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● Dedicated B-physics  t r iggers;  excel lent  
t racking and muon identif icat ion enables 
● exot ic  hadrons

● new meson s ta tes

● ra re  decays  

in mult i-muon f inal  s tates

● In this  talk:
● Observat ion of  resonance decay to  �/� +

�(2�)  by  combining 4�  and 4� + 2�  f ina l  
s ta tes  (Phys .Rev.D 113,112015)

● Observat ion of  a  ��
∗ +  meson via  decay 

��
∗ + → ��

+ + � (arXiv:2605.16228,accepted 
by PRL)

● LFV search in  rare  decay � → 3�  (Phys .Let t .B 
880 (2026)  140748)

10/1/2026

https://journals.aps.org/prd/abstract/10.1103/zhkx-k9zl
https://arxiv.org/abs/2605.16228
https://www.sciencedirect.com/science/article/pii/S037026932600599X?via%3Dihub&__cf_chl_tk=NXue258NWN4uXUFcD9_FV5nwl1NyKAkn_0Gop_pQ.VQ-1789596500-1.0.1.1-PCuoKWlQ6GHrabxkv9eKd_a.eSCpnTNEds9VOoG_Ltg
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Observation of �/� + �(2�) resonance by 
combining 4� and 4� + 2� final state

arXiv:2509.13101
Phys.Rev.D 113,112015

https://arxiv.org/abs/2509.13101
https://journals.aps.org/prd/abstract/10.1103/zhkx-k9zl
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● The coventional  quark model  was proposed by Gell-Mann and 

Zweig in 1964,  in which exotic  hadrons were predicted at  the 

same t ime as conventional  hadrons

10/1/2026

● In 2022,  X(6900),  a  potential  ful l-charm 
tetraquark(����) ,  was observed in the di-�/� → 4�  
channel  by LHCb (Science Bullet in 65 (2020) 1983),  
confirmed by ATLAS (PhysRevLett .131.151902) and 
CMS (PhysRevLett .132.111901)

● In 2025,  with Run 2 + part ial  Run 3 data,  CMS observed 
X(7100) in the di-�/� → 4�  channel  with more 
stat is t ics,  and excess in the �/� + �(2�) → 4�  
channel  is  also confirmed,  with X(7100)’s significance 
to be 4�(arXiv:2602.02252)

arXiv:2602.02252

https://www.sciencedirect.com/science/article/pii/S2095927320305685?via%3Dihub
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.131.151902
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.132.111901
https://arxiv.org/abs/2602.02252
https://arxiv.org/abs/2602.02252
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● Structures in �/� + �(2�) → 4�  mass spectrum in ATLAS previous work 

(PhysRevLett .131.151902) s t i l l  needs further  suppport

● Another  �(2�)  decay channel ,  �(2�) → �/�(→ 2�) +  2� ,  is  included in 

this  work,  which has ~3 larger  decay BR

●  Measurement of  Relat ive part ial  decay widths
● provide  c lues  to  i t s  na ture  (compact  te t raquark  s ta tes ;  hadronic  molecular  s ta tes  or  

threshold  ef fec ts )

10/1/2026

PhysRevLett.131.151902

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.131.151902
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.131.151902
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● Double charmonia background:
● Prompt  backgrounds:  

● Single  par ton scat ter ing (SPS):  a  pai r  of  �  mesons  were  produced in  a  s ingle  
in terac t ion,  but  were  not  f rom te t raquark

● Double  par ton scat ter ing (DPS):  a  pai r  of  �  mesons  were  produced in  two 
separa te  in terac t ions  of  g luons  or  quarks

● Feed-up background (only  in  4� + 2�  channel )   d i -�/�  s ignal  +  2  random �

 BDT t ra ined for  suppress ion

 Const ra ined in  the  region wi th  2  same-s ign (SS)  charged �  and shapes  were  
taken f rom MC

● Non-prompt  backgrounds  (푏푏 → �/� + �(2�) + � )

10/1/2026

● Single �  background and non-peaking background 
containing no real  �  candidate (Others)
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● Model A: two interfer ing BW resonances the same as in the di-J /ψ channel

