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•  Introduction 
 

² Why are we interested in flavour physics? 
 
 

•  The selected measurements in the LHCb 
 

²  Exotic spectroscopy of  X(3872),  Z(4430)  and pentaquark states 
Pc(4380), Pc(4450) 

 

²  Very rare and rare decays:  
     B0 → µ+µ- ,  B0 → K*0 µ+µ- ,   B+ → K+ µ+µ- ,   B0

s → φ µ+µ- ,  Λb → Λ µ+µ-  
 

²  Probes of lepton universality – ratios of branching fractions:   
     B+ → K+µ+µ- / B+ → K+e+e-   ,    B0 → D(*)τν / B0 → D(*)µν  

 
 

•  Summary 



Why are we interested in flavour physics? 
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•  The Standard Model (SM) is a theory which describes well existed data,   
but there are many phenomena which are not understood: 

 

Ø  known value of CPV in the SM is too small to explain the observed 
size of matter domination over antimatter in the Universe 

 
 
•  The main goal of particle physics is to search for physics beyond the SM 
 
  

There are two ways of searches for New Physics: 
 
•  direct searches for produced new objects  
    (Atlas and CMS) 
 
•  indirect searches via testing the SM in precise 
    measurements of known processes, finding  
    disagreement will be indirect indication of new 
    phenomena existence (BaBar,  Belle,  LHCb,…)  

 

2                   11/02/2010      Warszawska Grupa LHCb: A.Chłopik, Z.Guzik, A.Nawrot, M.Szczekowski, A.Ukleja;  http://lhcb.fuw.edu.pl

Eksperyment LHCb

LHCb specjalnie zbudowany do badań fizyki B przy LHC

badanie łamania parzystości przestrzenno-ładunkowej CP
i rzadkich rozpadów cząstek pięknych

wykrycie niezgodności z przewidywaniami Modelu Standardowego 
są pośrednim wskazaniem na istnienie nowych zjawisk fizycznych

eksperymenty ATLAS/CMS – bezpośrednie poszukiwania cząstek Nowej Fizyki
                                               przy coraz wyższych energiach

eksperyment LHCb – poszukiwania Nowej Fizyki w dokładniejszych pomiarach
                                   znanych procesów w Modelu Standardowym,
                                   potrzebne duże statystyki przypadków z cząstkami pięknymi

                                        (⇒ duże energie)

Zakładana świetlność (√s=14 TeV):
     ~   2 fb-1/rok (107 s) → ( N = σ L  ; σ

bb
 = 0.5 mb )   1012 par  bb

     ~ 10 fb-1 w 5 lat

Na początku – rok 2010 (√s=7 TeV; p-p: 3.5-3.5 TeV):
Przewidywana świetlność: 0.2 – 0.3 fb-1
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•  The new particles can be exchanged in the loops 
 
 
 
 
 
 
 
 

 
In particular, we are interested in: 
 

•  CP symmetry violation in B and D sectors (see A. Obłąkowska-Mucha’s talk) 
Ø  so far, there is no observation of CPV in charm sector, the SM predictions 

are very small   
 

•  very rare decays of B (this talk) 
Ø  predicted highly supressed in SM  

 

•  as well as test of QCD models (quarkonia spectroscopy is an area where these 
tests can be performed) 

Standard Model New Physics 

box diagrams 

penguin diagrams 

Search for New Physics in the Flavour Sector

New Physics are corrections to Standard Model processes:

Standard Model New Physics

ABSM = A0

(

CSM

m2
W

+ CNP

λ2
NP

)

What is the scale of λNP ? How much different are CNP and CSM?
Stephanie Hansmann-Menzemer 2

b ! s``

The b ! s`+`� “industry” at the LHC
Everybody’s favorite rare “penguin” decay!

Flavor-changing-neutral-current (FCNC).

No tree-level diagram in the SM. Many
ways where NP can enter.

Several ways to explore this:

Bs ! µ+µ� BF @ LHCb/CMS

B ! K

⇤J �pol @ LHCb

Bd ! K

(⇤)`�`+ @ LHCb/CMS

Bs ! �µ+µ�, ⇤b ! ⇤(⇤)µ+µ� ...

Biplab Dey Recent results from LHCb (SSI 2015) August 12th , 2015 13 / 51



LHCb 

Hadronic b decays

Introduction

Measuring γ

γ Combination

✚✚CP in B± → D0h

Λb →πKph

b → cc

Conclusions

C. Fitzpatrick

March 24, 2014

Introduction

! Hadronic beauty decays offer a wealth of interesting measurements
! This talk:

! [PRELIMINARY]✟✟CP in the beauty sector: CKM angle γ
! [NEW] Measurements of beauty baryons

! LHCb is uniquely positioned to make precise measurements with fully hadronic final
states:

250m
rad

100mrad

! Excellent vertex resolution

! Precise tracking

! Flexible & efficient software trigger

! Hadronic PID up to 100GeV/c

2 / 14

! LHCb is a forward spectrometer studying pp collisions 
!   Excellent vertex resolution of O(10 μm) 
!   Time Resolution of 40-50 fs (14% of Bs oscillation period) 
!   RICH detectors provide K±/π± separation 

!   Particle ID of >90% efficiency for kaons [5% pion misid] 
!   ECAL for electromagnetic particles 

 

2011 1 fb-1 

2012 2 fb-1 

 
Total 3 fb-1 

LHCb – precision detector 
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•  VELO – precision primary and secondary vertex measurements,  
                  resolution of IP: 20 µm, decay lifetime resolution ~ 45 fs: 0.1 τ(D0)  
•  Excellent tracking resolution: Δp/p = 0.4% at 5 GeV to 0.6% at 100 GeV 
•  RICH – very good particle identification for π and K 

The single-arm forward spectrometer (a new concept for HEP experiments) 

Run 1: 
1/fb (2011), 2/fb (2012) 
 
For each 1/fb:  
~28k  B0

s → J/ψ(µµ) φ(K+K-) 
~2M   D*± → D0(→K-K+)π±    

Marseille, March 2015 T.M. Karbach / CERN / LHCb 8

LHCb

● one arm forward spectrometer

● b pair production angles
strongly correlated

● covers 1.9 < η < 4.9

● 100'000 bb pairs produced per 
second (104 x B factories)

[PLB 694 (2010) 209]

[LHCb-CONF-2010-013]

10 < θ < 300 mrad  (2<η<5) 

(at √s=7TeV) 



Exotic spectroscopy at LHCb 

A.Ukleja                                   Highlights of LHCb 08/01/2016    6   

Observation of the X(3872) resonance: 
 

•  First observed by Belle (2003) 
      Phys.Rev.Lett.91(2003)262001 
 

•  It has now been seen by 6 experiments 
(Belle, BaBar, CDF, D0, LHCb, CMS)  

    in B decays and prompt production 
 

•  LHCb determined quantum numbers 
JPC = 1++ via angular analysis of 
B→X(J/ψππ)K   

      Phys.Rev.Lett.110(2013)222001 
      Phys.Rev.D92(2015)011102(R)) 
 

•  Nature is still unclear; compatible with 
tetraquark, molecule or χc1(23P1) 
hypotheses (possibly mixed); it 
excludes any other charmonium state 

The XYZ 
Revolution!

Heavy flavour spectroscopy is an important test of 
QCD models (masses, lifetimes, decay properties, 
quantum numbers, etc.) 

X (3872) QN with X (3872)! ⇢0J/ 
[LHCb, Phys. Rev. D92 (2015) 011102(R), arXiv:1504.06339]
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Here we present a re-analysis
using 3 fb�1 without this
assumption.

Use 1011 ± 38 B+! XK+,
X ! ⇢0J/ decays

The phase space is limited

Patrick Koppenburg Exotic Spectroscopy at LHCb 03/12/2015 — PSI Colloquium [32 / 94]

LHCb 3/fb;  1011±38  B+→XK+, 
X→ρ0(π+π-)J/ψ decays 

Phys.Rev.D92(2015)011102(R) 
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Observation of the Z(4430)±: 
•  First seen by Belle (2008) 
•  Among all tetraquark candidates the Z(4430)- is 

special; being charged it cannot be a c anti-c state 
•  LHCb sees  125k  B→ψ(2S)Kπ  decays 

Mike Williams 8

Z(4430)±

Smaller background than B factories in hostile LHC environment!
LHCb  |
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First seen by Belle (2008) but not confirmed by BaBar. More recent Belle 
result observes much different-looking state.  Amplitude analysis prefers JP=1+ 

(doesn’t rule out all other options).

LHCb sees 125k B→ψ(2S)Kπ  decays (~12x > stats than Belle,BaBar):

LHCb-PAPER-2014-014 
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Mike Williams 9

LHCb performed a 4-D amplitude analysis using all “well known” kaon 
resonances in (or near) the allowed mass region.

Long robust list of systematic checks (multiple Kπ S-wave parameterizations, 
vary kaon resonances model, etc).

LHCb  |

M(Z)

Z(4430)±

No Z(4430); p-value ~ 10-6.  LHCb-PAPER-2014-014
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fit with Z(4430) in 
(p-value ~ 12%)

❖ M = 4475±26 MeV;

❖ Γ = 172±39 MeV;

❖ JP = 1+.

