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Outline
n Motivation and introduction of LHCb

experiment

n Personal selected recent LHCb highlights
q CP violation (CPV) measurements
q Rare decays
q Exotics

n Summary
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Precision measurements of CPV and 
rare decays: why important? 

n

n NP may be more visible in these SM suppressed processes

n Studying CPV and flavor-changing processes => two fundamental 
tasks can be accomplished
q Identify new symmetries (and their breaking) beyond the SM
q Probe mass scales not accessible directly at nowadays colliders
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The LHCb Experiment

q B (rad)
q B (rad)

Production Ð of B vs B

often

n LHCb is a dedicated B and charm physics 
experiment at LHC
q Large b production rate 
q Access to all b-hadrons: B+, B0, Bs, Bc, b-baryons

n Forward single arm spectrometer 1.9<h<4.9 

Fantastic progress for LHC this year

The effective dataset almost double 
with respect to Run-I at the end of 
2016

Results reported here based on RUN-I 

RUN-II analysis is getting there
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Production cross section
n The 𝑏 production cross section 𝜎(𝑝𝑝 → 𝐻'𝑋) has been 

measured in the forward region 2 < 𝜂 < 5
n For sensitive test of QCD & constraints for PDFs
n Measured with 𝑏 semileptonic decays
n Actually cross-section is larger than expected

LHCb-PAPER-2016-031 in preparation

7 TeV 13 TeV

13 TeV
7 TeV

Deviate from the FONLL prediction at central region, while in experimental side,
Validations ongoing to ensure reconstruction & trigger efficiencies are well understood 

Preliminary
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VELO:
primary vertex
impact parameter
displaced vertex

Tracking Station: p for
lower energy tracks and long 
lived V0 reconstruction

Tracking Stations:
p of charged particles 
that traverse the magnet

Calorimeters:
PID: h,e,g, p0

Muon SystemRICH:
PID: primarily K,p separation

Interaction 
region

LHCb Detector

Beam 1 Beam 2
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Detector performance

Impact	parameter:
Proper	time:
Momentum:
Mass	:
RICH	𝐾 − 𝜋 separation:
Muon	ID:
ECAL:

𝝈𝑰𝑷 = 𝟐𝟎	𝛍𝐦
𝜎: = 45	fs for	𝐵?@ → 𝐽/𝜓𝜙 or	𝐷?F𝜋G
Δ𝑝/𝑝 = 0.4 ∼ 0.6% (5	– 100	GeV/𝑐)
𝝈𝒎 = 𝟖	𝐌𝐞𝐕/𝒄𝟐 for	𝑩 → 𝑱/𝝍𝑿 (constrainted	𝐦𝑱/𝝍)
𝝐 𝑲 → 𝑲 ∼ 𝟗𝟓% mis-ID	𝝐 𝝅 → 𝑲 ∼ 𝟓%
𝝐 𝝁 → 𝝁 ∼ 𝟗𝟕% mis-ID	𝝐 𝝅 → 𝝁 ∼ 𝟏 − 𝟑%
Δ𝐸/𝐸 = 1⊕ 10%/ 𝐸(GeV)�

Int. J. Mod. Phys. A 30 (2015) 1530022
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Physics goals of LHCb
n Indirect search of BSM via precision measurements

• CKM, CPV and rare decays in 𝒃 and 𝒄 hadrons

Ø Precise measurements of QCD + EW at large rapidity

Ø Hadron spectroscopy

Ø Exotica
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LHCb and LHCb Chinese group 

n 1151 Members, from 69 Institutes in 16 
Countries

• 2000年 清华大学加入

• 2013年 华中师范加入
• 2015年 国科大加入
• 2016年 武汉大学加入
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CP violation 
measurements 
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(1) Measure time-integrated raw asymmetry

(2) Correct for detection asymmetry and background effect

For Bd, also correct for production asymmetry

q

q

q

Semi-leptonic asymmetries
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LHCb, PRL 117 (2016) 061803 

LHCb, PRL 114 (2014) 041601 

D0, PRL 105 (2010) 081801 
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CKM: before & after LHC
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CKM: before & after LHC

