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INTEREST IN QUARKONIA PRODUCTION
- Quarkonia are a qg bound state.

colour-singlet state

- Alot to learn from Quarkonium production:

- Dynamics of strong interaction, and hadron formation. L/ - 3)
- Presence of multiple enerjgy scales (hard scale, soft 3
scale, and ultra soft scale).  —
. Hig%_%. deceﬁ/s to quarkonia provide a unique probe to 7
the Higgs Bosons charm couplings.
- Ideal probe of beyond-the-standard-model (BSM) o @
frameworks. s 0‘ v
>
e B

»»»»»»»»»

- Observed in the past large disagreements between
experimental results and theoretical production
models (Tevatron):

- Color Singlet Model (CM), Color Octet Model (COM),
Color Evaporation Model (CEM]S,...



RESULTS IN TALK

In tliis talk I will focus on the three most recent ATLAS Quarkonia
results.

- Measurement of W + prompt J/{ production at /s =7 TeV:
arXiv:1401.2831 [hep-ex], accepted for publication in JHEP.

- Measurement of y.; and x., production at /s = 7 TeV:
arXiv:1404.7035 )[(hep-ex , submitted to JHEP.

« Cross-Section Measurement of (2S) — J/P(— prpu)m*m at /s =7
TeV: ATLAS-CONF-2013-094.



W + PROMPT J/w PRODUCTION

= 4.5 fb’! of 2011 /s = 7 TeV ATLAS data, select
W2y, J/y—-> pp.

= Single high p; muon trigger (pp > 18 GeV) with:

JAU: one muon with p> 4 GeV, pr> 3.5 (2.5) GeV for
Irllljl <1.3(>1.3), anI(J?lTIyJ,¢I<2.FT

W Boson: p > 25 GeV, |nl< 2.4, MET > 20 GeV, and
(2 B Gty b

= Expected Background:

Pileup (multil;))le pé) collisions in a bunch crossing,
estimated to be 1.8 + 0.2 events).

W+b-quark.

= Separated from ﬁrompt production with unbinned
maximum likelihood fit

= W+b production in itself is of similar magnitude as that of
the signal, this is the first such measurement.

Top pair production (predicted to be less than 0.28
events at 95% CLg.

Z+jets (negligible after vetoing opposite charged
muons with mvariant mass within 10 GeV of Z mass).

Multijet production (found to be smaller than 0.31
events at a 95% CL after fitting mqu )e)

= Corrected for experimental efficiency and detector
acceptance.

ATLAS W + Prompt J/{ Candidate

Muons from-J/4




EXTRACTING THE SIGNAL

= A Maximum Likelihood fit of the Di-muon invariant mass and J/\j pseudo-proper

Events / 0.04 GeV

time are used to extract prompt J/i events. Then m(W) is fit to separate the QCD
multijet background. The background-only hypothesis is rejected at 5.10.
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wu” Invariant Mass [GeV)] J/y Pseudo-proper Time [ps] W Transverse Mass [GeV]
Yields from two-dimensional fit
Process Barrel Endecap Total
Prompt J/y 10077 192737 202713(«)
Non-prompt J/ w 279492 13973 418733
Prompt background 20477 18878 302788
Non-prompt background 10858 10278 3003
p-value 80x107F 14x10% 21x107

Significance () 24 47 5.1 e
(*) of which 1.8 + 0.2 on@inate from pileup
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W + PROMPT J/@ DPS DISTRIBUTION

Events /0.5
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ATLAS\s = 7 Tev,jf_ dt= 4.5 fb

-~ W + prompt J/w data
Estimated DPS contribution
DPS uncertainty
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AY(W,J/y)

DPS Pythia8: arXiv:0710.3820

Double Parton Scattering (DPS): two parton-
paﬁ‘po_n interactions in a single hadron-hadron
collision.

Opps =

In a DPS event the W boson and J/{y should be
independent of each other which leads to a flat
Ad distribution.

The data indicate the presence of both DPS and
Single Parton Scattering (SPS).




PRODUCTION CROSS-SECTION FOR W+PROMPT J/W

pp—> prompt Jy + W : pp— W = The differential cross-section ratio as a function of py

) ATLAS, \s=7TeV, [Ldt=45fb" Incl
106:_ S, \s e j dt=45fb dRJ/['J/de
3 —4— Data :
B [ Spin-alignment uncertainty
Estimated DPS contribution

. BPS uncertainty = A DPS estimate is shown and the data suggests DPS is a
large fraction of the signal, fpg ~ 37%.

pp— prompt J/y + W : pp— W
ATLAS, \s =7 TeV, jL dt=45f"
0<ly, |<2.1,85<p_,, <30GeV
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=#= Data

10 15

g 2 [ 3 Spin-alignment uncertainty _:
= = H3% LO CS including % feeddown E
Jhy Transverse Momentum [GeV] o - EEENLO CO prediction ]

. . . X C g

= NLO Color Octet contributions are an order of magnitude = 1.5¢ .
) . . 1 - -

smaller than LLO Color Singlet contributions. oL ]

. . . L. z 1 .