LHCb-PAPER-2014-014
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example 

Resonant character of the Z (4430)�
[LHCb, Phys. Rev. Lett. 112 (2014) 222002, arXiv:1404.1903]
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‹

Unbinned amplitude analysis

We measure
m = 4475± 7 + 15

� 25 MeV/c2 and

� = 172 ± 13 + 37
� 34 MeV/c2.

The spin is confirmed to be 1+

with overwhelming significance
and the Argand plot shows the
typical pattern for a resonance

‹ Bin the data in mass of
J/ ⇡� and let the real and
imaginary part of the Z float
in the fit.

Adding a second Z with
JP = 0� the �2 probability
improves to 26%.
m = 4239 ± 18 + 45

� 15 MeV/c2

and
� = 220 ± 47 + 108

� 74 MeV/c2.

Patrick Koppenburg Exotic Spectroscopy at LHCb 03/12/2015 — PSI Colloquium [45 / 94]

No Z(4430) p-value ~10-6 
 

Fit with Z(4430) p-value 
 ~12% 
 
The spin is confirmed  
to be 1+ 

m2(ψπ) 

m2(ψπ) 

m
2 (
ψ
π)

 

m2(Kπ) 



Pentaquarks 
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•  Predicted by Gell-Mann (64), Zweig (64), other later in context of specific QCD 
models: Jafee (76), Högaasen & Sorba (78), Strottman (79) 

 
 
     M.Gell-Mann (Phys.Lett.8(1964)214-215): 
     “Baryons can now be constructed from  
      quarks by using the combinations (q q q), 
      (q q q q anti-q), etc. , while mesons are  
      made out of (q anti-q), (q q anti-q anti-q), 
      etc.” 
 
 
•  No convincing states for 51 years 
 
•  Previous observations have been refuted 

Quark model 
 In the beginning multiquark objects 
were predicted- now called exotic   

Collider Cross Talk  Nov. 5, 2015

4 

qqqqq baryons later 
called “pentaquarks”; 
qqqq meson called 
“tetraquarks” 

_ 

_ _ 



The   Λb → J/ψp K   decays 

A.Ukleja                                   Highlights of LHCb 08/01/2016    9   

Mike Williams 13

The decay Λb→J/ψpK was first used by LHCb to make a precision 
measurement of the Λb lifetime.

LHCb  |

Λb→J/ψpK

Results shown here use the full Run 1 LHCb data set.  The selection is 
“standard” for LHCb, and vetoes possible peaking backgrounds.
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Figure 4: Invariant mass spectrum of J/ K

�
p combinations, with the total fit, signal and

background components shown as solid (blue), solid (red) and dashed lines, respectively.

⇤

0
b

decay phase space. Backgrounds from ⌅

b

decays cannot contribute significantly to
our sample. We choose a relatively tight cut on the BDTG output variable that leaves
26 007±166 signal candidates containing 5.4% background within ±15 MeV (±2 �) of the
J/ K

�
p mass peak, as determined by the unbinned extended likelihood fit shown in Fig. 4.

The combinatorial background is modeled with an exponential function and the ⇤0
b

signal
shape is parameterized by a double-sided Hypatia function [24], where the signal radiative
tail parameters are fixed to values obtained from simulation. For subsequent analysis we
constrain the J/ K

�
p four-vectors to give the ⇤0

b

invariant mass and the ⇤0
b

momentum
vector to be aligned with the measured direction from the primary to the ⇤0

b

vertices [25].
In Fig. 5 we show the “Dalitz” plot [26] using the K

�
p and J/ p invariant masses-

squared as independent variables. A distinct vertical band is observed in the K�
p invariant

mass distribution near 2.3 GeV2 corresponding to the ⇤(1520) resonance. There is also a
distinct horizontal band near 19.5 GeV2. As we see structures in both K

�
p and J/ p mass

distributions we perform a full amplitude analysis, using the available angular variables
in addition to the mass distributions, in order to determine the resonances present. No
structure is seen in the J/ K

� invariant mass.
We consider the two interfering processes shown in Fig. 1, which produce two distinct

decay sequences: ⇤0
b

! J/ ⇤

⇤, ⇤⇤ ! K

�
p and ⇤0

b

! P

+
c

K

�, P+
c

! J/ p, with J/ !
µ

+
µ

� in both cases. We use the helicity formalism [27] in which each sequential decay
A ! B C contributes to the amplitude a term
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where � is the quantum number related to the projection of the spin of the particle onto
its momentum vector (helicity) and HA!BC

�B ,�C
are complex helicity-coupling amplitudes
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Figure 5: Invariant mass squared of K�
p versus J/ p for candidates within ±15 MeV of the ⇤0

b

mass.

describing the decay dynamics. Here ✓
A

and �
B

are the polar and azimuthal angles of B
in the rest frame of A (✓

A

is known as the “helicity angle” of A). The three arguments of
Wigner’s D-matrix are Euler angles describing the rotation of the initial coordinate system
with the z-axis along the helicity axis of A to the coordinate system with the z-axis along
the helicity axis of B [12]. We choose the convention in which the third Euler angle is
zero. In Eq. (1), dJA

�A,�B��C (✓A) is the Wigner small-d matrix. If A has a non-negligible
natural width, the invariant mass distribution of the B and C daughters is described by
the complex function R

A

(m
BC

) discussed below, otherwise R

A

(m
BC

) = 1.
Using Clebsch-Gordan coe�cients, we express the helicity couplings in terms of LS

couplings (B
L,S

), where L is the orbital angular momentum in the decay, and S is the
total spin of A plus B:
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where the expressions in parentheses are the standard Wigner 3j-symbols. For strong decays,
possible L values are constrained by the conservation of parity (P ): P

A

= P

B

P

C

(�1)L.
Denoting J/ as  , the matrix element for the ⇤0
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⇤ decay sequence is
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, 0)⇤, (3)

where the x-axis, in the coordinates describing the ⇤0
b

decay, is chosen to fix �
⇤

⇤ = 0. The

5

LHCb-PAPER-2013-032

LHCb-PAPER-2015-02926k Λb

5% BKGD in 
signal region

???
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The decay Λb→J/ψpK was first used by LHCb to make a precision 
measurement of the Λb lifetime.

LHCb  |

Λb→J/ψpK

Results shown here use the full Run 1 LHCb data set.  The selection is 
“standard” for LHCb, and vetoes possible peaking backgrounds.
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Figure 4: Invariant mass spectrum of J/ K
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p combinations, with the total fit, signal and

background components shown as solid (blue), solid (red) and dashed lines, respectively.
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p versus J/ p for candidates within ±15 MeV of the ⇤0

b

mass.

describing the decay dynamics. Here ✓
A

and �
B

are the polar and azimuthal angles of B
in the rest frame of A (✓

A

is known as the “helicity angle” of A). The three arguments of
Wigner’s D-matrix are Euler angles describing the rotation of the initial coordinate system
with the z-axis along the helicity axis of A to the coordinate system with the z-axis along
the helicity axis of B [12]. We choose the convention in which the third Euler angle is
zero. In Eq. (1), dJA

�A,�B��C (✓A) is the Wigner small-d matrix. If A has a non-negligible
natural width, the invariant mass distribution of the B and C daughters is described by
the complex function R

A

(m
BC

) discussed below, otherwise R

A

(m
BC

) = 1.
Using Clebsch-Gordan coe�cients, we express the helicity couplings in terms of LS

couplings (B
L,S

), where L is the orbital angular momentum in the decay, and S is the
total spin of A plus B:

HA!BC

�B ,�C
=

X

L

X

S

q
2L+1
2JA+1BL,S

✓
J

B

J

C

S

�

B

��
C

�

B

� �

C

◆
⇥
✓

L S J

A

0 �

B

� �

C

�

B

� �

C

◆
,

(2)
where the expressions in parentheses are the standard Wigner 3j-symbols. For strong decays,
possible L values are constrained by the conservation of parity (P ): P

A

= P

B

P

C

(�1)L.
Denoting J/ as  , the matrix element for the ⇤0

b

! J/ ⇤

⇤ decay sequence is

M⇤

⇤

�⇤0
b
,�p,��µ ⌘

X

n

X

�⇤⇤

X

� 

H⇤

0
b!⇤

⇤
n 

�⇤⇤ ,� 
D

1
2
�⇤0

b
,�⇤⇤�� (0, ✓⇤0

b
, 0)⇤

H⇤

⇤
n!Kp

�p, 0
D

J⇤⇤
n

�⇤⇤ ,�p
(�

K

, ✓

⇤

⇤
, 0)⇤R

⇤

⇤
n
(m

Kp

)D 1
� ,��µ

(�
µ

, ✓

 

, 0)⇤, (3)

where the x-axis, in the coordinates describing the ⇤0
b

decay, is chosen to fix �
⇤

⇤ = 0. The
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5% BKGD in 
signal region

???
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•  The decay  Λb → J/ψpK  was first used by LHCb to make a precision 
measurements of the  Λb  lifetime 

 
•  Results shown here use the full Run 1 data set, 3/fb 

The three-body decay make a Dalitz plot, which showed an unusual feature  

26k Λb 
 
5% BKGD 
in signal 
region 



Mass projections of  Λb → J/ψp K  

A.Ukleja                                   Highlights of LHCb 08/01/2016    10   

Mike Williams 16

An unexpected peaking structure was observed in the J/ψp system.  Many 
checks done to ensure it’s not an experimental “artifact”.
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Mass Projections

Introduction and summary

The prospect of hadrons with more than the minimal quark content (qq or qqq) was
proposed by Gell-Mann in 1964 [1] and Zweig [2], followed by a quantitative model for two
quarks plus two antiquarks developed by Ja↵e in 1976 [3]. The idea was expanded upon [4]
to include baryons composed of four quarks plus one antiquark; the name pentaquark was
coined by Lipkin [5]. Past claimed observations of pentaquark states have been shown to
be spurious [6], although there is at least one viable tetraquark candidate, the Z(4430)+

observed in B

0 !  

