πm(
10300 10400

0

500

1000
Data ­ Fitted Bgd.
Total Signal Fit
Gaussian Components

Bruce Yabsley (ATLAS / Sydney) Charmonium production at ATLAS CHARM 2015/05/18 7 / 32



Search for a Xb → π+π−Υ signal
ATLAS Collab., Physics Letters B 740, 199–217 (2015); arXiv:1410.4409 [hep-ex]

pT > 20GeV, cos θ∗ > 0 (most sensitive bin):
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Search for a Xb → π+π−Υ signal
ATLAS Collab., Physics Letters B 740, 199–217 (2015); arXiv:1410.4409 [hep-ex]

pT > 20GeV, cos θ∗ < 0 (top-left bin):
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Search for a Xb → π+π−Υ signal
ATLAS Collab., Physics Letters B 740, 199–217 (2015); arXiv:1410.4409 [hep-ex]

pT < 20GeV, cos θ∗ > 0 (bottom-right bin):
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Search for a Xb → π+π−Υ signal
ATLAS Collab., Physics Letters B 740, 199–217 (2015); arXiv:1410.4409 [hep-ex]

pT < 20GeV, cos θ∗ < 0 (least sentitive bin):
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Xb → π+π−Υ: results as a function of mass
ATLAS Collab., Physics Letters B 740, 199–217 (2015); arXiv:1410.4409 [hep-ex]

hypothesis test every 10MeV from 10–11GeV, excluding Υ(2S , 3S)

fit range m± 8σendcap: ±72MeV at 10GeV; ±224MeV at 10.9GeV

simultaneous fit to the 8 (|y |, pT , cos θ∗) bins, for R = σB/(σB)2S
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Fig. 7. The π+π−Υ(1S) invariant mass distributions for each of the analysis bins.
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Xb → π+π−Υ: results as a function of mass
ATLAS Collab., Physics Letters B 740, 199–217 (2015); arXiv:1410.4409 [hep-ex]

hypothesis test every 10MeV from 10–11GeV, excluding Υ(2S , 3S)

fit range m± 8σendcap: ±72MeV at 10GeV; ±224MeV at 10.9GeV

simultaneous fit to the 8 (|y |, pT , cos θ∗) bins, for R = σB/(σB)2S

local signif. z < 3 by
asymptotic formulae

cf. R = 3%, 6.56%

set ULs using CLS

syst’s first added:
– using G constraints
– increases limits . 13%

– inflates ±1σ bands 9.5–25%

recalculated for the other
spin-alignt working pts

reported in detail
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Xb → π+π−Υ: results as a function of mass
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Xb → π+π−Υ: results as a function of mass
ATLAS Collab., Physics Letters B 740, 199–217 (2015); arXiv:1410.4409 [hep-ex]
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Xb → π+π−Υ: results as a function of mass
ATLAS Collab., Physics Letters B 740, 199–217 (2015); arXiv:1410.4409 [hep-ex]

hypothesis test every 10MeV from 10–11GeV, excluding Υ(2S , 3S)

fit range m± 8σendcap: ±72MeV at 10GeV; ±224MeV at 10.9GeV

simultaneous fit to the 8 (|y |, pT , cos θ∗) bins, for R = σB/(σB)2S

local signif. z < 3 by
asymptotic formulae

cf. R = 3%, 6.56%

set ULs using CLS
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– using G constraints
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Xb → π+π−Υ: interpretation and plans

this is the most senstitive Xb production search for m > 10.1GeV

excludes R = σB/(σB)Υ(2S) = 6.56% throughout search range

cf. ππψ [CMS, JHEP 04 (2013) 154]: (σB)X (3872)/(σB)ψ(2S) = 6.56%

if Xb exists, relative production σ/σ2S or branching B/B2S ,
or both, are weaker than for X (3872)

an Xb is not in general a carbon copy of the X (3872):

X (3872) is within sub-MeV resolution of D0D∗0 threshold

even a molecular Xb is bound by tens of MeV

further, large DD∗ isospin breaking (m± −m00 = +8.08± 0.11MeV)
is absent for BB∗ (m± −m00 = −0.64± 0.12MeV)‡

stressed by theorists [Guo/Meißner/Wang, 1204.2158; Karliner . . . ]