● Model B:  two resonances the same as in di-�/�  channel ,  one interfer ing with 
SPS, and the other  s tandalone

10/1/2026
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● Model C:  a  s tandalone resonance in the �/� + �(2�)  channels

● The existence of  another  resonance with higher  mass(X(7200))  in the �/� +
�(2�)  channel  is  tested in each f i t  model
● The yie ld  of  X(7200)  re la t ive  to  X(6900)  in  model  C i s  0.12 ± 0.11  ,  wi th  an  

upper  l imi t  of  0 .41 a t  95% conf idence  level  (CL)

10/1/2026

● Related decay width is  obtained via 
correlat ion of  s ignal  yields rat io,  
and is  calculated in model  A and B 
and shown here
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Observation of  a ��
∗+ meson via decay 

��
∗+ → ��

+ + �  

arXiv:2605.16228

https://arxiv.org/abs/2605.16228
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● Spectroscopy of  (푏�)  system provides a  unique heavy charmonium-like 
system of different  heavy quarks

● Besides the known excited ��
+  s tates ,  l ike:

● radia l  exci ta t ions  of  ��
+ (2�)  and ��

∗+ (2�)，with  ��
(∗)+ (2�) → ��

+ + �+ � −

● ATLAS:  PRL 113 (2014)  212004 (double t  not  resolved))

● CMS: PRD 102 (2020)  092007

● LHCb:  PRL 122 (2019)  232001

● P-wave s ta te  ��
+ (1�) ,  wi th  ��

+ (1�) → ��
+ + �  (PRL 135 (2025)  231902)

the l ightest  exci ted s tate  ��
∗+  is  predicted by QCD potential  models ,  but  has 

never been observed

10/1/2026

PRD102 (2020) 092007

Phys. Rev. D 70, 054017

PRL 135 (2025) 231902

2S

1P

 ��
∗+

https://journals.aps.org/prl/pdf/10.1103/PhysRevLett.113.212004
https://journals.aps.org/prd/pdf/10.1103/PhysRevD.102.092007
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.122.232001
https://journals.aps.org/prl/pdf/10.1103/fc8j-tb8k
https://journals.aps.org/prd/pdf/10.1103/PhysRevD.102.092007
https://journals.aps.org/prd/pdf/10.1103/PhysRevD.102.092007
https://journals.aps.org/prl/pdf/10.1103/fc8j-tb8k
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● ��
∗+ → ��

+ + �  has a  branching fract ion close to 100%. 
● While  (M(Bc

∗+ ) − M(Bc
+ )~(50 − 70)MeV ) ) ,  making i t  exper imenta l ly  

chanl lenging

● ATLAS searches for  the l ightest  exci tat ion (��
∗+ )  with 140 푓푏−1  Run 2 data 

at  13 TeV with two main techniques
● ��

+ → �/�(��) + �+ + �� + �  -  a  decay mode for  ��
+  tha t  has  a  re la t ive ly  large  

BR( ~20 t imes  compared wi th  �/� + �+ )

● The sof t  photon turns  in to  two sof t  e lec t ron t racks ,  specia l  t racking i s  used down to  
0 .1  GeV to  reconst ruct  the  sof t  conver ted  photon

10/1/2026

● ��
+  is  only part ial ly reconstructed due to 

neutr ino and the �/�(��) + �  mass is  broad.
● �� ≡ �(�/� + � + 푒푒) − �(�/� + �)  i s  used to  

get  a  narrower  d is t r ibut ion

● Good tr i-�  vertex quali ty,  being displaced from 
PV. Several  di-�  and tr i -�  t r iggers are used to 
maximise the signal  yield.
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● To suppress backgrounds with part ial ly reconstructed b-hadron decays,  only 
��

∗+  candidates  with �(�/� + �) ∈ [5.1,6.0]퐺푒�  is  kept

● Besides s ignal  decays,  this  region contains
● Combinator ia l  background:  meson combined wi th  a  t rue  muon or  a  fake  muon