2015

But γ precision is the 
worst one
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Determine g from CPV measurements

g combination at LHCb

γ = 72.2Gm.nFo.p ∘

LHCb-PAPER-2016-032

syst. included

Prospects

p Current one syst. ~2∘ from CLEO strong phase measurements
p 15-20 fb-1 y(3370) data from BESIII are desired to avoid syst. limitation 

for upgrade scenario

Used D decay modes
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l CPV has never been observed in baryon sector
l ACP ~ 20% expected in charmless 𝛬'@ decays in SM

Y. K. Hsiao et al., PRD 91 (2015) 116007
l 𝛬'@ → 𝑝𝜋GℎFℎG has comparable tree and loops contributions

Vub has large phase g

Baryon decays 𝜦𝒃𝟎 → 𝒑𝝅G𝒉F𝒉G
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Lb → pp-h+h-: signal yields

(full run-1 sample) arXiv:1609.05216 (submitted to Nature Phys.)
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Search for CPV using triple product asymmetry (TPA)

Triple product asymmetry

arXiv:1506.01346
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Measurements integrated over phase space
- No significant CPV

Local Measurements
-Binning in |F|
-3.3s significance of localized CPV in
Lb → pp- p+p-

-Compatible with SM

First evidence of CPV in baryon decays!

+ + +

CPV in baryon decays
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CPV in baryon other decays 

n First observations of 𝛬'@ → 𝛬𝐾F𝜋G and 𝛬𝐾F𝐾G

𝑁xyz = 97 ± 14 𝑁xyz = 185 ± 15

JHEP 05 (2016) 081
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Rare decays
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Flavor anomalies
𝑅�(∗) =

B(�→�(∗):�)
B(�→�(∗)��)

n Sensitive e.g. to charged Higgs 
n Combined result from Babar, Belle and 

LHCb shows 4s discrepancy from the SM
n LHCb working on 𝑅� and other 𝜏 modes 

Ratio 𝑅� =
B(��→������)
B(��→������)

n Expected to be unity in the SM 
n Observation of LFU violation would be 

a clear sign of NP
n LHCb observed a 2.6σ deviation from 

SM in the low q2 region
n New results expected soon, e.g. 𝑅�∗

LHCb, PRL 113 (2014) 151601
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Flavor anomalies
Angular analysis of 𝐵@ → 𝐾∗𝜇F𝜇G
n Angular distributions provide many

observables sensitive to different 
sources of NP JHEP 05 (2013) 137

n Belle first angular analysis supports
the deviation from SM expectation

JHEP 02 (2016) 104 arXiv:1604.04042

New results of rare decays
n ΣF → 𝑝𝜇F𝜇G

n 𝐵?@ → 𝜙γ
n 𝐵?@ → 𝜏F𝜏G
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𝚺F → 𝒑𝝁F𝝁G
n Hint of a intermediate particle, ΣF → 𝑝𝑃@, 
𝑃@ → 𝜇F𝜇G with mass 214.3 MeV

HyperCP (E871) 
PRL 94, 021801 (2005)

𝑷𝟎?
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𝚺F → 𝒑𝝁F𝝁G
n LHCb has search for decay from prompt ΣF

q A challenge due to the small Q value of the decay 
and long lifetime of ΣF

n A clear signal is seen with 12.9G�.�F�.� events. 
Significance 4 s

Normalization mode Signal

LHCb-CONF-2016-013
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𝚺F → 𝒑𝝁F𝝁G
n Background subtracted data is fitted 

n No sign for a narrow peak 
p-value of continuum-liked hypothesis Fit with 214.3 MeV peak: N = 1.6 ± 1.9

LHCb-CONF-2016-013
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𝑩𝒔𝟎 → 𝝓𝜸
n Lifetime distribution can in principle reveal of the 

presence of right handed currents in the decay

with A� ∝ 2 ��
��

.	A��� = 0.05 ± 0.03

n 𝐵@ → 𝐾∗@𝛾 as control chancel for t acceptance

24.8k 4.1k
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𝑩𝒔𝟎 → 𝝓𝜸
n An analysis of the lifetime distribution 

A� = −0.98G@.��G@.�@F@.�oF@.�n

𝜙𝛾/𝐾∗@𝛾

29
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𝑩(𝒔)𝟎 → ℓFℓG
n 𝐵(?)@ → ℓFℓG very interesting

n 𝐵(?)@ → 𝜇F𝜇G consistent with
SM prediction introduce strong
constraints on NP models 

