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The ATLAS Detector at the LHC

Large Muon Spectrometer and SC Toroid Magnets: standalone muon momentum
measurements in the muons largest air-core magnet for the first time in a collider detector

Muon Detectors Tile Calorimeter Liquid Argon Calorimeter

Toroid Magnets Solenoid Magnet SCT Tracker Pixel Detector TRT Tracker
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LHC: J5i i X4

Proton-Proton 2835 bunch/beam
Protons/bunch 10"

Beam energy 7 TeV (7x10"2 eV)
Luminosity 103 cm? s

Crossing rate 40 MHz

Proton Collisions = 107 -10°Hz

Higgs = 2z2* > 4l @it X4
P JLZRN10J/L 72—

Parton
(quark, gluon)

Selection of 1 in
10,000,000,000,000

Particle
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JHEPO3 (2020) 145
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Hidden charm

[ Phys. Rev. Lett 91 (2003) 262001 ]
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X(3872) at Belle, Y(4260) at BABAR,
Z.*(3900) at BESIII, and later a
number of XYZ states ...

Charmed Tetraquark (TQ) state is
often proposed for these LS

Is it possible to have a 4-charm TQ?
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[ Phys. Rev. Lett. 95 (2005) 142001 ]
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All heavyt
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Reconstruction of 4u vertex

s

. v U
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. U
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® We first find vertex of J /¢ candidates with JpsiFinder Tool,
Then use JpsiPlus2Tracks to fit 4u to a common vertex. We
use tool ReVertex to revertex two J /1 tracks with a mass
constraint, achieving a 4u mass resolution of ~20 MeV

® Use sum of y2/N of two charmonia and 4u vertices to
select the best 4u candidate per event
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Signal and Backgrounds

> Signal process:
® Signal samples for process: pp — X — di-J /Y — 4u
— TQ mass = 6.9 GeV, width = 0.1 GeV, spin = 0 with JHU
>Background processes:

® Prompt di-J /1 background: Single Parton Scattering (SPS), Double Parton Scattering (DPS) with
Pythia8

® Non prompt di-J /1 background: bb — | /Y ] /¥ with Pythia8
® Single J /1 background: -

— Prompt or nonprompt / /i, plus fake muons from the primary Collectively called “others”

vertex estimated from data

® Non-peaking background containing no real / /1 candidates -



Oftline event selection

> Selection cuts for different regions:

Signal region ‘ SPS/DPS control region | non-prompt region

Di-muon or tri-muon triggers,
Opposite charged muons from the same J /i or ¢/(2S) vertex,

g iy

my 1y € {2.94,3.25) GeV, of mygs) € {3.56,3.80} GeV,
Loose vertex cuts ,yiu /N < 40 and Xgi-# /N < 100,

Vertex )(fp/N <3

Liﬁ,‘ < 0.2 mm, |L2;”| < 0.3 mm, Vertex Xi‘/N > 6,
may < 7.5 GeV, 7.5 GeV< my, < 12.0 GeV (SPS) | |LGF| > 0.4 mm

AR < 0.25 between charmonia | 14.0 GeV < my, < 25.0 GeV (DPS)




di-J/v channel

[ arXiv:2304.08962 ]
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di-J/y channel
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Angular analysis for spin and parity

In helicity formalism, for a particle of spin (J,M) decaying into two particles in (6,)
direction with helicities (4,v), the decay amplitude can be expressed as

M3, (6, @; M) o< (0pAv|]MAv)(JMAv| M|/ M)
« F] DI*(¢,0,0)

where 6=1-v, DI\]/I*S is the Wigner D-function and Fljv X (JMAv|M |JM). If parity is
conserved, we have

FAJV = 1N;M1M2 (—1)]_51_52F_],1,_V

where 1, 11, 11, are the intrinsic parities of mother and two daughters, and for
identical daughters (e.g., di-J/1), we have in addition

] _ J
F/lv - (_1)]Fv),
In the case of identical particles, the final state should be also symmetrized

M8, 0; M) < (0pAv|JMAV)s (IMAVIM|TM)



Helicity formalism and partial waves

With the symmetrization implemented, we have

M ¢ )" FL,Dlys(6,6,0)c1,[Di, (91,61, 00DL5, (92, 62, 0) + D3z, (91,61,0) DI, (92, 62, 0)

A=>v

Note that 0, @ are defined in the rest frame of TQ, while 8, ¢, (6,, ¢,) are defined
for, e.g. u*, in the rest frame of J/y1 (J/y,).