X(3872): |m± −m00| � Eb; ≈ pure D0D∗0 state; Bρψ ' Bωψ
Xb: |m± −m00| � Eb; ≈ pure I = 0 state; BρΥ “strongly” suppressed

I -allowed modes — {γ, πππ0}Υ, ππχb — have severe A · ε problems;
further searches are under investigation
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ψ(2S)→ π+π− J/ψ at 7 TeV
ATLAS Collaboration, JHEP 09 (2014) 079

little feed-down from higher states: test of direct charmonium production

also constrains feed-down to J/ψ if measured in bins of J/ψ (pT , y)

dimuon trigger: pµT > 4GeV, |ηµ| < 2.3; un-prescaled, 2.1 fb−1

full spectrum;
note the X (3872)

π+π−µ+µ− fit,
constraining
µµ→ J/ψ mass;

|y | ∈ [0, 0.75)

|y | ∈ [0.75, 1.5)

|y | ∈ [1.5, 2.0)
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ψ(2S)→ π+π− J/ψ at 7 TeV
ATLAS Collaboration, JHEP 09 (2014) 079
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ψ(2S)→ π+π− J/ψ at 7 TeV
ATLAS Collaboration, JHEP 09 (2014) 079

little feed-down from higher states: test of direct charmonium production
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ψ(2S)→ π+π− J/ψ at 7 TeV
ATLAS Collaboration, JHEP 09 (2014) 079

little feed-down from higher states: test of direct charmonium production

also constrains feed-down to J/ψ if measured in bins of J/ψ (pT , y)
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ψ(2S)→ π+π− J/ψ at 7 TeV: 2D fit to (m, τ )
ATLAS Collaboration, JHEP 09 (2014) 079

prompt:

non-prompt:

bkgds:

in bins of

the ψ(2S)

(pT , |y |);

representative
examples at

low y , pT

mid y , pT

high y , pT ;

likewise for

J/ψ (pT , |y |)

mass: pseudo proper time:

f G1(m) + [1− f ]G2(m) δ(τ)⊗ Gres(τ)
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ψ(2S)→ π+π− J/ψ at 7 TeV: 2D fit to (m, τ )
ATLAS Collaboration, JHEP 09 (2014) 079
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ψ(2S)→ π+π− J/ψ at 7 TeV: 2D fit to (m, τ )
ATLAS Collaboration, JHEP 09 (2014) 079
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ψ(2S)→ π+π− J/ψ at 7 TeV: comparison w theory
ATLAS Collaboration, JHEP 09 (2014) 079

prompt production:
NNLO∗ CS undershoots (esp. at high pT ); NLO NRQCD ≈ matches data;
colour evaporation predicts a harder spectrum than seen;
kT factorization significantly (and as a fn of pT ) underestimates data

cf. spin-alignment uncertainty: (+62
−32)% at 10GeV −→ (+ 8

−12)% at high pT
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ψ(2S)→ π+π− J/ψ at 7 TeV: comparison w theory
ATLAS Collaboration, JHEP 09 (2014) 079; & B+: JHEP 10 (2013) 042

non-prompt production: reasonable agreement with both
general-mass variable-flavour-number scheme (GM-VFNS) at NLO, and
fixed-order next-to-leading logarithm (FONLL) calculations,
but both predict production that’s harder in pT ;

FONLL reproduces B+ ?⇒ ∃ b-hadron composition & decay mismodelling?
[for same trigger & dataset]
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χc1 and χc2 production at 7 TeV
ATLAS Collaboration, JHEP 07 (2014) 154

example of P-wave quarkonium production

significant source of feed-down to J/ψ

multiple states −→ χc2/χc1 ratios provide precision tests

cf. ψ(2S): ππ replaced by γ → e+e− in pixels, pγT > 1.5GeV, |ηγ | < 2.0

again, 2D fit in mass and pseudo-proper time:
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χc1 and χc2 production at 7 TeV
ATLAS Collaboration, JHEP 07 (2014) 154

a series of absolute cross-section ×Bχc1,c2 × BJ/ψ measurements in

χc1,c2 pT bins, for χc1,c2 production studies

J/ψ pT bins, for constraint of feed-down to J/ψ; examples:

prompt χc1 and

prompt χc2:

good agreement w
NLO NRQCD,
not LO CSM, or
kT (now constrained

by ψ(2S) & χcJ measts)

non-prompt χc1, χc2:
FONLL does well;
overshoots at high pT
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χc1 and χc2 production at 7 TeV
ATLAS Collaboration, JHEP 07 (2014) 154

