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* Production

* Spectroscopy
* Polarisation

* New observables / Onia as a tool

Apology:

* Huge amount of data from various experiments

* Despite my best efforts, not everything got covered in this talk
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Early days: ATLAS, 7 TeV, 9.5/nb
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Muon and dimuon triggers in ATLAS hancaster €23
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Prompt J/Y production: LHC 7 TeV

Detailed distributions in a number of bins in pT and rapidity
Low pT inaccessible for ATLAS, CMS at high energy / luminosity

Good consistency between ATLAS, CMS and LHCb where overlap
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Prompt-nonprompt separation & NP fraction Lancaster £
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J(2S) production in dimuon decay mode
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Y(2S) more challenging: lower stats, higher background

Production mechanism should be theoretically cleaner

Curiously, non-prompt fraction very similar to J/{

Prompt Y(2S) /JY ratio close to constant

Can these facts be understood within our current picture?
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Prompt Y(2S) production Lancaster €3
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P-wave charmonium production theoretically
and experimentally tricky to handle

Important to understand this production channel to
get a complete picture of quarkonium production.

Experimentally challenging:
* |ow p; muons
= precise reconstruction of soft (p;>1 GeV) photon
through conversions
— low efficiencies

Weighted u*uy Candidates / (0.01 GeV)

Perform unbinned maximum likelihood fit on
acceptance- and efficiency-corrected mass and
lifetime.

Extract prompt and non-prompt production cross
section of various x_ states
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Byxo(x_)/Bxolx,_)

Prompt x. — J/Yy and o(x,,)/o(x.,) ratio

Fraction of prompt J/p produced in
X.feed-down

(right)>

Data show that between 20-30% of
prompt J/p are produced in X,
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Comparison of relative x_ rates
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Data reasonably consistent with each other, NRQCD yields mixed results

Naively x., should be enhanced at low p; as seen in LHCb data

P15 —4— LHCb, 2<y<4.5
D I N

< F {8 NLO NRQCD
N j}_ LO NRQCD
e

Vato Kartvelishvili — Quarkonium physics at LHC

L SR IR T SR BT R
12 14 16 18 20
p#"w [GeV/c]

~~1.0r
§"|§"0 gi —— NRQCD CMS
5 F NRQCD uncertainty  pp,\'s =7 TeV
F150.8F (m, ,m, )=(00) L=4.6fb"
0.7; _ (me,mx&) =(x1,+2)
0.6 -
05F .
0.3
0.2}
_ ly(JAp)l <1.0, pT(y) >0
0.1 E Unpolarized
I B || Lo
0.0 10 15 20 25
pT(Jhp)[GeVic]

L e e I B B E
0.9E. ATLAS Preliminary Prompt |y""| <0.75 _i
0.8 Vs=7TeV J-Ldt=4.5 o’ —4— Data _i
07 Unpolarised x, #— CMS |y <1.0 é
0.6 =
05 :—-———//:
\ =
0.4 | L % E
0.3 —
0.2
01 = NLO NRQCD £== Locsm
QOE I L L L
10 15 20 25 30
P [GeV]

ECT* Trento :: 8 July 2024



Absolute x_production rates
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Pseudoscalar quarkonium production at LHCb Uhiversity ®
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= Two-gluon fusion into pseudoscalar
quarkonium is also a viable process!

