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Motivation

New low-mass resonances?

e Potential for observation new, rare, low-mass
states predicted by QCD and BSM theories.

e Requires large data volumes of high-quality
low-p_reconstructed final states at ATLAS.

Results in this talk

Observation of an excess of di-charmonium events in
the four-muon final state with the ATLAS detector
X=3/+3/P/[P(2S)]=4p
arXiv:2304.08962
Search for narrow low-mass resonances in the four-
muon final state with the ATLAS detector at the LHC
X=>up+Y(S)—=>4pu
ATLAS-CONF-2023-041
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https://arxiv.org/abs/2304.08962

arXiv.2304.0896

Searches in
X—-3/P+I/W/[P(2S)] >4

Datasets and selections
140 fb'of 13 TeV data.

Two and three-muon trigger signatures.

Signal region | Control region | Non-prompt region

Di-muon or tri-muon triggers, oppositely charged muons from each charmonium,

loose muons, plT’2’3’4 > 4,4,3,3 GeV and [11.2.3.4| < 2.5 for the four muons,
myy € [2.94,3.25] GeV, or my(2s) € [3.56, 3.80] GeV,

Loose vertex requirements XEP/N <40 (N =5) and Xczh._’u/ N < 100 (N =2),

Vertex x3,/N < 3, Ly < 0.2mm, [L$}"| < 0.3 mm, myy < 11 GeV, | Vertex x3 /N > 6,

AR < 0.25 between charmonia | AR > 0.25 between charmonia | or |L§i3',‘“ | > 0.4 mm

MOTIVATION

Di-J/y final states well-motivated search
channel for low-mass resonances.

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

ANALYSIS STRATEGY

Search for excesses in four-muon
Invariant mass.

MC simulation and data control regions
used to model/constrain backgrounds.
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Two and three-muon trigger signatures.

ANALYSIS STRATEGY

Signal region | Control region | Non-prompt region Sea rc h fo r exXcesses I N fo ur-muon

Di-muon or tri-muon triggers, oppositely charged muons from each charmonium, | Nnva rl an t Mmass

loose muons, p1T2 3% 5 4,4,3,3 GeV and 171.2.3.4] < 2.5 for the four muons,

my/y € [2.94,3.25] GeV, or my s € [3.56,3.80] GeV,
Loose vertex requirements Xf /N < 40 (N = 5) and Xfi. /N < 100 (N =2),

Vertex 23, /N <3, L% < 0.2 mm, |L%*| < 0.3 mm, ma, < 11 GeV, | Vertex x2, /N > 6 MC simulation and data control regions

AR < 0.25 between charmonia | AR > 0.25 between charmonia | or |Ld' H > 0.4 mm
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used to model/constrain backgrounds.
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Searches in X—3/Y+3/P/[P(2S)]—=>4p

I
As/s

J |y +p(28)

ms Oor m
[3orl
As/s

model A

% 0.08
6.41 £0.08" " 32

. 0.12
0.59 +0.35*0:12

o< 0.08
6.63 = 0.057

- 0.11
0.35+0.117,,

- ~+0.01
6.86 + 0.037 -

0.02
0.11 +0.057;

O +8 1%
+5.1 /0_8_9%

model «

7 99 2+0.01
7.22 +0.03+0.01

0.09 £ 0.06%0-%

+21% + 14%

arXiv.2304.08962

model B Signal characterisation

6.65 +0.021)0 Olbservation of up to four resonances.

1/ 0.06
0.44 = 0.05+0-09

Mass of third resonance consistent with

6.91 + 0.01 + 0.01 that observed at LHCb.

0.15+0.03 £0.01

\_Three—resonance model with interference

model S

contributions or model with broad low
6.96 + 0.05 +£0.03

~+0.11
0.51 £0.177

+20% + 12%

mass structure interfering with
background best describes the data.
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ATLAS-CONF-2023-041 MOTIVATION

Four lepton final states with on- or off-

sea rChes in shell vector mesons [here Y(1S)] give

wide coverage for searches for
x_)l'l |.|+Y(1S)_)ll-|.l fundamental scalars at low mass, or

doubly-hidden beauty tetraquarks.
Datasets and selections

203 fb'of 8 TeV data. ANALYSIS STRATEGY

50.1 + 585 fb' of 13 TeV data Select Y(1S) candidate, pair with low p_
Two and three-muon trigger signatures. OS di-muon pair.

