
E U R O P E A N O R G A NI Z A TI O N F O R N U C L E A R R E S E A R C H ( C E R N)

C E R N- E P- 2 0 2 3- 0 7 1
2 0 2 3 / 0 5 / 0 9

C M S- B P H- 2 2- 0 0 3
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T h e C M S C oll a b o r ati o n *

A b str a ct

A s e a r c h f o r t h e r a r e η → µ + µ − µ + µ − d o u bl e- D alit z d e c a y i s p e rf o r m e d u si n g a
s a m pl e of p r ot o n- p r ot o n c olli si o n s, c oll e ct e d b y t h e C M S e x p e ri m e nt at t h e C E R N
L H C wit h hi g h- r at e m u o n t ri g g e r s i n 2 0 1 7 – 2 0 1 8 a n d c o r r e s p o n di n g t o a n i nt e g r at e d

l u mi n o sit y of 1 0 1 f b− 1 . A si g n al h a vi n g a st ati sti c al si g ni fi c a n c e w ell i n e x c e s s of 5
st a n d a r d d e vi ati o n s i s o b s e r v e d. U si n g t h e η → µ + µ − d e c a y a s n o r m ali z ati o n, t h e
b r a n c hi n g f r a cti o n B ( η → µ + µ − µ + µ − ) = ( 5. 0 ± 0. 8 ( st at) ± 0. 7 ( s y st) ± 0. 7 ( B 2 µ )) ×

1 0 − 9 i s m e a s u r e d, w h e r e t h e l a st t e r m i s t h e u n c e rt ai nt y i n t h e n o r m ali z ati o n c h a n n el
b r a n c hi n g f r a cti o n. T hi s i s t h e fi r st m e a s u r e m e nt of t hi s b r a n c hi n g f r a cti o n a n d i s
f o u n d t o b e i n a g r e e m e nt wit h t h e o r eti c al p r e di cti o n s.
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The h and h 0 mesons are JPC = 0�+ particles with masses of 547.9 and 957.8 MeV, respectively,
comprising admixtures of up, down, and strange quarks [1]. Despite a comprehensive exper-
imental campaign [2–6] to study these light mesons, several properties of the h and h 0 remain
unmeasured. Their leptonic radiative decays, also known as Dalitz decays, constitute such
an example. They proceed via the electromagnetic coupling of pseudoscalar mesons to the
photon, where one or more of the photons internally convert into a pair of leptons, as shown
in Fig. 1. Such decays are typically highly suppressed because they can only occur through
these electromagnetic interactions instead of the comparatively stronger nuclear interactions.
To date, the only observed leptonic radiative decays are h ! m+m�, h ! e+e�e+e�, and more
recently h 0 ! e+e�e+e� [3–5]. The decays h ! e+e�, h ! m+m�m+m�, h ! e+e�m+m�,
and most h 0 decays have so far eluded discovery. Observing these rare decays is important be-
cause they can serve as precision tests of the standard model, they offer sensitivity to an array
of new physics scenarios [7, 8], and the interaction between pseudoscalars and photons con-
tributes to the hadronic light-by-light component of the anomalous magnetic moment of the
muon [7, 9]. A thorough description of radiative decays and their impact on several relevant
standard model observables, as well as their sensitivity to new physics, can be found in Ref. [8].

Figure 1: Feynman diagram of pseudoscalar decays into four leptons, known as double-Dalitz
decays.

In this Letter, we report the first observation of the muon double-Dalitz decay of the h meson,
h ! m+m�m+m�, using

p
s = 13 TeV proton-proton (pp) collision data collected by the CMS

experiment during 2017 and 2018 at the LHC. The predicted branching fraction for this decay
channel is extremely small, B(h ! 4m) = (3.98� 0.15) � 10�9 [10], making its observation
particularly challenging. The analysis measures the rate of h ! 4m events compared to the
normalization channel h ! 2m [3], for which the branching fraction is known with a preci-
sion of 14% [1]. The product of the CMS detector acceptance and signal efficiency, as well as
systematic uncertainties, are evaluated with simulation studies for both channels. Tabulated
results are provided in the HEPData record for this analysis [11]. The defining feature of the
measurement is the use of high-rate triggers, which extends the sensitivity of CMS to dimuon
and four-muon resonances of masses lower than what is achievable with the standard muon
triggers [12].