= Color singlet dominance in contradiction to color octet = -
enhancement in other quarkonium production processes. 0 7

o
9]
L T

Breakdown of NRQCD universality? Modifications to DPS
ansatz? 0

o Lo Fiducial Inclusive DPS-subtracted
= Due to the large uncertainties SPS prediction are

compatible with results at the 20 level. LO: arXiv:1303.5327
NLO: arXiv:1012.3798 @



Xc1 AND X2 PRODUCTION

10
: S 20F T T N
= Prompt J/{ can be produced directly, or & 1s- ATLAS ,‘ﬁw|20_;53° cor £
from decays of other states such as x,. & "6 [w-ase’ * pae E
_;J 14 E_ --- Background _E
= 4.5 of 2011 /s = 7 TeV ATLAS data, 5 '* O oS
select x.=> J/y, JIP=> pp. § os- o o
. . . = 062— BEE Non-prompt Signal x _f
= Di-muon trigger with p>4 GeV. S o e E
« JAP: pr(p) >4 GeV, || <2.3. g o2r .
: © 005 bt
] .Y Opp Charged tI'aCkS Wlth = 0.2 0.3 0.4 0.5+ _ O.Ei e \(;.7
pr> 400 MeV, |1 < 2.3. pp(y) > 4 GeV, _ MmOt
In(y)| <2.3. 107? ATLAS 10z <30 o
. . . _ |Ldt=451b" t Data
= An unbinned simultaneous Maximum ‘OS?I N T s

777’ Prompt Signal
[=Z] Non-prompt Signal

—
o
o

Likelihood fit of Am=m(u*py)-m(u*u’)
and the pseudo-proper lifetime.

= Corrected for experimental efficiency and
detector acceptance.
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Bxdo(x_)/dp.. [nb/GeV]

PRODUCTION CROSS-SECTION FOR XcVS. P,/

Prompt
E ATLAS Prlompt v <0.75 § E ; ATLAS Prlompt " <0.75 First absolute
1 ; \s=7TeV JLdt=4.5 ' X, Isotropic Decay ; o) 1 ;_ \s=7TeV JLdt=4.5 b’ %, Isotropic Decay _; measurement Of dlfferentla]‘

- : crogs section of prompt y.q

L - Q C N an
075 1 2 ok _ - Xc2:

- 18 f 1= Compared with NLO
10'25— T % 10% RO NRQCD (from the

: - 1 Tevatron), k
107 4 ous L 10%E - owa N factorization, and LO

E-- = - k; Factorisation . F... k, Factorisation ‘\\‘ ] SM
104 = NLONRACD 4| — NLONRQGCD e i .o

= B Locsw . | 1O4§ = 10 csu Se, I NRQCD 1% in Ooﬂ

10 20 30 ‘ ' 7 agreemen] e

pl¥ [GeV] 0 20 oy [(323] factorization approach
Pr redicts an excess and LO
SM underestimates the
Non-Prompt results.

E - ATLAS Non-prompt [y""| < 0.75 First absolute measurement of differential
5 TE ws=7Tev de1=4.5 o’ 4 Data cross-section of non-prompt y.; and y.,.
:'_ " Isotropic Decay —4— Data
5 10" = The results are compared to FONLL
=L predictions for b-hadron production
© 2 '
T 10°E
& : = Measurements found to be in good agreement.

10° 3

c CONLL . NRQCD:arXiv:1002.3987, arXiv:1212.5293, arXiv:1009.3655
[ EEFONLD g ky arXiv:1108.2856

10*E mmFONLLD - ¢ X . .
E ) LO CSM: http://superchic.hepforge.org/chigen.html

! , :
10 20 30 FONLL: arXiv:1205.6344, hep-ph/9803400

pY¥ [GeV] (@)




Xc1 AND X2 PRODUCTION RATES

» (Left)Fraction of prompt J/{

produced from x, decay.

Results compared to LHCb data and
NLO NRQCD, and are in good
agreement and are between 20-30%.