The helicity amplitude can be broken down into different total orbital (L) and spin (S)
angular momentum components (partial wave decomposition):

2L+ 1¢p 5 ]
J E J
Fiv = 2/+1l0 ” —v 5]GLS
where the 3-column numbers in brackets are CG coefficients. F and G satisfy

2 2
Y6kl =) IR
LS Av

If parity is conserved, we should have n; = 1,7, (—1)%. In addition, for two identical
final state particles, L+S must be even.



Example: hypotheses 0" and 0~

* Forthe case of 0" — 1~ 17, only L=S=0, or L=S=2 are allowed, and

1 1 1 2
FY = \/—gcgo + \/—665’2, FO _=F), F%= —\/—5680 + \EGSZ, all other Fy, = 0.

M o« Fy [ei(<p1+<p2)d%61 (91)d%62 (02) + e—i(<p1+g02)d1161 (91)d£162 (62)] + Fgod(%Sl (91)d$52 (62)
Z |IM|? |Ff1|2[(c03291c05202 + 1) cos?(@q + @,) + (cos?8; + cos?8,) sin?(¢; + @5)]

816
1
+|F(§’O|Zsin29131n202 +3 Re(FYF{$) sin 20, sin 26, cos(@; + @)

* Forthecase of 0 — 1~ 17, only L=S=1 is allowed, and

1
FY = _EG&, Ff’l,_l = —F), all other Ffv = 0.
1 . .
M o —Gpy[e 01t P2)dl 5 (01)dl,5,(0,) — e' 1P d s (61)d1s,(62)]

V2

1
Z |M|% « 2 |G{’1|2[(1 + c0s%60,)(1 + cos?6,) — sin?6;sin?0, cos 2(¢p; + @,)]
8162



Heavy Ion collisions
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a) without QGP S b) with QGP

Small system collisions, such as p-p and p-A, are not expected to have QGP
Large system collisions, such as A-A, are expected to have QGP
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Heavy Ion collisions
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QGP effects in heavy ion collisions:

® Strangeness enhancement: Strange quarks can be produced
thermally and coalesce to hadrons.

® Jet quenching: Modification of hadrons p; spectrum and
asymmetry in back-to-back jets production

® Heavy quarkonium suppression: In QGP the bound of the quark
anti-quark pair is looser as a result of the Debye screening
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Heavy quarkonium suppression
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Tetraquark 1n Heavy Ion collisions
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Diquarks 1n QGP?

Phys. Lett. B 793 (2019) 212
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In QGP, two light quarks (e.g. [ud]) may form colored bounded state —

diquarks.

* In diquark models, a baryon such as A% can be viewed as c+[ud]. There will
be plenty of diquarks in QGP, so production ratio AL /D° with be enhanced in
A-A compared with p-A and p-p



4mu resonance 1n QGP

[ Phys. Rev. D 102 (2020) 114001 ]

® In QGP, there are different behaviors of ccc¢ and bbbb tetraquark (TQ) states:
e At critical temperature, cccc is already melted due to color screening, while
bbbb TQ state survive in almost all the QGP phase
® In p-p collisions, the main production channel is SPS. In HI collisions, the main
production of cccc TQ state is by the coalescence mechanism. As a result, the
cross section of cccc TQ in HI is much larger compared to p-p:
* Due to the large number of binary collisions in A-A
* Due to the coalescence mechanism
® |[f coalescence is main mechanism for cccc TQ, then the TQ momentum will be
very soft

e Efficient selection for low p; muon is crucial for the 4mu analysis in HI data



do/dy (ub)

The cccc TQ cross section

[ Phys. Rev. D 102 (2020) 114001 ]
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e Left: cccc TQ cross section per unit rapidity as a function of the number of
binary collisions in Pb-Pb collisions
* Right: transverse momentum distribution of the cccc TQ in Pb-Pb collisions

However, the decay BR of ccc¢ TQ in a hot medium needs theoretical predictions
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Summery

LHC is the collider at the highest energy frontier in the world. It is a
powerful tool to test the SM in both electroweak and QCD sectors, and
to look for New Physics including Higgs properties

The Higgs looks very much like the SM Higgs so far. We need more data
to measure its properties more precisely, including next generation
collider experiments

QCD and hadron physics at low energy is hard to make predictions due
to the failing of perturbativity. Study of exotic hadrons made up four or
five quarks deepens our understanding in this regime

QCD and hadron physics can be better studied by comparing the p-p
and A-A collision events. The effect novel matter of QGP can show up in
the comparisons