The CMS apparatus is a multipurpose detector designed to trigger on and identify electrons,
muons, photons, and (charged and neutral) hadrons [13–15]. A superconducting solenoid of
6 m internal diameter provides a magnetic field of 3.8 T. Within the solenoid volume are the
silicon pixel and strip tracker, a crystal electromagnetic calorimeter, and a brass and scintillator
hadron calorimeter. Muons are measured in gas-ionization detectors embedded in the steel
flux-return yoke outside the solenoid, covering the pseudorapidity range jhj < 2.4. A more
detailed description of the CMS detector, together with a definition of the coordinate system
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used and the relevant kinematic variables, can be found in Ref. [16].

Events are first selected by the two-tiered trigger system [12]. The first tier (level-1, or L1)
is a hardware-based trigger and uses information from the calorimeters and the muon detec-
tors to select events at a rate of roughly 100 kHz. The second tier (high-level trigger, or HLT)
consists of a farm of processors running the CMS reconstruction software optimized for fast
online processing. The HLT processes events at an output rate of �1 kHz with approximately
1 MB/event, a limit imposed by the total available data transfer bandwidth. These are the
“standard triggers” [17]. The standard dimuon triggers require one muon with transverse mo-
mentum pT larger than 12 (15)GeV at L1 in 2017 (2018) and 17 GeV at HLT, and a second muon
with pT at least 5 (7)GeV at L1 in 2017 (2018) and 8 GeV at HLT. These triggers collect data at a
rate of about 30 Hz at a peak instantaneous luminosity of 2� 1034 cm�2 s�1 [17].

For dimuon resonance masses below �40 GeV, the performance of the standard muon triggers
deteriorates. To improve efficiency for those masses, a dedicated set of high-rate dimuon trig-
gers was developed. These triggers allow considerably lower muon pT thresholds, but store
only a limited amount of information per event, ensuring that the total data transfer band-
width remains affordable. The information stored in the event includes only muons recon-
structed at the HLT, apart from additional limited event-level information, leading to an event
size of around 4 kB in 2017 and 8 kB in 2018 [17]. This strategy, first introduced by the CMS
Collaboration in 2012, is referred to as “data scouting” [17–19].

The high-rate triggers include several requirements at L1, described in Table 1. The fraction of
events passing the full four-muon selection that is accepted by each path is shown on the last
column. The first L1 path (#1) collects most of the events of interest for the dimuon invariant
mass (m2m ) region below about 1 GeV; the decay products of the h meson are generally colli-
mated, given the small mass of the h meson and its comparatively high pT distribution. At the
HLT, each of the two muons is further required to have a pT of at least 3 GeV. These high-rate
triggers were commissioned in 2017 and found to provide a rate of �2 kHz at the peak instan-
taneous luminosity of 2� 1034 cm�2 s�1 [17], more than 60 times the rate of the standard muon
triggers. The data were collected in 2017 and 2018, corresponding to an integrated luminosity
of 101 fb�1 [20–22].

Table 1: Set of dimuon L1 requirements applied in the high-rate triggers. The angular sepa-
ration between muons in the h-f plane is defined as DR �

p
(Dh)2 + (Df)2, where f is the

azimuthal angle. The first L1 path requires for each muon pT > 4.0 (4.5)GeV in 2017 (2018).
The third path imposes separate requirements on each muon pT. The m2m column denotes a
range of allowed dimuon invariant masses. The charge column indicates if an opposite-sign
(OS) requirement exists between muons. The last column reports the fraction of selected events
accepted by each path.

L1 path pT [GeV] jhj DR m2m [GeV] Charge Fraction

#1 >4.0 (4.5) – <1.2 – OS 90%

#2 – < 1.5 < 1.4 – OS 48%

#3 >15,>7 – – – – 46%

#4 >4.5 < 2.0 – 7–18 OS 9%

Events passing the high-rate trigger requirements are further selected to improve the signal-
to-background discrimination. The h ! 2m selection requires two oppositely charged muons
consistent with production at a common origin (i.e., vertex). The vertex reconstruction is based



