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The Standard Model of particle physics
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• Describes the fundamental 
particles and how they interact
• Works incredibly well to explain 

natural phenomena – has been 
probed in exquisite detail by 
some of the biggest experiments 
for many decades
• Still, there are several things it 

cannot explain…



Some things are not understood 
• The Universe is made entirely of 

matter, but we believe it they 
were produced in equal amounts 
• Where did the antimatter go?

• What is dark matter?
• Know it must be there from e.g. 

galactic rotation curves, not enough 
observable matter to account for 
rotational velocities at large radius

• Neutrino mass, are neutrinos 
majorana?
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Matter-antimatter asymmetry 
• How can we generate an asymmetry in the matter and 

antimatter?
• Three conditions from Sakharov:
• Baryon number violation
• Violation of 𝐶 and 𝐶𝑃 symmetries 
• Universe moves away from thermal equilibrium 

• Next up – how do we get 𝑪𝑷 violation in the Standard 
Model?
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𝐶𝑃 violation in the SM: the CKM 
matrix
• Quark flavour mixing determined by CKM matrix – connects 

mass and flavour eigenstates

• 𝐶𝑃-violation in SM – complex phase in CKM
• Unitarity of CKM matrix ⇒	unitarity relations

%
!

𝑉"!𝑉#!∗ = 0

• Form triangles in the complex plane

𝑉CKM =
𝑉#$ 𝑉#! 𝑉#%
𝑉&$ 𝑉&! 𝑉&%
𝑉'$ 𝑉'! 𝑉'%

=
1 − 𝜆(/2 𝜆 𝜆)𝐴(𝜌 − 𝑖𝜂)
−𝜆 1 − 𝜆(/2 𝜆(

𝜆)𝐴(1 − 𝜌 − 𝑖𝜂) −𝜆(𝐴 1
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𝐶𝑃 violation in the SM is not enough to 
explain the observed asymmetry…
• Oberved asymmetry not explained by SM 𝑪𝑷 violation
• Want to search for additional sources of 𝐶𝑃 violation
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GOAL: measure the triangles!
• Overconstrain the SM parameters to look for an 

inconsistency coming from high-scale new physics that 
can affect one mode but not another
• E.g. New physics that looks like this…



How do we measure triangles?
𝐵! triangle 𝐵"! triangle
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How do we measure triangles?
𝐵! triangle 𝐵"! triangle

𝐵! → 𝐽/𝜓𝐾#!
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How do we measure triangles?
𝐵! triangle 𝐵"! triangle

𝐵! → 𝐽/𝜓𝐾#!

𝐵 decays to charm

29.07.26 Mary Richardson-Slipper (Cambridge) 10



How do we measure triangles?
𝐵! triangle 𝐵"! triangle

𝐵! → 𝐽/𝜓𝐾#!

𝐵 decays to charm

𝐵"! → 𝐽/𝜓𝜙
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𝐵!" → 𝐽/𝜓𝜙: charming golden mode
• 𝐵"$ → 𝐽/𝜓𝜙 decays can measure 𝐶𝑃 violating phase 𝜙"% ̅%"

• Relates to the 𝐵"$ triangle angle 𝛽" as 𝜙"% ̅%" = −2𝛽"

𝜙"$ ̅$" = −2arg −
𝑉&"𝑉&'∗

𝑉$"𝑉$'∗
= −2𝛽"
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Get rid of the charm – 𝐵!" → 𝜙𝜙 
• Decay only at penguin level, but same mixing diagram

𝜙"" ̅"" ≈ 0 Cancellation since same 
CKM elements appear 
in mixing and decay
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Both are examples of mixing-induced 
𝐶𝑃 violation
• Also known as “indirect” 𝐶𝑃-violation
• Start with a neutral meson, 𝑀
• Could decay to final state 𝑓
• Could mix to I𝑀 and then decay to 𝑓

• For these types of decays, need to do a 
flavour-tagged time-dependent analysis 

Requires 𝑀 and 
:𝑀 to be 
accessible to 
same final state

Was it a 𝐵"! or ;𝐵"! 
to begin with?

Mixing encoded in tagged 
decay-time distributions
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𝐵!" → 𝜙𝜙 is a charmless 𝐵 → 𝑉𝑉 decay
• Decay of a 𝐵 meson (𝐵$, 𝐵', 𝐵"$) to a 

(charm-free!) vector meson (𝜙, 𝐾∗, 𝜌)
• Many of these, I’m going to focus on my 

favourites…
𝐵"$ → 𝜙𝜙 and 𝐵$ → 𝜙𝜙

• Measuring 𝐶𝑃 
violation

• Measuring the 
polarization puzzle

• Branching fraction 
sensitive to new 
physics

• Constrains 𝐵!" → 𝜙𝜙
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Anatomy of a 𝐵(!)" → 𝜙𝜙 decay
*not to scale



Vertex Locator (VELO) 
tracks particles to 
reconstruct primary vertex

RICH detectors use 
Cherenkov light to 
identify particle types!

The T-Stations provide particle 
tracking information which 
allows us to reconstruct particle 
tracks 

Electromagnetic (ECAL) and 
Hadronic (HCAL) calorimeters 
to measure particle energies

Muon stations for 
detecting muons 
from decays

proton beam proton beam

collision point!
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Measuring 𝐵(")$ → 𝜙𝜙 
with LHCb



Vertex Locator (VELO) 
tracks particles to 
reconstruct primary vertex

RICH detectors use 
Cherenkov light to 
identify particle types!