% 7

LHCb collaboration, arXiv:1911.03326
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Results from LHC on Upsilon production, 7-8 TeV
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Good mass resolution allows for
better separation between the
Upsilon states
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50% for all three Y(nS) states Can these experimental facts be reconciled
There is no “clean” state here like (25) within our current picture of production?
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CMS: Quarkonium production at 13 TeV
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ATLAS latest: charmonium at 13 TeV hancaster €2

2D unbinned maximum arXiv:2309:17177 EPJC 84 (2024) 169
- . .
likelihood fit is done to =, p o) = S kfiim)- (o) @ R - G ).
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Results: 1 - J/ differential cross sections Tt
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* Three rapidity ranges shifted for visual clarity

—
o

102
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* Widest pT range achieved so far: 8 GeV to 360 GeV
* Almost 9 orders of magnitude variation of cross section
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Results: 2 - P(2S) differential cross sections RS
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Three rapidity ranges shifted for visual clarity
Widest pT range so far: 8 GeV to 140 GeV
More than 6 orders of magnitude variation of cross section
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Prompt production ratio
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Results: 3 - lIJ(ZS) to-J/Y production ratios
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Three rapidity ranges shifted for visual clarity
Seem independent of rapidity
Prompt ratio increases faster with pT
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Results: 4 — Non-prompt fractions
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* Three rapidity ranges shifted for visual clarity
e Fast increase at low pT, stabilise after 50 GeV

» Similar behaviour for J/Y and {(25)
» Step at 60 GeV (trigger change) — Spin alighment to blame?
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Measurement comparison, central y
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« ALICE [1-15]GeV]
JHEP 03 (2022) 190
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Phys. Lett. B 780 (2018) 251
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POLARISATION
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Spin alignment / polarisation of quarkonia Lancaster €53

University

] General angular dependence for ¢ & mu*mu" decay:
pm"c::“ﬁ"ioi‘“w dz—N oc 1+ Agcos® 8* + Ay sin® 6% cos 2¢* + Ag sin 20* cos ¢*
d cos 0*dg* 0 ¢ 0 ¢
Coefficients Ag, Ay and Asy are related to the spin-density matrix
Figure from . Faccioli elements of the dimuon spin wave function for various polarisations.

Cross section correction factor

for ATLAS 13 TeV measurement

Dependence of acceptance on Ay and Agg is weak, but A¢ can be significant.
Nominal analyses usually assumes “isotropic” production, all A =0.
If quarkonia are produced polarised, need to apply correction factors!

Could be different for prompt and non-prompt production

S 1.06f . ATLAS Simulation =
[&] - - - -_—
“2104_ i E A=+0.2
S 1.021 T A=-02
&) T NN
o 1 S ——E
S 0.98}- H ]
0.96[- —
094 -~ Ppls=13Tev A
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CMS: charmonium polarisation, 7-8 TeV
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CMS:

Polarisations of (prompt) J/{, Y(2S)
Even for X1 and %2 states

All three Y states
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CMS: P / NP charmonium polarization at 13 TeV

0.4 F

:_ ® CMS non-prompt y(2S) pp 13 TeV

HX frame Data

e CMS non-prompt JApy  pp 13 TeV

+ CDF non-prompt Jiy pp 1.8 TeV

—
Curves : B> Jhp X (undetected X)
— Ref. [48] “Two-body”
Ref. [48] “Multi-body”
Ref. [49]
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Very fresh from CMS:

Non-prompt Y(2S) or J/ slightly longitudinal,

arXiv:
2406.14409

>

@

0.2

Prompt (2S) or J/Y slightly transverse, +0.2

pT dependence fairly weak after ~¥30 GeV
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HX frame
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SPECTROSCOPY
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First observation of the x,,(3P) state
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Significance of the new peak calculated through the difference of log-likelihoods with

and without the

peak in the fit:

= Iog (Lwith / I'without )

With moderately large numbers involved, -2D is distributed as Ax?