3

o n a K al m a n filt e ri n g al g o rit h m [ 2 3] a n d d o n e p ai r wi s e, r e g a r dl e s s of t h e d e c a y c h a n n el. T h e
η → 4 µ s el e cti o n r e q ui r e s f o u r m u o n s wit h a n et c h a r g e of z e r o t h at a r e al s o c o n si st e nt wit h
s a m e- v e rt e x p r o d u cti o n. I n t hi s c a s e, it m e a n s t h at t h e f ull s et of si x di m u o n v e rti c e s m u st
b e r e c o n st r u ct e d a n d c o m p ati bl e i n p o siti o n. I n b ot h t w o- a n d f o u r- m u o n s el e cti o n s, m o r e
t h a n o n e c o m bi n ati o n of m u o n s ( “ c a n di d at e s ”) p e r e v e nt i s all o w e d if all m u o n s s ati sf y t h e
li st e d r e q ui r e m e nt s, b ut i n b ot h c a s e s m o r e t h a n 9 8 % of e v e nt s i n t h e si g n al m a s s wi n d o w
0. 5 3 – 0. 5 7 G e V f e at u r e o nl y o n e p a s si n g c o m bi n ati o n. T o m a xi mi z e t h e si g n al ef fi ci e n c y f o r
r e c o n st r u cti n g a n d i d e ntif yi n g c a n di d at e η m e s o n d e c a y s, n o a d diti o n al s el e cti o n i s a p pli e d.

Fi g u r e 2 s h o w s t h e m 2 µ s p e ct r u m i n t h e r e gi o n a r o u n d t h e η m e s o n m a s s, 0. 5 1 8 – 0. 5 7 8 G e V,
o bt ai n e d wit h d at a c oll e ct e d u si n g t h e hi g h- r at e t ri g g e r s aft e r a p pl yi n g t h e t w o- m u o n s el e c-

ti o n. T h e di st ri b uti o n s a r e s h o w n f o r t h e i n cl u si v e di m u o n p T ( p
2 µ
T ) r a n g e a n d a d diti o n all y f o r

t h r e e sli c e s, 8 – 9, 1 4 – 1 5, a n d 2 5 – 3 0 G e V, hi g hli g hti n g t h e r a pi d d e c r e a s e of t h e p r o d u cti o n c r o s s

s e cti o n wit h p
2 µ
T . A bi n n e d m a xi m u m li k eli h o o d fit t o t h e t ot al s p e ct r u m wit h a s u m of t w o

G a u s si a n f u n cti o n s a n d a t hi r d- o r d e r C h e b y c h e v p ol y n o mi al r e v e al s a p p r o xi m at el y 4. 5 mil-
li o n η → 2 µ d e c a y s. Gi v e n t h e b r a n c hi n g f r a cti o n B ( η → 2 µ ) = ( 5. 8 ± 0. 8 ) × 1 0 − 6 [ 1], t h e t ot al
n u m b e r of η m e s o n s p r o d u c e d i n t h e s e n siti v e ki n e m ati c r e gi o n of t h e C M S d et e ct o r i s ∼ 1 0 1 2 ,
n e gl e cti n g r e c o n st r u cti o n i n ef fi ci e n ci e s. T hi s h u g e η p r o d u cti o n r at e i s c riti c al t o t h e st u d y of
it s r a r e d e c a y c h a n n el s.
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Fi g u r e 2: Di st ri b uti o n of m 2 µ o bt ai n e d wit h t h e di m u o n s el e cti o n i nt e g r at e d i n di m u o n p T a n d
i n t h r e e p T r a n g e s a s i n di c at e d i n t h e l e g e n d, wit h t h e n u m b e r of e v e nt s i n t h e s el e ct e d p T

r a n g e s m ulti pli e d b y fi v e f o r b ett e r vi si bilit y.

Fi g u r e 3 s h o w s t h e f o u r- m u o n i n v a ri a nt m a s s ( m 4 µ ) di st ri b uti o n i n t h e r a n g e 0. 4 6 – 0. 9 0 G e V,
o bt ai n e d wit h d at a c oll e ct e d u si n g t h e hi g h- r at e t ri g g e r s aft e r a p pl yi n g t h e f o u r- m u o n s el e c-
ti o n. A cl e a r p e a k i s o b s e r v e d i n t h e si g n al m a s s wi n d o w 0. 5 3 – 0. 5 7 G e V, c o r r e s p o n di n g t o t h e
η m e s o n m a s s. A bi n n e d m a xi m u m li k eli h o o d fit of t h e s p e ct r u m t o t h e s u m of a si n gl e- si d e d
C r y st al- B all f u n cti o n [ 2 4] f o r t h e si g n al a n d a t h r e s h ol d f u n cti o n p r o p o rti o n al t o ( m 4 µ − 4 m µ ) β