The T-Stations provide particle 
tracking information which 
allows us to reconstruct particle 
tracks 

Electromagnetic (ECAL) and 
Hadronic (HCAL) calorimeters 
to measure particle energies

Muon stations for 
detecting muons 
from decays

proton beam proton beam

collision point!

Needed to identify the 
kaons as kaons

Needed to reject 
background with 
muons

Identify 𝐵 mesons 
using displaced 
vertices

Measurements of track momentum and 
energy (HCAL also used for triggering)
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Measuring 𝐵(")$ → 𝜙𝜙 
with LHCb



Getting physics out of 𝐵!" → 𝜙𝜙 decay
• 𝐵"$ (6𝑏𝑠) mesons are pseudoscalar 

mesons with total spin 0 and odd 
parity 
• 𝜙 (𝑠̅𝑠) mesons are vector mesons 

with total spin 1 and odd parity 
• Three contributing amplitudes from 

different helicity combinations – 
these are each 𝐶𝑃-even or 𝐶𝑃-odd: 
𝐴∥, 𝐴$, 𝐴*
• Define the decay in the helicity basis 

Figure 2.7 Angular variables in the B0
s ! �� decay in the rest frame of the B0

s

meson [1].

amplitudes Ak and A? linear combinations of the amplitudes of defined helicity,

Ak ⌘ 1p
2
(A+ + A�), (2.40)

A? ⌘ 1p
2
(A+ � A�), (2.41)

where A+ and A� are the amplitudes corresponding to final states with overall

helicities of +1 and �1 respectively. The amplitudes A0 and Ak are even under

CP while amplitude A? is odd under CP , and hence this decay mode contains

an admixture of CP states. Thus the fraction of each of these helicity states that

contribute to the final state is required to determine �
ss̄s
s . Each of these helicity

states has a di↵erent angular distribution. The angular variables are defined

according to Fig. 2.7. The angles ✓1,2 are the angles between the K
+ meson

momentum in the rest frame of �1,2 and the �1,2 momentum in the rest frame of

the B
0
s . The angle � here is the angle between the two � decay planes [1]. The

choice of which � meson is labelled with 1 or 2 is random. The CP -violating

phase, �
ss̄s
s , is extracted from a time dependent angular analysis to disentangle

the helicity amplitudes.

The CP -violating phase �
ss̄s
s was first measured by the LHCb collaboration using

1 fb�1 of data collected in 2011. This analysis restricted the value of �
ss̄s
s

to the range [�2.46, �0.76] rad [46]. With the full Run 1 sample of 3 fb�1,

�
ss̄s
s was measured to be �0.17 ± 0.15 (stat) ± 0.03 (syst) rad [47]. In 2020,

LHCb published an enhanced measurement including further data from 2015

and 2016. Now with a total 5 fb�1 of data, the measurement of �
ss̄s
s was

�s = �0.073 ± 0.115 (stat) ± 0.027 (syst) rad [1]. In 2023, the LHCb experiment

16

Angle Φ: the angle between 𝜙 
meson decay planes in the rest 
frame of the 𝐵"! meson

Angles 𝜃) and 𝜃*: angle between 
𝐾+momentum in 𝜙 rest frame and 
𝜙 momentum in 𝐵"! rest frame
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Differential decay rate a function of 
helicity angles 
• Differential decay rate a function of the helicity angles Φ, 𝜃+ 

and 𝜃, and decay time 
• A time-dependent, flavour-tagged 4D fit to these helicity 

angles and the decay time allows us to extract 
• the magnitude of the amplitudes 𝐴" ( and 𝐴> ( 

• Knowing 𝐴! " + 𝐴∥
" + 𝐴$ " = 1

• the strong phase differences between the amplitudes: 𝛿> − 𝛿" and 
𝛿∥ − 𝛿"
• the 𝑪𝑷 violating phase, 𝜙!!!̅!
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The latest measurement of 𝜙!! ̅!!
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LHCb 
Run 2

15.8k events 

Fit to the 𝐾+𝐾,𝐾+𝐾, 
invariant mass – used 
to statistically 
subtract the 
background

4D fit to the signal-
weighted decay 
time and helicity 
angles to extract 
𝜙"" ̅""

Φ



Another way to probe 𝐶𝑃 violation in the 
SM: Triple Product Asymmetries (TPAs)
• Time-integrated triple product 

asymmetries a complimentary probe 
for 𝐶𝑃 violation 
• 𝑇-odd scalar triple products defined in 

terms of helicity angle Φ

• Asymmetries given by 

 
 

𝑈 ≡ sinΦ cosΦ 
𝑉 ≡ sin ±Φ 	 with positive taken
     if cos 𝜃A cos 𝜃( ≥ 0

𝐴B =
C(BE")GC(BH")
C BE" IC(BH")          𝐴J =

C(JE")GC(JH")
C JE" IC(JH")
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Asymmetry in 𝑇-odd scalar 
triple product ⇒ BSM CPV 



The polarisation puzzle 
• For 𝐵 → 𝑉𝑉 decays, there are the three 

polarisation amplitudes
• The longitudinal polarisation should 

dominate since helicity suppression 
affects the transverse polarisations
• True for tree-level 𝐵 → 𝑉𝑉 but not the 

case for penguins where sizeable 
transverse polarisations are observed 
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History of 𝐵(!)" → 𝜙𝜙 measurements

Tevatron 
era: CDF

• First evidence of 𝐵!" → 𝜙𝜙 (4.7𝜎) 
and branching fraction 
measurement (2005)

• Measurement of polarization 
amplitudes and triple product 
asymmetries (2011)

LHCb 
Run 1

• Measurements of triple product 
asymmetries

• Branching fraction measurement
• First measurements of 𝜙!!!̅!