χc2/χc1 ratios of production cross-section ×Bχc1,c2 × BJ/ψ:

prompt production:

LO colour singlet
consistently low

NLO NRQCD
matches well

results, including
?NRQCD high-pT

over-prediction?,
consistent w CMS

non-prompt:
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Summary

ATLAS has an active programme measuring charmonium production,
featuring

differential cross-section measurements in |y | and pT

careful treatment and reporting of spin-alignment uncertainties

both prompt and non-prompt production for hidden charm

a reasonably comprehensive set of states:

J/ψ (older results not shown here)
χc1 and χc2

ψ(2S)→ π+π−J/ψ
Υ(1S), Υ(2S), Υ(3S)
χbJ (mP) measurements (not shown here)

a sensitive Xb production test has also been performed

Further measurements, on 8TeV and 13TeV data,
will be released in the next year or so.
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BACKUP SLIDES
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BACKUP: polarization for V→ µ+µ−

Faccioli, Lourenço, Seixas, and Wöhri, EPJC 69, 657–673 (2010)

for (JPC = 1−−) |V 〉 = b+1 |+ 1〉+ b−1 | − 1〉+ b0 |0〉 decaying → `+`−,

• the angular distribution W (cosϑ, ϕ)

∝ N
(3 + λϑ)

(1 + λϑ cos2 ϑ

+ λϕ sin2 ϑ cos 2ϕ + λϑϕ sin 2ϑ cosϕ

+ λ⊥ϕ sin2 ϑ sin 2ϕ + λ⊥ϑϕ sin 2ϑ sinϕ)

• inclusive production: p1, p2, and V only;
we (∼ must) choose (x , z) : production plane

• reflection-odd terms unobservable (parity)

• full angular distributions (λϑ, λϕ, λϑϕ) in general needed . . .

z'

ϑ, φ

ℓ+

z|J/ψ : 1, m 〉

ϑ, φ

J/ψ
rest frame

| ℓ+ℓ−: 1, l = m 〉

f

ℓ−
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for (JPC = 1−−) |V 〉 = b+1 |+ 1〉+ b−1 | − 1〉+ b0 |0〉 decaying → `+`−,

• the angular distribution W (cosϑ, ϕ)

∝ N
(3 + λϑ)

(1 + λϑ cos2 ϑ

+ λϕ sin2 ϑ cos 2ϕ + λϑϕ sin 2ϑ cosϕ

+ λ⊥ϕ sin2 ϑ sin 2ϕ + λ⊥ϑϕ sin 2ϑ sinϕ)

• inclusive production: p1, p2, and V only;
we (∼ must) choose (x , z) : production plane

• reflection-odd terms unobservable (parity)

• full angular distributions (λϑ, λϕ, λϑϕ) in general needed . . .

quarkonium 

rest frame

production 

plane

yx

z

ϑ

φ

ℓ +

Bruce Yabsley (ATLAS / Sydney) Charmonium production at ATLAS CHARM 2015/05/18 19 / 32



BACKUP: polarization for V→ µ+µ−

Faccioli, Lourenço, Seixas, and Wöhri, EPJC 69, 657–673 (2010)
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BACKUP: polarization for V→ µ+µ−

Faccioli, Lourenço, Seixas, and Wöhri, EPJC 69, 657–673 (2010)

L: polarized

{
transversely

longitudinally

R: meast frame rotated by 90◦

integration over azimuth ϕ −→
longitudinal distn (d) looks like

transverse distn (a)

λϑ-only measurements
(à la TeVatron Run I)
can’t be compared without
assumptions about poln frame

experimental acceptance is also
typically a fn of (λϑ, λϕ, λϑϕ)

z z′
m = ±1

a) c)
m = ±1

y

x

y′

x′

z z′b) d)
m = 0

y

x

y′
x′
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BACKUP: polarization for V→ µ+µ−

Sandro Palestini, Physical Review D 83, 031503(R) (2011)

limited range of (λϑ, λϕ, λϑϕ) values allowed

LHC experiments quote results for each of a set of working points

L-­‐z	
  

L-­‐x	
  

L-­‐y	
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Darren Price – Quarkonium acceptance maps   ::   Onia subgroup meeting   ::   May 30th ‘12 Page 3 