f o r t h e b a c k g r o u n d, w h e r e m µ i s t h e m u o n m a s s a n d β i s a f r e e p a r a m et e r of t h e fit, yi el d s
N 4 µ = 4 9. 6 ± 8. 1 si g n al e v e nt s a n d 1 6. 6 ± 0. 6 b a c k g r o u n d e v e nt s (i n t h e si g n al m a s s wi n d o w).
T h e p a r a m et e r s of t h e si g n al f u n cti o n, e x c e pt f o r t h e n o r m ali z ati o n, a r e fi x e d f r o m si m ul ati o n.
T hi s c o r r e s p o n d s t o a st ati sti c al si g ni fi c a n c e i n e x c e s s of 5 st a n d a r d d e vi ati o n s, d et e r mi n e d b y
m e a n s of a l o g li k eli h o o d r ati o t e st wit h a s at u r at e d m o d el [ 2 5], u n d e r a si g n al- pl u s- b a c k g r o u n d
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( S + B) h y p ot h e si s c o m p a r e d t o t h e b a c k g r o u n d- o nl y a s s u m pti o n.
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Fi g u r e 3: M e a s u r e d m 4 µ di st ri b uti o n, wit h t h e fit r e s ult o v e rl ai d. T h e p ull di st ri b uti o n i n t h e
l o w e r p a n el i s s h o w n r el ati v e t o t h e b a c k g r o u n d c o m p o n e nt of t h e fit m o d el a n d d e fi n e d a s

( D at a − Fit B k g ) / σ 2
D at a − σ 2

Fit B k g . U n c e rt ai nti e s a r e st ati sti c al o nl y.

Si m ul at e d s a m pl e s of r a r e η d e c a y s a r e g e n e r at e d at l e a di n g o r d e r wit h a c u st o m w o r k fl o w. T h e
fi r st st e p e m pl o y s t h e P L U T O V 6 g e n e r at o r [ 2 6] t o si m ul at e t h e t w o- a n d f o u r- m u o n d e c a y s of
t h e η m e s o n i n it s r e st f r a m e, u si n g t h e v e ct o r m e s o n d o mi n a n c e m o d el [ 2 7]. S u b s e q u e ntl y, t h e
η m e s o n a n d it s d e c a y p r o d u ct s a r e b o o st e d t o t h e l a b o r at o r y f r a m e b y s a m pli n g f r o m u nif o r m
p T a n d r a pi dit y di st ri b uti o n s i n t h e 5 – 7 0 G e V a n d |y | < 2. 4 r a n g e s, r e s p e cti v el y. T h e d e c a y
p r o d u ct s a r e t h e n e m b e d d e d i nt o c o m pl et e C M S e v e nt s, w hi c h al s o i n cl u d e t h e si m ul ati o n of
f r a g m e nt ati o n, p a rt o n s h o w e r, a n d h a d r o ni z ati o n p r o c e s s e s i n t h e i niti al a n d fi n al st at e s wit h
t h e P Y T H I A 8. 2 3 0 p a c k a g e [ 2 8], a n d si m ul ati o n of t h e u n d e rl yi n g e v e nt wit h t h e C P 5 t u n e [ 2 9].
T h e l o c ati o n of t h e d e c a y p r o d u ct s i n t h e d et e ct o r i s s a m pl e d f r o m t h e di st ri b uti o n of t h e b e a m
e n v el o p e. Fi n all y, t h e i nt e r a cti o n of fi n al- st at e p a rti cl e s wit h t h e C M S d et e ct o r i s si m ul at e d
u si n g t h e G E A N T 4 t o ol kit [ 3 0]. Si m ul at e d e v e nt s i n cl u d e t h e c o nt ri b uti o n of a d diti o n al p a rti cl e s
p r o d u c e d i n ti m e wit hi n t h e s a m e o r n e a r b y b u n c h c r o s si n g s. T h e m ulti pli cit y of v e rti c e s i s
m at c h e d t o t h e o n e o b s e r v e d i n t h e d at a.