● �+ → �/��+ with  �+  mis- ident i f ied  as  a  muon

● To suppress the peaking background of  �+ → �/��+ ,  the same events  are 
also f i t ted with kaon mass hypothesis  with �+  mass constraint
● �2 (B+ )/N ≤ 2.5 :�+ → �/��+  l ike events
● �2 (B+ )/N > 2.5 :  f ree  f rom �+

10/1/2026

● �∗+ → �+ + � is  used as  an 
indenpendent  val idat ion channel ,  
to check photon momentum scale 
and resolut ion
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● To further  suppress the fake conversion candidates ,  a  combined select ion 
cr i ter ion based on the combination of  �(푒푒)  and ��

���∗
 is  applied in the 

two-dimensional  space of  �(푒푒)and ��
���

● Signal  events  tend to have lower values of  these quanti t ies  while  backgrounds 
have harder  dis tr ibutions

● The low-pT tracking approach opens new opportunit ies  for  future hadron 
spectroscopy search involving soft  photons

10/1/2026

*the component of the photon candidate transverse momentum perpendicular to direction from PV to the photon vertex in the 
transverse plane
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● Region 1 and 2 are f i t ted s imultaneously to extract  s ignal  parameters

● The eff iciency of  converted photon is  ~0.4%, but  with the large amount of  
Bc

∗+  candidates ,  we st i l l  get  ���
∗+ = 163 ± 19  in  region 1&2 together

● ��(Bc
∗+ ) =  64.5 ± 1.4(�푡�푡. )−1.4

+1.0 (�푦�푡. )푀푒�

● �(Bc
∗+ ) =  6339.0 ± 1.4(�푡�푡. )−1.4

+1.0 (�푦�푡. ) ± 0.3(�B c
+ )푀푒�

● The f irs t  observat ion of  the l ightest  exci tat ion m(Bc
∗+ )  with a  s ignif icance 

over  8�  

10/1/2026
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LFV serarch in rare decay � → 3�  

Phys.Lett.B 880 (2026) 140748
arXiv:2603.18099

https://www.sciencedirect.com/science/article/pii/S037026932600599X?via%3Dihub&__cf_chl_tk=NXue258NWN4uXUFcD9_FV5nwl1NyKAkn_0Gop_pQ.VQ-1789596500-1.0.1.1-PCuoKWlQ6GHrabxkv9eKd_a.eSCpnTNEds9VOoG_Ltg
https://arxiv.org/abs/2603.18099
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● Flavour is  not  a  fundamental  symmetry in the SM, 
f lavour violat ion is  observed in quarks and 
neutr inos but  not  in charged leptons

● Charged lepton-f lavour violat ion (cLFV) is  highly 
suppressed in the SM, from neutr ino osci l lat ion,  
the SM limit  would be ��(� → 3�)~10−55 (Eur.  
Phys.  J .  C 79 (2019) 84).  Any observat ion would 
be evidence for  new physics

● Util izing the large �- lepton production and dedicated mult i-�  t r iggers ,  this  
work do the search for  LFV in the � → 3�  rare decay with ATLAS Run 2 
dataset  taken from 2016 to 2018 (137푓푏−1 )  at  13 TeV

● �  lepton production at  LHC:
● decays  of  heavy f lavour  hadrons ,  mainly  �� → ���

● decays  of  W and Z bosons ,  l ike  �− → ���  and � → ��

● The search is  optimised for  the electroweak �− → ���  production channel  
due to higher  t r igger  eff iciency,  but  also considers  potential  s ignal  events  
from heavy-flavour production

https://link.springer.com/article/10.1140/epjc/s10052-019-6563-4
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● 3 muon tracks form a secondary vertex (�  vertex)

● BDT is  used to improve signal- to-background rat io
● Vertex qual i ty ,  tau  d isplacement ,  t r ip le t  k inemat ics  and muon isola t ion var iables

● Events  are spl i t  into different  categories  
to optimise the sensi t ivi ty
● 3 BDT regions  ( loose ,  medium and t ight )

● 2 detec tor  regions  (Barre l  and Endcap)

● A simultaneous unbinned maximum-
likel ihood f i t  is  performed on the �(3�)  
dis tr ibution in al l  s ix f i t  categories

● The background-only f i t  and the expected 
signal ,  for  ��(� → 3�) = 10−6  ,  in  the 
unblinded �(3�)spectra.
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R e s u l t s