Onia to dilepton script: v3 

In older version of the script we study five polarisation scenarios on the λθ-
λϕ plane (λθϕ=0) that fully span the possible effect of any polarisation state 

!"#$%&'()*+,##
%-.+/01213"3456#

ATLAS   CMS    
LHCb  ALICE 

λφ

λθ

dN

dΩ
= 1 + λθ� cos2 θ� + λφ� sin2 θ� cos 2φ� + λθ�φ� sin 2θ� cosφ�

New script adds two additional points off-plane λθ=0, λϕ=0, λθϕ=±0.5 that although 
do not change the cross-section beyond the other five, are theoretically interesting, 
and we should make an effort to quote our future results at 
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BACKUP: Υ(nS) production cross-sections
ATLAS Collaboration, PRD 87, 052004 (2013)

acceptance A(pΥ
T , yΥ) = P(both muons pass pµT > 4GeV, |ηµ| < 2.3)

function of Υ spin alignment: isotropic (default) +4 working points in
d2N

d cos θ∗dφ∗ ∝ 1 + λθ cos2 θ∗ + λφ sin2 θ∗ cos 2φ∗ + λθφ sin 2θ∗ cosφ∗

Lowest A, and largest variation, for pT ' 1
2mΥ (consider “backward” µ)
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BACKUP: Υ(nS) production cross-sections
ATLAS Collaboration, PRD 87, 052004 (2013)

fiducial cross-sections (no theoretical predictions to compare to so far!):
little (pT , y) structure in the weight, wfid = (εreco · εtrig)−1; dominated by
trigger efficiency εtrig = εRoI(pT , q · η)µ1 · εRoI(pT , q · η)µ2 · cµµ(∆R, |yµµ|);
see paper & http://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/BPHY-2011-06/
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BACKUP: Υ(nS) production cross-sections
ATLAS Collaboration, PRD 87, 052004 (2013)

corrected cross-sections:
weight wtot = (A · εreco · εtrig)−1 dominated by acceptance at low pT

⇒ spin-alignment dependence
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BACKUP: Υ(nS) production cross-sections
ATLAS Collaboration, PRD 87, 052004 (2013)

systematics dominated by trigger efficiency and fit modelling;
— falls below statl uncerty for pT & 30 (20)GeV for Υ(1S) (Υ(2S , 3S))

low acceptance correction uncertainties due to spread in interaction point
(subleading: statistical noise due to very fine binning)
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BACKUP: Υ(nS) production cross-sections
ATLAS Collaboration, PRD 87, 052004 (2013)

systematics dominated by trigger efficiency and fit modelling;
— falls below statl uncerty for pT & 30 (20)GeV for Υ(1S) (Υ(2S , 3S))

low acceptance correction uncertainties due to spread in interaction point
(subleading: statistical noise due to very fine binning)
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BACKUP: The X(3872) and the “Xb”

The X(3872) is the first (2003) & best-studied (> 25 exptal papers)
of the new hidden-charm states seen in the last decade.

ππψ [discovery] & other decays

narrow: Γ < 1.2MeV, 90% C.L.

JPC = 1++ (2−+ finally excluded)

direct pp & pp production seen

very poor match to cc structure

very close to D∗0D0 threshold:

D∗0D0 molecule,
very weak Eb ≈ 1

10Eb(2H)?

∃ tetraquark, other models

heavy-flavour symmetry:
expect a hidden-beauty analogue
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BACKUP: Xb search: outline
ATLAS Collab., Physics Letters B 740, 199–217 (2014); arXiv:1410.4409 [hep-ex]

Xb: Analysis overview 

The !+!-!(1S) (c.f. !+!-J/ )  channel provides an 
experimentally feasible search option: 

7/11/2014 7 

p pXb 

!+ 

!- µ- 

µ+ 

!(1S) 

1.   Reconstruct Xb!!+!-!(µµ) using large ATLAS !(µµ) sample 

2.  Either observe Xb at mass M with significance z, or 

3.   Set upper limits for Xb!!+!-!(µµ) production  

4.  Also look for !(13DJ), !(10860), and !(11020) decays 

Bruce Yabsley (ATLAS / Sydney) Charmonium production at ATLAS CHARM 2015/05/18 24 / 32