T o c h e c k w h et h e r t h e o b s e r v e d p e a k i s i n d e e d c o m p ati bl e wit h t h e η → 4 µ d e c a y, t h e si g n al

si m ul ati o n w a s u s e d t o p r e di ct t h e f o u r- m u o n p T ( p
4 µ
T ) s p e ct r u m f o r t h e e x p e ri m e nt all y m e a-

s u r e d b r a n c hi n g f r a cti o n B ( η → 4 µ ) of 5 × 1 0 − 9 ( d e s c ri b e d l at e r). T h e si g n al p
4 µ
T di st ri b uti o n

w a s r e w ei g ht e d b a s e d o n t h e η m e s o n p T diff e r e nti al p r o d u cti o n r at e m e a s u r e d wit h t h e t w o-
m u o n c h a n n el. Fi g u r e 4 c o m p a r e s t h e p r e di ct e d di st ri b uti o n t o t h e m e a s u r e d s p e ct r u m a n d
t o t h e e x p e ct e d b a c k g r o u n d, o bt ai n e d f r o m e v e nt s wit h m 4 µ wit hi n t h e 0. 6 – 0. 9 G e V si d e b a n d,
w h e r e n o si g n al i s e x p e ct e d. T h e s h a p e i s t h e n n o r m ali z e d s u c h t h at t h e t ot al b a c k g r o u n d

yi el d i s fi x e d t o t h e o n e e xt r a ct e d f r o m t h e m 4 µ fit. T h e c o r r el ati o n b et w e e n p
4 µ
T a n d m 4 µ f o r

b a c k g r o u n d e v e nt s w a s v e ri fi e d t o b e w e a k b y c o m p a ri n g t h e m 4 µ s p e ct r u m a c r o s s s e v e r al p
4 µ
T

r a n g e s. T h e s u m of t h e p r e di ct e d si g n al a n d b a c k g r o u n d c o nt ri b uti o n s a g r e e s wit h t h e o b s e r-
v ati o n. A n a d diti o n al c h e c k w a s p e rf o r m e d b y a p pl yi n g a ti g ht m u o n s el e cti o n t o m u o n s i n
t h e si g n al m a s s wi n d o w a n d i n t h e si d e b a n d, a n d c o m p a ri n g t h e f r a cti o n of m u o n s s u r vi v-
i n g t h e s el e cti o n b et w e e n t h e t w o r e gi o n s. T hi s s el e cti o n r e q ui r e s at l e a st si x e n e r g y d e p o sit s
p e r m u o n t r a c k i n t h e sili c o n t r a c k e r, of w hi c h at l e a st o n e i s i n t h e pi x el l a y e r s, a n d a t r a c k
χ 2 / n df < 1 0, w h e r e n df i s t h e n u m b e r of d e g r e e s of f r e e d o m. A b o ut 9 9 % of f o u r- m u o n c o m bi-
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n ati o n s p a s s e d t hi s s el e cti o n i n t h e si g n al m a s s wi n d o w, c o m p a r e d t o o nl y 8 4 % i n t h e si d e b a n d.
Si n c e t h e si d e b a n d s p r e s u m a bl y c o nt ai n m o r e h a d r o n s mi si d e nti fi e d a s m u o n s, t hi s i n di c at e s a
n e gli gi bl e c o nt a mi n ati o n of s u c h h a d r o n s i n t h e si g n al r e gi o n.
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Fi g u r e 4: C o m p a ri s o n of t h e f o u r- m u o n p T s p e ct r u m o b s e r v e d i n d at a wit h 0. 5 3 < m 4 µ <
0. 5 7 G e V ( bl a c k p oi nt s) a n d t h e si g n al p r e di cti o n f r o m si m ul ati o n a s s u mi n g t h e o b s e r v e d
b r a n c hi n g f r a cti o n ( o r a n g e d a s h e d li n e). Al s o s h o w n i s t h e p r e di ct e d b a c k g r o u n d s h a p e, e x-
t r a ct e d f r o m t h e m a s s si d e b a n d, n o r m ali z e d t o t h e b a c k g r o u n d fit yi el d ( d ott e d bl u e li n e) a n d
t h e s u m of si g n al a n d b a c k g r o u n d p r e di cti o n s ( s oli d r e d li n e).