The “with” hypothesis won, with significance in excess of 6o

Since then, confirmed by

light blue: statistical,
dark blue statistical+systematic

D@ and LHCb,
PRL 108 (2012) 152001

[No quoted systematic for LHCb observation]
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XN(SP) mass barycentre measurements and model predictions

\ \ \ \ I I .| ApR2013
ATLAS conversions arXiv:1112.5154 l .
ATLAS calorimetry arXiv:1112.5154 _
D@ arXiv:1203.6034 . : .
Potential model: EPJC 4 107 (1998) |
Potential model: arXiv:1211.6373 I
Screened Cornell [arXiv:1208.2186] I
Richardson [arXiv:1208.2186] |
EIDI
pQCD [arXiv:1208.2186] I w
=3
8
Potential models: arXiv:1105.0855v2 I I g
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Events / 3.5 MeV
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CMS: chi_B with better resolution

9
=
w

5=13 TeV
L=80.01b"

(3P)

L1 1 l_.-m_-ﬂ L [

. 1P—1S i
S 9895 10255/~ S
[]
= B -0
s [ :
7 S
© B -
E — =
T 2P > 1S
T 9890 10250 5p oo
X.D - D -
? Y(1S) + vy
%, (2P) D Y(2S) +y
ﬁ ® Y(3S) +v

10.2
Y(nS) y invariant mass (GeV)

10.6

Events / 3 MeV

: ECT* Trento ::

Lancaster EE2 -
University

100_— CMS
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Even resolved x_b(3P1) and x_b(3P2)

Measured masses with sub-MeV precision

arXiv: 1805.11192
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J/Y(—p*u ) m mass resolution
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Resolution in p*pu~mr*m~ mass is greatly improved by a kinematic fit
constraining p*y- to J/@ mass and all four tracks to the same vertex
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Surprisingly enough, LHC detectors (even a
general-purpose detector like ATLAS) are
capable of studying hadron spectroscopy

Example: J/@ (4M) final state analysis by
ATLAS, arXiv: 1610.09303
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Di-pion mass distributions: results

In Y(2S) to J/Yr*rt decays
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- o . w 0.12-ATLAS E
- dipion mass distribution peaks at high masses > 1: \s=8 TeV, 11.4 fb” -
. . . = - If -4~ Data -
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1 drI 2 % o :
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fn}rﬂ: ER 0-04} ’0. :
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- found A =4.16 * 0.06(stat) * 0.03(syst) 'E 0.02}, / i
: . . = Z, i
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My, [GeV]
T T~ EF -7 T d o I 1 $E
In X(3872) to J/Yr*rt decays +: O'4§ A | §
- dipion mass distribution has an even sharper peak at > 0.35 1s=8TeV, 114t/ # E
high masses P 03 4 oo F
- in agreement with simulation where the di-pion ’,QT 0'25; B x@872) 5 oyp’(o ) - E
system is produced via p® meson decay 8 025 77 xaw12) s e (phase space) 4
, , _ _ X 0.15F £+ -
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Peaks in X—J/y+J/p/[w(2S)]—4p

* Di-J/{ final states is a well-motivated search channel
for low-mass resonances.

* LHCb observed narrow structure at 6.9 GeV: can be
interpreted as four-charm tetraquark.

LHCb arXiv:2006.16957, Sci.Bull.65,1983(2020)

* CMS and ATLAS are seeing similar pictures

CMS arXiv:2306.07164 ATLAS PRL 131 (2023) 15, 151902

Looks hard to disentangle several closeby
resonances of various widths
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Searches in X—»>uu+Y(1S)—4pu channel
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University

Four-lepton final states with on- or offshell vector mesons such as
Y(1S) give wide coverage for searches for fundamental scalars at

low mass, or doubly-hidden beauty tetraquarks.

CMS 359 fo" (13 TeV)
> 45 ‘et L L L LB B B B L T T T T T
o F ¢ Observed Total 3
Q) 405_ —— Combinatorial bkg Tetraquark (m = 19 GeV) —E
LO 35 e Y(AS)Y(19) =
O 30F 3
~ C .
C o :
g_) 20 ! ‘Lm' jt ’ E
L1l 15F- i Bapsil :
- l , % H *
10:— ; }
S5 j\ ;
AR e g g g T
0734776 78 20 22 24 26 28
My, (GeV)