BACKUP: Xb → π+π−Υ(→ µ+µ−) reconstruction
ATLAS Collab., Physics Letters B 740, 199–217 (2014); arXiv:1410.4409 [hep-ex]

Xb: Reconstruction 

I.   Find !!µ+µ- candidates: 

"  pT(µ)>4 GeV !  trigger 
"  two “combined” µ tracks 
"  | (µ)|<2.3 

"  |m(µµ)-m1S|<350 MeV 
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BACKUP: Xb → π+π−Υ(→ µ+µ−) reconstruction
ATLAS Collab., Physics Letters B 740, 199–217 (2014); arXiv:1410.4409 [hep-ex]

Xb: Reconstruction 

II.   Add two tracks (!!): 

!  pT(!)>400 MeV 
!  | (!)|<2.5 
!  4-track vertex fit 

!  m(µµ) = m1S constraint 
!  2<20 
!  masses < 11.2 GeV 

7/11/2014 9 
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BACKUP: Xb: discrimination in (|y|, pT, cos θ∗)
ATLAS Collab., Physics Letters B 740, 199–217 (2014); arXiv:1410.4409 [hep-ex]

barrel (|y| < 1.2) resolutn better than endcap (1.2 < |y| < 2.4)

constraint µ+µ− → Υ mitigates this, but not higher bkgd under peak

unknown Xb mass: ππ effect on m(ππΥ) resolution can’t be removed

−→ perform the analysis in bins of rapidity
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BACKUP: Xb: discrimination in (|y|, pT, cos θ∗)
ATLAS Collab., Physics Letters B 740, 199–217 (2014); arXiv:1410.4409 [hep-ex]

barrel (|y| < 1.2) resolutn better than endcap (1.2 < |y| < 2.4)
−→ perform the analysis in bins of rapidity

different signal and background distributions in (pT, cos θ∗):
cos θ∗(π+π−) flat in parent rest frame for unpolarized signal
in background, π+π− unrelated to µ+µ−, and has low pππT

−→ background is lower in pT , more backward in cos θ∗

trigger threshold effects
−→ distributions change but discrimination remains

Xb: S/B separation in (pT,cos!*) 

Signal at 10.561 GeV:  
high pT, high cos !* 
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[classic discrimination by decay angle for (quasi-)2-body decays]
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BACKUP: Xb: discrimination in (|y|, pT, cos θ∗)
ATLAS Collab., Physics Letters B 740, 199–217 (2014); arXiv:1410.4409 [hep-ex]

barrel (|y| < 1.2) resolutn better than endcap (1.2 < |y| < 2.4)
−→ perform the analysis in bins of rapidity

different signal and background distributions in (pT, cos θ∗):
cos θ∗(π+π−) flat in parent rest frame for unpolarized signal
in background, π+π− unrelated to µ+µ−, and has low pππT

−→ background is lower in pT , more backward in cos θ∗

trigger threshold effects
−→ distributions change but discrimination remains
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BACKUP: Xb: discrimination in (|y|, pT, cos θ∗)
ATLAS Collab., Physics Letters B 740, 199–217 (2014); arXiv:1410.4409 [hep-ex]

barrel (|y| < 1.2) resolutn better than endcap (1.2 < |y| < 2.4)
−→ perform the analysis in bins of rapidity

different signal and background distributions in (pT, cos θ∗):
cos θ∗(π+π−) flat in parent rest frame for unpolarized signal
in background, π+π− unrelated to µ+µ−, and has low pππT

−→ background is lower in pT , more backward in cos θ∗

trigger threshold effects
−→ distributions change but discrimination remains
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we chose bin boundaries at
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−→ simult. fit to 2× 2× 2
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less sensitive than binning
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BACKUP: Xb: background and signal modelling
ATLAS Collab., Physics Letters B 740, 199–217 (2014); arXiv:1410.4409 [hep-ex]

background:

mix of inclusive Υ(1S) and combinatorial µ+µ−

preliminary studies performed on 2011 (7TeV) data:
lower-sideband µ+µ− and same-sign µ±µ± samples

m(π+π−Υ) distributions featureless above 9800 MeV

confirmed in Υ→ µ+µ− signal region for various m(π+π−Υ) ranges

−→ polynomial fit to m(π+π−Υ) region about each test mass

signal:

narrow state search: fit with f · G(m, σ) + (1− f) · G(m, rσ)

f , r ∼ indept of mass; fixed to average over MC samples

σ then found to be linear in mass

remaining issues: division among analysis bins, acceptance, efficiency

— all depend on distribution of final-state particles in (η, pT , φ)

