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 ATLAS detector, (di-) muon triggers and LHC luminosity

3 X,;(3P) — an early contibution from ATLAS to heavy quarkonium spectroscopy

d Seacrches for X,

O X(3872) production measurement, prompt and non-prompt

1 Summary and perspectives
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(d ATLAS as a detector is optimised for “high

pT” physics — Higgs and BSM searches

In early years of LHC luminosity was not as
high, could afford dimuon triggers with low
thresholds

Many quarkonium-related measurements
made, including some rather unexpected
“first observations

In Run 2 our favourite low-pT dimuon
triggers are heavily prescaled, and muon
trigger thresholds creep higher and higher

Need to be more and more creative and
inventive to maintain interest in the area of
heavy flavour physics

LHC luminosity over the years
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In fact, the first new state observed by any of the LHC experiments was not the Higgs, but rather the

humble excited P-wave bottomonium, x,,(3P) PRL 108 (2012) 152001
light blue: statistical,

dark blue statistical+systematic

Observed by ATLAS in Y(nS)+photon final state, using
both converted and unconverted photons

be(SP) mass barycentre measurements and model predictions

T T T T T Tl
Since then, Conﬁrmed by D¢ and LHCb ATLAS conversions arXiv:1112.5154 l é
ATLAS calorimetry arXiv:1112.5154 -
Relevant for this talk, as some exotic bottomonium state may be :
. b . D@ arXiv:1203.6034 . ' -
hiding in there... :
S». 220 __I | |s| T r [ Tt T [ 1 [ ] T |__
) - ATLA e Data:Y(1S)y —— Fitto Y(1S 3
S 200( M Y(1S) o Y(Sy E |
ﬂ 180 :_fl' dt=44 fb‘1 A Data:Y(2S)y —— Fitto Y(2S)y =
= 160 e Background to Y(1S)y 2 Potential model: EPJC 4 107 (1998) |
3 R I S Background to Y(2S)y -
© 140 — Potential model: arXiv:1211.6373 |
=2 100E Converted Photons 3
% E . Screened Cornell [arXiv:1208.2186) I
o 100 2
e - — ichardson [arXiv:1208.2186]
+1 80: = Richardson [a 1208.2186 I
- _ CIEII
= 60 o ARNY Y Ss SRR, w52 SR ] pQCD [arXiv:1208.2186] | w
401 3
c N Potential models: arXiv:1105.0855v2 =
20 .. e | | : 3
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GATLAS

.l EXPERIMENT

Run Number: 186729, Event Number: 74143967
Date; 2011-08-03 11,38:40 UTC
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Large Hadron Collider has first

22 December 2011 Last updated at 10:59
_ _ confirmed sighting of new
Ii;:lr(;‘aigleeports discovery of its first new particle (but it's not the Higgs)

By Jonathan Amos

Science correspondent, BBC News
The Large Hadron Collider (LHC) on the : - -

Franco-Swiss border has made its first clear
observation of a new particle since opening

In 2009, W HOME REVEWS PHOTOS VIDEOS MAGAZINE PODCAST  TOPICS
Itis called Chi_b (3P) and will help scientists ¥ "

understand better the forces that hold matter | Technology Culture Science Business Gaming Autopia Geek Dad The Gre:
together.

Home = Mews = Science = LHCs first new particle

Large Hadron Collider discovers a new
particle: the Chi-b(3P)

By Mark Brown | 22 December 11

Phys.Rev.Lett. 108 (2012) 152001
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% Search for X, in Y decay mode

PLB 740 (2015) 199, arXiv:1410.4409
Effective integrated luminosity 16.2 fb'! at 8 TeV

The n*rY(1S) invariant mass distribution in the
kinematic bin most sensitive to an X, signal:
lyl < 1.2, p; > 20 GeV, and cos 6" > 0.

The only apparent peaks are at the masses of the
Y(2S) (10023 MeV) and Y(3S) (10355 MeV).