No obvious signal seen in CMS and LHCb

LHCb: arXiv: 1806.09707

Candidates / (100 MeV/c?)
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) l lipis 4
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16000 1 8000 20000 22000 24000 260(
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CMS: arXiv: 2002.06393
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ATLAS preliminary: 8 TeV Lancaster 23
Structure observed in both di-muon and tri-muon ATLAS-CONF-2023-041

baseline selection yields significant excess at ~18 GeV.

triggered data. e B
. . . Q120 ATLAS Preliminary  Fitz=097 g ]
Width fixed to expected det. resolution of 200 MeV < fi-sTer, man ¢ ’?Zi;élfisa < akgeomponent
) %100 ) ¥ =18.05 +/- 0.05 GeV wueen Bkg only fit ]

Background-only fit and p-value scan for chosen g =

o]
o
II|III‘III|\II|II\|II_

60
o L F
< 10° E  arLas preliminary — Observed
Fid 3
S 10 F (s=8Tev,2031" Maximum Z,__, = 5.50 at 18.05 GeV
.
107 ¢ 57 T8 19 20 2T = 3 25
10° R | 457 m,, [GeV]
10 > L LR ELE IS LA AL I L AL S B BRI B LS B LR
B e | e i (0] C . Fitv2 = 0.80 —4— Data ]
107 ¢ ’ S 60:_ ATLAS Preliminary Néjgxz 43.1 +/-12.1 — Signal+Bkg fit ]
10—5 L - - Y5 =8TeV,20.3 15" N:Lg=1055.8 +/-34.1 = = = Bkg component 1
2 50 m = 18,03 +-0.07 GeV  ........ Bkg only fit 3
1070 Fmmmm oo o b amuevoo o't = 0,200 GeV -
10—10 c PR R T N T T T T TN T O A S S TN T N TN SO SO T NN S SO N 40:_ —:
15 20 25 30 35 40 45 - =
| ff H my, [GeV] 30 —
P-vaiue sCans or rour-muon mass in = ]
. . 20—
* Y(1S)+same-sign muon pair -
. . 10 _—
o Left/right Y(1S) mass sidebands g :

find no significant structures.
No indications of artificially created structures from

triggers/selections in simulated SPS and DPS backgrounds.s——— 2% 32 25 = 2
m%[GeV]
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ATLAS preliminary: 13 TeV Lancaster €2

Unbiased statistical test of the excess in 13 TeV data;

Sosol aTLAS Prolminary L e
9(5 E Ys=13TeV, 51.5 ' ND 6191 0 +- 523 = = = Bkg component .

o €200— mj; = 18.05 GeV o Bkg only fit
At 13 TeV background rate three or more times o ~02mcoy 9 ]
8 TeV levels, different trigger menu: : .
* No more 2mu4, only 3mu4 in 2015-17 s E
* 3mu4 also gone in 2018 g E

* Anew “3mudbUpsi” available for 2018

EARLY 13 TEV DATA (2015 -17, 51.5 /fb) e 23+mfj‘[ee\?f
13 TeV data collected with similar tri-muon triggers . _ } e
finds 1.90 excess for signal fit fixed to 18.05 GeV. §200§ ATLAS Prelmney M : :
LATE 13 TEV DATA (2018, 58.5 /fb) ; ST TATE N et A S
No evidence for a signal in 2018 data (new trigger). “F SR E
Any conclusion/limit strongly model-dependent. g E

Hard, but not impossible to imagine a model for
which all data are consistent with each other.
Need good theoretical models for further progress! ~t—s—r——i—a—sr—r—r—zr—a

my, [GeV]
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NEW OBSERVABLES,
QUARKONIA AS TOOLS
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Z + J/P event candidate Lancaster €23

University

Run Number: 204564, Event Number: 108362933
Date: 2012-06-07 02:21:12 CEST

3
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7 ” ; : Lancaster EE3
New observables” in quarkonium production University ©

Clearly, despite 40+ years’ history, we still have no clear picture of quarkonium
production in hadronic — and other -- collisions

