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Outline

» ATLAS B-physics programme covers a wide range

of studies:
» Decays (CPV, rare and semi-rare decays etc.) —
Wed afternoon talk and |

» Open heavy-flavour and heavy quarkonium
production — Wed morning talk

LAr hadronic end-cap and
forward calorimeters

LA electromagnetic calorimeters

» Spectroscopy of conventional and exotic states — s [ e o]
This talk
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» In this talk:

» Observation of structures in J/1 + 1(2S) mass
spectrum — accepted to PRD (4"

> First observation of a B}t meson — just off the
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/BPHY-2023-01/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/BPHY-2022-03/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/BPHY-2022-03/

Structures in J/9 + 1 (2S) mass spectrum

arXiv:2509.13101 (%"
accepted to PRD


http://arxiv.org/abs/2509.13101

Structures in di-charmonium spectrum

CMS 135 1o (13 TeV)

aso
§ oaa X6600)

— Full modol X(8900)

- X(7100)

-~ Total
signal

Serrier

» X(6900) first observed by LHCb(Z in
J/pd /¢ — 4p final state

» also broader structure lower near threshold

» Confirmed by ATLAS(Z and CMS(Z with

Candidates / 0.05 GeV

the same final state 340 iias e 8 Y ans e
< \5=13TeV, 140 16" ackgroun E © (5=13TeV, 140 6" ackgroun
> X(7100) state seen by CMS S5 % s —momatession ] 5 4o svoves -
» and hinted in ATLAS J/49)(2S) — 4 £200- om0 1z o
100 ~+oaa g %0 Model a

» CMS since then measured (4" JPC = 2+ for
all 3 states — supports tightly bound
tetraquark description

» New ATLAS analysis focuses on J/¢)(2S) — 4u2m (%)

()
channel @
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https://inspirehep.net/literature/1804391
https://inspirehep.net/literature/2652212
https://inspirehep.net/literature/2668013
https://cms-results.web.cern.ch/cms-results/public-results/publications/BPH-24-002/index.html

Study of J/¢1)(2S) mass spectrum: strategy

» Backgrounds: SPS & DPS di-¢ production, Non-prompt

YP's,

>

Other (> 14 combinatorial)
In 441+ 27 channel: feed-up from the X — J/iJ /1) — 4p
signal

» Modelling corrected using dedicated control regions

>

Feed-up: use a CR with same-sign pions

» Simultaneous fit in 4 and 4 + 27 SRs, CRs and SS CR
» Signal models:

>

>

>

Model A*: two interfering BW resonances from di-J /1)
channel

Model B*: two BW resonances from di-J/4 channel, one
interfering with SPS, other (X(6900)) standalone

Model C : independent resonance only in J/vy(2S) channel

* assume X(6900) decays to both di-J/+ and J/4(2S) channels
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/BPHY-2023-01/

Model A
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J/1)(2S) results

Model C
. . 350 e
> X(6900) resonance observed in J/¢ + 1 (2S) channel with S enrevuom % ]
8 90 ,g 40;J/LIJ*LIJ(ZS)~AH - :ag\:r:;glruund ]
: o f { Data
» Existence of another state at 7.1-7.2 GeV not supported by g a0 ]
data: 20] e
» relative yield to X(6900): 0.12 £0.11 |
with 95% C.L. upper limit of 0.41 1 E
. . A } ]
» Measurements of mass, width and 0N 85 9 95 ©IE
R =T(X(6900) — J/¢(2S))/T(X(6900) — J/vJ/v): !
> T Ty
model A model B model C g 35??;?:“% Lot ::g.+Bkg E
S 30 Jy+p(2S) - dp+2n ackground B
m/GeV  6.860+0.023+0.010 6.902+0.008+0.010 6.884 = 0.017+0.0%8 gzszw ' o
I'/GeV 0.082+0.032+0.015 0.183+0.025+0.007 0.178 £0.054*0:170 5 : # ou ]
N w v 3
R 1.08 +0.20*9-49 0.93+0.17+0.11 — i ]
.| 15 ]
. . e . . . 10 é
» Limited sensitivity of simple analyses — necessity of . ]
amplitude analysis + Run-3 data bt ST N
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Observation of a B} meson