● The main resource of  systematics  comes from tr igger  eff iciency and muon 
reconstruct ion eff iciency

● No signal  observed,  observed (expected)  upper l imit  set  to 
● ��(� → 3�) < 8.7(7.5) × 10−8  a t  90% CL

● ��(� → 3�) < 10.6(9.3) × 10−8  a t  95% CL

● Improved l imit  by a factor  of  5 w.r . t  previous ATLAS Run 1 resul ts
● åa  fac tor  of  3  i s  expected sole ly  f rom the  larger  product ion cross-sect ions  a t  the  

increased cent re-of-mass  energy and larger  datase t
● res t  f rom analys is / t r igger  improvements
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C onc l u s i on  

● ATLAS is  competi t ive in many QCD related topics,  due to dedicated tr iggers;  
muon ID and tracking performance

● This talk introduces 3 new ATLAS results  on heavy f lavour spectroscopy and 
rare decay:
● Observat ion  of  resonant  s t ruc ture  in  the  �/� + �(2�)  mass  spec t rum

● Discovery  of  ��
∗ + ,  the  lowes t  exc i ted  s ta t s  of  (푏�)  sys tem

● LFV search  through rare  decays  of  � → 3�
● Limi t  improved by  a  fac tor  of  5

● Please s tay tuned for  more resul ts!
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● The ATLAS Detector :  Opt imized for  Heavy Flavour  Physics

● The Inner  Detector  ( ID)  -   g ives  us  precise  ver tex  resolut ion requi red  to  c leanly  

i sola te  d isplaced b-hadron and D-meson decays

● Muon Spect rometer  (MS) -  provides  c lean ident i f ica t ion and sharp  momentum 

resolut ion for  f ina l -s ta te  muons .

● Trigger  and Data  Acquis i t ion  (TDAQ) sys tem -  Highly  f lexible  muon t r igger  menu 

a l lowing seamless  t rans i t ions  f rom low-��  d imuon thresholds  to  h igh-��  s ingle-

muon t r iggers .

10/1/2026
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Observation of �/� + �(2�) resonance by 
combining 4� and 4� + 2� final state

arXiv:2509.13101
Phys.Rev.D 113,112015

https://journals.aps.org/prd/abstract/10.1103/zhkx-k9zl
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Science Bulletin 65 (2020) 1983 PhysRevLett.131.151902

arXiv:2602.02252

https://www.sciencedirect.com/science/article/pii/S2095927320305685?via%3Dihub
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.131.151902
https://arxiv.org/abs/2602.02252
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● Di-muon and tr i -muon tr iggers  with � mass requirement are used

● Baseline select ion:
● Four  muons  wi th  �� >  4,4,3,3 퐺푒�  and |� | < 2.5  ;  two opposi te-s ign (OS)  

charged t racks  wi th  �� >  0.5 퐺푒�

● �  mass  requi rement ;  Ver tex  f i t  qual i ty(�2 /���� )  and���  reqiurements

● Analysis  regions

10/1/2026
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S ys t e m a t i c s  f o r  �/� + �(2�)  A na l y s i s
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Observation of  a ��
∗+ meson via decay 

��
∗+ → �� + �  

arXiv:2605.16228
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��
∗+ → ��

+ + �: MC shape
�∗+ → �+ + �: modified Gaussian function
Combinatorial background modelling: mixing ��

+ and soft photon from 
different events
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LFV serarch in rare decay � → 3�  

Phys.Lett.B 880 (2026) 140748
arXiv:2603.18099
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F i t  r e s u l t s  a nd  s y s t e m a t i c s

● The simulated signals  are parameterised separately in each category with a  
double s ided Crystal  Ball  (DSCB) function

● The background �(3�)  shape is  parameterised by exponential  funct ion,  with 
the exponent  al lowed to be posi t ive or  negative.

● The background-only f i t  and the expected signal ,  for  ��(� → 3�) = 10−6  ,  
in  the unblinded �(3�)spectra.

● The main resource of  systematics  comes from tr igger  eff iciency and muon 
reconstruct ion eff iciency
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