Observed 95% CLg upper limits on the relative
production rate R = (6B)/(oB),s of a hypothetical
X, parent state decaying isotropically to rt*rY(1S)

The median expectation (dashed) and the
corresponding =10 and =20 bands shown in
green and yellow
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‘Exotic’ resonance first observed by Belle in 2003 in J/ym*mr final state hep-ex/0309032

Belle

Soon after confirmed by BaBar, CDF, DO and now LHC experiments

Current world average (3871.69 *+ 0.17) MeV places X(3872) mass very
close to the DY D% threshold

What is it? No clear picture yet! 20

Loosely bound D°— D% molecule? Unlikely: NRQCD with this premise ,5?
over-predicts production compared to CMS 2011 measurement

New excited charmonium state? Unlikely: LHCb measured JP¢ = 1+,
no such state expected around that mass

A mix of these two, x.,(2P) -(D°D%), with hadronic decays dominated TR T w s e
by the x.,(2P) component? Maybe, if the mixture is determined
through fit to CMS results (arxiv:1304.6710)

Tetraquark (diguark — diantiquark)? Possible, but hard to make any
solid predictions

Events / (3.005 GeV)
=]

[
L5:]

ATLAS has performed a measurement that may help
answer some of these questions, and/or create new ones

Measuring X(3872) and the well-studied {(2S) in the
same analysis and in the same final state J/ymt*rt helps
D*-5%“molecule”  Diquark-diantiquark T€dUCE Systematics for various ratios and comparisons
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Di-muon trigger with 4 GeV p; threshold on each muon ~ x10° | —
Effective integrated luminosity 11.4 fb! at 8 TeV ?_ 0_15:_:::;, oTev -
Muon cuts: % o.1o:|-:--|::cf$:1d -
+ Opposite sign ‘combined’ muons E“
s MCP cuts, p; >4 GeV, |n| <2.3 2 005 §
+ Good trigger object matching (AR < 0.01) I ]
J/P cuts: s 30 | 3.r2;1( o [Ge\?]A
¢ Xgimuvtx < 200, p; > 8 GeV & |y| <2.3 -
o | mU/Y)-m@/P)pp | <120 MeV x10° -
Pion cuts E’ 0-20¢ o o R
+ Opposite sign, p; > 600 MeV, |n| < 2.4 z 0_15i :ii(tsm)_sig %zz
J/rnt background suppression cuts % Beckaroun R
o POC)ymn) > 4% % 0'102_ :qsg;?esv fam' ]
+ Opening angle AR(J/Y, n*) < 0.5 (; i | ]
o Q=m{/UTT) - M/ P)ppg — M) < 300 MeV %5 " 370k )

Constrained vertex fit on each p*pun*it candidate:
+ di-muon with (2.8 < m,, < 3.4) GeV fitted to a common vertex
+ di-muon mass constrained to the J/{ mass

+ pion mass hypothesis used for the other two tracks

(J/qm*n:) [GeV]
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Analysis performed for |y| < 0.75 of the J/Pr*rt system, for optimal tracking resolution

p; bin boundaries: [ 10, 12, 16, 22, 40, 70 ] GeV

Ly,m L.
Xy with Ly = Pr

PT pr

bin boundaries: [-0.3, 0.025, 0.3, 1.5, 15.0] ps

Effective pseudo-proper lifetime T=

Each J/r*rt candidate weighted to correct for trigger/reco/acceptance losses

For each p; and lifetime bin, binned minimum x? fit in the J/yn*ninvariant mass to
determine Y(2S) and X(3872) signal yields

For each p; bin, the yields in individual lifetime windows are subsequently fitted:
to determine lifetime dependence and hence
separate the signal into prompt and non-prompt components

The lifetime fits are performed separately for Y(2S) and X(3872)
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Mass fits: double-Gaussian signal peaks on a smooth background:
f(m) = fia (Y GY (m) + Y*GF (m)) + (1 = f1o) (Y¥ G} (m) + Y*GF (m))

+Nbkg (m — mp)P? eP1M=m) P (1 — myg)
Fraction of narrow Gaussian f,, shared between

944/90 -

P(2S) and X(3872) 2 4w X =
= O
. . TX =Koy 5
Resolution parameters linked by S 337 575 38 585 39 365
. . S 4Fw, X2/ = 1038790 3
Values of parameters f,, and k determined from global fits 5 o
Verified with MC and varied during systematic studies g o o “' H "“ H i I H “ '
s -4F
3 365 3.7 375 38 385 39 3.95
% [ L BB L R BN B LR BELENL I RN B > ~
= 5L . ATLAS Preliminary | 5 Ry Py
= 3><105 {s=8 TeV, 1.4 fb" ) 2 X2/ n,,, = 107.8/ 90
o 2x10 O e
> (o) s
g - L
g o o 365 37 375 38 385 38 395
© i
é S 4Fw, X2In_=978/90 -
" o 2y 3
& 3x10° o R ALar s Lot e
§2X104""'"""""""""""""" §_4:_365 T7T 3T IS SE 39 55
- 365 37 375 38 385 39 395 = T T T Ty [GeV)
M) [GeV] Pull distributions
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Assumption: non-prompt Y(2S) and X(3872) are produced
from the same mix of parent b-hadrons:

Teﬁ [pS]

- same lifetimes for Y(2S) and X(3872) in each p; bin
- pT spectra of Y(2S) and X(3872) linked through kinematics

Effective lifetimes

- for (2S) independent of p;

- for X(3872) possibly slightly shorter in low p; bins

Kinematic template obtained from simulations of various S
b-hadron decays into {(2S) and X(3872) @}
- takes into account mass difference and o
- possible variation in mass of hadronic association g
S

Non- prompt X(3872) : Y(2S) ratio

- fit to kinematic template

L _ B(B — X(3872) + any)B(X(3872) — J/yn"n™)

B(B — Y(28) + any)BW(2S) — J/ynta)

Single lifetime fit - results

2.5

2r

1.5}

0.5

- Non- Prompt

Lancaster-
University #

- ATLAS +y(29)

- \s=8TeV, 11.4 b

+X(3872)

L —e + —
C g@‘%'— ]

L

10 20 30 40 50 6070
p, [GeV]
J/wc*:n:' decay

i —
T 1s=8TeV, 11.4fb" b

} T, AR TR T
[ HH[IH ppesassemasnnnd

-------- Kinematic Template Fit -

RIT A )
e e

JlIJl

10

20

30 40 50 6070
[GeV]

= (3.95 + 0.32(stat) = 0.08(sys)) x 1072
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Alternative lifetime model: two-lifetime fit
}!VP(T) = (1 - f;;L)FLL(T) + fg‘LFSL(T)

- non-prompt component presented as a sum of short-lived and long-lived

- two single-sided exponentials smeared with the same resolution function

- f, is a fraction of short-lived within non-prompt — supposedly from B_ decays

- statistical power of data does not allow determination of two free lifetimes

- the two lifetimes fixed, the fraction of short-lived contribution left free in the fit

T(B*) = 1.638 =% 0.004 ps

Fixing the two lifetimes t(B°) =1.525 = 0.009 ps
- effective pseudo-proper lifetime depends on t(B.%) = 1.465 % 0.031 ps
parent’s lifetime and decay kinematics T(A,) =1.451 £+ 0.013 ps

- 1, determined from fits to Y(2S), allowing for some SL contribution

- T, obtained from simulation, varying B_ decay mode t, =1.45 % 0.05ps

(low mass association gives shorter effective lifetime) (B.) 0.507 +/-0.009
T . -0. S
- both varied within shown limits during systematic studies ¢ P

T, =0.40 % 0.05 ps

Two-lifetime fit results quoted from now on, unless stated otherwise
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X(3872) cross sections

Prompt: Described well by NLO NRQCD

T

Br(X(3872)—J/y (' p ) m)d%s/dp. dy[nb/GeV]

Theory / Data
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; : S i ATLAS _
assumes X(3872) is a mix x_,(2P) - (D° D%*) 2 58 TeV, 11.4 15" -
. . . S 0% Prompt X(3872) -
X.1(2P) coupling assumed responsible for production g " o :
p=Rr e _
parameters fitted to CMS data s N B
. . 2 05k ATLAS data 4
not surprising, CMS and ATLAS consistent ?‘% - Pnwonnaco Bl
g 10’55— E
‘ - . g 10 20 30 40 50 60 70
e —— ATLAS ] Non prompt: & Prompt  x@s72)p, Gev
S s-8Tev, 114" | Use the same kinematic template,
10‘3? H——;igﬁompt X(3872E to recalculate FONLL from lIJ(ZS) g; + ATLAS data  [J]NLO NRQCD
104l EE— ] 8 15
R ] . i
ol tATLAS data =—— BR not measured — used estimate 05 :
F .FONLL rescaled to X(3872) A ot 7
10—6% %Branching fraction uncertainty_T—é from ArtOisenet, Braaten 10 20 30 X(34é072)53T E[Sgg\%
10 30 40 50 60 70 based on Tevatron data [hep-ph:0911.2016]
Non- Prompt X(3872) p, [GeV]
25 . Br(B — X(3872)Br(X(3872) - J/un*n~
20;+ATLA5data B FonLL E B = ( - ( ) ( (? Hii — ) =181+8 %
1siéBranchingfractionuncenainty ;:;f; BI (B — w(ZS})BI ("{’(‘“S) — Jf{u'f}r T )
12:_; e Clearly overshoots the data:
ot—— : : factor of 4 to 8, increasing with pT
10 20 30 40 50 6070

