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✴ There is a long list of theoretical models that predict the existence of new 
particles that couple to the SM sector by mixing with the Higgs  

✴ Inflaton, axion-like, dark matter mediator models also predict the new boson 
to be light 

Motivation
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✴ The Higgs discovered in 2012 at LHC is consistent with a 
SM Higgs boson  
✤ but it could still have non SM properties (coupling to 

exotic particles)
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The LHCb detector
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LHCb is a forward spectrometer at LHC  
✴ Pseudorapidity range: 2 < η < 5 
✴ focused on the study of b and c decays

excellent vertex resolution 
excellent momentum resolution 
excellent particle identification!

3 fb-1 of data collected in 2011 and 2012
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[JINST 3 (2008) S08005] 
[IJMPA 30 (2015) 1530022] 



Why at LHCb?
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✴ Main production via B meson: 
✤ if     mixes with the Higgs and it is light enough�
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2 b    s transitions are the favourite mode
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✴ Advantages of the LHCb detector: 

✤ low pT trigger       low masses accessible 
✦ single muon, pT > 1.76 GeV/c 
✦ di-muon, pT1 x pT2 > (1.6 GeV/c)2 
✦ high efficiency for muon trigger (~90%) 

✤ very precise vertex reconstruction (VELO) 
✦ impact parameter resolution, σIP = 20 μm 
✦ lifetime resolution, στ ~ 0.1 ps



The decay: 
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✴                             : 
✤ dominant up to the hadronic threshold (                           ) 
✤ always significant O(10-2) in the full mass range

� ! 2h, � ! 3h

B(� ! µ+µ�)
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B ! K(⇤)�(µ+µ�)

✴ Looking for a new scalar particle decaying into muons 
✤                                        [PRL 115(2015)121802] 

✤                                                                             B+ ! K+�(! µ+µ�)

B0 ! K⇤0�(! µ+µ�)

more sensitive to 
scalar particle [PRD 95(2017)071101]
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Signal properties
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✴ Depending on coupling to the SM, we can identify 
two lifetime regimes:

Long lifetime:           
✤ Inflaton [JHEP1005(2010)010] 

✤ Displaced vertex 
✤ Almost background free  
✤ Lower reconstruction efficiency

Short lifetime:           
✤ Dark matter mediator [Phys.Lett.B727(2013)] 
✤ Axion-like [Phys.Rev.D81(2010)034001]  
✤ Prompt decay 
✤ Contamination from SM background

detector resolution 

0.1   0.2 ps÷
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✴ Unknown mass and lifetime:  2D search (m, τ ) 
✴ Peak search in the dimuon mass distribution 

✤ step of 
✤ signal region:             
✤ background region:  

✦ signal sideband 
✦ assume local-linearity 

✤ SM resonances must be vetoed 
✦                                              vetoed! �, J/ ,  (2S),  (3770),  (4160)

Overview of the strategy
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Strategy reference [M. Williams, JINST 10 (2015) P06002]
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�, J/ ,  (2S),  (3770),  (4160)

Overview of the strategy (II)
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✴ Unknown mass and lifetime:  2D search (m, τ ) 
✴ Peak search in the dimuon mass distribution 

✤ step of 
✤ signal region:             
✤ background region:  

✦ signal sideband 
✦ assume local-linearity 

✤ SM resonances must be vetoed 
✦                                              vetoed!  

✴ We define 3 bins of time of decay 
✤ prompt: | t | < 1 ps 
✤ displaced: 1< t < 10 ps 
✤ “zero background” search: t > 10 ps 

‣ O(1) expected event 

✴ Upper limit set with the CLs method, as function of mass and lifetime



Selection & background
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✴ Trigger on muons 

✴ Multivariate selection (MVA): 
✤ High rejection of combinatorial background 

✴ Main background sources: 
✤ SM                           

✦ O(5000) expected events 
✤ combinatorial background 

✦ O(1000) expected events
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B+ ! K+µ+µ� prompt affect only the low decay-time

can be displaced
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✴ B candidates selected within 50 MeV 
around the B mass 
✤ dimuon mass resolution between 

3 and 9 MeV
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Result: di-muon mass distribution
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Zero events observed in the long decay-time region!