0
K

�
⇡

+ decays [7–9], implying that the existence of pentaquark baryon
states would not be surprising. States that decay into charmonium may have particularly
distinctive signatures [10].

Large yields of ⇤0
b

! J/ K

�
p decays are available at LHCb and have been used for

the precise measurement of the ⇤0
b

lifetime [11]. (In this Letter mention of a particular
mode implies use of its charge conjugate as well.) This decay can proceed by the diagram
shown in Fig. 1(a), and is expected to be dominated by ⇤⇤ ! K

�
p resonances, as are

evident in our data shown in Fig. 2(a). It could also have exotic contributions, as indicated
by the diagram in Fig. 1(b), that could result in resonant structures in the J/ p mass
spectrum shown in Fig. 2(b).

Figure 1: Feynman diagrams for (a) ⇤0
b

! J/ ⇤

⇤ and (b) ⇤0
b

! P

+
c

K

� decay.
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Figure 2: Invariant mass of (a) K

�
p and (b) J/ p combinations from ⇤

0
b

! J/ K

�
p decays.

The solid (red) curve is the expectation from phase space. The background has been subtracted.
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LHCb-PAPER-2015-029

An unexpected peaking structure was observed in the  J/ψp  system  

state (J/ψp)  

Phys.Rev.Lett.115(2015)072001 



No pentaquark 
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Fits with all known Λ* resonances but no Pc fail to describe the data.

LHCb  |

Table 1: The ⇤

⇤ resonances used in the di↵erent fits. Parameters are taken from the PDG [12].
We take 5/2� for the J

P of the ⇤(2585). The number of LS couplings is also listed for both
the “reduced” and “extended” models. To fix overall phase and magnitude conventions, which
otherwise are arbitrary, we set B0, 12

= (1, 0) for ⇤(1520). A zero entry means the state is excluded

from the fit.

State J

P

M0 (MeV) �0 (MeV) # Reduced # Extended

⇤(1405) 1/2� 1405.1+1.3
�1.0 50.5± 2.0 3 4

⇤(1520) 3/2� 1519.5± 1.0 15.6± 1.0 5 6
⇤(1600) 1/2+ 1600 150 3 4
⇤(1670) 1/2� 1670 35 3 4
⇤(1690) 3/2� 1690 60 5 6
⇤(1800) 1/2� 1800 300 4 4
⇤(1810) 1/2+ 1810 150 3 4
⇤(1820) 5/2+ 1820 80 1 6
⇤(1830) 5/2� 1830 95 1 6
⇤(1890) 3/2+ 1890 100 3 6
⇤(2100) 7/2� 2100 200 1 6
⇤(2110) 5/2+ 2110 200 1 6
⇤(2350) 9/2+ 2350 150 0 6
⇤(2585) ? ⇡2585 200 0 6
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Figure 6: Results for (a) m
Kp

and (b) m
J/ p

for the extended ⇤

⇤ model fit without P+
c

states.
The data are shown as (black) squares with error bars, while the (red) circles show the results of
the fit. The error bars on the points showing the fit results are due to simulation statistics.
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No Pentaquark

Also tried adding: all Σ* (isospin-violating) decays; two new Λ* resonances 
with free M, Γ; 4 non-resonant Λ* amplitudes.  All fail to describe the data.

The amplitude analysis is performed. Fits with all known Λ* resonances but no 
pentaquark amplitudes fail to describe the data. 

Also tried adding:  all Σ* (isospin-violating) decays;  two new Λ* resonances with 
free M, Γ;  4 non-resonant Λ* amplitudes.  All fail to describe the data. 

Phys.Rev.Lett.115(2015)072001 



With pentaquark 
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Adding one pentaquark 
state improves the 
description but still fails to 
fully describe the data 
 
 
Two pentaquarks  
(Pc= 4380MeV, 4450MeV) 
describe data 
 
Best fit has JP = 3/2- (lower 
mass) and 5/2+ (higher 
mass), also (3/2+,5/2-) & 
(5/2+,3/2-) are preferred 
 
They have spin 3/2 & 5/2  
& opposite parity  

Mike Williams 19

Adding one Pc state improves the description but still fails to fully describe the 
data (more on this in a bit).

LHCb  |

One Pentaquark
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Figure 13: Results of the fit with one J

P = 5/2+ P

+
c

candidate. (a) Projection of the invariant
mass of K�

p combinations from ⇤

0
b

! J/ K

�
p candidates. The data are shown as (black)

squares with error bars, while the (red) circles show the results of the fit; (b) the corresponding
J/ p mass projection. The (blue) shaded plot shows the P+

c

projection, the other curves represent
individual ⇤⇤ states.

2.3 Extended model fit with one P+
c

In the fits with one P

+
c

amplitude, we test JP values of 1/2±, 3/2± and 5/2±. The mass
and width of the putative P

+
c

state are allowed to vary. There are a total of 146 free
parameters for the ⇤

⇤ states to which we add either three complex couplings for 1/2± or
four for higher spins. The best fit is with a 5/2+ state, which improves �2 lnL by 215.
Figure 13 shows the projections for this fit. While the m

Kp

projection is well described,
clear discrepancies in m

J/ p

remain visible.

2.4 Results of extended model fit with two Pc
+ states

For completeness we include here the results of the extended model fit with two P

c

+

states using cFit. We find acceptable fits for several combinations. For a lower mass
J

P = 3/2� state and a higher mass 5/2+ state, the masses (widths) are 4358.9±6.6 MeV
(151.1±13.7 MeV), and 4450.1±1.7 MeV (48.6±4.0 MeV), respectively. The uncertainties
are statistical only. The results for this two P

+
c

fit are shown in Fig. 14. Both the m

Kp

distribution and the peaking structure in m

J/ p

are reproduced.

3 Fit fraction comparison between cFit and sFit

The fit fraction for a given resonance is a ratio of the phase space integrals of the matrix
element squared calculated for the resonance amplitude taken alone and for the total
matrix element summing over all contributions. The fit fractions are listed in Table 3. The

21
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Phys.Rev.Lett.115(2015)072001 
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Best fit has JP = 3/2- (lower mass), 5/2+ (higher mass), but the alternative 
options 3/2+,5/2- and 5/2+,3/2- are not ruled out.

LHCb  |

Two Pentaquarks

In practice resonances decaying strongly into J/ p must have a minimal quark content
of ccuud, and thus are charmonium-pentaquarks; we label such states P+

c

, irrespective of
the internal binding mechanism. In order to ascertain if the structures seen in Fig. 2(b)
are resonant in nature and not due to reflections generated by the ⇤⇤ states, it is necessary
to perform a full amplitude analysis, allowing for interference e↵ects between both decay
sequences.

The fit uses five decay angles and the K�
p invariant mass m

Kp

as independent variables.
First we tried to fit the data with an amplitude model that contains 14 ⇤⇤ states listed by
the Particle Data Group [12]. As this did not give a satisfactory description of the data,
we added one P

+
c

state, and when that was not su�cient we included a second state. The
two P

+
c

states are found to have masses of 4380± 8± 29 MeV and 4449.8± 1.7± 2.5 MeV,
with corresponding widths of 205± 18± 86 MeV and 39± 5± 19 MeV. (Natural units are
used throughout this Letter. Whenever two uncertainties are quoted the first is statistical
and the second systematic.) The fractions of the total sample due to the lower mass and
higher mass states are (8.4± 0.7± 4.2)% and (4.1± 0.5± 1.1)%, respectively. The best fit
solution has spin-parity J

P values of (3/2�, 5/2+). Acceptable solutions are also found
for additional cases with opposite parity, either (3/2+, 5/2�) or (5/2+, 3/2�). The best
fit projections are shown in Fig. 3. Both m

Kp

and the peaking structure in m

J/ p

are
reproduced by the fit. The significances of the lower mass and higher mass states are 9
and 12 standard deviations, respectively.
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Figure 3: Fit projections for (a) m
Kp

and (b) m
J/ p

for the reduced ⇤

⇤ model with two P

+
c

states
(see Table 1). The data are shown as solid (black) squares, while the solid (red) points show the
results of the fit. The solid (red) histogram shows the background distribution. The (blue) open
squares with the shaded histogram represent the P

c

(4450)+ state, and the shaded histogram
topped with (purple) filled squares represents the P

c

(4380)+ state. Each ⇤

⇤ component is also
shown. The error bars on the points showing the fit results are due to simulation statistics.