• 𝜙!!!̅! in the interval [−2.46, −0.76] rad 
at 68% C.L. (2011, 1 fb-1)

• 𝜙!!!̅! =	−0.17 ± 0.15 (stat) ± 0.03 (syst) 
rad (2011+2012, 3 fb-1)

• First search for 𝐵" → 𝜙𝜙

 
LHCb 
Run 2

Mid-LHCb 
Run 2

• Updated measurement of 𝜙!!!̅! 
 𝜙!!!̅!	= −0.073 ± 0.115 (stat) 
    ± 0.027(syst) rad 

(2011+2012+2015+2016, 5 fb-1)
• Updated search for 𝐵" → 𝜙𝜙 

• Updated measurement of 𝜙!!!̅! 
 𝜙!!!̅!	= −0.042 ± 0.075 ± 0.009 rad 

(2015+2016+2017+2018, 6 fb-1)
• Combination with 2011+2012
  𝜙!!!̅!	= −0.074 ± 0.069 rad
• …
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𝑝̅𝑝 collider @ 
Fermilab



Measurements of 𝜙!! ̅!!

-12011, 1 fb

-1Run 1, 3 fb

-1Run 1 + 2015 + 2016, 5 fb

-1Run 2, 6 fb

-1Run 1 + Run 2, 9 fb

 [rad]sss
sφ

3− 2− 1− 0 1

LHCb

SM prediction

• Slowly but surely 
improving the value of 
𝜙"" ̅"" with more data 
• Consistent with the SM 

so far 
• What else can we probe 

with 𝜙𝜙?
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Searching for 𝐵" → 𝜙𝜙
• This is an example of a 6𝑏𝑑 → 𝑠𝑠̅ annihilation 

and it is very suppressed in the SM
• Cabibbo suppression – quarks from different 

families
• Suppression from loops in Feynman diagram
• OZI suppression – can you cut gluon lines to make 

two disconnected diagrams? 
• Branching fraction can be enhanced in a few 

scenarios
• 𝑅-parity-violating SUSY
• Models of 𝜔 − 𝜙 mixing 
• Rescattering

𝐵!

𝜙

𝜙

However…
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0 1 2 3 4
B(B0 ! ¡¡)/10°8

LHCb
9 fb°1

LHCb limit 90% CL (2019)

S. Bar-Shalom et. al. (2003)

C.-D. Lu et. al. (2005)

M. Beneke et. al. (2007)

Y. Li (2014)

Z.-T. Zou et. al. (2015)

D.-C. Yan et. al. (2022)

R. Aleksan and L. Oliver (2022)

J. Chai et. al. (2022)

Theory predictions for the branching 
fraction are very different…
• Vary by up to an order of 

magnitude 
• Vary depending on how they are 

calculated (perturbative QCD vs. 
QCD factorization)
• Let’s see if LHCb can find it
• Previous best limit from LHCb using 

2011, 2012, 2015 and 2016 data
• ℬ 𝐵" → 𝜙𝜙 < 2.7	×10GL (90% C.L.)
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The search for 𝐵" → 𝜙𝜙 at LHCb 
• Reconstruct 𝜙s from 𝜙 → 𝐾%𝐾&

• Nice final state to reconstruct
• Require that the 𝜙 mesons are 

consistent with coming from a 𝐵	
• Find 𝐵' → 𝜙𝜙 by looking for a significant 

peak at the 𝐵' mass in the four-kaon 
invariant mass spectrum
• Compare to the 𝐵(' → 𝜙𝜙 signal – 

normalisation mode
• In a perfect world, would have a peak at 

the 𝐵(' mass and at the 𝐵' mass…
Not so simple in reality
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Backgrounds limit sensitivity
• We cannot do everything perfectly 
• Events coming from things that are not signal can pollute 

the dataset
• Mis-identified backgrounds – if a particle is given the wrong label it 

looks like 𝐵 !
" → 𝜙𝜙 → 𝐾I𝐾G𝐾I𝐾G but it isn’t

• Combinatorial background – adding random pieces together looks 
like it could be 𝐵 !

" → 𝜙𝜙 → 𝐾I𝐾G𝐾I𝐾G

• Partially reconstructed backgrounds – some tracks are missed and 
others misidentified, could look like 𝐵 !