X(3872) p, [GeV]
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0.6

Non-prompt fraction of X(3872): é - ATLAS Prefiminary i
® 0.5[ Vs=8TeV, 114" -
- no visible p; dependence i . 4; ]
- consistent with CMS result within errors 5 : L [ .
X 03¢ ¥} + r E
] g 02 + R
Ratio of non'prompt X(3872) : "IJ(ZS) g% 0_1; —$— ATLAS, |y| <0.75,8 TeV, 11.4 fb”* E
- long-lived part fitted to kinematic template S o R
10 20 30 40 50 6070
B(B — X(3872) + any)B(X(3872) — J/yn*n~ Pr [GeV]
gL - BB = XO8T2) + any)BXO872) = JWTT) _ 3 57, 0.33(stat) + 0.11(sys)) x 102

B " BB — y(2S) + any)BW(2S) — J/yrtn)

w T decay

s 0.p : :

» - short-lived part: non-fragmentation contributions o [ ATLAS  #Data —SumofFits
N 0‘08j\5=8 TeV,11.4 fo ¥ Data, - Template Fit E
g 5, dominate at low p; [Berezhnoy, arXiv:1309.1979] 3& 0.06 ¥ Data,, - pZFit E
g - fit with A- pT-Z g 0.0 4 # + E
- integrate the fits to determine the fraction of < 0024, “ =
non-prompt X(3872) that is short-lived, of-| T e
for pT>10 GeV: ~0.02;, | L.
10 20 30 40 50 6070
p, [GeV]

o(pp = B.)Br(B. — X(3872)) T

— (25 + 13(stat) + 2(sys) + 5(spin))%
o (pp — non-prompt X (3872)) (25 £ 13(stat) + 2(sys) £ 3(spin)) %

B. production much smaller than other B => X(3872) production enhanced in B_ decays?
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Di-pion mass distributions: results [y
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+yp- — AL L B B B B i
In I.IJ(ZS).t? J/prn d.ecafys | | ¥ 012 arias E
- dipion mass distribution peaks at high masses > 1: \s=8 TeV, 11.4 fb” -
. . . = - If -4~ Data -
- fit to Voloshin-Zakharov function _T) r ~ owari (VZ Model) ;
a—)-\ 0.08 T 27 w(2S) — J/ynn MC (phase space) " ]
1 dr 2 8 - :
r7 oc (mfm - /lmi) X PS Z 0-06¢ -
fn}rﬂ: ER 0-04} ’0. :
L2 r ‘ j
- found A =4.16 * 0.06(stat) * 0.03(syst) 'E 0.02}, / i
: . . = 7 7

- in agreement with previous measurements O™ 550 04 048 08"k
My, [GeV]
F— T~ e B O T L L AN =
In X(3872 to J/Yr*t decays +: O'4§ A | §
- dipion mass distribution has an even sharper peak at > 0.35 1s=8TeV, 114t/ # E
high masses _T) 0.3;— 4 pata —
- in agreement with simulation where the di-pion N 0'25; B x3872) - uvp’(> 7y - E
system is produced via p° meson decay 8 025 77 xaw12) s e (phase space) 4
, , , _ X 0.15F £+ -
- also in agreement with previous observations Es 0 15_ ’ +
O ’ E 7 I,l!‘w E
2 005y, iy %
2 O LK sk .‘.3320}// / g

= 0.3 0.4 0.5 0 7

My, [GeV]
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o Differential cross sections are measured for prompt and non-prompt production of {(2S) and X(3872)
states in the J/Yr*t decay mode.

o Prompt production is described reasonably well by NRQCD with previously determined LDMEs.
o Two lifetime models for non-prompt production:

0 single-lifetime model (with fitted effective lifetime)

0 two-lifetime model (two fixed lifetimes, fitted fraction)

o Cross section results, non-prompt fractions largely indifferent to lifetime model

o Branching fraction ratios measured in the two models are slightly different:

B(B — X(3872) + any)B(X(3872) — J/yn*n™)
B(B — Y(25) + any)BW(2S) — J/Yntn™)
BB — X(3872) + any)B(X(3872) — J/yn*1)
BB — w(2S) + any)BW(2S) — Jjymtn)

o Both are smaller than 18 = 8 % estimated from Tevatron data, made under implicit same-parent-mix
assumption.