2

Statistical significances estimated to be (including systematic uncertainties) 
12σ and 9σ for the narrow and broad states, respectively.  

LHCb-PAPER-2015-029

One pentaquark 

Two pentaquarks 



Adding two Pentaquarks
[LHCb, Phys. Rev. Lett. 115 (2015) 072001, arXiv:1507.03414]
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There’s an obvious peak at
mJ/ p = 4.45 GeV/c2: Add one P+

c state

with free JP .
7 Unsatisfactory fit. JP = 5

2

+
.

Add another P+
c

4 Good fit
Pc(4380)+ Pc(4450)+

JP 3
2
� 5

2
+

Mass [MeV/c2] 4380 ± 8 ± 29 4449.8 ± 1.7 ± 2.5
Width [MeV] 205 ± 18 ± 86 39 ± 5 ± 19
Significance 9� 12�

The interference pattern confirms the
opposite parities:

At cos ✓P+
c

⇠ +1, low mKp: positive
interference.
At cos ✓P+

c
⇠ �1, high mKp: negative

interference.

Reduced Model — ⌅ data — • fit

Patrick Koppenburg Exotic Spectroscopy at LHCb 03/12/2015 — PSI Colloquium [74 / 94]

Are there resonances? 
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•  The Argand diagram shows the typical phase motion of a resonance. 
•  Clear resonant-like behavior of the Pc(4450); uncertainties too large to make  
    conclusive statement about Pc(4380). 
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Model-independent (Pc) amplitudes in bins ±Γ around M:

LHCb  |

Argand Diagrams
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Figure 9: Fitted values of the real and imaginary parts of the amplitudes for the baseline (3/2�,
5/2+) fit for a) the P

c

(4450)+ state and b) the P

c

(4380)+ state, each divided into six m

J/ p

bins
of equal width between ��0 and +�0 shown in the Argand diagrams as connected points with
error bars (m

J/ p

increases counterclockwise). The solid (red) curves are the predictions from
the Breit-Wigner formula for the same mass ranges with M0 (�0) of 4450 (39) MeV and 4380
(205) MeV, respectively, with the phases and magnitudes at the resonance masses set to the
average values between the two points around M0. The phase convention sets B0, 12

= (1, 0) for

⇤(1520). Systematic uncertainties are not included.

These structures cannot be accounted for by reflections from J/ ⇤

⇤ resonances or other
known sources. Interpreted as resonant states they must have minimal quark content of
ccuud, and would therefore be called charmonium-pentaquark states. The lighter state
P

c

(4380)+ has a mass of 4380± 8± 29 MeV and a width of 205± 18± 86 MeV, while the
heavier state P

c

(4450)+ has a mass of 4449.8± 1.7± 2.5 MeV and a width of 39± 5± 19
MeV. A model-independent representation of the P

c

(4450)+ contribution in the fit shows
a phase change in amplitude consistent with that of a resonance. The parities of the two
states are opposite with the preferred spins being 3/2 for one state and 5/2 for the other.
The higher mass state has a fit fraction of (4.1± 0.5± 1.1)%, and the lower mass state of
(8.4± 0.7± 4.2)%, of the total ⇤0

b

! J/ K

�
p sample.
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(France); BMBF, DFG, HGF and MPG (Germany); INFN (Italy); FOM and NWO (The
Netherlands); MNiSW and NCN (Poland); MEN/IFA (Romania); MinES and FANO
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Clear resonant-like behavior of the Pc(4450); uncertainties too large to make 
conclusive statement about Pc(4380).

Phys.Rev.Lett.115(2015)072001 

LHCb has observed two states 
decaying into J/ψp consistent with 
pentaquark content of  (c anti-c u u d) 



Rare decays as indirect probes for BSM physics  
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Today: 
 

•   B0
(s) → µ+µ-  

 

•   B0 → K*µ+µ- 
 

•   B0,+ → K0,+,*+ µ+µ-  
 

•   B0
s → φ µ+µ-  

 

•   Λb → Λ µ+µ- 

B. Adeva, University of  Santiago de Compostela           XXIXth Int. Workshop on HEP          Protvino   26th  June, 2013                                                                                       9 

          The rare decay B ! K* µ+µ- 

In the Standard Model, AFB 
flips sign at a 
well defined q2 point, 
no hadronic uncertainties :  
q0

2 =4.36±0.33 GeV2/c4  

 q0
2 = 4.9 ± 0.9 GeV2  

Angular analysis in  
B ! K*0(K+π-)µ+µ-  
sensitive to right-handed  
currents 

CERN-PAPER-2013-019  arXiv: 1304.6325 

CDF, Belle, BaBar, ATLAS, CMS 
existing measurements not shown 

A9 asymmetry : null test of  
CP violation in RH currents 

Zero crossing point q0
2  very sensitive to  

Flavour Blind  MSSM models arXiv:0811.1214 

SM diagrams                        NP diagrams 

•  Rare flavour changing neutral current (FCNC) decays (proceeds via a b- to s-
quark) are forbidden at tree level in the SM 

 
 

•  It only occurs via electroweak penguin and box processes 
 
 

•  New heavy particles in SM extensions can enter in competing processes and 
can significantly change the branching fraction of the decay  



Very rare B0
(s) → µ+µ- decays  
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B ! µµ 4 / 33

The very rare decay B0
(s) ! µµ

b̄

s

µ+

µ�

B0

s W

t

t

Z0

b̄

s

µ+

µ�

B0

s t
W

W

⌫µ

⌅ Loop and additionally helicity suppressed
⌅ Purely leptonic final state: Theoretically and experimentally very clean
⌅ Very sensitive to NP:
Possible scalar and pseudoscalar enhanced wrt. SM axialvector

B / |VtbVtq|2[(1 � 4m2

µ

M2

B
)|CS � C 0

S |2 + |(CP � C 0
P ) + 2mµ

M2

B
(C

10

� C 0
10

)|2]
⌅ SM prediction (accounting for ��s 6= 0) [C. Bobeth et al.,

PRL 112, 101801 (2014)]

B(B0
s ! µ+µ�) = (3.66 ± 0.23) ⇥ 10�9

B(B0 ! µ+µ�) = (1.06 ± 0.09) ⇥ 10�10

C. Langenbruch (Warwick), LIO 2015 EW penguin and rare B decays

B ! µµ 4 / 33

The very rare decay B0
(s) ! µµ

b̄

s

µ+

µ�

B0

s W

t

t

Z0

b̄

s

µ+

µ�

B0

s t
W

W

⌫µ

⌅ Loop and additionally helicity suppressed
⌅ Purely leptonic final state: Theoretically and experimentally very clean
⌅ Very sensitive to NP:
Possible scalar and pseudoscalar enhanced wrt. SM axialvector

B / |VtbVtq|2[(1 � 4m2

µ

M2

B
)|CS � C 0

S |2 + |(CP � C 0
P ) + 2mµ

M2

B
(C

10

� C 0
10

)|2]
⌅ SM prediction (accounting for ��s 6= 0) [C. Bobeth et al.,

PRL 112, 101801 (2014)]

B(B0
s ! µ+µ�) = (3.66 ± 0.23) ⇥ 10�9

B(B0 ! µ+µ�) = (1.06 ± 0.09) ⇥ 10�10

C. Langenbruch (Warwick), LIO 2015 EW penguin and rare B decays

•  Purely leptonic final state: theoretically and 
experimentally very clean 

•  Very sensitive to NP 
•  SM predictions (accounting for ΔΓs ≠ 0): 

B ! µµ 4 / 33

The very rare decay B0
(s) ! µµ

b̄

s

µ+

µ�

B0

s W

t

t

Z0

b̄

s

µ+

µ�

B0

s t
W

W

⌫µ

⌅ Loop and additionally helicity suppressed
⌅ Purely leptonic final state: Theoretically and experimentally very clean
⌅ Very sensitive to NP:
Possible scalar and pseudoscalar enhanced wrt. SM axialvector

B / |VtbVtq|2[(1 � 4m2

µ

M2

B
)|CS � C 0

S |2 + |(CP � C 0
P ) + 2mµ

M2

B
(C

10

� C 0
10

)|2]
⌅ SM prediction (accounting for ��s 6= 0) [C. Bobeth et al.,

PRL 112, 101801 (2014)]

B(B0
s ! µ+µ�) = (3.66 ± 0.23) ⇥ 10�9

B(B0 ! µ+µ�) = (1.06 ± 0.09) ⇥ 10�10

C. Langenbruch (Warwick), LIO 2015 EW penguin and rare B decays

B ! µµ 5 / 33

First observation of B0
s ! µµ

]2c [MeV/−µ+µm
5000 5200 5400 5600 5800

)2 c
S/

(S
+B

) w
ei

gh
te

d 
ca

nd
. /

 (4
0 

M
eV

/

0

10

20

30

40

50

60 Data
Signal and background

−µ+µ →s
0B

−µ+µ →0B
Combinatorial bkg.
Semileptonic bkg.
Peaking bkg.