" → 𝜙𝜙 → 𝐾I𝐾G𝐾I𝐾G
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Another ‘background’ – 𝐵!" → 𝜙𝜙  
• 𝐵"$ → 𝜙𝜙 is the normalisation mode – we know what its 

branching fraction is (with some uncertainty) 
• benchmark for checking the 𝐵" → 𝜙𝜙

• Due to limited precision on the momentum, the 𝐵"$ → 𝜙𝜙 
distribution and 𝐵$ → 𝜙𝜙 distributions overlap
• Want to limit this as much as possible to improve sensitivity 

to 𝐵$ → 𝜙𝜙 
• Main culprit – kaons that decay in flight or interact 

hadronically within the detector
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Kaons interactions*
*interaction = hadronic interaction or 
decay in flight

kaon

Hasn’t interacted, nice 
track 

Something happened – kinked 
track

If this happens before the tracking 
stations, poorer track 
reconstruction and worse 
determination of 𝐵 mass as a 
result 
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Why are kaon interactions a problem?
• We see a series of hits in the 

detector
• Track reconstruction – do a fit 

to these hits
• Reconstructed track provides 

measurement of momentum 
• Track fitter does not know 

that the track is kinked 
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Why are kaon interactions a problem?
• If the momentum is poorly reconstructed the value of the 𝐵 

meson mass will be worse 
• Can see this in simulated events 
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LHCb Simulation
No kaon interactions

LHCb Simulation
At least one kaon 
interaction

Figure 5.1 The four-kaon invariant mass distributions are shown for truth-
matched signal simulation events containing stable kaons only (left)
or at least one interacted kaon track (right) where a stable kaon is
defined as one with a decay vertex position greater than 8.5 m from
the origin of the LHCb coordinate system.

allows one to calculate

�
2
match = �

2
track � �

2
upstream � �

2
downstream (5.1)

which will follow a �
2 distribution with 5 degrees of freedom for real tracks.

This is the variable TRACK MatchCHI2. Table 5.1 lists all variables used in the

classifier and their definitions. This final list of variables is obtained following

several iterations of the classifier where the most important features that are

reasonably described by simulation are persisted.

The distributions for these variables are shown in Figure 5.2. The signal

sample, shown in solid blue, is truth-matched MC simulation for which the kaon

has a decay vertex with z > 8.5 m from the origin of the LHCb coordinate

system and is therefore defined as stable. The rest of the tracks (those that

have an interaction) are assigned to the background sample, shown in hatched

red. Clear discrimination is seen between interacted and stable tracks for these

selected variables. The linear correlations between the variables in the signal and

background samples are shown in Figure 5.3

5.2 Validation with B
+ ! J/ K

+ decays

Since this classifier is trained purely on simulation, the variables are checked for

agreement with data and corrected if needed. For the validation studies, the

60
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How do we deal with this?
• Only option is to remove them
• Can train a boosted decision tree (BDT) classifier to be 

able to distinguish interacted kaons from the good ones
• BDT is trained on discriminating variables that relate to 
• The quality of the track fit 
• How likely it is that the track is a ghost (random hits joined to form 

a track)
• Number of hits the track leaves in the tracker
• Track kinematics: momentum and pseudorapidity
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Performance of the classifier

0 0.5 1
 ScoreBDTI

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

A
rb

itr
ar

y 
un

its

 data,+Kψ J/→+B
background subtracted

 simulation+Kψ J/→+B

1− 0.5− 0 0.5 1
 ScoreBDTI

0

0.1

0.2

0.3

0.4

0.5

A
rb

itr
ar

y 
un

its

Interacted kaons

Non-interacted kaons

1−1.6 fb
LHCb 2016

5200 5300 5400 5500 5600
]2c  [MeV/)−K+K−K+m(K

0

0.0005

0.001

0.0015

0.002

0.0025

0.003

0.0035

0.004

A
rb

itr
ar

y 
un

its

)0B(m )0
sB(m

LHCb simulation

 beforeφφ → 0
sB

 requirementBDTI

 afterφφ → 0
sB

 requirementBDTI

Excellent separation between 
interacted and non-interacted kaons

𝐵"! → 𝜙𝜙 events in region of 𝐵! mass 
much reduced 

Rejects 89% of interacted 
kaons for a 95% per-track 
efficiency
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Thinking carefully about combinatorial 
background
• Comes from randomly combined tracks that could look like 

the signal 
• Some combinatorial is less random than others
• We get a lot of 𝐷"' mesons produced in 𝑝𝑝 collisions, both 

prompt and from 𝐵" 
• Decays of 𝐷"' → 𝜙𝑋 make up around 15% of the branching 

fractions of decays of 𝐷"'

• Are we combining 𝜙 mesons coming from decays of 𝐷"'?
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Combinatorial background from 
𝐷!& → 𝜙𝑋
We can check for these events in a data-
driven way – checking 𝐷"' → 𝜙𝜋'

1. Take the sidebands of the 𝐵 !
" → 𝜙𝜙 data 

and take one of the 𝜙 mesons
2. Look in the rest of the event and vertex the 

𝜙 with a displaced pion track 
3. Look for a 𝐷!I peak in the 𝐾I𝐾G𝜋I invariant 

mass 
4. Find clear peak – 𝐷!I → 𝜙𝜋I is in our data 

sideband 

Selection applied
Variable ⇡ µ e

ProbNNpi > 0.3 � < 0.9
ProbNNK < 0.5 < 0.9 �
ProbNNmu � > 0.2 �
ProbNNe � � > 0.9
TRGHOSTPROB � < 0.1 �
pT > 400MeV/c

2
> 400MeV/c

2
> 400MeV/c

2

�
2
IP > 9 > 9 > 9

Table 6.2 Selections on ⇡+, µ+ and e+ that are vertexed with the � meson.
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Figure 6.4 KK⇡ invariant mass spectrum for candidates made by combining
selected � candidates from B0

s ! �� data sample with a displaced
pion candidate. Loose cuts are applied to the plot on the left and a
cut on the trained BDT is shown the right.

is described in Section 6.3.1. The first-stage classifier for removing D
+
s -tagged

background is described in Section 6.3.2, and the second-stage classifier for

removing remaining non-D+
s -tagged background is described in Section 6.3.2.