!" #" !" #"

!$ #$ !$ #$

B(𝑩𝒒𝟎 → 𝝁F𝝁G) 𝑩𝒔𝟎(×10G¡) 𝑩𝒅𝟎(×10G�@)

SM prediction 3.7 ± 0.2 1.06 ± 0.09
CMS& LHCb 2.8G@.oF@.m 3.9G�.�F�.o

ATLAS 0.9G@.pF�.� < 4.2 @ 95% CL

Nature 522 (2015) 68
arXiv:1604.04263
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𝑩(𝒔)𝟎 → 𝝉F𝝉G
n In the SM, 𝐵(?)@ → 𝜏F𝜏G is not helicity 

suppressed
n SM predicted B is ~200 larger than 𝐵(?)@ →
𝜇F𝜇G

n B enhanced in many NP scenarios
n Current best limit from Babar
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𝑩(𝒔)𝟎 → 𝝉F𝝉G
n 𝜏’s reconstructed through hadronic 𝜏G → 𝜋G𝜋F𝜋G𝜈 mode

q Fewer neutrinos in signal but more bkg from 𝐷F and 𝐷?F decays
n Signal shape of NN is flat, bkg shape from control region
n Fit to 𝜏F𝜏G ∈ 5,5 , the signal region

Nsig = −46 ± 51
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Exotics
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Pentaquarks
n In Λ'@ → 𝐽/𝜓𝑝𝐾G, amplitude fits revealed two 𝐽/𝜓𝑝

states, consistent with 𝑢𝑢𝑑𝑐𝑐̅ pentaquarks
n Model-independent method confirmed the observations
n Amplitude fits to Cabibbo-suppressed Λ'@ → 𝐽/𝜓𝑝𝜋G

q Significance of the two 𝑃«F and 𝑍« 4200 G together is 3.1s; if assume 
production of 𝑍« 4200 Gis negligible, significance of two 𝑃«F is 3.3s

q The two 𝑃«F production rates is consistent with expectation 

PRL 117 (2016) 082002

Expected shape w/o 
exotics, ruled out by 9s

Data          
Fit

!" #$%& '

!" ##(& '

)*/,-	[012]
PRL 115 (2015) 072001

mpp>1.8 GeV

w/o exotics

w/ exotics

𝜦𝒃𝟎 → 𝑱/𝝍𝒑𝑲G 𝜦𝒃𝟎 → 𝑱/𝝍𝒑𝑲G 𝜦𝒃𝟎 → 𝑱/𝝍𝒑𝝅G

PRL 117 (2017) 082003 34



𝑱/𝝍𝝓 states in 𝑩F → 𝑱/𝝍𝝓𝑲F

n Observed four X → 𝐽/𝜓𝜙
states

n JPC are useful for 
interpretations of the states
q First two identified as 1++ at >5s
q Last two as 0++ at >4s

p=22 %

X(4140)
8.4s

X(4274)
6.0s

X(4500)
6.1s

X(4700)
5.6s

Average other experiments substantially larger
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𝑿 𝟓𝟓𝟔𝟖 ± → 𝑩𝒔𝟎	𝝅± state?
n Claimed by DØ in 𝑝𝑝̅ collision

q M = 5567.8 ± 2.9G�.¡F@.¡ MeV
q G = 21.9 ± 6.4G�.�F�.@ MeV
q 𝜌°±Ø = (8.6 ±1.9 ± 1.4) %

n No evidence seen by LHCb and CMS 
in 𝑝𝑝 collision 
q 20x larger and much cleaner 𝐵?@ sample
q 𝜌° < 2.4% (LHCb) & < 3.9% (CMS) 

@95% 𝐶. 𝐿.