CMS and LHCb (LHC run I)

⌅ Combined analysis of LHCb and CMS Run 1 data, sharing signal and
nuisance parameters [Nature 522 (2015) pp. 68-72]

⌅ First obs. of B0

s ! µ+µ� with 6.2 � significance (expected 7.2 �)
B(B0

s ! µ+µ�) = (2.8+0.7
�0.6) ⇥ 10�9 compatible with SM at 1.2 �

⌅ First evidence for B0! µ+µ� with 3.0 � significance (expected 0.8 �)
B(B0! µ+µ�) = (3.9+1.6

�1.4) ⇥ 10�10 compatible with SM at 2.2 �

C. Langenbruch (Warwick), LIO 2015 EW penguin and rare B decays

Nature 552 (2015) 68-72 

•  First observation of B0
s → µ+µ- 

with 6.2σ significance:  
 

•  First evidence of B0 → µ+µ- 
with 3.0σ significance:  

•  Both compatible with SM 

B ! µµ 5 / 33

First observation of B0
s ! µµ

]2c [MeV/−µ+µm
5000 5200 5400 5600 5800

)2 c
S/

(S
+B

) w
ei

gh
te

d 
ca

nd
. /

 (4
0 

M
eV

/

0

10

20

30

40

50

60 Data
Signal and background

−µ+µ →s
0B

−µ+µ →0B
Combinatorial bkg.
Semileptonic bkg.
Peaking bkg.

CMS and LHCb (LHC run I)

⌅ Combined analysis of LHCb and CMS Run 1 data, sharing signal and
nuisance parameters [Nature 522 (2015) pp. 68-72]

⌅ First obs. of B0

s ! µ+µ� with 6.2 � significance (expected 7.2 �)
B(B0

s ! µ+µ�) = (2.8+0.7
�0.6) ⇥ 10�9 compatible with SM at 1.2 �

⌅ First evidence for B0! µ+µ� with 3.0 � significance (expected 0.8 �)
B(B0! µ+µ�) = (3.9+1.6

�1.4) ⇥ 10�10 compatible with SM at 2.2 �

C. Langenbruch (Warwick), LIO 2015 EW penguin and rare B decays

B ! µµ 5 / 33

First observation of B0
s ! µµ

]2c [MeV/−µ+µm
5000 5200 5400 5600 5800

)2 c
S/

(S
+B

) w
ei

gh
te

d 
ca

nd
. /

 (4
0 

M
eV

/

0

10

20

30

40

50

60 Data
Signal and background

−µ+µ →s
0B

−µ+µ →0B
Combinatorial bkg.
Semileptonic bkg.
Peaking bkg.

CMS and LHCb (LHC run I)

⌅ Combined analysis of LHCb and CMS Run 1 data, sharing signal and
nuisance parameters [Nature 522 (2015) pp. 68-72]

⌅ First obs. of B0

s ! µ+µ� with 6.2 � significance (expected 7.2 �)
B(B0

s ! µ+µ�) = (2.8+0.7
�0.6) ⇥ 10�9 compatible with SM at 1.2 �

⌅ First evidence for B0! µ+µ� with 3.0 � significance (expected 0.8 �)
B(B0! µ+µ�) = (3.9+1.6

�1.4) ⇥ 10�10 compatible with SM at 2.2 �

C. Langenbruch (Warwick), LIO 2015 EW penguin and rare B decays

B0
s B0

 



The ratio R = BF(B0→µµ) / BF(B0
s→µµ) 

A.Ukleja                                   Highlights of LHCb 08/01/2016    16   

B ! µµ 6 / 33

The ratio R = B(B0 ! µµ)/B(B0
s ! µµ)

]9�[10)�µ+µ⇥s
0BB(

0 1 2 3 4 5 6 7 8 9

]9�
[1

0
)� µ

+ µ
⇥

0
B

B
(

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

68.27%

95.45%

99.73% 5�
10

◊
6.3

�1

7�
10

◊
5.7

�1

9�
10

◊2
�1

SM

CMS and LHCb (LHC run I)

a

R
0 0.1 0.2 0.3 0.4 0.5

Lln
∆2−

0

2

4

6

8

10

SM and MFV

CMS and LHCb (LHC run I)

⌅ R = B(B0!µµ)
B(B0

s!µµ)
test of MFV hypothesis

⌅ R
SM

= 0.0295+0.0028
�0.0025

⌅ R = 0.14+0.08
�0.06 compatible at 2.3 �

C. Langenbruch (Warwick), LIO 2015 EW penguin and rare B decays

B ! µµ 6 / 33

The ratio R = B(B0 ! µµ)/B(B0
s ! µµ)

R
0 0.1 0.2 0.3 0.4 0.5

L
ln

∆2−

0

2

4

6

8

10

SM and MFV

CMS and LHCb (LHC run I)

⌅ R = B(B0!µµ)
B(B0

s!µµ)
test of MFV hypothesis

⌅ R
SM

= 0.0295+0.0028
�0.0025

⌅ R = 0.14+0.08
�0.06 compatible at 2.3 �

C. Langenbruch (Warwick), LIO 2015 EW penguin and rare B decays

Nature 552 (2015) 68-72 

More details (including future plans):  Hannah Mary Evans 



Introduction 3 / 28

Golden decay B0 ! K⇤0[! K+⇡�]µ+µ�
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Figure 1. Kinematic variables of

B̄0

d ! K̄⇤0(! K�⇡+) + ¯̀̀ decays:

i) the (¯̀̀ )-invariant mass squared q2,

ii) the angle ✓` between ` = `� and B̄

in the (¯̀̀ ) center of mass (c.m.), iii)

the angle ✓K⇤ between K� and B̄ in

the (K�⇡+) c.m. and iv) the angle �

between the two decay planes spanned

by the 3-momenta of the (K⇡)- and

(¯̀̀ )-systems, respectively.

V is assumed to be on-shell in the narrow-resonance approximation which restricts the number

of kinematic variables to four4. Using B̄0

d ! K̄⇤0(! K�⇡+) + ¯̀̀ for illustration, they might be

chosen as depicted in figure 1.

The di↵erential decay rate, after summing over lepton spins, factorises into
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sin 2✓K⇤ sin 2✓` sin � + J
9

sin2 ✓K⇤ sin2 ✓` sin 2�, (1)

that is, into q2-dependent observables5 J j
i (q

2) and the dependence on the angles ✓`, ✓K⇤ and

�. No additional angular dependencies can be induced by any extension of the SM operator

basis [11] as found by [12, 13]. The following simplifications arise in the limit m` ! 0: Js
1

= 3Js
2

,

Jc
1

= �Jc
2

and Jc
6

= 0.

The di↵erential decay rate d4�̄ of the CP-conjugated decay B0

d ! K0⇤(! K+⇡�) + ¯̀̀ is

obtained through the following replacements

J j
1,2,3,4,7 ! J̄ j

1,2,3,4,7[�W ! ��W ], J j
5,6,8,9 ! � J̄ j

5,6,8,9[�W ! ��W ], (2)

due to ` $ ¯̀) ✓` ! ✓` � ⇡ and � ! ��. The CP-violating (weak) phases �W are conjugated.

The angular distribution provides twice as many observables (J j
i and J̄ j

i ) when the decay

and its CP-conjugate decay are measured separately. This doubles again if the ` = e and µ

lepton flavours are not averaged. Notably, CP-asymmetries can be measured in an untagged

sample of B-mesons due to the presence of CP-odd observables (i = 5, 6, 8, 9) [7]. Moreover,

T-odd observables ⇠ cos �s sin �W (i = 7, 8, 9) are especially sensitive to weak BSM phases �W
[10, 14] contrary to T-even ones ⇠ sin �s sin �W (i = 1, . . . , 6), since the CP-conserved (strong)

phase �s is often predicted to be small. Note, that in the SM CP-violating e↵ects in b ! s are

doubly-suppressed by the Cabibbo angle as Im[VubV
⇤
us/(VtbV

⇤
ts)] ⇡ ⌘̄� ⇠ 10�2.