6.3.1 D
+
s tagger

In order to train the MVA to remove background from D
+
s decays, a D

+
s -tagger is

developed. Firstly, the � meson candidates from the stripping selection are split

and each vertexed with a displaced track, either an electron, muon or pion. The

criteria for selecting each of these is shown in Table 6.2. In the �⇡
+ invariant

mass spectrum shown on the left of Figure 6.4, D
+
s peaks are clearly seen.

In order to cleanly select D
+
s candidates,2 BDTG classifiers are trained using

TMVA [131]. A total of four classifiers are trained. There is a classifier for

2Charge conjugation implied.
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This is just the 𝜙𝜋+, there are many other modes that will 
contribute but have neutrals/neutrinos that we do not reconstruct  
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How can we use this information?

𝐷"'-tagged
• Can veto these events – 

throw them away 
• Can USE them to train a 

classifier to catch those we 
didn’t tag
• Will have similar properties to 

the modes we cannot tag but 
are still there

Non-𝐷"'-tagged
• Train an MVA to target 

combinatorial more 
generally 

Can now tag background as 𝐷"' or non-𝐷"'

Get better reduction of background by 
targeting these categories separately 

Selection requirements on these 
classifiers optimized together 

29.07.26 Mary Richardson-Slipper (Cambridge) 38
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How do we veto mis-ID background?
Λ3$ → 𝑝𝐾4𝜙

• Can reject this background 
by tightening the 
requirement on the proton 
and kaon PID
• Apply a window around the 
𝜙 mass – 𝑚 𝐾'𝐾4  must be 
within 15 MeV of known 𝜙 
mass

If proton looks like 
a kaon – looks like 
the same final 
state 

29.07.26 Mary Richardson-Slipper (Cambridge) 39



How do we veto mis-ID background?
𝐵$ → 𝜙𝐾∗

 
• Find which of the four 

tracks is most pion-like
• If 𝑚(𝐾𝜋) close to 𝐾∗ mass or 
𝑚 𝐾𝜋𝐾𝐾  is close to the 𝐵$ 
mass then these events have 
more strict requirements on 
the PID applied

𝐵/

𝜙

𝐾∗

𝐾+

𝐾+

𝐾,

𝐾,𝜋,

If pion looks like a 
kaon – looks like 
the same final 
state 
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Putting it all together 

29.07.26 Mary Richardson-Slipper (Cambridge) 41

Fit the data – fit to 
the four-kaon 

invariant mass 
distribution to look 
for a peak at the 𝐵! 

mass 

Develop selections to 
clean the data as 
much as possible 
while retaining as 

much signal as 
possible 

Model the 
contributions that 
exist in the data 

• Classifiers for background rejection
• Combinatorial
• Decays in flight

• Vetoes for peaking backgrounds
• PID and  combinatorial classifier 

selection optimized using Punzi 
figure of merit 

• Shapes modelled with simulated 
events 

• Yields of backgrounds estimated 
using both data-driven methods 
and using simulation efficiencies 
and known branching fractions

• Due to differences in data-
taking conditions, split 
data into Run 1 and Run 2 
and fit simultaneously 



Fits to the invariant mass
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Simultaneous fit to Run 1 and Run 2

𝑁-!→//
012	)	 = 2.6 ± 1.5	and 𝑁-!→//

012	*	 = 10.5 ± 6.3	
Significance: 1.9𝜎

We didn’t find 
it… but…
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New best upper limit!
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B(B0 ! ¡¡)/10°8

LHCb
9 fb°1

Excluded at 90% CL (this work)

S. Bar-Shalom et. al. (2003)

C.-D. Lu et. al. (2005)

M. Beneke et. al. (2007)

Y. Li (2014)

Z.-T. Zou et. al. (2015)

D.-C. Yan et. al. (2022)

R. Aleksan and L. Oliver (2022)

J. Chai et. al. (2022)
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95% CL

LHCb 9 fb°1

Observed CLs

Expected CLs

Expected CLs± 1æ

Expected CLs± 2æ

Set the limit on the branching 
fraction using the CL# method
ℬ 𝐵! → 𝜙𝜙 < 1.3	×	10,4 (90% C.L.)

Compare to theory predictions – many 
ruled out 90% C.L. 

Improved by factor of 2 on previous 
LHCb limit! 
Expected limit improved by factor 2.5 – factor 
of 1.4 from increased statistics and 1.8 from 
novel methods 
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So what’s next for 𝜙𝜙?
• Squeezed everything we can out of 

LHCb Run 1 and Run 2
• Luckily for us, LHCb Run 3 collected 

a record amount of data
• 𝐵 (

' → 𝜙𝜙 benefit from fully software 
trigger 
• Harsh momentum cuts from hardware 

trigger gone – efficiency improved up to 
a factor 2

• Collecting more data – LHCb now 
operates at LHC bunch crossing rate 

More fb-1 and more 𝐵(")! → 𝜙𝜙 per fb-1!
Assuming similar performance as Run 
1 and 2, can get sensitivity of 23 mrad 
on 𝜙"" ̅"" (69 mrad in Run 1 and 2)
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Looking even further, HL-LHC
• LHCb to be upgraded again 

before the high-luminosity 
LHC project – LHCb Upgrade 
II
• LHCb needs to be able to cope 

with the large number of 
interactions happening per 
bunch crossing
• Introduce timing to the 

detectors for 4D reconstruction 

We’re here!