New energy frontier and higher luminosities allow exploration of other reactions
that may help understand better quarkonium production dynamics

Simply speaking, more equations may help determine unknowns better, even if
some new unknowns are introduced

Examples of these “new observables”: associated production of quarkonium with
other objects, such as:

other quarkonium (LHCb, CMS, now ATLAS)
W and Z bosons (ATLAS)
top quark pairs?

photons?
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Associated production of J/Y and Z boson

Identify events with a Z boson (decaying into electrons or
muons) AND another pair of muons around the J/{ mass range

J/y pseudo-proper time [ps]

N
(=]

B [T T
L ATLAS «Zoun
4 1s-8TeV, 20.3 fb" o Z—ee
3 :
o
L o
of . 3

3.6

3
Jhy invariant mass [GeV]

3.2 3.4

F ATLAS

Events / 4 GeV
o

10

[ Vs=8 TeV, 203 1b"

.ln..lu...l....l....]....l....|...

Z + prompt Jhy
-4 Data
== Template fit
= = Signal template
== Background Iemplate:

Events / 4 GeV

0 75 80 85 90 95 100105110
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Z—e*e invariant mass [GeV]

Some J/{ are prompt,
some are non-prompt

ATLAS: arXiv: 1412.6428

20

ATLAS
\s=8 TeV, 20.3 fb

Z + prompt J/y
== Data

== Template fit

= = Signal template

15

== Background template ]

10

0 75 80 85 90 95 100105110
Z—u*w invariant mass [GeV]
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3oL 1s=8TeV,20.3 fb”
T pp— promptJiy + Z

in- L —4— Data
Z and J/ can be produced in: 2B e parton Seatiering

separate hard collisions within the same pp event pof. [ Piewp |
. . .. . " [ZZ) Pileup and DPS Uncertainty
(Double Parton Scattering --- DPS) -> isotropic in delta-phi

155—
or in the same hard parton scattering 101 ++

(Single Parton Scattering --- SPS) -> peaking at back-to-back

Events / (n/5)

coaad o by a bl Lo o laaag

I/ [(GeV Inclusive prompt ratio [x10~7/ GeV] Estimated DPS [x10~7/ GeV] 5//%///// ///// /// ” /////
py  [GeV] value + (stat) + (syst) + (spin) assuming oerr = 15mb .. i B e B 2 - .3
(8.5,10) 108+ 56 +1.9  +3.1 55+ 2.1

(10,14) 56+ 19 +08 +£12 1.7+ 0.6 ANZ. )

(14,18) 194 1.1 + 0.1 + 0.3 04+ 0.1 Theory predictions well below

18,30 0.87+ 0.37 +0.12 +0.09 0.05+ 0.02 . .

S measurement, especially at high P;

(30,100) 0.090+ 0.037 +0.012 <+ 0.006 0.0004 + 0.0002

IY 1GeV Inclusive non-prompt ratio [x10~7/GeV] Estimated DPS [x10~7/ GeV] 5
ol value + (stat) + (syst) + (spin) assuming oefr = 15mb E 10T arias, issTev, 203" E
(8.5,10) 51+ 42  +£09  +0.3 2.07+ 0.77 I el PP PORHINZ IR 2 E

(10,14) 92+ 25 +12  +03 0.85+ 0.30 3 Nk BB it

(14,18) 33+ 1.2 +04 +0.1 0.26 + 0.09 5| 107 - = otracocs

(18, 30) 304+ 059 +0.04 +0.04 0.05+ 0.02 I3 A

-8
(30,100) 0.115+ 0.039 +0.002 =+ 0.001 0.0015+ 0.0005 % 10
= |
Measured cross section ratio (Z+J/y) / Z differentially in P.(J/{) = 10°
o
separately for prompt and non-prompt J/ 1070
. . . 107 ‘ —
Will hopefully stimulate further calculations 10 20 30 4050 [68\1”02
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ATLAS: J/psi + W at 7 and 8 TeV