𝐵?@ → 𝐽/𝜓𝜙

𝐵?@ → 𝐷?G𝜇F𝜈

𝜌° =
𝜎(𝑝𝑝 → 𝑋 + anything; 	𝑋 → 𝐵?@𝜋±)

𝜎(𝑝𝑝 → 𝐵?@ + anything)

=
𝑁°
𝑁�¾

𝜀�¾
𝜀°

(-)

(-)

PRL 117, 022003 (2016)

PRL 117 (2016) 152003
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Summary
n LHCb has performed many measurements with 

unprecedented sensitivity in various aspects: CPV, 
rare decays… Generally agree with SM well

n A handful of 𝟐 − 𝟒	𝝈	deviations from SM observed, 
and further investigations needed from both theory 
and experimental sides
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Thanks!
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Fit results
Resonan

ce
Mass (MeV) Width (MeV) Significan

ce
Fit fraction(%)

Pc(4380)+ 4380 ± 8 ± 29 205±18±86 𝟗	𝝈 8.4 ± 0.7 ± 4.2
Pc(4450)+ 4449.8 ± 1.7 ± 2.5 39±5±19 𝟏𝟐	𝝈 4.1 ± 0.5 ± 1.1

n Best fit has JP=(3/2-, 5/2+), also (3/2+, 5/2-) & 
(5/2+, 3/2-) are preferred for low and high 𝑃«F

For 𝑃« 4380 F,
𝓑 𝚲𝒃𝟎 → 𝑷𝒄F𝑲G 𝓑 𝑷𝒄F → 𝑱/𝝍𝒑 = 𝟐. 𝟔𝟔 ± 𝟎. 𝟐𝟐 ± 𝟏. 𝟑𝟑G𝟎.𝟑𝟖F𝟎.𝟒𝟖 ×𝟏𝟎G𝟓

For 𝑃« 4450 F,
𝓑 𝜦𝒃𝟎 → 𝑷𝒄F𝑲G 𝓑 𝑷𝒄F → 𝑱/𝝍𝒑 = 𝟏. 𝟑𝟎 ± 𝟎. 𝟏𝟔 ± 𝟎. 𝟑𝟓G𝟎.𝟏𝟖F𝟎.𝟐𝟑 ×𝟏𝟎G𝟓

Chin. Phys. C40 (2016) 011001

[PRL 115, (2015) 072001]
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Legendre moments
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L*-only hypothesis called H0

L* can contribute only to 
low-order moments

Jmax is the highest spin of
L* resonance possible

Reflections of exotic hadrons can 
contribute to low and high order 

moments:

– Detecting non-zero moments 
above 2Jmax signals presence of 
exotics
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lmax( mKp )

LHCb

L* mass predictions by Loring-
Metsch-Petry EPJ, A10, 447 (2001)

Known L* states: 
boxes M0±G0

No L*s 
expected here: 

exclude

From know L* resonances, quark model predictions as a guide
Much fewer known states than predicted!

Moments coefficients
as function of mKp

1               3               5               7               9
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𝜦𝒃𝟎 → 𝑱/𝝍𝒑𝝅G
n Cabibbo-suppressed decay Λ'@ → 𝐽/𝜓𝑝𝜋G
n B is ~8% of the favored Λ'@ → 𝐽/𝜓𝑝𝐾G decays

1,885±50
signal events

~17%
bkg

PRL 117 (2016) 082003
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n 𝑃« 4380 F and 𝑃« 4450 F observed in the 
favored mode by LHCb

n 𝑍« 4200 G → 𝐽/𝜓𝜋G observed in 𝐵@ → 𝐽/𝜓𝜋G𝐾F
by Belle

Possible exotic contributions
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𝑵∗ resonance models
LS couplings

allow for 
reduction of 
the number 
of free 
parameters 
by excluding 
high L values

BES-III

Reduce Model for central value, Extended model for significance and syst.
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n Significance of the two 𝑃«F and 
𝑍« 4200 G together is 3.1s. 

n Evidence for exotic hadron 
contributions to 𝚲𝒃𝟎 → 𝑱/𝝍𝒑𝝅G !

mpp>1.8 GeV

w/o exotics

w/ exotics

PRL 117 (2016) 082003

Full amplitude fits
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n Individual exotic hadron contributions are not significant 
More data are needed

n If assume production of 𝑍« 4200 Gis negligible, significance 
of two 𝑃«F is 3.3s

Further results

State Fit fraction 
(%)