Where we’re going!
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Figure 3.4: Illustration of the track density generated by 42 collisions spread over a bunch
crossing. On the left the whole bunch crossing time period is considered (⇡ 1 ns). If a time cut
of 20 ps would be applied, only a few collisions and corresponding tracks remain, as shown by
the plot on the right.

e�ciency and separation.

Addition of timing

Vertex reconstruction, and the association of heavy flavour decays to the correct primary vertex,
are of prime importance for the LHCb flavour physics program. The core resolution is dominated
by the secondary vertex (SV) resolution. However, tails in the primary vertex (PV) resolution,
for instance due to merging of vertices from separate pp interactions, also have a large e�ect
on analyses. The higher pile-up (or, in fact, the PV density along the beam line) means the
PV separation is reduced from 4.2 mm at Upgrade I to 1.5 mm at Upgrade II. This makes it
challenging to to di�erentiate PVs, maintain the resolution, and associate the correct PV to a
heavy flavour decay.

At the high multiplicities of the Upgrade II, the impact parameter precision becomes
progressively more important, as this variable is key to associating particles with the correct PV.
A powerful new handle To ensure the correct assignment of tracks to PVs is to exploit the the
spread in time of the vertices of approximately 180 ps [104], as illustrated in Figure 3.4 which
shows how a reduced subset of vertices can be selected by applying track timestamps.

Track time-stamping can be achieved in two ways, This first is to add precise timing to
every hit, i.e. moving to full 4D-tracking. The time information also helps to reduce the
number of combinations that need to be considered for the tracking, potentially improving the
reconstruction. The second approach is to add dedicated timing planes. These two methods are
compared in Section 3.1.3. The main requirement on the temporal resolution is to achieve a
track timestamp of 20 ps or better. Due to the fact that the 4D-tracking option has multiple
measurements per track which can be combined, this target can be achieved with individual
hit resolutions of 50 ps. For the timing plane option, single measurements need at least 25 ps
resolution and multiple layers are required.

Figure 3.5 illustrates the PV reconstruction e�ciency of the VELO Upgrade I detector
operating at Upgrade II conditions compared to the VELO Upgrade I detector operating at
Upgrade I conditions. This simulation was performed using the SA layout as described in
Section 3.1.2 however similar results would be expected for SB. It can be seen that if no
timing information is added the e�ciency drops dramatically at the higher occupancies, even
with a detector of similar precision in terms of impact parameter resolution. However, the
VELO Upgrade I performance can be recovered with the addition of timing. The figure also
illustrates the dependence on the individual hit resolution, in the case of the 4D-tracking option.
The performance is a smooth function of the timing resolution obtained. For a full discussion of
the addition of temporal measurements to the VELO detector see Ref. [105].
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Figure 10.1 Demonstration of pile-up in the VELO in Upgrade II conditions.
On the left, the plot shows the charged tracks during one bunch
crossing with 42 interactions. On the right, we see a 20 ps
window of the same bunch crossing which demonstrates the power
of precision timing in these higher pile-up bunch crossings. Source:
the LHCb Collaboration [147]

tracking layers, the pixel pitch and magnet model, a specific configuration of

LHCb Upgrade II is built and the momentum resolution of this configuration

is determined from the Kalman filter. The momentum resolution calculated for

each specification is passed as a smearing term in RapidSim to generate realistic

Upgrade II simulation for a variety of detector configurations in a reasonable

timeframe.

Once a reasonable simulation is generated for each scenario, the positions of the

particle tracks at the Mighty Tracker stations must be understood to be able to

calculate the e�ciency of reconstructing all four tracks in a descoped option. To

do this, the momentum change due to the magnet is modelled as a single kick,

shown in Figure 10.2. Full simulation from Run 2 is used to parameterise the kick

of the magnet with the track slope. This is then used to calculate the momentum

of the track after it has passed through the magnet, and to calculate the position

at the downstream tracking stations.

10.1 Tracking in Upgrade II

To mitigate the larger pile-up and multiplicity expected in the HL-LHC condi-

tions, the tracking systems have been redesigned to increase granularity, include

timing information to the track hits, and reduce the material. The requirements

are that the momentum resolution is between 0.5% and 1% at 200 GeV/c, the

precision on the impact parameter is ⇡ 25 µm, the material budget cannot exceed

0.5 (0.2) radiation (interaction) lengths, and the e�ciency of reconstructing long

tracks much exceed 95% with a ghost rate below 10% [147]. The proposed tracking
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Adding timing to the VELO
(20 ps window)



Summary and conclusions
• There are lots of interesting things to study with 

charmless 𝐵 → 𝑉𝑉 decays
• One to watch!