T o e n s u r e t h at t h e o b s e r v e d p e a k c a n n ot b e e x pl ai n e d b y ot h e r r e s o n a nt b a c k g r o u n d s, s u c h
a s a d diti o n al d e c a y m o d e s of t h e η m e s o n, w e st u di e d t h e s e m o d e s u si n g si m pli fi e d M o nt e
C a rl o ( M C) si m ul ati o n s. T h e d e c a y c h ai n s a r e si m ul at e d vi a a s e ri e s of t w o- b o d y d e c a y s of
t h e f o r m M → m 1 m 2 . T h e r e s ult s a r e r e p o rt e d i n Fi g. 5. D e c a y s wit h fi n al- st at e p h ot o n s ( o r
n e ut r al pi o n s) c o ul d mi mi c t h e f o u r- m u o n si g n al if a p h ot o n c o n v e rt s t o a p ai r of m u o n s aft e r
i nt e r a cti n g wit h d et e ct o r m at e ri al. H o w e v e r, i n t hi s c a s e, t h e n e a r b y n u cl e u s i m p a rt s a m o-
m e nt u m ki c k t o t h e s y st e m a n d i n c r e a s e s it s t ot al i n v a ri a nt m a s s. T h e r ef o r e, a s a g e n e r al f e a-
t u r e of t hi s t o p ol o g y, b a c k g r o u n d s i n v ol vi n g p h ot o n s d o n ot p r e s e nt a p e a k i n t h e si g n al m a s s
wi n d o w. T h e o nl y p e a ki n g b a c k g r o u n d i s η → π + π − µ + µ − , w h e r e b ot h pi o n s a r e mi si d e n-
ti fi e d a s m u o n s. H e r e, h o w e v e r, t h e diff e r e n c e i n m a s s b et w e e n t h e t w o p a rti cl e s s hift s t h e
i n v a ri a nt m a s s p e a k d o w n t o a b o ut 0. 4 8 G e V, s uf fi ci e ntl y b el o w t h e si g n al m a s s wi n d o w. F u r-
t h e r m o r e, t hi s d e c a y m o d e h a s n e v e r b e e n o b s e r v e d. T h e c u r r e nt e x p e ri m e nt al u p p e r li mit of
B ( η → π + π − µ + µ − ) < 1. 6 × 1 0 − 4 at 9 0 % c o n fi d e n c e l e v el [ 3 1], w hi c h i s c o n si d e r a bl y hi g h e r
t h a n t h e t h e o r eti c al p r e di cti o n of 6. 5 × 1 0 − 9 [ 3 2], i s u s e d i n o u r e sti m at e. B a s e d o n t h e s e st u d-
i e s, w e c o n cl u d e t h at ot h e r d e c a y m o d e s of t h e η m e s o n p r o vi d e a n e gli gi bl e c o nt ri b uti o n t o
t h e s el e ct e d e v e nt s.

T h e si m ul at e d s a m pl e s of η → 4 µ a n d η → 2 µ e v e nt s a r e u s e d t o e v al u at e t h e t ot al si g n al ef fi-

ci e n ci e s A
i,j
4 µ a n d A

i,j
2 µ , r e s p e cti v el y, gi v e n b y t h e p r o d u ct of d et e ct o r g e o m et ri c a c c e pt a n c e a n d

r e c o n st r u cti o n a n d s el e cti o n ef fi ci e n ci e s, a s f u n cti o n s of p T f o r t w o r a pi dit y r e gi o n s: |y | < 1. 5
a n d 1. 5 < |y | < 2. 4. Fi g u r e 6 s h o w s t h e t ot al ef fi ci e n ci e s v s. p T , s plit b y r a pi dit y r a n g e. I n

t w o- m u o n d e c a y s, A
i,j
2 µ i s li mit e d b y t h e t ri g g e r ef fi ci e n c y, r e a c hi n g a pl at e a u of a b o ut 7 0 %.

I n c o nt r a st, i n f o u r- m u o n d e c a y s, t h e ef fi ci e n c y t o r e c o n st r u ct all f o u r m u o n s i n t h e e v e nt h a s
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The branching fraction B4m � B(h ! 4m) is determined relative to B2m � B(h ! 2m) using

B4m

B2m

=
N4m

å
i,j

Ni,j
2m

Ai,j
4m

Ai,j
2m

, (1)

where N4m is the total four-muon signal yield, Ni,j
2m are the two-muon signal yields in the bins

i and j of the candidate h meson’s pT and rapidity, and Ai,j
4m and Ai,j

2m are the corresponding
efficiencies. We define 32 bins in pT in the range 7–70 GeV and 2 bins in jyj. Because of the
relative nature of the measurement, several uncertainties cancel out when considering the ratio
of quantities. Remaining uncertainties are assessed for each component of Eq. (1). The uncer-
tainty on B2m is 14% [1], while the statistical uncertainty on N4m is estimated to be 16% from the

fit shown in Fig. 3. A similar source of uncertainty would arise from the measurement of Ni,j
2m ,

but it is negligible compared to the other uncertainties when considering the large sample of
h ! 2m decays.