University

; B B = 10_4 T | T T T T T 1 1 { 3
(o)) L pp— promptJ/y + W :pp—> W i > E
S 6| ATLAS,\s=7TeV,[Ldt=451" & pp— prompt Jyg+W* : pp>W* -
~ 1 O' — ' ’ ' = iy 10_5 A TLAS ¢ Data 2012 _
—_ @ + Data 3 Hg Spin-alignment uncert. 3
,?: B W Spin-alignment uncertainty - ; - -6.3 mb EZ2) DPSs and theory uncert. |
=la B Estimated DPS contribution ) 5[C 10°EF Gyt =0- Estimated DPS contrib.
é S % 7772 DPS uncertainty 1 s — I NLO CO SPS Prediction =
= [=>107 . — © — RN N
Nb -o 1 0 / E AN ‘% 10_7 gg:“?\g& NASAANY ANNN _E
© ] 5 ‘“f E
<y . E X R ; B
~= . z 10° -
©. A8 ?&i T ]
% 10 % / \? % 10°° T _é
=3 - / i - -
T R ) 107"
= 10k //// 222222222222222222‘
E’ I R //// 101
m 10 15 10 20 30 40 50 102
Jhy
JAy Transverse Momentum [GeV] Py [GeV]
Adding a J/psi to a W or Z production costs ~6 orders of magnitude
pT spectra of such J/psi typically (much) harder than inclusive
Sigma-effective in DPS production tends to be smaller than for VV etc.
ATLAS 7 TeV arXiv: 1401.2831 ATLAS 8 TeV arXiv: 1909.13626
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CMS: di-Y production

Candidates / (50 MeV x 50 MeV)

CMS L=20.7 b (8 TeV)

00O O NN WP oo~
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ATLAS: Di-Jpsi at high mass & high pT
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Data suggests large SPS contributions
Strong distortions to distributions by fiducial cuts
Significant effort needed for any downstream analysis

ATLAS 7 TeV arXiv: 1612.02952
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LHCb di-Jpsi and gluon TMDs

T
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LHCb kinematics offers much more favourable fiducial cuts for low pT
Hence much smoother distributions, downstream analysis possible
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Will be presented in more detail later in the workshop

LHCb arXiv: 2311.14085
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pil"m’” [GeV/c]
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SUMMARY
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Tried to cover a HUGE amount of data and a large number of interesting (and
sometimes brilliant) results on:

* Quarkonium production

* Quarkonium polarisation

e Quarkonium and/or related spectroscopy

 New observables and quarkonium as a tool

The enormity of the task only became obvious while working on the talk
Apologies again for any omissions, and also for an ATLAS bias

Hope this overview was useful — and sets a right tone for the workshop
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THANK YOU!
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Backup slides
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Prompt J/y production: LHC 7 TeV

Compilations by Hermine K. Woehri

(a couple of years old by now)

Nice synergy between the LHC

experiments
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1 ALICE ATLAS CMS \ =
] vs=7TeV
7 L prompt J/y
= &= ]
] i
" R T T
1 3 p, [GeV/c]
| *3-5
i ry A
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] - ~8-9
J +10-12
luminosity uncertainties:
ALICE:= 3.5% CMS:= 4%
] ATLAS:= 3.4% LHCb:= 10%
‘ L L s A L | T T \
0 1 2 3 4 5

Between the experiments, a huge
kinematic range is covered:
ly| < 4.5, 0<p;<100 GeV

Over 6 orders of magnitude in p;

Given the diversity of experiments and
conditions, consistency of measurements
is really remarkable
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Theory comparison: prompt J/{ and {(2S) Ristessts

ATLAS ATLAS ATLAS

_ 26" p_<60GeV _ _ 260" p_<60GeV
ppis=13Tev  Jldi= f0i britocev  EPIC84(2024)169 ppfo=13TeV  JLdt= fige 5730 Gev