4 The o↵-resonance case has been studied in [9].
5 Possibilities to extract q2-integrated Jj

i from single-di↵erential distributions in ✓`, ✓K⇤ or � can be found in [10].
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⌅ Large part of theory uncertainty due to hadronic form-factors
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The final state of the decay can be fully described by three angles and q2 = m2
µµ   
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B0 ! K⇤0µ+µ� likelihood projections [1.1, 6.0]GeV2/c4
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⌅ E�ciency corrected distributions show good agreement
with overlaid PDF projections
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Mass model and B0 ! K⇤0µ+µ� signal yield
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[LHCb-CONF-2015-002]

B0! K⇤0µµ signal

1.1 < q2 < 6.0GeV

2/c4

⌅ Signal mass model from high statistics B0 ! J/ K⇤0

Correction factor from simulation to account for q2 dep. resolution
⌅ Finer q2 binning to allow more flexible use in theory
⌅ Significant signal yield in all bins, q2 integrated N

sig

= 2398 ± 57

C. Langenbruch (Warwick), Moriond EW 2015 Rare decays from LHCb

The CP-averaged observables  FL,  AFB  and  Sj 
are determined from a simultaneous unbinned 
maximum likelihood fit to three angles and 
invariant mass distributions in q2 bins 
 
Good agreement of the fitted function with the data 
is observed  

LHCb 3/fb, 2011+2012, 2398 ± 57 events 

background component signal component 

Example in one q2 bin 

LHCb-PAPER-2015-051 
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Forward-backward asymmetry AFB
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⌅ Data points slightly below SM prediction at low q2

⌅ ZCP q2
0

= 3.7+0.8
�1.1 GeV2/c4 evaluated as in [JHEP 08 (2013) 131]

C. Langenbruch (Warwick), Moriond EW 2015 Rare decays from LHCb

LHCb-PAPER-2015-051 

•  The q2 at zero of  AFB  is a good probe of New Physics.  
•  The zero-crossing point of  AFB  is determined to be   3.7+0.8

-1.1 GeV2,  which is 
in good agreement with the SM prediction 

B0 o K*P�P� 

Forward-backward asymmetry AFB  sensitive  to modification of  the helicity structure.  
AFB(q2) – asymmetry in the P�P��rest frame, q2 = m2

P�P� 

Sensitive to NP in loops which modify 
angular distributions (SUSY, graviton 
exchange , extra dimension). 
 

q2 at zero of AFB is a good probe of NP 

21 TME 2013 - M. Witek 10-06-2013 

Phys. Rev. Lett.110 (2013) 031801 
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B0 ! K⇤0µ+µ� Results: FL, S3, S4, S5
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C. Langenbruch (Warwick), Moriond EW 2015 Rare decays from LHCb

The measured CP-averaged observables FL, S3, S4, S5  (LHCb-PAPER-2015-051) 
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P 0
5
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⌅ Tension seen in P 0
5

in [PRL 111, 191801 (2013)] confirmed
⌅ [4.0, 6.0] and [6.0, 8.0] GeV2/c4 show deviations of 2.9� each
⌅ Naive combination results in a significance of 3.7�
⌅ Compatible with 1 fb�1 measurement

C. Langenbruch (Warwick), Moriond EW 2015 Rare decays from LHCb

LHCb-PAPER-2015-051 
P 0
5 = S5/

p
FL(1� FL)

A naïve combination of the deviations in two bins of  P’5:  4 < q2 < 8 GeV2  
give a significance of  3.7σ  agreement with the SM prediction 

Perform ratios of angular observables where form factors cancel at leading order 
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We measure also the differential branching fractions  B0,+→ K0,+,�+µ+µ- 

•  Although larger theoretical 
uncertainties from form 
factors – previous 
measurements show some 
tension with SM predictions 

                  [JHEP 06 (2014) 133] 

5 

B+→K*+µ+µ-  

B+→K0µ+µ-  B+→K+µ+µ-  

B0,+→ K0,+,�+µ+µ- 

•  Although larger theoretical 
uncertainties from form 
factors – previous 
measurements show some 
tension with SM predictions 

                  [JHEP 06 (2014) 133] 
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B0,+→ K0,+,�+µ+µ- 

•  Although larger theoretical 
uncertainties from form 
factors – previous 
measurements show some 
tension with SM predictions 

                  [JHEP 06 (2014) 133] 
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B+→K*+µ+µ-  

B+→K0µ+µ-  B+→K+µ+µ-  
Trend to be below SM prediction  
at low q2? 

4746 ± 81 
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Figure 2. Differential branching fraction results for the B+ → K+µ+µ−, B0 → K0µ+µ− and
B+→ K∗+µ+µ− decays. The uncertainties shown on the data points are the quadratic sum of the
statistical and systematic uncertainties. The shaded regions illustrate the theoretical predictions
and their uncertainties from light cone sum rule and lattice QCD calculations.

and 1.50 for B→ Kµ+µ− and B0→ K∗0µ+µ−, respectively. No uncertainty is assigned

to these corrections. Summing the q2 bins and applying the extrapolation, the integrated

branching fractions become

B(B+→ K+µ+µ−) = (4.29± 0.07 (stat)± 0.21 (syst))× 10−7,

B(B0→ K0µ+µ−) = (3.27± 0.34 (stat)± 0.17 (syst))× 10−7,

B(B+→ K∗+µ+µ−) = (9.24± 0.93 (stat)± 0.67 (syst))× 10−7.

These measurements are more precise than the current world averages [26].

Table 3 compares the B+ → K+µ+µ− and B0 → K0µ+µ− branching fractions inte-

grated over the q2 region of 15− 22GeV2/c4, and the B+→ K∗+µ+µ− branching fraction

integrated over the 15 − 19GeV2/c4 region to the lattice QCD predictions [1, 2, 46, 47].

While the measurements are all individually consistent with their respective predictions,

they all have values below those.

8 Isospin asymmetry results

The assumption of no isospin asymmetry in the B→ J/ψK(∗) modes makes the isospin

measurement equivalent to measuring the difference in isospin asymmetry between B→

– 9 –
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The rare decay B0
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⌅ Dominant b ! sµ+µ� decay for B0

s , analogous to B0! K⇤0µ+µ�

⌅ K+K�µ+µ� final state not self-tagging
! reduced number of angular observables: F
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⌅ Clean selection due to narrow � resonance, S-wave negligible
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Rare B0
s → φ(→K+K-) µ+µ- decays 

A.Ukleja                                   Highlights of LHCb 08/01/2016    23   

JHEP09 (2015) 179 

LHCb 3/fb, 2011+2012,  432 ± 24 events 
•  Dominant  b → sµ+µ- decay for B0

s , analogous  
     to the decay B0 → K*0(→K+π-) µ+µ-   
•  Full angular analysis performed, measure also  
    differential branching fraction  
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Figure 4. Differential branching fraction of the decay B0
s → φµ+µ−, overlaid with SM predic-

tions [4, 5] indicated by blue shaded boxes. The vetoes excluding the charmonium resonances are
indicated by grey areas.

efficiency on the underlying physics model. Its effect on the branching fraction measure-

ment is evaluated by varying the Wilson coefficient C9 used in the generation of simulated

signal events. By allowing a New Physics contribution of −1.5, which is motivated by the

global fit results in ref. [38], the resulting systematic uncertainty is found to be less than

1.6%. The selection requirements introduce a decay-time dependence of the efficiencies

which can, due to the sizeable lifetime difference in the B0
s system [39], affect the mea-

sured branching fraction [40]. The systematic uncertainty is determined with simulated

B0
s → φµ+µ− signal events, generated using time-dependent decay amplitudes as described

in ref. [12]. When varying the Wilson coefficients, the size of the effect is found to be at

most 1.6%, which is taken as the systematic uncertainty. The statistical uncertainty due to

the limited size of the simulated signal samples leads to a systematic uncertainty of 1.9%.

The systematic uncertainties due to the parametrisation of the mass shapes are eval-

uated using pseudoexperiments. For the signal mass model, events are generated using a

double Gaussian mass shape, and then fitted using both the double Gaussian as well as the

nominal signal mass shape, taking the observed deviation as the systematic uncertainty.

For the parametrisation of the combinatorial background, the nominal exponential function

is compared with a linear mass model. The systematic uncertainties due to the modelling

of the signal and background mass shape are 2.1% and 1.6%, respectively. Peaking back-

grounds are neglected in the fit for determination of the signal yields. The main sources of

systematic uncertainty are caused by contributions from the decays Λ0
b → pK−µ+µ− and

B0 → K∗0µ+µ−, resulting in systematic uncertainties of 0.2 − 2.2%, depending on the q2

bin. Finally, the uncertainty on the branching fraction of the decay J/ψ → µ+µ− amounts

to a systematic uncertainty of 0.6%. The complete list of systematic uncertainties is given

in table 2.

For the total branching fraction of the signal decay, the uncertainty on the branching

fraction of the normalisation channel is the dominant systematic uncertainty, at the level

– 8 –

For the q2 region 1<q2<6 GeV2 the differential branching fraction of  
 
 
is 3.3σ below the SM prediction of (4.81±0.56) x 10-8 GeV-2 

J
H
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P
0
9
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)
1
7
9

constraints in global fits. All angular observables are found to be compatible with SM

predictions.