• The 𝐵 (
' → 𝜙𝜙 decays provide excellent tests of the 

standard model
• Non-zero 𝜙(( ̅(( or TPAs would be a smoking gun for BSM physics 
• The branching fraction ℬ 𝐵* → 𝜙𝜙  is enhanced in many 

scenarios and its complexity puts theory calculations to the test
• Measurements all limited by low statistics 

• These modes are a target for upcoming LHCb upgrades 
• If ℬ 𝐵* → 𝜙𝜙  at the lower end of theory predictions, could see in 

Run 3… stay tuned!
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me looking for new 
physics



Back-up material
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OZI suppression
• Demonstrated by 𝜙 meson decay 
• Two modes: 𝜙 → 𝐾'𝐾4 or 𝜙 → 𝜋'𝜋4𝜋$

• The 3𝜋 mode has more phase space, should be more likely, 
but diagram like this:

29.07.26 Mary Richardson-Slipper (Cambridge) 48

Gluons need to carry a lot of 
energy in this case – look at 
asymptotic freedom 



𝑅-parity
• Defined as 

𝑃7 = −1 8 94: ',"

• Has value of +1 for SM 
particles and −1 for 
SUSY particles

29.07.26 Mary Richardson-Slipper (Cambridge) 49

𝐵 = baryon number
𝐿 = lepton number
𝑠 = spin

Rescattering
• 𝐵$ decays to some 

favoured intermediate 
state – particles then 
“rescatter” to produce the 
two 𝜙 mesons



How to tackle these backgrounds 

background

Final state ghosts combinatorial 
background

𝐵"! → 𝜙𝜙 core

Λ' → 𝑝𝐾𝜙
Ξ' → 𝑝𝐾𝜙

𝐵7 → 𝜙𝐾∗ Partial 𝐵8,7 → 𝜙𝐾∗

kaon interactions – 
smear 𝐵"!  mass 
into signal region
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How to tackle these backgrounds 

MVA for kaons

MVA for 
combinatorial

veto

veto

cut on mass 
error

background
kaon interactions – 
smear 𝐵"!  mass 
into signal region

Final state ghosts combinatorial 
background

𝐵"! → 𝜙𝜙 core

Λ' → 𝑝𝐾𝜙
Ξ' → 𝑝𝐾𝜙

𝐵7 → 𝜙𝐾∗ Partial 𝐵8,7 → 𝜙𝐾∗

PID and 𝜙 mass 
window29.07.26 Mary Richardson-Slipper (Cambridge) 51



Selection optimisation
• Selection now consists of several things
• Kaon interaction MVA – fixed to per-track efficiency of 95% 
• Vetos for misidentified backgrounds – fixed from studies of MC
• Kaon particle identification requirements 
• MVA for 𝐷!I-tagged background
• MVA for generic combinatorial background 

• Trained separately for different trigger categories – different requirements 
leads to different distribution of kinematic variables 

• Optimise selection using the Punzi multiclass figure-of-merit
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Punzi figure of merit
multichannel Punzi figure of merit[1] 
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Figure 22: ROC curve for TOS (left) and TIS (right).

Figure 23: Overtraining check for the XGBT classifier for TOS (left) and TIS (right). Note the
log scale. Top is Run 2 and bottom Run 1

6.5 Optimised selection on the combinatorial MVA430

To optimise the MVA selection requirements, we make use of the multichannel Punzi431

figure merit [19],432

F.O.M. =
A

2
/B

a/2 + A3/2/B
, (3)
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Figure 24: Results of multi-channel Punzi scan with a cut on the MLP at 0.95 and a cut on the
minimum value of ProbNNK(1-ProbNNpi) at 0.05. Run 1 is shown on the left, and Run 2 on the
right. The chosen cut points are highlighted by black outline.

where,433

A =
X

i

✏
2
i

bi
, B =

X

i

✏
3
i

b2i

(4)

with ✏i being the e�ciency of the selection on signal in category i and bi is the estimated434

background level in the blind region in category i. The signal e�ciency is obtained435

from MC and the expected background level is calculated by fitting the data with the436

full selection applied to the complete model. Each of the shapes for the background437

contributions are interpolated into the blind region and the integral calculated to give the438

total estimated background. The two categories, i, are TIS and TOS.439

The scan is done for multiple values of a cut on the MLP and with multiple values of the440

cut on the variable (ProbNNK(1-ProbNNpi)). The choice of denominator when calculating441

these e�ciency is made as the total number of events in MC simulation surviving all442

selections except the MLP, PID and XBDT cuts. This allows one to make comparisons443

globally across scans done at various MLP and PID cut values. The optimal MLP cut is444

chosen as 0.95, and a cut is applied on the minimum value of ProbNNK(1-ProbNNpi) at445

0.05. This MLP cut corresponds to 97.74%(97.75%) signal e�ciency for a background446

rejection of 99.0%(99.2%) in Run 1 (Run 2). For this scan, the optimal cut points on the447

XBDT is chosen as 0.97 (0.975) for TIS events and 0.995 (0.998) for TOS events in Run 1448

(Run 2). This is shown in the scans in Figure 24.449

7 Fit to K
+
K

�
K

+
K

� invariant mass distribution450

The data is fit to 6 shapes; B0
s ! ��, B0 ! �� , ⇤0

b ! �pK, ⌅b ! �pK, B0 ! �K
⇤0

451

and the combinatorial background. For the peaking modes, the shapes are determined452

from fits to MC samples. The model for B0
s ! �� and B

0 ! �� are described in Section453

7.1, and the model for ⇤0
b ! �pK, ⌅b ! �pK and B

0 ! �K
⇤0 are described in Section454

7.2. The combinatorial background is fit to an exponential.455
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𝑏: - estimated background 
level in blind region in 
category 𝑖

𝜖: - selection efficiency on 
signal in category 𝑖

category 𝑖 = TIS or TOS

a = 3 for 3𝜎

[1] G. Punzi, Sensitivity optimization of 
multichannel searches for new signals, 2020 
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The 𝐶𝐿' method
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Figure 31: Crystal Ball fit to B0 ! �K⇤0 MC after applying the full selection.

