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Quarkonium production at the LHC ATLAS

EXPERIMENT

The production mechanism of heavy quarkonia is a long-standing and
intriguing problem in QCD

possibly colored QQ pair red/quarkonium (H)

. ible *S*1L
% Involves both perturbative and non- g{,g;’{;,’,jf;m‘;m TNy -

perturbative QCD Qﬁ)% red
L
¢ No complete theory yet: Colour-Singlet Model h ' i
(CSM) , NRQCD with Colour-Octet Mechanism
2) non-perturbative evolution

(COM)/ kT factorization, etc. : o to the observed bound state
*»* Predictions are expected to be more reliable 1) perturbative phase Quantum numbers change!

at high p; region

More recently, through novel exclusive production modes such as di-
J/U and W/Z+J/U , quarkonia can provide an interesting window into:
+» Study of multiple parton interactions (MPI)
** While also providing new observables for testing production calculations
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Quarkonia measurements in ATLAS ATLAS

EXPERIMENT

e A wide program of studies of quarkonia production is performed with
the ATLAS detector:

- . . https.//twiki.cern.ch/twiki/bin/vi
— Charmonia and bottomonia production ps.//twiki.cern.ch/twiki/bin/view/

AtlasPublic/BPhysPublicResults

— Charmed mesons and beauty mesons
— Associated production: J/y + W, J/U + Zand J/ + J/Y

e Mostly in exclusive decays with di-/multi-muon final states, which
allows to trigger low-p; objects
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° Recent reSUItS: 27 28 29 30 31 32 S.Sm(i.;)[éfv]

— (2S) and X(3872) production measurements at 8 TeV

— Prompt J/ pair production measurements at 8 TeV
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P(2S) and X(3872) production measurements

JHEP01(2017)117
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What is X(3872)? ATLAS

EXPERIMENT

e “Exotic” resonance first observed by Belle in 2003
e Soon after confirmed by BaBar, CDF, DO and now LHC experiments
o JPC=1% mass=3871.69 +0.17 MeV - very close to the D°D°* threshold

v(2S) X(3872)
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e Whatis it? No clear picture yet!
€ o
— Loosely bound D° — D%* molecule
— A mixture of x_,(2P) -(D°D%*) a
— Tetraquark (diquark — diantiquark) D°-57 “molecule”  Diquark-diantiquark

ATLAS presents a new measurement that may help answer some of these questions,
and/or create new ones
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Overview of the analysis ATLAS

EXPERIMENT

e Decay mode: J/ " i, with J/P 2 u*w, 11.4 fb! of 8 TeV ATLAS data
e Rapidity range |y|<0.75, p; range of J/Y it* = = (10 — 70) GeV

e Corrections for detector geometry and efficiencies are applied on a
per-event basis

e The production cross sections of the {(2S) and X(3872) states are
measured in five p; bins

108 Eur. Phys. J. C 76(5), 1-47, (2016)
> 020 " T a T T - nym a (=Y L S L L B B I NN NS
2 i $ Data 3 24 ] T = 10°E ATLAS —+— Data E
= r = A v = 4 —— Fit model 3
—Fit © ool put F ys=7TeV,2.1f0" Prompt 7
A § CpT 2 10°s A e Non Prompt -
~ 0.1 5_ X(3872) Sig %20_ @ E \ j;wzp 3
3 —y@s)sig  § . N 2 L oSy ]
© --Background § "®——535—54p i ] £ 1\4/0253 1.0 G 3
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e Fits on effective pseudo-proper lifetime t performed to separate the
signal into prompt and non-prompt components
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Inclusive P(2S) and X(3872) signals extraction