The remaining dominant uncertainties are systematic in nature and arise from incomplete
knowledge of the efficiencies evaluated by simulation. This type of uncertainty is subdivided
into three parts: (i) on the track pT threshold, 9.0%; (ii) on the trigger pT threshold, 8.4%; and
(iii) on the efficiency plateau, 3.2%. Parts (i) and (ii) are caused by imperfect modeling of the
turn-on behavior of the single-muon reconstruction efficiency observed in data. They are es-
timated by varying the thresholds in simulation and measuring the corresponding variation
of the relative N4m yield. A conservative but meaningful range of threshold variations is de-
termined for (i) by comparing the momentum scale variation that is required to shift the mass
peak of the h meson by the width observed in the two-muon spectrum. For (ii), we assume a
10% uncertainty in the effective threshold of the trigger. The uncertainty on (iii) is determined
by measuring the trigger efficiency in data with an unbiased sample of events collected with
electron triggers. The discrepancy between this efficiency in data and simulation leads to a
3.2% correction to the branching fraction, which is also taken as the corresponding uncertainty.
This uncertainty affects both decay channels in an unbalanced fashion owing to the different
number of final-state muons, and hence it only partially cancels out in the ratio. A subdomi-
nant source of systematic uncertainty is attributed to the choice of fit model used to extract the
signal yield in both channels. This uncertainty is assessed by testing several alternative signal
and background models, and determining the variation in signal yield, resulting in a value of
6.6%. Overall, we estimate the total systematic uncertainty in the branching ratio measurement
to be 14%, adding all contributions in quadrature.

The resulting B4m /B2m ratio is:

B4m

B2m

= (0.86� 0.14 (stat)� 0.12 (syst))� 10�3.

With B(h ! 2m) = (5.8� 0.8)� 10�6 [1], the branching fraction of the newly observed four-
muon decay channel is measured to be

B(h ! 4m) = (5.0� 0.8 (stat)� 0.7 (syst) � 0.7 (B2m ))� 10�9,

where the last term reflects the uncertainty in B(h ! 2m). The measurement is in agreement
with the theoretical prediction of (3.98� 0.15)� 10�9 [10].

In summary, the first observation of the h meson’s rare double-Dalitz decay to four muons is
reported. This is made possible by the use of CMS data collected with high-rate muon triggers
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at
p

s = 13 TeV in 2017 and 2018, corresponding to an integrated luminosity of 101 fb�1. The
branching fraction of the h ! 4m decay is measured relative to the h ! 2m decay, yielding a
ratio of branching fractions of (0.86� 0.14 (stat)� 0.12 (syst))� 10�3. Using the world average
branching fraction value [1] for the normalization channel, the branching fraction of the four-
muon decay channel is B(h ! m+m�m+m�) = (5.0� 0.8 (stat)� 0.7 (syst)� 0.7 (B2m ))� 10�9,
where the last term is the uncertainty in the normalization channel branching fraction. This
result is in agreement with theoretical predictions [10].
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[10] R. Escribano and S. Gonzàlez-Solı́s, “A data-driven approach to p0, h and h0 single and
double Dalitz decays”, Chinese Phys. C 42 (2018) 023109,
doi:10.1088/1674-1137/42/2/023109, arXiv:1511.04916.

[11] HEPData record for this analysis, 2023. doi:10.17182/hepdata.140340.

[12] CMS Collaboration, “The CMS trigger system”, JINST 12 (2017) P01020,
doi:10.1088/1748-0221/12/01/P01020, arXiv:1609.02366.

[13] CMS Collaboration, “Electron and photon reconstruction and identification with the
CMS experiment at the CERN LHC”, JINST 16 (2021) P05014,
doi:10.1088/1748-0221/16/05/P05014, arXiv:2012.06888.