Parameter Value
µ 5446 ± 19 MeV/c2

� 38 ± 10 MeV/c2

n 1.1 ± 1.8
a 0.29 ± 0.33

Table 17: Fit parameter results for the Crystal Ball shape that describes the shape of the
B0 ! �K⇤0 background.

in Table 18.470

7.5 Simultaneous fit to Run 1 and Run 2 data471

The Run 1 and Run 2 data is fit simultaneously. The B0
s shape is shared, with di↵erent scale472

factors multiplying the Student T widths in each case. The ⇤
0
b ! �pK, ⌅b ! �pK and473

B
0 ! �K

⇤0 shapes are shared. The yields in each fit are independent, and combinatorial474

shape is free to vary individually in each case. The fit result is shown in Figure 34 and475

fitted parameter values shown in Table 19476

8 The CLs method for expected sensitivity477

The CLs method is used with a series of toy data samples to understand the sensitivity of478

this analysis to a signal. The fit to blinded data is used to generate toys with multiple479

values for B(B0 ! ��). CLs is defined as follows,480

CLs ⌘
CLs+b

CLb
, (4)
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Figure 32: Fit to full Run 1 dataset after the full selections applied. The solid violet line shows
the total pdf. The light blue short-dashed line is the B0

s ! �� shape. The green dotted line is
the ⇤0

b ! �pK shape. The yellow dotted and dashed line is the ⌅b ! �pK shape. The pink
long-dashed line is the B0 ! �K⇤0 and the grey long-dashed and dotted line is the combinatorial
background shape.

where CLs+b is the probability that the value of the test statistic, t, to be as large or larger481

under the signal and background hypothesis, and 1� CLb is the probability for the value482

of t to be as small as or smaller under the background only hypothesis. The expected483

value of CLs for a particular branching fraction value is calculated from the distribution484

of t for the toys with no signal and the toys with signal. This is shown in Equation 5,485

CLs+b =

Z 1

texp

g(t; s+ b)dt (5)

1� CLb =

Z texp

�1
g(t; b)dt (6)

where g(t; s+ b) is the distribution of the test statistic under the signal and background486

hypothesis and g(t; b) is the distribution of the test statistic under the background only487

hypothesis. In practice, the value of texp is found as the median value of g(t; s+ b). This488

gives the expected value of CLs. These values are plotted as a function of the branching489

fraction hypothesis.490

A preliminary result for a CLS scan for the simultaneous fit to Run 1 and Run 2 is491

shown in Figure 35. This is produced using the RooStats::FrequentistCalculator,492

scanning 8 hypotheses for the B
0 ! �� branching fraction in the range 0 to 1.5, using493

5000 toys per hypothesis at each point. The branching fraction B(B0 ! ��) is defined as,494

B(B0 ! ��) = B(B0
s ! ��)⇥ fs

fd
⇥ NB0

NB0
s

(7)
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Probability that 𝑡 is as large or larger 
than 𝑡exp	under	𝑠 + 𝑏	hypothesis

	

Probability that 𝑡 is as low or lower 
than 𝑡exp	under	𝑏-only	hypothesis
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Figure 32: Fit to full Run 1 dataset after the full selections applied. The solid violet line shows
the total pdf. The light blue short-dashed line is the B0

s ! �� shape. The green dotted line is
the ⇤0

b ! �pK shape. The yellow dotted and dashed line is the ⌅b ! �pK shape. The pink
long-dashed line is the B0 ! �K⇤0 and the grey long-dashed and dotted line is the combinatorial
background shape.

where CLs+b is the probability that the value of the test statistic, t, to be as large or larger481

under the signal and background hypothesis, and 1� CLb is the probability for the value482

of t to be as small as or smaller under the background only hypothesis. The expected483

value of CLs for a particular branching fraction value is calculated from the distribution484

of t for the toys with no signal and the toys with signal. This is shown in Equation 5,485

CLs+b =

Z 1

texp

g(t; s+ b)dt (5)

1� CLb =

Z texp

�1
g(t; b)dt (6)

where g(t; s+ b) is the distribution of the test statistic under the signal and background486

hypothesis and g(t; b) is the distribution of the test statistic under the background only487

hypothesis. In practice, the value of texp is found as the median value of g(t; s+ b). This488

gives the expected value of CLs. These values are plotted as a function of the branching489

fraction hypothesis.490

A preliminary result for a CLS scan for the simultaneous fit to Run 1 and Run 2 is491

shown in Figure 35. This is produced using the RooStats::FrequentistCalculator,492

scanning 8 hypotheses for the B
0 ! �� branching fraction in the range 0 to 1.5, using493

5000 toys per hypothesis at each point. The branching fraction B(B0 ! ��) is defined as,494

B(B0 ! ��) = B(B0
s ! ��)⇥ fs

fd
⇥ NB0

NB0
s

(7)
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𝑡 = −2 log𝑄 test statistic
𝑄 = 	ℒ(𝑓"+')/ℒ(𝑓') likelihood ratio