Candidate object Requirements
Muons pr(p) > 3 GeV and || < 2.5,

205in6] < 1 mm and |do/org,| < 6 8 TeV analysis non-blind, 13 TeV analysis

Muon quadruplet > 3 muons passing LowPt selection criteria,

S 4. = 0, four-muon verte fit x/Naor < 10, fixed to chosen 8 TeV baseline selection.

10 GeV < my, < 50 GeV

Muon doublet di-muon vertex fit y* < 3

Y(1S) candidate OS muon doublet with p(u;2) > 4 GeV, Sea rC h fo r na rrOW St ru Ctu res i n fou r_

9.2 GeV < my+y- < 9.7 GeV

Y(1S)+ p*p~ candidate events  Y(1S) candidate plus OS muon doublet with m+,- > 1 GeV, m u O n | nva r| a n t m ass

both muon doublets point to a common PV
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Mass spectra: 8 TeV

S E— ATLAS Preliminary —— Y(1§) +u'w
x_) ” l'l +Y(1 S)—)l[” % 122 E_ {5 =8 TeV, 20.3 fb™ ’ ® Y(1S) +uip
5 10/
5l b SEARCH REGION
EXCESS OBSERVED 100 - o{.}.&?jm‘;% 2- AND 3-MUON
Indications of an excess of events "= LR W 1 ﬁm‘ TRIGGERED DATA
; . : 0" o 11, STy,
In nharrow region around 18 GeV In s0 - +‘i§; t a"‘ﬂm;g.% b
. . :_ o3 + L] ? 00g 0300 3 N
Y(1S) + opposite-sign muon data. Bttt .*ff*m"’" %64300°0000" 00058008
010 0 20 29 30 35 40 45 . [GB%O
VALIDATION REGIONS
Correspondlng Same_SIgn data E 180:— ATLAS Preliminary —— Y(1§) +u'w
S = s =8TeV, 203 fb" SB: (8.5, 9.0]
does not have such a structure. s YE ’ SE: [0, 1.5
o 140 —
Sl o
. | _ oF- ++++ | Y(1S) SIDEBANDS
Mass spectra associated with di- E e ft +++++ +
muon sidebands to left/right of = +++ + ++ ++++++++++++ .
0= t 4Tt Lt
= } ¢
Y(1S) are largely smooth. 2E- ale § Aty “++++++++¢+ s
010__'_- — 1I5 — 2I0 — 2I5 — 3l0 — 3I5 | . 40 45 50
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A closer look: 8 TeV 3 oy S
X=>up+Y(1S)—4p groof- T GG ngeiyl] |
G gof- b .
: 60— —
Background-only fit and p-value scan for chosen - :
40— o7 Te e LT T Ty T
baseline selection yields significant excess at ~18 GeV. " 'Y
- ¢ 8 TEV, ALL TRIGGERS ]

0 e by by by s by e s by e by by by g g 1
40 ' ' | | ' ‘ ‘ e
Structure observed in both di-muon and tri-muon £a0f H\ bt +1»++ b4
triggered data. N o =

15 16 17 18 19 20 21 22 23 24 25
m,, [GeV]

Width fixed to expected detector resolution of 200 MeV.

- . -
ATLAS Preliminary Fitx*=0.80 =4 Data |
NI =481 +/- 121 —— Signal+Bkg fit

Vs=8TeV,2031t' Njy, = 1055.8 +/- 34.1 - = = Bkg component
I'I'II.’,'EI =18.03 +/-0.07 GeV  ......... Bkg only fit
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Cross-checks
X=>uu+Y(1S)—4u

SAME-SIGN AND MASS SIDEBANDS

p-value scans of four-muon mass
e Y(IS)+same-sign muon pair
o Left/right Y(1S) mass sidebands
find no significant structures.

MC BACKGROUND SIMULATION

Studies of SPS and DPS backgrounds
reveal no indications of artificially created
structures from triggers/selections.

ANALYSIS VARIATIONS

As analysis not blind, robustnhess and

characterisation of 18 GeV excess studied

with alternative selections.