The B0
s → φµ+µ− branching fraction relative to the normalisation mode B0

s → J/ψφ

is measured to be

B(B0
s → φµ+µ−)

B(B0
s → J/ψφ)

= (7.41+0.42
−0.40 ± 0.20± 0.21)× 10−4,

and the resulting total absolute branching fraction is measured to be

B(B0
s → φµ+µ−) = (7.97+0.45

−0.43 ± 0.22± 0.23± 0.60)× 10−7,

where the uncertainties are (from left to right) statistical, systematic, and from the ex-

trapolation to the full q2 region. For the total branching fraction, a further uncertainty

originates from the uncertainty on the branching fraction of the normalisation mode. The

measured branching fraction is compatible with the previous measurement [3] and lies be-

low SM expectations. For the q2 region 1.0 < q2 < 6.0GeV2/c4 the differential branching

fraction of (2.58+0.33
−0.31±0.08±0.19)×10−8GeV−2c4 is more than 3 σ below the SM prediction

of (4.81± 0.56)× 10−8GeV−2c4 [4, 5, 32].
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B
s
→φμ+μ– 

● Full angular analysis performed

● Not self-tagging → complementarity to K*0μ+μ– 

– Measure also differential branching fraction

JHEP 09 (2015) 179

3.3σ tension with SM prediction – consistent picture in b → sl+l– branching fractions

Tim Gershon
Highlights and prospects

SM predictions from 
arXiv:1411.3161, 
arXiv:1503.05534
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B
s
→φμ+μ– 

JHEP 09 (2015) 179

All angular observables consistent with SM
Tim Gershon

Highlights and prospects

SM predictions from 
arXiv:1411.3161, 
arXiv:1503.05534

All angular observables consistent with the Standard Model 



Rare Λb → Λ µ+µ- decays 
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Λ
b
→Λμ+μ– 

JHEP 06 (2015) 115

Similar tension with SM prediction for branching fraction at low q2

Statistics still low for angular analysis

Baryonic system provides sensitivity to additional observables

Tim Gershon
Highlights and prospects

SM predictions from 

arXiv:1212.4827

Similar tension with SM prediction for branching fraction at low q2 

Statistics still low for angular analysis  

JHEP06 (2015) 115 
LHCb 3/fb, 2011+2012:  
             1.1<q2<6   GeV2:    9.4 ± 6.3 candidates (1.7 significance) 
              15<q2<20 GeV2:    276 ± 20 candidates (21 significance) 
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Figure 5. Measured Λ0
b → Λµ+µ− branching fraction as a function of q2 with the predictions of

the SM [15] superimposed. The inner error bars on data points represent the total uncertainty on
the relative branching fraction (statistical and systematic); the outer error bar also includes the
uncertainties from the branching fraction of the normalisation mode.

q2 interval [GeV2/c4] dB(Λ0
b→ Λµ+µ−)/dq2 · 10−7[(GeV2/c4)−1]

0.1–2.0 0.36 +0.12
− 0.11

+0.02
− 0.02 ± 0.07

2.0–4.0 0.11 +0.12
− 0.09

+0.01
− 0.01 ± 0.02

4.0–6.0 0.02 +0.09
− 0.00

+0.01
− 0.01 ± 0.01

6.0–8.0 0.25 +0.12
− 0.11

+0.01
− 0.01 ± 0.05

11.0–12.5 0.75 +0.15
− 0.14

+0.03
− 0.05 ± 0.15

15.0–16.0 1.12 +0.19
− 0.18

+0.05
− 0.05 ± 0.23

16.0–18.0 1.22 +0.14
− 0.14

+0.03
− 0.06 ± 0.25

18.0–20.0 1.24 +0.14
− 0.14

+0.06
− 0.05 ± 0.26

1.1–6.0 0.09 +0.06
− 0.05

+0.01
− 0.01 ± 0.02

15.0–20.0 1.20 +0.09
− 0.09

+0.02
− 0.04 ± 0.25

Table 4. Measured differential branching fraction of Λ0
b → Λµ+µ−, where the uncertainties are

statistical, systematic and due to the uncertainty on the normalisation mode, Λ0
b → J/ψΛ, respec-

tively.

the precision of the branching fraction for the normalisation channel, while the uncertainty

on the relative branching fraction is dominated by the size of the data sample available.

The data are consistent with the theoretical predictions in the high-q2 region but lie below

the predictions in the low-q2 region.

– 13 –



Probes of lepton universality  
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•  Lepton flavour universality and conservation are accidental in the Standard  
    Model. 
 
•   Any evidence of lepton flavour violation will point directly to new physics.  
 
•  Despite countless searches in many experiments no evidence of lepton  
    flavour violation (apart from neutrinos...).  
 
 
•  Today: 
 
 
 

Ø   B+ → K+µ+µ- / B+ → K+e+e- 
 
 
 
 
 
 

Ø   B0 → D(*)τν / B0 → D(*)µν  

Backup 42 / 33

Complication in theory: QCD e↵ects

d̄ d̄

b s

`+

`�

W

t

Z0, �

d̄ d̄

b s

`+

`�

W

t

Z0, �

⌅ Hadronic meson in initial and final state
! Predictions require non-perturbative calculation of form factors

⌅ Predictions of B and angular obs. a↵ected by form factor uncertainty
⌅ Ideally measure clean observables where form factors (largely) cancel

⌅ ACP = �(B�!K�µ+µ�)��(B+!K+µ+µ�)
�(B�!K�µ+µ�)+�(B+!K+µ+µ�)

⌅ Lepton universality, RK = B+!K+µ+µ�

B+!K+e+e�

⌅ AI = �(B0!K0µ+µ�)��(B+!K+µ+µ�)
�(B0!K0µ+µ�)+�(B+!K+µ+µ�)

⌅ Ratios of angular obs., P (0)
i basis

⌅ Recent improvements from lattice (high q2) and LCSR (low q2)
[arXiv:1503.05534] [arXiv:1310.3722] [arXiv:1501.00367]

C. Langenbruch (Warwick), LIO 2015 EW penguin and rare B decays

B0!→!D(�) τ ντ!!
•  B%semileptonic%decays%well%described%in%the%SM%
•  Charged%lepton%universality%implies%branching%frac3ons%to%e,µ,τ   
differ%only%for%phase%space%and%helicity4suppressed%contribu3ons%

•  %B0→D(*)τν%%%

%%%%sensi3ve%to%NP%

%
•  Babar%and%Belle%measurements%hint%to%devia3on%from%SM%
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Lepton universality using B+ → K+l+l- 
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•  The deficit of B+→K+µ+µ- compared to expectation in the differential branching 
fraction at low q2 could be seen in K+µ+µ-/K+e+e- ratio (RK) 

 

•  SM prediction is RK = 1 with an uncertainty of O(10−3)  

RK(1<q2<6 GeV2) = 0.745+0.090
-0.074±0.036 

 

Only 2.6σ from SM but suggestive 

RK 

30 

SM  Bobeth et al. arXiv:0709.4174  
BaBar  PRD86 (2012) 032012  
Belle  PRL 103 (2009) 171801 

•  The ratio of branching fractions,  
 RK = B(B+→K+µ+µ-) / B(B+→K+e+e-) 

•  Precisely predicted in SM, 
 RK = 1.00030 +0.00010 -0.00007 

•  But LHCb measurement in 
1<q2<6 GeV2  

 
 RK = 

 

     → 2.6σ from SM prediction 

•  Correct for bremsstrahlung using 
calorimeter photons (ET>75MeV) 

•  Migration of events into/out of 
the 1 < q2 < 6 GeV2 region  
corrected using MC 

•  Double ratio with resonant decay 
B+ ! J/!(e+e-) K+ measured 

•  In 3fb-1 LHCb determines 
 
 
(consistent with SM at 2.6") 

 

Johannes Albrecht 

Test of lepton universality 
Lepton universality?

Correct for bremstrahlung using
calorimeter photons
(with ET > 75MeV).

Migration of events into/out-of the
1 < q2 < 6GeV2/c4 window is
corrected using MC.

Take double ratio with
B+� J/⇥K+ decays to cancel
possible systematic biases.

In 3 fb�1 LHCb determines
RK = 0.745+0.090

�0.074(stat)
+0.036
�0.036(syst)

which is consistent with SM at 2.6�.
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LHCb-PAPER-2014-024 [Preliminary],
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BaBar [PRD 86 (2012) 032012]

T. Blake Rare FCNC decays 34 / 43

Lepton universality?

Correct for bremstrahlung using
calorimeter photons
(with ET > 75MeV).

Migration of events into/out-of the
1 < q2 < 6GeV2/c4 window is
corrected using MC.

Take double ratio with
B+� J/⇥K+ decays to cancel
possible systematic biases.

In 3 fb�1 LHCb determines
RK = 0.745+0.090

�0.074(stat)
+0.036
�0.036(syst)

which is consistent with SM at 2.6�.