arXiv:2605.16228 (4"
submitted to PRL


http://arxiv.org/abs/2605.16228

Spectroscopy of bc system

> Unique quarkonium-like system figure from PRD 70 (2004) 054017 (7
» Numerous predictions for the
. . . 2 7588
excitation spectrum (lattice P s ars 17 B
: : T 76 T5T6 1380
QCD, various potential models) 2s0 272 T e 1276 701]
E 7122 7150 7164 7266 ]

» Experimental knowledge limited: e 705

" e G50 6768 ]

6706 130
28 6741

> B(2S) = Bt n

ATLAS ([, resolved by Bot 1P Miss Soact
CMSU' LHCb[:),' ﬂ N ass dSpectrum 4
> BC(].P) in Bj”Y broad 1 [PRD 70 (2004) 054017]

structure at LHCh(Z'
compatible with four states(4'
» Lowest spin excitation BT not
seen so far:
» Predictions for
Amg. = m(B:*) — m(BY)
mostly about 50-70 MeV

1 3 3 3 3 3 3
S, °S, /P, P, ’P,’D, R, 'D,’F, F, °F,
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https://doi.org/10.1103/PhysRevLett.113.212004
https://doi.org/10.1103/PhysRevLett.122.132001
https://doi.org/10.1103/PhysRevLett.122.232001
https://doi.org/10.1103/fc8j-tb8k
https://doi.org/10.1103/1d49-q8h4
https://inspirehep.net/arxiv/hep-ph/0406228

B:* search: analysis strategy

» Use full Run-2 dataset, 140fb~1

Search BT — B radiative transition (B =~ 100%) /‘\(
Partially reconstructed BF — J/¢u*v, X final state N
» %20 larger B compared to e.g. BF — J/¢rt \

vy

» Photons from conversions to eTe™ in the tracker material ¥
» build from pairs of tracks down to pr = 100 MeV i
) ) 4 B;
» run only preselected events with B} candidate i
» Signal is identified in a distribution of b P

Am=m(J/putete™) — m(J/pu")
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B reconstruction

» Blcandidate = 3-muon vertex with J/1
mass constraint for u*pu~ pair
» Main selection criteria:
> X?/Naof <2 (Ngot = 4),
3rd track contribution < 4
» [, >0

> pr(BF)/ Y pr(track) > 0.2
> pr(Br) >25GeV, |n(B)| < 2.4

» Below 5.1GeV — large B — J/9X
background (muon mis-id)
» only Bt — J/1K™ contributes above
» Two regions based on x?(B*)/Nyof:

» Region 1: < 2.5 — BT-like events
» Region 2: > 2.5 — almost free from BT

LHCP2026, 18-22 May 2026
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pr(p,2,3) > 4,4,3GeV,
[n(p1,2,3)] < 2.4,2.4,2.5
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Photon conversion reconstruction

» 2-track vertices within beampipe + barrel Pixel layer volume

» Special low-pt tracking on preselected B candidate events

> pr > 100 MeV, vertex x? < 3
» further selection based on m(ete~) and pf

Combined with B to form B}t candidates

> m(J/yKtete ) < 6050 MeV (KT mass for 3rd muon)

» to suppress fully reconstructed B — J/¢r /KT decays +
FSR photons

%} 105 C T T T
| e Rt Sttt — =i ) ET:;ST'Z‘\’/"“'““""
! s '/ ~ | g 10° s
| IBL + Pixel - | ©
2 I Twio low-p, tracks

| - . J £10°F I Low-p_ + standard track
| S o Disk 2__" | g I Two standard tracks
I Layer 2/ - Disk 1= ni4e.6 | S10°F
| Riz2.s T = ,/f'/l L_‘l,-/"’i ©
| REB.5 2 et | 1. —] -pes.8 | 10
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ATLAS Simulation 5=13TeV 07
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B:* signal fit