Global signiﬁcance: 1.9-5.40 mass RANGE 10-50 GEV]

Selection criteria
Baseline

Ng
1994 + 47

LOCAL SIGNIFICANCES

Mass (GeV)
18.05 +£ 0.05

Ng
83 17

Selection variations from the baseline

> 2 LowPt muons
=4 LowPt muons

moonres - () GeV

ppe
rn;’:l‘;r_e“ > (0.5 GeV
m.;’ﬁ';r_es > 2 GeV

Vertex fit y*/Ng.ot < 4
Vertex fit y*/Ng.o.r < 20

my(1s) 20, window
Y (1S) mass correction
non-res

m..um_ < my(18)

pr > 2.5 GeV non-res. muons
pr > 4 GeV non-res. muons

Tight IP cuts
Lifetime |t/0;| < 3
MBS < 3

S1Z24:E59
689 + 28
2915EE 55
2306 + 51
1696 + 43

1705 + 43
2077 + 48

3705 + 64
1998 + 47
1418 + 40

2741 £ 55
082 £ 33

1469 + 40
1873 + 45
1749 + 44

18.09 + 0.06
118.03 == 0.07

18.00 + 0.06
18.00 £ 0.05
18.05 £ 0.07

18.03 £0.05
18.04 + 0.05

18.09 £ 0.06
18.02 + 0.08
18.06 £ 0.05

18.05 £ 0.05
18.06 + 0.08

18.01 = 0.05
18.04 + 0.05
18.05 £ 0.04

94 + 20
37+ 10
81+ 19
87 + 18
58 + 15

69 £ 15
81 +17

90 + 22
64 + 17
94 + 17

70 + 19
35+ 11

WALEENLS
86+ 17
83+ 16

Significance (o)

5.5

5.0
4.1

4.7
<
4.3

5.0
5.0

4.5
4.1
6.3

4.1
3.6

5.5
o)
5.8
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A closer look: 13 TeV

X=>pup+Y(AS)—4p

Unbiased statistical test of 8 TeV excess in
13 TeV data.

Background rate at 13 TeV three times 8 TeV levels.

EARLY 13 TEV DATA (2015-17)
13 TeV data collected with same tri-muon triggers
finds 1.90 excess for signal fit fixed to 18.05 GeV.

LATE 13 TEV DATA (2018)

No evidence for a signhal in 2018 data (new trigger).

Events /0.2 GeV

LI | LI B I | I LI | LI I I

ATLAS Preliminary

Vs =13 TeV, 51.5 5’

3mu4 trigger

I LI I I | I LI L]

Fit 2 = 0.92
NG, = 43.9 +/- 24.9

Ny, = 6191.0 +/- 82.3

mi = 18.05 GeV
oftt = 0.200 GeV

1 I LI I I |

13 TIEV, TIRI-MIUON lTRIG|GER

R B =

—— Data =

- Signal+Bkg fit

= = = Bkg component
o Bkg only fit

t
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B .. - Dat ]
S I ATLAS Preliminary =150 —¢— el . 1
o | Ng, =-4.2 +/-21.7 — Signal+Bkg fit
;200 — Vs =13 TeV, 58.5 " Ngfkg =5192.2 +/-75.3 - = = Bkg component
% | et st ITIL': = 1805 GQV "SI Bkg only fit
2 T mu4_bUpsi trigger ofl = 0.200 GeV .
150_— .
100[—
=0 13 TEV, TRI-MUON TRIGGER
- WITH DI-MUON CHARGE AND MASS REQ.
0 1 1 L I 1 L 1 1 I 1 1 L 1 J L 1 1 L I 1 L 1 1 I 1 1 L 1 ] L 1 1 L I L 1 1 I 1 1 L 1 I L L 1 I_
>30F ' ’ ' ‘ ' =
< 20F + + 5
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S-20F + + =
15 ' J
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20 23 24 25
m,, [GeV]
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Di-Y(1S) cross-check among datasets
X=>up+Y(1S)—4p

HOW COMPATIBLE ARE THESE OBSERVATIONS WITH A REAL SIGNAL?

Depends on relative sensitivity of datasets: luminosity, cross-section enhancement,

trigger and reconstruction efficiencies.