* |n each p; bin, events are further split into 4 t bins
e Mass fit in each (p;, T) bin to determine the (2S) and X(3872) yields

e Data: -0.3 <t <0.025 ps (wo) — Fit
- Data:0.025<t<03ps(w) —Fit 12<p <16GeV

ATLAS

EXPERIMENT

+ Data:0.3<t<15ps(w) —Fit lyl <0.75
* Data:15<v<iSps(w) —Fit Corrected yields of X(3872)|[x10%]}vs. pr [GeV]
rwindow  10-12 12-16 1622 22-40 40-70
[ wo 108+23 1055+076 3.53+026 1.19+0.11 0.093 +0.030
3"105 [ w, 93+27 821+071 260+024 072+0.11 0.039 +0.023
2x10°¢ w2 41+17 383063 129£021 045+0.10 0.036+0.023
w3 206+081 209+034 098+0.13 030+006 0.020<+0.014

105_

3x10*
2x10%

JWpr*n candidates / 3.5 MeV

365 3.7 3.75 3.8 385 39 395
mhyrtr) [GeV]

Extracted signal yields can be used directly for total

production cross section

- Need lifetime analysis to separate prompt and non-
prompt
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Lifetime fit (1) ATLAS

EXPERIMENT

e Perform lifetime fit to the 4 T bins in each p; bin, separately for {(2S)
and X(3872):  Fir) = (1 - fi,)Fix) +f1i“’m

Single lifetime fit (1L):

With only one single “effective pseudo-proper lifetime” T 4 fitted to the data.

— 25 —
S [ ATLAS +y(25)
5 o \s=8 TeV, 11.4 fb™ +X(3872) ]
L N _P — .
1 5:/?'1_1(3Tf’t : The signal from X(3872) at low p; tends to have
L ] —+‘. J{—g% shorter lifetimes
sl . s - - Possibly hinting at a different production
¥ ] i ?
o5k E mechanism at low p;:
ot ' ]
10 20 30 40 50 6070
p, [GeV]
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Lifetime fit (2)

ATLAS

EXPERIMENT

e Perform lifetime fit to the 4 T bins in each p; bin, separately for {(2S)

and X(3872):

Two lifetime fit (2L):
To further separate the short-lived (B*. ) and
long-lived (B*, B%, B, mesons and b-baryons) components:

Jhprtn decay

o 0.1_r '
(,n\z - ATLAS ¢ Data —SumofFits
% 0.08[ (s=8 TeV, 11.4 o™ pata,, - Template Fit
) ¥ Datag, - pFit -]
z
S o | |-
5 ; ;
< 0. + E
_l E

10 20

T, =0.40£0.05 ps
T, =1.45%0.05 ps

30 40 50 6070
p, [GeV]

Fi@) = (1 - flp)Fh(t) + figFip(®),

FIi\JP(T) =(1- fsiL)FLL(T) + fSiLFSL(T).

Using the ratio of short-lived of X(3872)/y:(2S), the
fraction of non-prompt X(3872) from short-lived sources

is determined:

o(pp = B;)B(B. — X(3872))

o(pp — non-prompt X(3872))

= (25 + 13(stat) + 2(sys) + 5(spin))%,

- Suggested strong enhancement of X(3872) production

in B.decays ?
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X(3872) differential cross sections: ?ATLAS

- Prompt Non-prompt
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Prompt J/U pair production measurements

Eur. Phys. J. C77 (2017) 76
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Why measure J/{ pair production? ATLAS

e (Quarkonia pair production:
— Depends heavily on the production mechanism

— Sensitive to high order QCD corrections
— Dominated by single parton scattering (SPS), but double parton scattering (DPS)
can also play an important role

e DPS:
— Probe proton structure
— Background to new physics searches

(e O %Q%
X G
N
K SPS J

i
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Overview of the analysis ATLAS

EXPERIMENT

e Focused on prompt—prompt (PP) di-J/y production, with the decay
J/Y > ptus, 11.4 fb! of 8 TeV ATLAS data

e Corrections for detector geometry and efficiencies are applied to
data

 The PP di-J/{ signal is extracted sequentially by removing the
background:

— Non-J/Y background, non-prompt background, pile-up background
Total number of events observed: 1210