PromptJiv arXiv:2309:17177 Prompt ¥(29)
g10E ' E g0 E
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> L ] > L ]
8 - . S G ]
= 1 | 0000000000000000-0:00-3-8-000-0-0-00 044§ = 1£10-0000000000000000-0-0-0-4-$—0-0-4-§- 44—
: 1 Butenschdn,Kniehl [1-3] F g
10 £ E 10T T
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1 WM-Q-—H? Baranov et al [4_7] 1 E—MWW
10 105 ' ' — E
"~ ICEM ] "~ ICEM ]
1 ?m“ﬁ-—mﬂ-—mo—o—f-—h Cheung’VOgt [8] 1 3 mmw

10 10° 10 102
pT(l-lM) [GeV] pT(},L},L) [GeV]

9 orders of magnitude described within a factor of ~3
There is room for improvement for all models shown
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Theory / Data

Theory comparison: non-prompt J/{ and (2S Retasiatss

ATLAS ATLAS ATLAS

_ 26fb" <60 GeV - - 26" pT<60GeV
ppie=totev  [Lat- B0hh DriG0Gev  EPICBA(2024)169 (5= 10TeV  JLot= G5l bS50 gev
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Kniehl et al [12-14]
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|
-
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L 1111
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Generally better agreement for non-prompt, still tend to overestimate at high pT
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Searches in X—up+Y(1S)—4p channel Ratesaes

ATLAS-CONF-2023-041

Motivation:

Four-lepton final states with on- or offshell vector mesons such as
Y(1S) give wide coverage for searches for fundamental scalars at
low mass, or doubly-hidden beauty tetraquarks.

Datasets:
Events (events per /fb)
Dataset 8 TeV 13 TeV
Luminosity (fb~ 1 20.3 51.5 58.5
Trigger All triggers 3u only 3u only 3u_bUpsi only

Four muons, > 3 LowPt,

pr > (4,4,3,3) GeV 261,893 170,467 1,152,307 231,318
2012 2015-17 2018
One Y(1S) and
10 < my, < 50 GeV 6,467 3,641 (179) 20,887 (406) 19,125 (327)
Y(1S) + ptp~ 3,849 2,218 (109) 13,657 (265) 10,862 (186)
Y(1S) + ptp* 2,618 1,423 (70) 7,230 (140) 8,263 (141)
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Mass spectra: 8 TeV sample

Background shapes
compared to

* Y+SS dimuons

e Ysidebands
with OS dimuons

Indications of an
excess of events
in narrow region
around 18 GeV in
Y(1S) + opposite-
sign muon data.
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Cross-checks and variations

Lancaster EE2 -
University

Since analysis not blind, robustness of 18 GeV excess studied with alternative selections:

Selection criteria Np Mass (GeV) Ng Significance (o)
Baseline 1994 +47 18.05+0.05 8317 5.5
Selection variations from the baseline
> 2 LowPt muons 3124 £59 18.09+0.06 94 +20 5.0
= 4 LowPt muons 689 +28 18.03+£0.07 37+10 4.1
mi‘l‘l‘LEe“ > (0 GeV 2515+53 18.00+0.06 81 +19 4.7
mZﬂ” > 0.5 GeV 2306 £51 18.00+0.05 87+18 5.3
mz‘f}l{e“ > 2 GeV 1696 +43 18.05+0.07 58+15 4.3
Vertex fit y?/Ng.os < 4 1705 +43 18.03+£0.05 69+15 5.0
Vertex fit y?/Ng.os < 20 2077 +48 18.04 +£0.05 8117 5.0
myis) + 20, window 3705 +64 18.09+0.06 9022 4.5
Y (1S) mass correction 1998 +47 18.02+0.08 64+17 4.1
m;‘l‘i‘;‘?”‘ < my(is) 1418 £40 18.06 +0.05 94 +17 6.3
pr > 2.5 GeV non-res. muons 2741 £55 18.05+0.05 70+ 19 4.1
pr > 4 GeV non-res. muons 082 +33 18.06+0.08 35=+11 3.6
Tight IP cuts 1469 +40 18.01 £0.05 71«15 5.5
Lifetime |7/0¢| < 3 1873 £45 18.04 +£0.05 8617 5.6
MBS < 3 1749 +44 18.05+0.04 83 +16 5.8
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Global significance over mass range 15-50 GeV varies between 1.9 -5.4 o.