Events / 0.08 GeV

Events / 0.08 GeV

eof ! | 1 T | | T
rATLAS Preliminary Fity?=0.5 —5+B fit
[ V5= i N =4044+-129  Boomp. -
50F Vs=8TeV,20.3f8 sg 3 Sicomp: =
L Al triggers Noyg = 926.6 +/- 32.4 ~B only fit ]

40F

8 TEV; ALL TRIGGERS

mit, = 9.43 +/- 0.04 GeV

o - L L J1"\III‘“I.LLIlJJLLLLIJJlLLL{JJll_
8 8.5 9 9.5 10 105 11 115 12
Mass of second OS muon pair [GeV]
_ T T ‘ LI | LI T I T LI I L T T T ‘ T 1771 I T T 1 T
140FATLAS Preliminary Fity?=0.6 —S+B fit
CVe=13TeV,515f"  Ni;=50.6 +/-21.7 -8 comp.
120 | N Z3110.4 40505 o oomP
[ 3mu4 trigger bkg ~ ek : «Bonly fit 7

100F

60

20

80F

40F

mil, = 9.43 +/- 0.05 GeV

| T T B Jd"[ll“l’-LLLlJJJLLLLJ
8 8.5 9 95 10 105 1

o l balaslaals I o T - 17
1 115 12
Mass of second OS muon pair [GeV]

13 TEV; TRI-MUON TRIGGER

Events / 0.08 GeV

Events / 0.08 GeV

8 TEV; TRI-MUON TRIGGER

r i B com
F\s=8Tev,203f5' N =24.7 +-9.4 5 P

30 NI =500.3 +/-23.8 comp. 3
[ 3mu4 trigger bkg ; ) B onlyfit J

:JIIIIIIIIIIIII||||I‘|I\II\II\II\II"II\I:
35FATLAS Preliminary Fity®=0.6

250 : =

201~
: 4 r
15

mit = 9.40 +/- 0.04 GeV

s
AT B S AP | ' et

1 [\ AR U R T l:
8.5 9 95 10 105 11 115 12
Mass of second OS muon pair [GeV]

LI L I I L L Y O Y I
—S+B fit ]

CATLAS Preliminary Fity?=1.0

F s-1aTev,sesm Nt =4194-210  TBcomp.

- NI —312204-503 o COmP-
[ 3mud_bUpsi trigger bkg — D= 38 -Bonly fit 7

mit = 9.45 +/- 0.04 GeV

Y

TN S SR BRI AT ol rn Loy

Lol 'l:ll..l‘ai LLJJJ JJJLLLJ_
8 8.5 9 95 10 105 11 115 12

Mass of second OS muon pair [GeV]

13 TEV; TRI-MUON TRIGGER
+ OS CHARGE/MASS REQ.

Evidence for di-Y(1S) production.

Large statistical uncertainties.
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Searches in X—=>pp+Y(1S)—4p

ATLAS-CONF-2023-041

Set expected/observed cross-section limits.

8 TeV results compatible with tetraguark / scalar with 60 /100 fb cross section.
13 TeV results exclude the observed excess at 8 TeV at more than 95% CL for the above signals
Limits/measurements on oy 5.Br(X(18)—=Y(1S)[—=u'u]+utw)

ATLAS Preliminary

. ATLAS8TeV  ; jATLAS 13 TeV 2015-17; 3 ATLAS 13 TeV 2018 | ATLAS 13 TeV comb. :
high ¢ low ¢ high € low € high ¢ low & high ¢ Iow €

- Tetraquark Scalar Tetraquark Scalar Tetraquark Scalar Tetraquark calar
-

LHCDb tetraquark
(8 TeV)

CMS spin-2
(8 TeVl
)0 :

(8 TeV)
CMS pseudoscalar
. |

CMS tetraquark
CMS scalar
(8 Tev)
(8 TeV)
Xiv:2002

i 8 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
Expected 95% inclusion I Expected 68% inclusion
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Summa I‘y Searches in X—~=>3/VL+3/P/[YP(2S)]1—> 4

Significant (>50) broad low mass excess and resonance at
6.9 GeV observed in di-J/\.

J/V+(2S) data supports additional resonance at 7.2 GeV.
Large datasets and breadth Full characterisation of excesses requires further study.

of programme at ATLAS
allows vibrant opportunities to Searches In X2 pp+Y(1S)—=>4p

search for new, rare, low-mass Excess at ~18 GeV in the 8 TeV dataset seen in data-

exotic resonances, including driven analysis.

some surprises! Unbiased test using 13 TeV data does not confirm excess.