Bruce Yabsley (ATLAS / Sydney) Charmonium production at ATLAS CHARM 2015/05/18 28 / 32



BACKUP: Xb: background and signal modelling
ATLAS Collab., Physics Letters B 740, 199–217 (2014); arXiv:1410.4409 [hep-ex]

background:

mix of inclusive Υ(1S) and combinatorial µ+µ−

preliminary studies performed on 2011 (7TeV) data:
lower-sideband µ+µ− and same-sign µ±µ± samples

m(π+π−Υ) distributions featureless above 9800 MeV

confirmed in Υ→ µ+µ− signal region for various m(π+π−Υ) ranges

−→ polynomial fit to m(π+π−Υ) region about each test mass

signal:

narrow state search: fit with f · G(m, σ) + (1− f) · G(m, rσ)

f , r ∼ indept of mass; fixed to average over MC samples

σ then found to be linear in mass

remaining issues: division among analysis bins, acceptance, efficiency

— all depend on distribution of final-state particles in (η, pT , φ)

Bruce Yabsley (ATLAS / Sydney) Charmonium production at ATLAS CHARM 2015/05/18 28 / 32



BACKUP: Xb: background and signal modelling
ATLAS Collab., Physics Letters B 740, 199–217 (2014); arXiv:1410.4409 [hep-ex]

background:

mix of inclusive Υ(1S) and combinatorial µ+µ−

preliminary studies performed on 2011 (7TeV) data:
lower-sideband µ+µ− and same-sign µ±µ± samples

m(π+π−Υ) distributions featureless above 9800 MeV

confirmed in Υ→ µ+µ− signal region for various m(π+π−Υ) ranges

−→ polynomial fit to m(π+π−Υ) region about each test mass

signal:

narrow state search: fit with f · G(m, σ) + (1− f) · G(m, rσ)

f , r ∼ indept of mass; fixed to average over MC samples

σ then found to be linear in mass

remaining issues: division among analysis bins, acceptance, efficiency
— all depend on distribution of final-state particles in (η, pT , φ)
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BACKUP: ψ(2S)→ π+π− J/ψ at 7 TeV
ATLAS Collaboration, JHEP 09 (2014) 079

spin-alignment uncertainty:
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BACKUP: ψ(2S)→ π+π− J/ψ at 7 TeV
ATLAS Collaboration, JHEP 09 (2014) 079

spin-alignment uncertainty:
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BACKUP: ψ(2S)→ π+π− J/ψ at 7 TeV
ATLAS Collaboration, JHEP 09 (2014) 079

spin-alignment uncertainty:
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BACKUP: ψ(2S)→ π+π− J/ψ at 7 TeV
ATLAS Collaboration, JHEP 09 (2014) 079

spin-alignment uncertainty:
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BACKUP: ψ(2S)→ π+π− J/ψ at 7 TeV
ATLAS Collaboration, JHEP 09 (2014) 079

prompt production uncertainty budget (excluding spin alignment):
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BACKUP: ψ(2S)→ π+π− J/ψ at 7 TeV
ATLAS Collaboration, JHEP 09 (2014) 079

prompt production uncertainty budget (excluding spin alignment):
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prompt production uncertainty budget (excluding spin alignment):
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BACKUP: χc1 and χc2 production at 7 TeV
ATLAS Collaboration, JHEP 07 (2014) 154

acceptance A(pχ
T, yχ) = P(both muons pass pµT > 4GeV, |ηµ| < 2.3,

and photon passes pγT > 1.5GeV, |ηγ | < 2.0)

The d2N
d cos θ∗dφ∗ ∝ 1 + λθ cos2 θ∗ + λφ sin2 θ∗ cos 2φ∗ + λθφ sin 2θ∗ cosφ∗

treatment relies on Faccioli/Lourenco/Seixas/Wohri PRD 83, 096001 (2011)
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uncertainty budget for the prompt measurement:
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