After background subtraction: 1160 = 70
e Differential cross-sections are measured

e SPS and DPS components are determined, and the effective cross-
section of DPS O is measured

o2 02 +* Related to the size of the transverse
1 Iy 1 Iy space between partons inside the proton
Tt = 3 T T 2 S P g
2 O pps 2 fops X O yppapy s Approximately process and energy

independent
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DPS extraction ATLAS

e Not easy to predict SPS distributions:
— Depends on perturbative QCD corrections of various orders and on J/{

production models

e A data-driven model-independent approach is exploited:

— DPS template is simulated by combining re-sampled J/{ mesons from two
different random events in the di-J/{ sample, normalized to DPS enriched data

— SPS template is then obtained by subtracting the DPS template
— SPS and DPS event weights are derived in 2D map of |A¢| and |Ay| of the two

J/WU candidates ATLAS Vs =8TeV, 11.4 b
ATLAS Vs=8TeV, 11.4fb"

ot " SPS template

Lailin Xu
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Differential cross section results ATLAS

EXPERIMENT

- 37\ L T TT T T =l L k] o o o T [T T T T T |7 g L | UL T !’I— o T T ] el sl sl s - T T L
° > 10 : ! | L J-;i(‘_y_"’.a)_';_t'o_s_l.: | E S 10° | | I 1’705$|-;/(J/w_2)|+< 2.1 *} 3
G - e Data ] O "o Data ]
g ol Stat + Syst Uncertainty | g 5 tat + Syst Uncertainty |
o 10 g Spin-Alignment E o 10 Spin-Alignment E
= C B DPS Estimate 1 = : B8 DPS Estimate ]
< ATLAS 1 5 : ATLAS -
> 10 fs=8Tev, 114107 > 10 [s=8TeV,11.4f" -
3 e > E
ZI— ] ;,_'_ |
% 1 = % 1
S E ge
107 10!
g [ BT AR,
0O 10 20 30 40 50 60 70 0O 10 20 30 40 50 60 70
p,(Jy Jy) [GeV] p_(Jy Jy) [GeV]
Measured in the J/ fiducial volume Two peaks structure in do/dp; (J/U J/U ):
(pr>8.5GeV, |y| <2.1) ¢ Low p; : J/Y are produced back-to-back
“* With assumption of unpolarised J/{ mesons - away topology

+* Variations due to the maximal J/{ spin-

alignment scenarios also shown (yellow band) « High p, : two J/{ are produced in the
same direction —> towards topology
+* DPS-weighted distributions are also shown (only included in NLO calculation)

A relatively large inclusive DPS fraction: fyps = 9.2 + 2.1 (stat) £ 0.5 (syst) %
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Differential cross section results (2)
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fops = shape comparison
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region =2 “away” topology

16



Differential cross section results (3)

ATLAS

EXPERIMENT

e To study the properties of the discrepancies seen, a requirement of

Ay > 1 8 IS |mposed

fDPs_461/+207/

do/dp (J/y Jy) [pb/2.5 GeV]
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% SPS peaked at A¢ = m—> non-constant contribution from feed-down?

% Further studies needed, and would provide information to constrain quarkonia
(a)

production models

A.K. Likhoded et al, Phys. Rev. D 94, 054017 (2016)
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Effective cross-section of DPS ATLAS

EXPERIMENT

e Effective cross section measurement:

2 2 _
. 1 % 1 Ty O = 6.3 £ 1.6 (stat) £ 1.0 (syst)
eff = 5 uw — A ’ + 0.1 (BF) £ 0.1 (lumi) mb.
25719002 fops X T gy (BF) ( )
DPS
. . g ATLAS I T I’II—I-I-:-ILIE\I:\I:! /,' I TTTT l TTTT I TTTT
Oy IS obtained from ATLAS measurements ([RTEAS (73 <60 30 T a0 5ote0y  (red
~ 1|DO (V5 =1.96 TV, J/1p + J /b, 2014) | ==
[Eur. Phys. J. C 76 (2016) 283] 2 =\_D_@_(_\@_f}ﬁﬁﬂe}’_v;‘Z%f_’fv_%‘ll_ﬁ)___,: o
Oy =429.8 0.1 (stat) + 38.6 (syst) nb LHOb (/s = 7&8 TV, Y(15) + D>, 2015)
i LHCb (/s =7 TeV, J/9 + AT, 2012) ———
@  |LHCb (/s =7 TeV, J/9 + DT, 2012) HeH
. . E LHCb (/s = 7 TeV, J/¢) + DT, 2012) —¢—
Close to DO results from quarkonium final o [LHOD (V5 =7 TV, 3w + DO, 2012) ——
stats, lower than for other measurements o L
GC) UA2 (/5 = 630 GeV, 4 jets, 1991) F——
. . . ~ AFS (/s = 63 GeV, 4 jets, 1986) |
J/Y production is gluon dominated 2> = |DO (V5196 TV, 2i+2jet57 2016) I —
) DO (/s =1.96 TeV, v + 3 jets, 2014) (|
sgggested smaller average transverse £ [D0 (VE— 190 TV, bje 4 2 jes, 2010
distances between gluons than between S |DO (V5 =196TeV, 5 + 3 jets, 2010)
. 3 QO |CDF (Vs =1.8TeV, v + 3 jets, 1997) H{HH
quarks in the proton 5 (ATIAS(A = STV, Z 5 0/p, 2015) franrensnans >
CMS (v/5 =7 TeV, W + 2 jets, 2014) ——
ATLAS (/s =7 TeV, W + 2 jets, 2013) H—A——
Latest measurements from LHCb @ 13 TeV T

0 5 10 15 20 25 30
arXiv:1612.07451

O =9.243.9 (stat) mb ~ 14.4 + 4.9 (stat) mb

G . [mb]
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Summary ATLAS

e Prompt and non-prompt production of {(2S) and X(3872) states in
the J/Pm'm decay mode are studied with 8 TeV data:

— Prompt production is described reasonably well by NRQCD with previously
determined LDMEs, some deviation in the high p; region

— Assignificant fraction of non-prompt X(3872) produced in decays of B_,

measured to be o(pp — B.)B(B. — X(3872))
o(pp — non-prompt X(3872))

* Prompt di-J/Y production are studied with 8 TeV data:

— Differential cross-section as a function of the sub-leading J/U p;, di-J/U p;, and
di-J/Y mass

— NLO SPS + LO DPS describes data well, except some excess at large Ay and
invariant mass

— The effective cross section for DPS is measured to be:

O. = 6.3 1.6 (stat) £ 1.0 (syst) + 0.1 (BF) * 0.1 (lumi) mb.

e More results with 13 TeV data are coming

= (25 + 13(stat) + 2(sys) + 5(spin))%,
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Backup
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EXPERIMENT

(2S)/X(3872): Event selection ATLAS

e Trigger: Di-muon trigger with 4 GeV pT threshold on each muon
e Muon cuts:
— pT>4GeV, |n| <23
— Good trigger object matching (AR < 0.01)
e J/1 cuts:
— Xgimu vix < 200, p; >8 GeV & |y| < 2.3
— | mJ/¥) - m{J/P)PDG | < 120 MeV
* 7T cuts:
— Opposite sign, pT > 600 MeV, |n| <2.4

e J/\pmtm background suppression cuts:
— POy qnn) > 4%
— Opening angle AR(J/, ) < 0.5
- Q=m(J/Yr+m-) - m(J/P)ppg — M(m+1t-) < 300 MeV

8/3/17 Lailin Xu
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P(2S)/X(3872): systematic uncertainties

e Min., Med. and Max. values for the contributions of various sources

of systematic uncertainties across the p; bins:

Differential cross sections

Non-prompt fractions

Absolute uncertainty [%]