: . 2 35E atas + Data E 2 [ ATLAS + Data
> Unbinned ML fit to Am E 30 f5=13Tev, 140" — Totalfit 3 E 40 = fs=13Tev, 140fp" —Totalfit E
. . . N E Region1 B.: - By N Region 2 [E98;: - By
» Simultaneously in Region 1 and 2 - sE BIs -8 el 7 sof —- Combinatoral . |
Q F " o) F
. . K] E k] E
» Signal model: gt 2 Wf
» MC templates S of 8 ¢
> scaled proportionally to Amg.+ or ] 1
which is a floating parameter o OF o OF R SVR IV
. . - 2F 3 -~ 2F
> (validated with MC produced for = of Ll e beadpd = o _J_J-I,-.T-IT-.II-IIL A
different Ampgs+) & PR o PR
R1 R2 .C = 0O 20 40 60 80 100 120 140 160 & 0 20 40 60 80 100 120 140 160
> NB:+ / NB:+ fixed to MC (=) m/purete)-mApp) [Mev] S m(I/pprete)-mI/ppt) [Mev]
ot +A :
> B*" — B7y background: Parameter Value

» present only in Region 1
» modified Gaussian shape fixed to Amg-+ [MeV] 645+ 1.4
MC (true Amg«+ =~ 45MeV) N ¢ 163 + 19
» Combinatorial background: B
> event mixing: B and «y from Ng-+ 17+38
different events
» further corrections of pr(y) bias
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Systematics on Ampg:+ (1)

Source ‘ Uncertainty [MeV . . L L
y MeV] » Varying material distribution in the
Material, v momentum scale & resolution tq‘j‘g tracker volume in MC
BZ production modelling 40.19 » Photon momentum scale & resolution
BF — J/¢uTr, X decay modelling 40.05 studied using B*T — Bt (— J/yYKT)y
NR1+/NE§+ ratio 4+0.12 control channel
(4 . . .
. . | 4
Muon reconstruction and trigger o6 identical .reconstructlon procedure
. P> systematics based on data-MC
Background shape modelling +0.79 .
discrepancy

Total oo » Correlated effects — take an envelope

3 10" Faras "7} Toata 2015 + 20164 g aas |+ omazmsezos
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Systematics on Ampg:+ (2)

» Varying the mixing procedure

> keeping p,(7y) from the B event
> alternative pr(y) reweighting

Source Uncertainty [MeV]
Material, ¥ momentum scale & resolution tq‘.% >
[]
B production modelling 40.19 s 200
[Te)
BF — J/¢pT v, X decay modelling 40.05 YN eo
R1 R2 : ]
NB§+/NBC*+ ratio +0.12 g
. . 2 100
Muon reconstruction and trigger +0.16 S
. I
Background shape modelling +0.79 O 5
+0.95
Total A
o 0
s 2
x
S 1
~ 0
Q
=
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» Use the shape from MC
truth-unmatched BT candidates

L B e e e e

ATLAS
(s =13 TeV, 140 fb™
Region 1 ¢ MC unmatched candidates

— Analytical parameterisation
— Data event mixing
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B:" results

» A new state decaying to Bl and a photon observed in ATLAS Run-2 data
> Signal significance exceeds 80 (across all systematic variations)

» Measured mass difference:
Amp:+ = 64.5 £ 1.4(stat. )1 %(syst.) MeV

» With the B} mass from PDG corresponds to
m(B;F) = 6339.0 £ 1.4(stat.) T} 3 (syst.) & 0.3(mg+ ) MeV
> Agrees with expectations for the lowest bc excited state, the Bt meson, which are
mostly within 50-70 MeV
> Measured Ampg:+ a bit above the recent precise lattice QCD predictions below 60 MeV

» HPQCD: PRL 104 (2010) 022001, PRD 86 (2012) 094510 (%"
> Mathur et al. PRL 121 (2018) 202002 ('