No statistically significant excess are observed            we set excluded limits!
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  binning     
~ 1

[PRD 95(2017)071101]



95% CL excluded BR
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✴ We set a 95% CL upper limit as a function of the mass and lifetime 
✴ Limits are between 2 x10-10 and 10-7 

✴ Most sensitive limit for lifetime ~ 10 ps 
✤ For higher lifetimes candidates start to escape from the detector 
✤ Lower lifetimes are affected by higher background contamination 

✴ The precision on the upper limits is dominated by the statistical uncertainties

 Up to a factor of 20 
better than previous limits 
from bla bla bla b la blaB0 ! K⇤0�(! µ+µ�)

[PRL 115(2015)121802]
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[PRD 95(2017)071101]
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Interpretation of the result: the inflaton model 
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BR of B-meson into inflaton:

Bezrukov, Gorbunov      
[JHEP 07 (2013) 140]

BR of the inflaton into muons: 
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Figure 3: Inflaton decay branching ratios (left plot) and inflaton lifetime (right plot); theoretical
predictions for m� ' 1 � 2GeV (thin dashed lines on the left plot and dotted lines on the right
plot) su↵er from significant QCD-uncertainties.

in the inflaton decay length and meson decay branching ratios into inflaton. The resulting

bound on �(⇠) is read from Fig. 5 of Ref. [1] and thus we obtain the lower limit on the

inflaton mass at given ⇠ depicted in Fig. 2. One observes in Fig. 2, that with increasing

⇠ at first the lower masses become allowed, but quite fast the radiative corrections bound

for the inflation starts to dominate. Moreover, the whole inflaton window moves to higher

masses (that was in fact known, see [27]).

The most promising processes in searches for the inflaton of m� < 5GeV are b-quark

decays. In Ref. [1] we found for the B-meson decay rate
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Here Xs refers to a strange hadron, which most probably turns out to be a K-meson,

because the other decay product, �, is a scalar. For a not so small value of ⇠ the inflaton

is short lived (see Fig. 3) and decays inside the detector into SM particles,

� ! µ+µ� , ⇡+⇡� , ⇡0⇡0 , K+K� , . . . ,

thus contributing to the corresponding three-body decay modes of B-meson. Conserva-

tively, we require that inflaton contributions, estimated with eq. (4.1) and decay branching

– 12 –
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✴ We put a limit on the mixing angle 
as a function of the mass 

✴ Excluded region improved and 
close to completely excluded the 
allowed parameter space

B+ ! K+�

Batell, Pospelov, Ritz  
[PRD 83, 054005 (2011)]
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https://arxiv.org/find/hep-ph/1/au:+Bezrukov_F/0/1/0/all/0/1


1. A search for an hypothetical new scalar particle in the decay                              
has been presented 

2. No deviation from the background only hypothesis is observed 

3. Upper limits set on                                                 between 2 x10-10 and10-7 as 
function of mass and lifetime 
✤ Limits supersede previous search from LHCb 

4. Interpretation of the result in term of the inflaton model 
✤ LHCb is able to exclude almost all the allowed parameter space for a light 

inflaton

Conclusion (I)
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B+ ! K+�(! µ+µ�)

B(B+ ! K+�)⇥ B(� ! µ+µ�)

A. Mauri (University of Zurich) 



Thank you!



backup
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K* infl. our K+ infl.



1. SM di-muon resonances 
✤                                                    : vetoed! 

2. SM 
✤ Irreducible, same final state and topology 
✤ Prompt! 
✤ O(5k) events 

3.  Combinatorial background 
✤ Can be displaced! 

4. Background from 
✤                       removed with additional PID requirement 
✤                                        negligible 

5. Other B decays 
✤      
✤     
✤    

6.                                    : vetoed!

Background
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B+ ! K+µ+µ�

B+ ! D0X
D0 ! K⇡

D0 ! ⇡+⇡�,K+K�

B+ ! 3h (K+K�K+, K+K�⇡+, K+⇡�⇡+, ⇡+⇡�⇡+)

B0 ! K⇤µ+µ�
B+ ! ⇡+µ+µ�

⇤ ! p⇡, K0
S ! ⇡+⇡�

�, J/ ,  (2S),  (3770),  (4160)

negligible

A. Mauri (University of Zurich) 



Background summary
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Figure 27: Fit of the right B-mass sideband to get the expected combinatorial background yield
in the first (top left), second (top right) and third bin (bottom). The distribution is fitted with a
linear function, the range of the p.d.f. marked with the solid violet line corresponds to the signal
window.