LHCb: arXiv:1204.1462

= (Right)Ratio of prompt x_, relative
to X, as a function of p,7/¥,

10T L S ~ 10T L B A
0 95_ ATLAS Prompt |y""| < 0.75 E = 0 95— ATLAS Prompt |y"¥| <0.75 E
0.85— 15=7TeV det=4.5fb" —¢— Data E gﬁ Osi \s=7TeV J-Ldt:4.51b'1 —4— Data E
' E Isotropic Decay 8 LHCb20<y"" <45 1 = ) c Isotropic Decay —#— cms |y <1.0 E
0.7 = 5" 0.7 E
06= 4 % oef E
05F £ 9 o5 ‘;%——"'/_—:
0.4F = 04" SR - i
0.3F Ly LT - 0.3E E
02?&# =1 y E 0.2f
012_ £~ NLO NRQCD _E 01? = NLO NRQCD f== Locsm
T T T R R R T R T 1§ S B S B S
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p!" [GeV] p;" [GeV]
~ 1.0 ~ .
= 0.9 ATLAS Non-prompt |y '|<0.75 3
o) i -
l:)él'_ OSi \s=7TeV det=4.5fb'1 —¢— Data 3
::*% 0.75 Isotropic Decay $—+ CDF p," > 10 GeV E
= Ve E i
g osf 3 function of p,9/¥,
o5 =
0.4F 3 consistent.
03E E = CDF: hep-ex/0703028
0.2 | — =
ot T I = It is found to be :
0-0: [T [T L L L L | |
10 15 20 25

30
P [GeV]

Compared with CMS data and NLO
NRQCD predictions. Good
agreement especially at low

7%, but hints of overestimate at

igh pr.

The LO CSM consistently
underestimates the measurements.

CMS: arXiv:1210.0875

= (Bottom)Ratio of non-prompt x_, relative to x_, as a

= Compared with one data point from CDF. The results are

* The Branching Fraction BB*> X1 K %) is measured.

BB*>x.4K") =(4.9+ 0.9 (stat.) + 0.6 (syst.)) x 10
(Details in Backup Slides).
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P(29) — JAP(—prp)mrT

= (2S) has no significant feed down,
higher charmonium states decay
predominately to DD. Expands on
previous measurements to the range
|yl <2.0 and 10 < p; <100 GeV.

= 2.1fbtof 2011 +/s =7 TeV ATLAS
data.

= Di-muon trigger with py > 4 GeV.

10°

E —+— Data
1O w—Fit
[ - = - Background
: ----- Prompt Signal
‘= 014 I Non Prompt Signal

ntries / 4 MeV
& m

w 0.125

orf
u.usf
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0.04f

0.02f

o&

ATLAS Preliminary
1s=7TeV, J Ldt=2.1f6"

36 382 23B/4 366 368 37 372 374 376 378
mJ."wmt [GEV]

= JAP: pp(p) > 4 GeV, || <2.3. ppJ/P) > 8 GeV, |y | < 2.0.

= T opp. charged tracks with pp > 0.5 GeV, || < 2.5, and assigning pion mass hypothesis. A
four-particle vertex fit is peformed with M(u*p) constrained to the pdg value for the J/s

(3096.916 MeV).

Entries / 0.12 ps

ATLAS Preliminary —+— Data

15-7TaV, _[ Ldt=2.1fb”

— it
I FPrompt Signal

= = = Prompt Background
I Hon Prompt Signal

= An unbinned simultaneous Maximum Likelihood fit of the J/{tmt mass and

the pseudo-proper lifetime are in bins of pr.
= Split into three rapidity bins: |y |<0.75, 0.756<]|y|<1.5, 1.5<|y|<2.0.

= Corrected for trigger efficiency, muon reconstruction, pion reconstruction, and detector

acceptance.



PRODUCTION CROSS-SECTION FOR y(2S) — JA(=ptu)mm

[yl ET T T 1T T T T T T T 3
% 107 E ATLAS Preliminary F'rcmpt y(28) data
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y(28) transverse momentum [GeV]

2 3

T
QL

) P6¥®¥/dp_/dy [nb/GeV]

(Left) Prompt {(2S) cross-section

compared with LO and NLO

NRQCD, and ky factorization.

= LO predictions are in agreement with

large uncertainties.

= NLO are in good agreement until high
pp, where it overestimates and predicts = 10° it

a harder spectrum.

= ky factorization underestimates the
data and has a py dependent shape.

(Right) Non-Prompt {)(2S) cross-

section compared with FONLL and
fixed-order NLO predictions.