Expected/observed cross-section limits Ritesiaas

Limits depend on physics model used in calculations, other factors (very preliminary)

Two models considered: tetraquark (higher efficiency) or scalar (lower efficiency)
8 TeV results compatible with tetraquark (scalar) with 60 fb (100 fb) cross section.
13 TeV results exclude the observed excess at 8 TeV at more than 95% CL for both models.

Limits/measurements on 6, ,¢.Br(X(18)—>Y (1S)[»p n]+uw)
- ATLAS Preliminary]

w8 TeV cross-section limit corresponding to 13 TeV combined observed limit
{ Measured 8 TeV production cross-section
—— Observed 95% CL, upper limit - --- Median expected 95% CL_ upper limit
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OUtIlne Of the AnaIyS|S Lancaster&‘-

University

Analysis performed for |y| < 0.75 of the J/Pr*m system, for optimal tracking resolution

p; bin boundaries: [ 10, 12, 16, 22, 40, 70 ] GeV
Lym L-pr

with Ly, =
PT pr

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

Effective pseudo-proper lifetime T=

Each J/Yr't candidate weighted to correct for trigger/reco/acceptance losses (next slide)

For each p; and lifetime bin, binned minimum x? fit in the J/m*r invariant 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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The Beginning: J/v

« Discovery 1: Ting's group [ @ 3
1000 = =

])A"T s ete X 2 = E

at Fap = 30 GeV/c il i

T TTTTI
Lyl

[Aubert et al., PRL, 6/11/1974]

Found a peak in eTe™ inv.mass at 3.1 GeV, called it .J.

1
1

100 = 2
3 3
Discovery 2: Richter's group = e ¥ i
IO_—_: o
(a) ete~ — hadrons Bl g =
z-+ > i . P : :
(b) € € i K H v P P S Nt P N (Y (SO (P e [t
i = 200+ (c)
(6] ete™ — eve 3
o 100 = -
[Augustin et al., PRL, 7/11/1974] 5 E : ]*‘ﬁ * é

Found a peak in all these three cross-sections, S s S e i

3.056 3.090 3.100 3.110 3.120 3.130

at the c.m.s. energy 3.1 GeV; called it . B e
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The ATLAS detector at LHC {pncaster 62

25m

Tile calorimeters

LAr hadronic end-cap and

forward calorimeters
Pixel detecto

Toroid magnets LAr electromagnetic calorimeters

Semiconductor tracker
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Observation of the y,,(3P) state (media) Lancaster £33

University

WailOnline \&‘
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Large Hadron Collider has first

confirmed sighting of new

Iﬁgrct:i:reports discovery of its first new particle (but it's not the Higgs)

22 December 2011 Last updated at 10:59

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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X(3872) cross sections

Prompt: Described well by NLO NRQCD

assumes X(3872) is a mix x_,(2P) - (D° D%*)

X.1(2P) coupling assumed responsible for production
parameters fitted to CMS data
not surprising, CMS and ATLAS consistent

T

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

Theory / Data
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: torecalculate FONLL from (2S)

BR not measured — used estimate

.B:

from Artoisenet, Braaten
based on Tevatron data

Br(B — X(3872))Br(X(3872) — J/yn"n™)
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[hep-ph:0911.2016]

Clearly overshoots the data:
factor of 4 to 8, increasing with pT
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