R = = (3.95 + 0.32(stat) = 0.08(sys)) x 1072

R = = (3.57 £ 0.33(stat) = 0.11(sys)) x 1072

o Two-lifetime model allows for a significant fraction of non-prompt X(3872) to be produced in decays
of B, which have shorter lifetime and expected to have steeper p; dependence.

o In this model the fraction of non-prompt X(3872) produced from B_ decays is measured to be
(for pT>10 GeV)  o(pp — B + any)B(B. — X(3872) + any)
o(pp — non-prompt X(3872) + any)

= (25 + 13(stat) + 2(sys) + 5(spin))%
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d ATLAS is a “general purpose” experiment, not optimised for spectroscopic
studies

J Nevertheless, due to the universality of the detector and ingenuity of analysers,
a number of important contributions to heavy quark physics have been made

O No clear signs of X, production have been found yet, but X(3872) production
have been studied in some detail, with potentially interesting results

O A large amount of data collected at 13 TeV still has to be studied, but new
challenges are related to increasing trigger thresholds and very high pileup

O Will keep trying to contribute to this area, provided enthusiastic manpower can
be found
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THANK YOU!
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Backup: Table of results for {(2S) and X(3872)
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pr range [GeV]

10-12 1216 1622 2240 40-70
Cross sections times branching fractions [pb / GeV]
(25)p 924+ 19 +48  27.97+027 +1.02 561 +£006 +0.19  057+0.01 +0.02 0021 + 0.001 + 0.001
»(28)np 619+ 19 +34  2366+027 +£085  663+006 +0.22 0974001 +0.03 0048 + 0.001 + 0.003
P(28)kk 608 £1.6 =40  2300+027 +146  653+£006 =041 093 £001 =0.06 0.047 £ 0.002 + 0.003
»(29)5k, 1.1+24 +39 0.56 £ 0.37 +1.14  0.11+008 +0.29  0.04+00l +0.04 0001 «+ 0.002 + 0.002
X (3872)p 6.05+130 +£038 2754020 +013  0.60+004 =002  006+001 +0.00 00030001 + 0.000
X (3872)xp 200+120 021  128+020 £007  020£004 =001  003£001 =0.00 0001 = 0.001 £+ 0.000
X (3872) L% 1.87 £0.82 £0.14  092+016 £0.06  020+0.04 =002 00300l £0.00 0.001 % 0.001 £ 0.000
X (3872)5L, 1.02+1.49 +020  035+0.25 £0.06 001 +0.06 =002 000400l =0.00 0.000 + 0.001 £ 0.000
Fractions
S 040+ 001 +002 046+ 000 +001 0544000 +£00l  0.63+000 +00l  0.69+001 =0.02
Joiated 002+ 004 +006 0024002 +005 0024001 +£004  004+001 +004  0.03+003 =0.05
P 3872 032+012 +002  032+004 +£001  033+£004 £001 0344006 +0.01  0.34+018 = 0.03
Fgy (3872 0.35+039 =005  028+016 +£004  003£019 £005  0.03+0.26 +0.05  0.03+063 = 0.13
Ratios
X(3872)p/%(28)p  0.065 £ 0.014 + 0.004  0.098 + 0.007 £+ 0.004  0.106 + 0.008 + 0.004 0.107 + 0.011 = 0.004  0.128 % 0.044 £ 0.012
X (3872)np/9(28)np  0.047 £ 0.019 + 0.004  0.054 + 0.008 + 0.003  0.044 + 0.006 + 0.002  0.033 + 0.007 + 0.001  0.030 + 0.019 £ 0.003
X (3872)K% /0(25)K%  0.031 £ 0.014 £ 0,002 0.040 % 0.007 £ 0.003  0.044 %+ 0.006 &+ 0.003  0.033 % 0.006 £ 0.002  0.030 % 0.019 £ 0.003
X(3872)5% /0(28)K%  0.016 £ 0.024 + 0.003  0.015 + 0.011 & 0.003  0.001 = 0.008 & 0.002  0.001 % 0.009 % 0.004  0.001 % 0.024 £ 0.005
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V Kartvelishvili — X(3872) production in ATLAS ::

Exotic hadron spectroscopy ::