Y@2S)[%] X(3872)(%] VA N 3

Source of uncertainty Min Med Max | Min Med Max Min Med Max | Min Med Max | Min Med Max
Statistical 0.9 14 54 73 99 63 0.4 0.5 1.4 42 58 178|164 258 63
Trigger eff. 1.0 13 25| 1.1 1.3 26 0r 01 03, 01 01 04| 00 01 01
Muon tracking 20 20 20| 20 20 20 00 00 00| 00 00 00| 00 00 0.0
Muon reconstruction eff. 02 02 03| 02 02 04 060 00 01 00 00 01| 00 00 01
Pion reconstruction eff. 25 25 25| 25 25 25 04 05 07| 03 03 04| 00 03 04
Bkgd suppression req. 08 08 30| 20 30 6.0 08 1.1 14, 06 07 07| 01 01 07
Mass fit model variation 06 08 12| 09 16 26 01r 01 02) 02 06 18| 10 13 24
Short-lifetime variation 0.1 02 03 0.2 0.7 1.7 0.2 0.7 1.7 0.4 1.0 29 1.8 36 121
Long-lifetime variation 06 10 12| 03 06 09 00 01 0.1 01 04 08| 03 07 28
Lifetime resolution model 04 15 40| 06 26 34 03 04 04 02 02 03] 33 40 44
Total systematic 3.5 36 64 4.1 49 7.5 1.3 1.5 2.4 1.0 14 36| 4.1 49 135
(2L-fit — 1L-fit) / 2L-fit (prompt) —0.1 -04 -06]-03 -05 -34  +04 +0.6 +09|+09 +3.1 +9.1] - - -
(2L-fit = 1L-fit) / 2L-fit (non-prompt) || +0.1 +0.4 +0.7 | +0.1 +14 +9.8

Typically, for X(3872) errors are statistically dominated

For (2S) statistical and systematic errors are similar in size
8/3/17 Lailin Xu 22



P (2S) differential cross sections:

B Prompt Non-prompt
3 107 7 3 107 | e
0} 7 ATLAS ERNG) F - ATLAS
g2 1072;/ . \s=8TeV, 11.4%" | g ol 1s=8 TeV, 11.4fb™
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> 1 5§_NN|.o*csm B K fact,, F = 1 57 7
= 1 F 1 3
g = 0.5F =
. i:
10 20 30 40 50 60 70 10 20 30 40 501
y(2S) p [GeV] v@S)p,  _
S
B
o
)
Q
Non-prompt fraction: z
*» Grows with p; as expected 5
. o
+* Little dependence on energy <
% Agrees well with CMS at 7 TeV “
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Prompt:

7 ¢ Predictions matcht data well at

low p;, deviates at high p;

: Non-prompt:

+» Fixed-order next-to-leading-
logarithm (FONLL) describes
data well

1= : ——
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0.l 's=8Tev, 11416 Non-prompt fFactlon
z ]
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Di-pion mass distribution ATLAS

EXPERIMENT

e Measured invariant mass distributions of the di-pion system in the
decays of (2S) and X(3872) into J/ym*mr

> - 1s=8TeV, 11.4 10" ) = 0.350 1s=8TeV, 1.4 1" —— ]
% 0 . 1 r —4$— Data ] % E . ]
0 [ — Data Fit (VZ Model) ] 1 0.3 =
(:(l-)\ 0.08r 7, w(2S) — J/ynn MC (phase space) 7 ] &\ 025§ 7
= B N~ E
\?’; 0.06E 8 0_25_ 7/
£ 0.04f X 0.15f
Q 7 s E
5 0.02] £ O%
=N / Z S 0.05;
03 035 04 045 05 055 c 0
m,, [GeV - :
In Y(2S) to J/Pm+m- decays: [GeV]
%+ Dipion mass distribution peaks at high In X(3872) to J/Yri+m- decays
masses ¢ Dipion mass distribution has an even
¢ Fit to Voloshin-Zakharov function sharper peak at high masses
1 dr , 02 * In agreement with simulation where the di-
Tdmy, (m’”‘ "’1’””) x PS, pion system is produced via p, meson decay