» The discovery made possible thanks to

> innovative use of Bf — J/1u*v, X mode for bc spectroscopy studies
» low-pt tracking for soft photon conversion reconstruction on a preselected sample
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https://doi.org/10.1103/PhysRevLett.104.022001
https://doi.org/10.1103/PhysRevD.86.094510
https://doi.org/10.1103/PhysRevLett.121.202002

Summary
Two new ATLAS results on exotic and conventional heavy-flavour hadron spectroscopy:

» Study of the resonant structures in J/v¢ + ¢ (2S) system

» More data and full amplitude analysis crucial to verify the picture proposed by the latest
CMS studies

» Discovery of BT, the lowest excitation of bc system
» Type of analysis ATLAS is perfectly suited for

Stay tuned for further results!

ATLAS B-physics public result page:
» ATLAS: https://twiki.cern.ch/twiki/bin/view/AtlasPublic/BPhysPublicResults(Z

Other ATLAS talks in this section:
» Davide Malito: Measurements of heavy flavor production at ATLAS — Wednesday morning
> Pavel Reznitek: Rare decays at ATLAS — Wednesday afternoon
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B:* photon selection (1)
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B:" photon selection (2)
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B:" photon pr distributions

D10°E T T
o E ATLAS Simulation 3
0 L Vs=13Tev . ]
S10'E MC, B, Bcy 3
o E — All tracks 3
o o [ Two low-p_ tracks b
% 10°¢ Il Low-p_+ standard track
o o I Two standard tracks
© E 3
O E E
10¢ E
1 E
107t

Onp

15

2
pT(e+e') [GeV]

LHCP2026, 18-22 May 2026

TLAS

Candidates / 0.05 GeV
P o o o
o N w N
T IIIIIII| T IIIIIII| T IIIIIII|

=
S
o

Semen Turchikhin

0.5

Vs=13TeV, 140 fb™

Data

¢ Alltracks
I Two Iow-pT tracks
[ ] Low-p_+ standard track
I Two standard tracks

1

INFN Genova

15 2
p,(e’e) [GeV]

21 /17



B:" signal Am shapes
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ATLAS
Vs =13 TeV, 140 fb™
Bkg. shape from event mixing

— Obs.
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Di-charmonium selection regions

4u + 27 channel

4u channel

CR

SR

SR | CR

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

myyy € [2.94,3.25] GeV, my (25 € [3.56,3.80] GeV
Two loose OS ID tracks with pr > 0.5 GeV
for pions, BDT requirement

X3, IN <3, IL¥] < 0.2 mm, ‘ Ko/ N <3, IL37| < 0.2 mm,

|LEham| < 0.3 mm, mgy, < 11 GeV L™ < 0.3 mm, mays2, < 11 GeV

AR(J [y, y(25)) < 0.25 | AR(J/¢,¥(25)) = 0.25 | AR(J /¢, y(25)) < 0.25 | AR(J /¢, ¥(25)) > 0.25

SPS

L$ham™ > 0.3 mm for | No AR or BDT | No AR or BDT
either charmonium, requirements, requirements,

“others” ‘ non-prompt DPS

myy € [2.60,2.76] GeV or m )y

€ [3.34,3.50] GeV for either J/y;

mys) € [3.35,3.48] GeV or mys) Xfu<+2n> /N < 15, May(+27) May(+27)
€ [3.88,4.10] GeV for y/(2S) May(+2n) < 25GeV | € [14,25] GeV | € [8,12] GeV
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Sources

Statistical uncertainties
Di-J /¢ bkg. modeling
J/[y+y(2S) bkg. modeling
Signal ratios
Mass resolution
Feed-up bkg.

P or D-wave BW
Fit bias
Inclusion of X(7200)

+23
+5.4
+4.1

+6.8

+3.2

+0.2
+1.0

+32
+7.7
+6.7

+8.6

+5.4

+2.1
+1.2

+0.054
+0.002
+0.002
+0.094
+0.010
+0.001
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