[14] CMS Collaboration, “Performance of the CMS muon detector and muon reconstruction
with proton-proton collisions at

p
s = 13 TeV”, JINST 13 (2018) P06015,

doi:10.1088/1748-0221/13/06/P06015, arXiv:1804.04528.

[15] CMS Collaboration, “Description and performance of track and primary-vertex
reconstruction with the CMS tracker”, JINST 9 (2014) P10009,
doi:10.1088/1748-0221/9/10/P10009, arXiv:1405.6569.

[16] CMS Collaboration, “The CMS experiment at the CERN LHC”, JINST 3 (2008) S08004,
doi:10.1088/1748-0221/3/08/S08004.

[17] CMS Collaboration, “Search for a narrow resonance lighter than 200 GeV decaying to a
pair of muons in proton-proton collisions at

p
s = 13 TeV”, Phys. Rev. Lett. 124 (2020)

131802, doi:10.1103/PhysRevLett.124.131802, arXiv:1912.04776.

[18] CMS Collaboration, “Data parking and data scouting at the CMS Experiment”, CMS
Detector Performance Note CMS-DP-2012-022, 2012.

[19] CMS Collaboration, “Search for narrow resonances in dijet final states at
p

s = 8 TeV with
the novel CMS technique of data scouting”, Phys. Rev. Lett. 117 (2016) 031802,
doi:10.1103/PhysRevLett.117.031802, arXiv:1604.08907.

[20] CMS Collaboration, “Precision luminosity measurement in proton-proton collisions atp
s = 13 TeV in 2015 and 2016 at CMS”, Eur. Phys. J. C 81 (2021) 800,

doi:10.1140/epjc/s10052-021-09538-2, arXiv:2104.01927.

[21] CMS Collaboration, “CMS luminosity measurement for the 2017 data-taking period atp
s = 13 TeV”, CMS Physics Analysis Summary CMS-PAS-LUM-17-004, 2018.

[22] CMS Collaboration, “CMS luminosity measurement for the 2018 data-taking period atp
s = 13 TeV”, CMS Physics Analysis Summary CMS-PAS-LUM-18-002, 2019.

http://dx.doi.org/10.1016/j.physrep.2021.11.001
http://www.arXiv.org/abs/2007.00664
http://dx.doi.org/10.1088/1361-6633/ac9cee
http://www.arXiv.org/abs/2201.07805
http://dx.doi.org/10.1016/j.physletb.2018.10.048
http://www.arXiv.org/abs/1808.03848
http://dx.doi.org/10.1088/1674-1137/42/2/023109
http://www.arXiv.org/abs/1511.04916
http://dx.doi.org/10.17182/hepdata.140340
http://dx.doi.org/10.1088/1748-0221/12/01/P01020
http://www.arXiv.org/abs/1609.02366
http://dx.doi.org/10.1088/1748-0221/16/05/P05014
http://www.arXiv.org/abs/2012.06888
http://dx.doi.org/10.1088/1748-0221/13/06/P06015
http://www.arXiv.org/abs/1804.04528
http://dx.doi.org/10.1088/1748-0221/9/10/P10009
http://www.arXiv.org/abs/1405.6569
http://dx.doi.org/10.1088/1748-0221/3/08/S08004
http://dx.doi.org/10.1103/PhysRevLett.124.131802
http://www.arXiv.org/abs/1912.04776
https://cds.cern.ch/record/1480607
http://dx.doi.org/10.1103/PhysRevLett.117.031802
http://www.arXiv.org/abs/1604.08907
http://dx.doi.org/10.1140/epjc/s10052-021-09538-2
http://www.arXiv.org/abs/2104.01927
https://cds.cern.ch/record/2621960
https://cds.cern.ch/record/2621960
https://cds.cern.ch/record/2676164
https://cds.cern.ch/record/2676164


10
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E. Ranken , A. Raspereza , B. Ribeiro Lopes , J. Rübenach, A. Saggio , M. Scham27,23 ,
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G. Pásztor , A.J. Rádl30 , G.I. Veres
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Á. Navarro Tobar , C. Perez Dengra , A. Pérez-Calero Yzquierdo , J. Puerta Pelayo ,
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49Also at Università degli Studi Guglielmo Marconi, Roma, Italy
50Also at Scuola Superiore Meridionale, Università di Napoli ’Federico II’, Napoli, Italy
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