% Found A = 4.16 + 0.06(stat) £ 0.03(syst) in %" Also in agreement with previous
agreement with previous measurements observations
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Di-J/\: Event selection ATLAS

EXPERIMENT

e Trigger: Di-muon J/U trigger with 4 GeV pT threshold on each muon

e Muon cuts:
— pT>25GeV, |n| <2.3
— Muons from triggered J/ must have pT> 4 GeV.

e J/Y cuts:
— 2.8<m, 3.4 GeV for each J/ candidate
- pr>8.5GeVand |y, [<2.1
— Distance of the J/ decay vertices in the z-plane: |d,|<1.2 mm.
- L, error<0.3 mm.
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Background subtraction ATLAS

EXPERIMENT

e The PP di-J/ signal is extracted sequentlallv bv removmg the
background E TR E TR

E I ATLAS ] E I ATLAS ]

— 80+ fs=8TeV, 114" | . Zgq Vs=8TeV,11.4 1"

¢ Non-J/y background: St || .o | S| '
. . r i| --- Prompt-Prompt 1 r
Perform a 2D fit of m(J/1) against m(J/Pp2) £6% [i ~ronpomer | £60
C i H C r
*¢* Non-prompt background: Wb | W
Extract PP signal from a fit of the transverse o o
decay length L, of each J/ | |

0] A IR Dt W i i OF- 1, P

. . -05 0 05 1 15 2 -05 0 05 1 15 2

+** Pile-up background: Lys [mm] Lyye [mm]

Estimated from a fit to the d, (distance of the J/

_ . . £ ebamas R Twowi<ios
) decay vertices long the beam direction) g EheeTevman’ [| DR
8 0. 1 Z&™
S {ld)=1.2mm
1? * . * —
Total number of events observed: 1210 g #
After background subtraction: 1160 * 70 foik | l.""}] i
F li
? n
=2 (I | PSS I ST N TP [ =

8/3/17 Lailin Xu 26



Di-J/\: Systematic uncertainties ATLAS

e Sources of systematic uncertainty:

Systematic uncertainty: di-J/1 cross-section [%]

EXPERIMENT

Cross-section measurement

+* Trigger is the dominant source of
the systematic uncertainty due to
the trigger selection.

fops measurement
** Many of the systematic uncertainties
cancel

Source ly(J/ws)| < 1.05  1.05 < |y(J/s)] < 2.1

Trigger +7.5 +8.3

Muon reconstruction +1.1 +1.3

Kinematic acceptance +0.4 +1.1

Mass model +0.1 +0.1

Mass bias +0.2 +0.2

Prompt—prompt model +0.2 +0.01

Differential fpp corr. +0.6 +0.3

Pile-up +0.03 +0.4

Total + 7.7 + 8.5

Branching fraction +1.1

Luminosity +1.9
Systematic uncertainty: fpps [%]

Source Relative uncertainty [%]

Trigger +0.7

Muon reconstruction +0.1

Mass model +0.01

Mass bias +0.02

Prompt—prompt model +0.1

Differential fpp corr. +0.1

Pile-up +0.8

DPS model +5.6

Total + 5.7
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G... Imb] (s [GeV]
Variable LO b NLO* CS” é Latest measurements

I (kr) = 2GeV/e (kr) = 0.5GeV/c fromLHCb @ 13 TeV
pr(JAp Jhp) 11.3+ 1.6 10.1 + 4.4 11.0+ 1.3 arXiv:1612.07451
y(JRb JRY) S 9.2+3.9 10.0 £ 3.9 DPS fits for different SPS
m(J Jf) 114+ 1.2 113+ 1.5 113+ 1.5 models. The uncertainty
|Ay| 144+ 4.9 14.0+ 44 14.2 4+ 4.7 is statistical only .
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