𝑹𝝅/𝑲 ≡ ℬ 𝚲𝒃𝟎 → 𝑷𝒄F𝝅G /ℬ 𝚲𝒃𝟎 → 𝑷𝒄F𝑲G

𝑍« 4200 G 7.7 ± 2.8G�.@Fn.� −
𝑃« 4380 F 5.1 ± 1.5G�.oF�.� 0.050 ± 0.016G@.@�oF@.@�@ ± 0.025
𝑃« 4450 F 1.6G@.o	G@.�F@.p	F@.o	 0.033G@.@��	G@.@@¡F@.@�o	F@.@�� ± 0.025

[	H.-Y	Cheng	and	C.-K	Chua,	PRD92	(2015)	096009	]	：𝑹𝝅/𝑲 = 𝟎. 𝟎𝟕~𝟎. 𝟎𝟖
[	Y.	K.	Hsiao	and	C.	Q.	Geng,	PLB751	(2015)	572	]	：𝑹𝝅/𝑲 = 𝟎. 𝟓𝟖 ± 𝟎. 𝟎𝟓

𝚲𝒃𝟎 → 𝑱/𝝍𝒑𝝅G are consistent with 𝜦𝒃𝟎 → 𝑱/𝝍𝒑𝑲G results
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http://physics.aps.org/synopsis-for/10.1103/PhysRevLett.117.082003
Physics (APS) Synopsis:
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CPV phase 𝝓𝒔
n Phase difference between interference of mixing and

decay in 𝐵?@ system

n Contributions to measured value

𝜙? = 𝜙È − 2𝜙�

𝜙?ÉÊËx = 𝜙?�� + Δ𝜙?
ÌÊÍz + 𝛿ÏÐ

𝒃 → 𝒄𝒄Ñ𝒔

dominate

Mixing Decay

𝐻G? 𝐻F?

𝜙?�� = −0.0376G@.@@@pF@.@@@m rad

[CKMFitter]
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Bs→J/yf , J/yp+p- :
fs = -0.010 ± 0.039 rad

LHCb, PRL 114（2015） 041801

In agreement with, much less 
precise than 
fs

SM = -0.038 ± 0.001 rad

LHCb result most precise but
still statistically limited

fs results

𝑚��
< 1.05
GeV
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Penguin pollution in 𝝓𝒔
n 𝜙?ÉÊËx = 𝜙?�� + Δ𝜙?

ÌÊÍz + 𝛿ÏÐ

n Penguin contribution is small, but cannot can’t be 
calculated reliably from QCD

n To reveal NP, necessary
to know Δ𝜙?

ÌÊÍz

n Penguin in 𝐵?@ → 𝐽/𝜓𝜙
is doubly-suppressed;
can be study in 
enhanced process: 
𝐵@ → 𝐽/𝜓𝜌@

ff

r0

d
d

d
d d

d
d

d
r0

𝒃 → 𝒄𝒄Ñ𝒔

𝒃 → 𝒄𝒄Ñ𝒅

~l4~l2

~l3 ~l3

𝜆 = 𝑉Õ? = 0.22
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Measurement in 𝑩𝟎 → 𝑱/𝝍𝝅F𝝅G

n Time-dependent full 
amplitude analysis

n Large r0 fraction ~65%
Veto Ks

[PLB 742 (2015) 38-49]Þ	Δ𝜙Ö ≡ 𝜙Ö
×/ØÙÚ − 𝜙Ö««?̅

= −0.9 ± 9.7Go.nF�.p ∘

𝜙Ö
×/ØÙÚ = 41.7 ± 9.6Go.nF�.p ∘,	

Δ𝜙?
ÌÊÍz = −

𝜆�

1 − 𝜆� Δ𝜙Ö

Including theoretical uncertainty, 
𝛥𝜙?

Ü�ÝÞ is limited in ±18	mrad @ 
68.3% CL. Better than 𝜎 𝜙? =
± 33 mrad 

It becomes an important benchmark channel for LHCb upgrade
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LHCb goals
n Find or establish limits on physics beyond the 

standard model using CP violating & rare 
beauty & charm decays

n Rare: B(s)→µ+µ-, B0→K*µ+µ-, B-→Ke+e-/Kµ+µ-

n CP violation: determine ∠’s: g, b, fs
q g measured with B-→D0 K- decays
q fs measured with Bs→J/yf & J/yp+p- decays
q All B→J/y p+p- & J/yK+K- studied
q In study of B0→J/yK+K- [arXiv:1308.5916], Lb→J/yK-p 

was suggested as a potential background
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