Table 12: List of all vetoes and cuts applied to get rid of possible background contamination.

Background Variable Mass region Cut
(MeV/c2)

�! µ+µ� m
µ

+
µ

� [985, 1055] vetoed-1st bin
J/ ! µ+µ� m

µ

+
µ

� [2946, 3176] vetoed
 (2S),  (3770) ! µ+µ� m

µ

+
µ

� [3586, 3850] vetoed
 (4160) ! µ+µ� m

µ

+
µ

� [4103, 4270] vetoed-1st bin
J/ ! µ+µ� with K+ $ µ+ swap m

(Kµ$µµ)

[3000, 3200] isMuon(K+)=0
B+ ! D0(! K⇡)X m

(µµ$K⇡)

[1840, 1890] ProbNNmu(µ) > 0.4
K0

S

! ⇡+⇡� m
(µµ$⇡⇡)

[443, 523] vetoed
⇤0 ! p⇡ m

(µµ$p⇡)

[1090, 1120] vetoed

34
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✴ Bins combined afterwards into a single 
Likelihood

Decay-time binning
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✴ 3 bins of time of decay: 
✤ 1st bin:   

✦ prompt: | t | < 1 ps  
‣ Contain all the                          events  
‣ O(5000) expected  events                         

✤ 2nd bin:  
✦ displaced di-muon candidates: 1< t < 10 ps  

‣ low (combinatorial) background 
‣ O(1000) expected events 

✤ 3rd bin: 
✦ “zero background” search: t > 10 ps 

‣ O(1) expected event

B+ ! K+µ+µ�

Low background  
&  

low efficiency

High background  
&  

high efficiency

events start to 
escape from 
the detector

Sensitive to 
short lifetime

Sensitive to 
long lifetime

L =
Q

bins Li

detector resolution ~0.2 ps

A. Mauri (University of Zurich) 



✴ Branching ratio of the inflaton into muons: 
✤ between 1 and ~1% 

✴ Lifetime: 
✤ varies of several order of magnitude 
✤ scale as 

Inflaton model 
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Interpretation of the result in the inflaton model.

B0 -> K* X
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Figure 3: Inflaton decay branching ratios (left plot) and inflaton lifetime (right plot); theoretical
predictions for m� ' 1 � 2GeV (thin dashed lines on the left plot and dotted lines on the right
plot) su↵er from significant QCD-uncertainties.

in the inflaton decay length and meson decay branching ratios into inflaton. The resulting

bound on �(⇠) is read from Fig. 5 of Ref. [1] and thus we obtain the lower limit on the

inflaton mass at given ⇠ depicted in Fig. 2. One observes in Fig. 2, that with increasing

⇠ at first the lower masses become allowed, but quite fast the radiative corrections bound

for the inflation starts to dominate. Moreover, the whole inflaton window moves to higher

masses (that was in fact known, see [27]).

The most promising processes in searches for the inflaton of m� < 5GeV are b-quark

decays. In Ref. [1] we found for the B-meson decay rate
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Here Xs refers to a strange hadron, which most probably turns out to be a K-meson,

because the other decay product, �, is a scalar. For a not so small value of ⇠ the inflaton

is short lived (see Fig. 3) and decays inside the detector into SM particles,

� ! µ+µ� , ⇡+⇡� , ⇡0⇡0 , K+K� , . . . ,

thus contributing to the corresponding three-body decay modes of B-meson. Conserva-

tively, we require that inflaton contributions, estimated with eq. (4.1) and decay branching

– 12 –
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✴ Sources: 
✤ signal resolution 
✤ signal efficiency (MC size) 
✤ background mass-shape mis-modelling 
✤ Normalization branching ratio 

✴ The impact of these uncertainties on the excluded limit is found to be minimal (on 
average it is enhanced by only 2 %).

Systematics

20

from the ideal case of a standard gaussian of 0.08. Therefore, a systematic uncertainty of794

8 % of the statistical error from the fit is added to the background prediction.795

Table 19: List of systematic uncertainties.

Source Uncertainty

Signal resolution (1.5 ÷ 2)%
MC size (2 ÷ 6)%

MC lifetime reweighting (0 ÷ +0

�20

)%
Background mass shape mismodelling 0.08 ⇥ stat. err.

Normalization branching ratio 3 %

79
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