= FONLL shows better agreement than
NLO, but both overestimate at high pr.
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e —— 1.5<|y|<2.0

CMS Jy|<1.2 (x10%)
CMS 1.2< |y|<1.6 (x10?)
CMS 1.6< |y|<2.4
LHCb 2.0<|yl<45
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y(28) transverse momentum [GeV]

ATLAS Preliminary Prompt y(2S) data
o7 TeV, [ Lozt —e— [y[<0.75 (x109)
! —s— 0.75< |y|<1.5 (x10%)
—— —— 1.5<|y|<2.0

-
2 2

v

w) ) Pe¥@dp_/dy [nb/GeV]
©.33233
i

1 it -

[ LONRQCD . < e - -
[ ] NLO NRQCD . HEREERE

= == « k, factorisation

=107 .
0 10 20 30 40 50 60
y(2S) transverse momentum [GeV]

(Left)Prompt and (Right) non-
prompt P(2S) cross-section as a
function of py.
= Compared to earlier LHCb and
CMS results in similar rapidity

ranges. The common py range
values are in good agreement.

= CMS: arXiv:1111.1557
= LHCb: arXiv:1204.1258

T T T T T T
Non-prompt y(2S) data
—— |y|<0.75 (x10%)
—a— 0.75< |y|<1.5 (x10°7)
—— 1.5< |y|<2.0

T
ATLAS Preliminary
15=7 TeV, I Ldt=2.1fb"

coond vl vovnd cvoed vood o ol vod ol 3o HllLII.I—

% 1 0-5 ‘l NLO with FONLL fragmentation

T, «F B FonLL

i 10

o

=107 . . L L 1=
m 10 20 30 40 50 60 102

y(2S) transverse momentum [GeV]

CSM: Phys.Rev. D18 (1978) 1501,

NRQCD: arXiv:1009.3655
k. arXiv:i1108.2856
FONLL: arXiv:hep-ph/0102134
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SUMMARY
« W + prompt J/ production (arXiv:1401.2831 [hep-ex]):

= Measured for the first time. Background-only hypothesis rejection at 5.10.
= NLO CO contributions are nearly an order of magnitude less than LO CS
contributions.

= Novel observables with which to test QCD, including DPS contributions, as well as a
source of rare/BSM physics.

= Xc1 and X, production (arXiv:1404.7035 [hep-ex]):
= x. absolute cross-section is measured for the first time.

= Prompt production found to be in agreement with NRQCD predictions. kT factorisation
approach predicts an excess.

= Non-prompt production in agreement with FONLL at low py, with slight overestimates
developing toward high pr.

= P(28) — JP(~ prp)mtn (ATLAS-CONF-2013-094):
= The cross-section for Y(2S) — J/P(— p*pu)n*m is consistent with previous
measurements.
= For prompt production, NLO NRQCD describes the data well except at high p; where it

overestimates. kq factorization noticeably undershoots the data, this is correlated with
the overestimate 1n x,. and can be used to help tune the model.

= For non-prompt production, both NLO and FONLL describe the data well over a wide
range of py but have a significant overestimation at high 8 . Possible cause 1s sharing
of energy with B> {(28)+X? The same overestimate in F NLL is seen in Xc-






DOUBLE PARTON SCATTERING: FEATURES

- Double Parton Scatt?riilg (DPS) requires large c.m. energies and low values of incomin
fractional momenta (xp). This is possible to achieve at a non-negligible rate at the LHC.

- Because it is dependent on the transverse distance between interactions regions, the DPS cross
section decreases quickly as a function of transverse energy.

- Assuming that twa processes (0,4, og) are independent of each other, DPS cross section can
By W Od s

be written as: o = )
e written as opp 2 ors7

- m = 1if A and B are distinguishable and m = 2 if they are indistinguishable

2 -1 o .
Ogff = [ [llrwpf (by — b) d?b,] dzb] where f(b) parton density in the transverse plane and is
assumed to be a universal function, same for both protons.
op
OEff
ogsr measures the size in impact parameter space of the incident hadron’s partonic core.

is the probability for scattering B to occur given scattering A has already occurred.

1
* OEff~ 4 OInel.
If the effective cross section was equal to the inelastic cross section, it would imply uncorrelated
scatterings.

This result indicates a correlation (“clumpiness”) in the hadron structure.