]4c/2 [GeV2q
0 5 10 15 20

KR

0

0.5

1

1.5

2

SM

LHCb BaBar Belle

LHCb

LHCb-PAPER-2014-024 [Preliminary],

Belle [PRL 103 (2009) 171801] ,

BaBar [PRD 86 (2012) 032012]

T. Blake Rare FCNC decays 34 / 43
8. July 2014 

3fb-1 
arXiv:1406.6482 
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(See Francesco’s talk, this 
afternoon… ) 

PRL113(2014)151601 Example mass fit for Ke+e- 

note huge tail due to energy loss 

F. Dettori (CERN)

Test of lepton universality using B+ ! K+`+`� decays
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The combination of the various trigger
channels gives:
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The decays  B0 → D(*) τν  , B0 → D(*) µν
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B0!→!D(�) τ ντ!!
•  B%semileptonic%decays%well%described%in%the%SM%
•  Charged%lepton%universality%implies%branching%frac3ons%to%e,µ,τ   
differ%only%for%phase%space%and%helicity4suppressed%contribu3ons%

•  %B0→D(*)τν%%%

%%%%sensi3ve%to%NP%

%
•  Babar%and%Belle%measurements%hint%to%devia3on%from%SM%
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We count decays with B, once in the final state there is heavy lepton (τ) and once 
light (µ) 

•  Powerful channel to test lepton 
universality  

•  Sensitive to New Physics 
•  Measurements form BaBar and 

Belle hint of lepton universality 
violation 

 
LHCb (PRL115(2015)112001): 
•  Agree with other measurements 
•  2.1σ  above SM:  

R(D*)SM=0.252±0.003 

!R(D�)#
•  Precise%measurement%of%%B→Xτντ%decay%considered%unfeasible%
at%hadronic%colliders%so%far%

•  %no%kinema3c%constraint%(as%in%B%Factories)%and%large%backgrounds%

•  Take%ra3o%of%branching%frac3ons,%with%τ→µνµντ%decay%%%%%%%%%%%%
•  The%two%modes%have%same%visible%final%state%par3cles%

R(D!) "
B B0 # D!+! $(µ$"µ"! )"!( )

B B0 # D!+µ$!µ( )
•  Theore3cally%clean,%cancella3on%of%form%factor%uncertain3es%

%%%%%%%%%%%%R(D*)SM%%=%0.252±0.003%%%%%%%%%%%%%%%%%%%%%%%PRD%85094025%(2012)%
%

•  %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%large%and%well%measured%B(! ! " µ!"µ"! ) = (17.41± 0.04)%
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Combined result from all measurements:  3.9σ  above Standard Model 

New HFAG average of R(D*) and R(D):$

Difference with  SM predictions at 3.9 � level. 

29 

Puzzling deviations: R(D(*))  = BR(B �D(*)τν)/BR(B �D(*)lν)    
_$ _$_$_$

Gaia Lanfranchi  (LHCb Collaboration)    ----     20 August 2015 

HFAG averages: 
R(D*) = 0.322 ±0.018±0.012 
R(D) = 0.391 ±0.041±0.028 
Correlation (D,D*) = -0.29 

SM predictions: 
R(D*) = 0.252 ± 0.003  
       PRD 85 (2012) 094025 
R(D) = 0.300 ±0.010 
       FNAL/MILC, arXiv:1503.07237 
       H. Na at al., arXiv:1505.03925 
       S. Fajfer et al., PRD 85, 094025 (2012) 



Summary 
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•  The LHCb has performed spectacularly well in Run 1 (2011+2012, 3/fb) 

confirming so far the robustness of the Standard Model 

•  For the first time, LHCb has observed two resonant states in J/ψp consistent with 
pentaquarks: Pc(4380MeV), Pc(4450MeV) 

 
•  Rare decays are an excellent laboratory to search for BSM effects 

 
 

•  Several potential ~3σ hints of BSM effects to be explored further: 
 

²  in rare  B0 → K*0µ+µ-  decays observable  P’5  in   4 < q2 < 8 GeV2  give a 
significance of  3.7σ   agreement with the SM 

 

²  in rare  B0
s → φµ+µ-  decays in  1<q2<6 GeV2  the differential branching 

fraction is  3.3σ  below the SM and this trend is seen in other decays 
 

²                                                                       agree with SM (2.1σ),  but 
combined result from all measurements is 3.9σ  above SM  

 
 
 

Conclusion!
•  First%measurement%of%B→Xτντ%decay%at%a%hadron%collider%
performed%by%LHCb%
•  Similar%precision%of%previous%B%Factories%measurements%
•  Demonstrate%LHCb%capabili3es%for%high%precision%measurements%
in%semileptonic%decays%

•  Similar%studies%with%hadronic%tau%decays%ongoing%

•  B(D�τν)/B (D�µν)%=%0.336%±%0.027%±%0.030%
•  In%agreement%with%SM%at%2.1%σ%level%
•  Similar%devia3on%is%observed%in%all%%current%R(D(�) )%results,%the%
combined%average%is%3.9%σ%over%the%SM.%
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Prospects 
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Future: 
 
•  Data are being recorded,  2015-18 > 8/fb  at  √s=13 TeV  (Run 2) 
 
•  Move towards precision era for B(s) → X µ+µ– decays  
 
•  Expand physics programme to more modes with electrons and taus: 

²  not only Rk (B→Ke+e-/B→Kµ+µ-) but similar ratios with different hadronic 
systems (K*, φ, Λ, etc.) 

²  not only D*τν, but also Dτν, Dsτν, Λcτν, etc. 
 
•  LHCb upgrade (starting 2019) plans to collect ~50/fb data in 2022 and reach 

sensitivity which are comparable or better than theoretical uncertainties 



LHCb upgrade 

A.Ukleja                                   Highlights of LHCb 08/01/2016    32   

EPJ C73(2013)2373 

Backup 67 / 33

Prospects for rare decays in 2018 and beyond

C. Langenbruch (Warwick), LIO 2015 EW penguin and rare B decays



Pentaquarks interference 
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Phys.Rev.Lett.115(2015)072001 
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Such interference requires two 
states with opposite parity.
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Pc Interference

constructive Pc interference

destructive Pc interference

LHCb-PAPER-2015-029
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M(Kp)<1.55GeV 1.55<M(Kp) 
<1.70GeV 

1.70<M(Kp) 
<2.00GeV 

M(Kp)>2.00GeV 

•  Such interference requires two 
states with opposite parity  

 
•  LHCb has observed two resonant 

states decaying into J/ψp consistent 
with pentaquark content of  

    (c anti-c u u d) 
 
 
 

Adding two Pentaquarks
[LHCb, Phys. Rev. Lett. 115 (2015) 072001, arXiv:1507.03414]
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c

4 Good fit
Pc(4380)+ Pc(4450)+

JP 3
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� 5
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Mass [MeV/c2] 4380 ± 8 ± 29 4449.8 ± 1.7 ± 2.5
Width [MeV] 205 ± 18 ± 86 39 ± 5 ± 19
Significance 9� 12�

The interference pattern confirms the
opposite parities:

At cos ✓P+
c

⇠ +1, low mKp: positive
interference.
At cos ✓P+

c
⇠ �1, high mKp: negative

interference.

Reduced Model — ⌅ data — • fit

Patrick Koppenburg Exotic Spectroscopy at LHCb 03/12/2015 — PSI Colloquium [74 / 94]
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Rare B0 → K*0(→K+π-) µ+µ- decays
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B0 ! K⇤0µ+µ� 15 / 28

Angular analysis of B0 ! K⇤0µ+µ� using 3 fb�1

PV
SV µ

µ

⇡

K
C. Langenbruch (Warwick), Moriond EW 2015 Rare decays from LHCb
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Figure 3: Invariant mass m(K+⇡�µ+µ�) for (left) the control decay B0! J/ K⇤0 and (right)
the signal decay B0! K⇤0µ+µ�, integrated over the full q2 range. The B0! K⇤0µ+µ� signal
yield integrated over q2 is determined to be 2398± 57. Overlaid are the projections of the total
fitted distribution (black line) and its di↵erent components. The signal is shown by the blue
component and the background is shown by the red hatched component.

7 Angular analysis

In each q

2 bin, an unbinned maximum likelihood fit to m(K+

⇡

�
µ

+

µ

�) and the three
decay angles cos ✓l, cos ✓K and � is used to determine the angular observables introduced
in Section 2. The K

+

⇡

�
µ

+

µ

� invariant mass is included in the fit to separate signal from
background. The signal and background mass distributions are parameterised as described
in Section 6. The background angular distribution is modelled by a series of Chebychev
polynomials in cos ✓`, cos ✓K and � up to order two.

In order to correctly describe the signal angular distribution, the angular acceptance
described in Section 5 needs to be accounted for. The acceptance is treated in one of
two ways depending on the q

2 range being fitted. In narrow q

2 bins, the acceptance can
be treated as being constant across each bin. The acceptance is then included in the fit
by multiplying Eq. 5 by the acceptance function evaluated at the centre of each bin. In
the wider 1.1 < q

2

< 6.0GeV2

/c

4 and 15.0 < q

2

< 19.0GeV2

/c

4 bins, the shape of the
acceptance can vary significantly across the q

2 bin. To account for the acceptance, the
candidates are therefore weighted in the likelihood fit by the inverse of their e�ciency. The
event weights are corrected such that this pseudo-likelihood fit has confidence intervals
with the correct coverage.

In all of the q2 bins, to ensure correct coverage for the angular observables, the Feldman-
Cousins method [46] is used to determine the uncertainties. Nuisance parameters are
treated using the plug-in method [47] throughout.

In order to better constrain the S-wave fraction, a simultaneous fit of the m(K+

⇡

�)
distribution is also performed using the parameterisation described in Section 6. The
signal and background yields are shared between this fit and that made to the angular
distribution.

10

LHCb-CONF-2015-002 

Full q2 range:  2398 ± 57 events  

LHCb 3/fb, 2011+2012 



Rare B0 → K*0(→K+π-) µ+µ- decays 
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LHCb-CONF-2015-002 



Rare B0 → K*0(→K+π-) µ+µ- decays 
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LHCb-CONF-2015-002 



Rare B0
s → φ(→K+K-) µ+µ- decays 
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B
s
→φμ+μ– 

JHEP 09 (2015) 179

All angular asymmetries consistent with SM
Tim Gershon

Highlights and prospects

JHEP09 (2015) 179 