- A constant value of ogsr has been able to describe results in different kinematical regions. CDF
has also tested the dependence of 057 on xp and had compatible results with being
independent of xp.
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PRODUCTION CROSS-SECTION FOR X VS. P,/

= The differential CI‘OSS'

ATLAS

\s=7TeV _[ Ldi=451" 1,, Isotropic Decay

Prompt [y"*| <0.75 ATLAS

—_
T IIIIHI‘ T TTTT

10"
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107

Bxdo(x_,)/dp, [nb/GeV]
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1s=7TeV _[Ld1=4.5 fo'

Prompt \yw\ <0.75

Xy Isotropic Decay

fol 1 vl

£ —4— Data 10%E —+- pata
E --- k, Factorisation - - ki Factorisation
| E= nNLO NRQCD 4| —— NLONRQCD
3 10
E B¥E Locsm -~ LOCSM
10 20 30 10
py [GeV]
T
; I ' Jiy "]
8 ATLAS Non-prompt |y | < 0.75
= 1 -1 =
_g \s=7TeV JLdt=4.5fb —¢ Data x_, E
o y Isotropic Decay —4— Data %, ]
° 10 =
3 =
= ]
©
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m u 3
10%E
- EmFONLLb - _X
10* - @ FONLLD 1 X
£l . .
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2
Py [GeV]

20

w
o

Py [GeV]

section of prompt )f(
X as a function he Xc
transverse momentum.

The results are compared
with NLO N %CD from
the Tevatron

factorization, and LO CSM.

NRQCD is in good

agreement with the results.
e ky factorlzauon

approach gredlcts an excess

and L.O

underestlmates the results.

The differential cross-section of non-
prompt x.; and ., as a function of the J/{s
transverse momentum.

The results are compared to FONLL
predictions for b-hadron production.

= Measurements found to be in good agreement

but discrepancies emerge toward higher

Pr-

©
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1.0
0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1
0.0

NON-PROMPT FRACTION INXc1 AND Xc2

PRODUCTION
S ELL LN ELL L B B B B B BB B 0
3 ATLAS | y™| <0.75 3
- 1s=7TeV JLd‘=4'5 fo —4- Data 7, 3 = The fraction of non-prompt x,;
- Isotropic Decay 4 Datar,, 3 and Y, as a function of p;™.
= 34 The non-prompt fraction
3 3 increases with p;as seen with
- 1 J/P and P(2s), but is
3 4 1 dominated by prompt
3 ey —— 3 production unlike the other
3 o + 3 twosystems.
E\ll'l\\|||\‘|||||\||||\‘||||\|||||\|||||\||E
12 14 16 18 20 22 24 26 28 30
;" [GeV]



BRANCHING FRACTION BB XK ™)

N)?cl B(Bi_’]/wKi)

+ ) =
B(B* - x1K*) ABN}% B(Xc1—]/Wy)

(Top) Fit of m(p*uK)-m(u*wy) + m, . used to
extract the corrected yields for the 3((211 signal.

(Bottom) Fit of m(u*uKS)-m(u*uy) + m,, used to
extract the correct%cil yields fgr Ectﬁ(e J/ %/ibgnal.

= X1 KE) = (4.9 + 0.9 (stat.) £ 0.6 (syst.)) X

World average is (4.79 + 0.23) X 104 and is
dominated by Belle and BaBar measurements.

Weighted p

Weighted pruyK* Candidates / (0.025 GeV)
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o
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o
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¢ Data ]
— Fit =
----- Background Model 1
|| Background Template 1
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G-.\..\.....\I.\..I.O\t..\ .
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M wyK?) - mwy) + m, [GeV]

=y
o
o
(=]
o
T

- ATLAS

e
E 10<p<30GeV
35000F 157 Tev Iy <0.75 =
300005 _[Ldt=4.5 o' 3
C + Data ]
25000 —
c —— Fit ]
20000 —

---- Background

15000( E
10000F- 3
50001 3
O:‘ P RPN et PPN At /Bt St o

5.0 5.1 52 53 54 55 56 57 58

MK -mp) + m [GeV]
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Entries / 4 MeV

Entries / 4 MeV

Ww(ZS) SIMULTANEOUS FITS

Entries / 0.12 ps

- 0.75<|y|< 1.5

10°
F —+— Data ATLAS preliminary
F = Fit R
E - _ . Background is=7TeV,_[ Ldt=2.11b"
Prompt Signal
[ I Non Prompt Signal
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350f = Fit :
E - - - Background is:?TeV,_[ Ldi-2.1fb"
Prompt Signal
F I Nen Prompt Signal
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Entries / 0.12 ps

ATLAS Preliminary —#— Data

1s=7TeV, I

Entries / 4 MeV

Lat=2.1f"
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— Fi

I Prompt Signal

Prompt Background
I Non Frompt Signal

10°

=« = Non Prompt Background

Ty [PS
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?+ Data

[ = Fit

F Background
Prompt Signal
I Men Prempt Signal
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= |y [<0.75

ATLAS Preliminary
V5=7TeV, J- Ldt=2.1f0"
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