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Overview

• Introduction
• Recent/results/from/LHCb
–Measurements/of/time:dependent/and/time:
integrated/CP/asymmetries/in !(#)% → ℎ(ℎ) decays
• LHCb:PAPER:2018:006 (in/preparation)

– First/observation/of/the/decay/!% → **̅
• Phys./Rev./Lett./119/(2017)/232001

• Concluding/remarks
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CKM$mechanism$and$CP$violation

• CKM$mechanism$agrees$
well$with$experiment

• But$still$plenty$of$room$
for$new$physics

• Vital$to$measure$CP$
violating$observables$in$
as$many$different$decay$
processes$as$possible

• Look$for$disagreements
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Manifestations*of*CPV
• CPV$in$decay

– The*ratio*of*the*amplitudes*for*
the*decay*of*! and*"! hadrons*to*
CP8conjugate*final*states*is*not*of*
unit*magnitude

– Only*form*of*CPV*possible*for*#$
mesons*and*!8baryons

• Mixing/induced$CPV
– The*ratio*of*the*amplitudes*for*

decays*with*and*without*mixing*
is*not*real

– Investigated*for*both*#% and*#&%
decays

– Requires*time8dependent*
analyses*(more*on*this*later)
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• CPV$in$mixing
– Expected*to*be*small*for*the*#

meson*system
– Will*not*discuss*this*further*

today*(although*LHCb has*made*
important*measurements*in*last*
couple*of*years)
[Phys.*Rev.*Lett.*114*(2015)*041601]
[Phys.*Rev.*Lett.*117*(2016)*061803]

')̅*̅ )* ≠ 1 ⁄. / ≠ 1

arg 3* + arg(3*̅) ≠ 0



!(#)% ~ '!(#)% mixing

07/05/2018 CP/violation/in/(Q)2B/charmless/B/decays 6

• Neutral/! mesons/exhibit/mixing/through/box/diagram
• Decays/to/CP eigenstates/allow/to/probe/the/mixing/phase/through/

the/interference/between/decays/with/and/without/mixing
• Make/comparison/of/direct/and/indirect/determinations,/as/well/as/

direct/determinations/in/different/decays,/to/probe/possible/new/
physics/contributions
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Time%dependent*asymmetries
• The*time%dependent*CP*asymmetry*is*given*by:
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•
!"#

"#

is*the*ratio*of*decay*amplitudes
• $

%
is*related*to*the*neutral*& mixing
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Time%dependent%analysis
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• Vertex%measurements%by%LHCb VELO%allow%decay%times%of%

particles%to%be%precisely%determined

• Need%also%to%tag%the%flavour%of%the%signal%at%production

• Putting%these%two%pieces%of%information%together,%can%

measure%decay%rates%as%a%function%of%the%decay%time

• Hence%allows%mixingMinduced%CPV%to%be%probed

Primary%!!
Collision%vertex

Decay%of

" hadron
Decay%of

#" hadron

Decay%time%O(10
−12

)s



Time%dependent%analysis
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• Need%also%to%account%for%effects%of:
– Decay%time%acceptance%(due%to%

trigger%and%selection%requirements)
– Experimental%resolution%on%the%

measurement%of%the%decay%time
– Rate%of%misKtagging%the%flavour

Decay%time%O(10−12)s

JHEP%11%(2017)%170

Primary%!!
Collision%vertex

Decay%of
" hadron

Decay%of
#" hadron



LHCb Data(Sample
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Run$1 Run$2

2011(+(2012(data(set((3(fb–1)(used(in(analyses(discussed(today



Measurements*of*CP*asymmetries*in*
!(#)% → '(')* decays

LHCb%PAPER%2018%006
in1preparation
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Previous)
experimental)status

• Measurements)of)!"" and)#""
in)good)agreement)between)
B8factories)and)LHCb

• !$$ and)#$$ are)measured)
only)by)LHCb
– No)measurement)yet)of)%$$&'

• %() values)in)* → ,- modes)
in)good)agreement)between)
experiments)– LHCb already)
leading)the)precision
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Experiment AB0

CP A
B0

s
CP

BaBar �0.107± 0.016 + 0.006
� 0.004 —

Belle �0.069± 0.014± 0.007 —
CDF �0.083± 0.013± 0.004 0.22± 0.07± 0.02
LHCb �0.080± 0.007± 0.003 0.27± 0.04± 0.01
HFLAV Avg. �0.082± 0.006 0.26± 0.04

<latexit sha1_base64="6wnDp6ILkq3WyVyykKHVjB7r4Wc="></latexit><latexit sha1_base64="6wnDp6ILkq3WyVyykKHVjB7r4Wc="></latexit><latexit sha1_base64="6wnDp6ILkq3WyVyykKHVjB7r4Wc="></latexit><latexit sha1_base64="OzJR92xGwVxdnd8oMs4Svl8NZPE="></latexit>

PRD)87)(2013))031103PRD)87)(2013))052009 PRL)113)(2014))242001

PRL)110)(2013))221601 EPJC)77)(2017))895

JHEP)10)(2013))183

PRD)87)(2013))052009

PRD)88)(2013))092003

EPJC)77)(2017))895
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~29k*$% → '(')
signal*decays

~37k*$,% → -(-)
signal*decays

LHCbDPAPERD2018D006

• Particle*identification
– Separate*the*various*final*states
– Reduce*amount*of*cross*contamination*from*

other*$ → ℎ(ℎ) modes*to*~10%*of*the*signal

• A*multivariate*Boosted*Decision*Tree*classifier*is*
used*to*remove*combinatorial*background*
– Use*kinematical*and*topological*variables
– Signal*training*sample*from*simulation
– Background*training*sample*from*data*sidebands

LHCb
Preliminary

LHCb
Preliminary

Event*selection



Experimental,decay,rates

14

! =,decay,time
" =,# flavour
$ =,predicted,mistag probability
%& =,decay,time,error

07/05/2018 CP,violation,in,(Q)2B,charmless,B,decays
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• Crucial,experimental,ingredients
– Determination,of,any,production,

asymmetry
• Detection,asymmetries,also,important,for,

flavourIspecific,modes

– Determination,of,the,flavour,of,signal,
# at,production,(flavour,tagging)

– Determination,of,the,decay,time,
resolution and,acceptance

• CP,violation,coefficients
determined,from,unbinned
maximum,likelihood,fits
– Fit,variables:

• #Icandidate,invariant,mass
• Decay,time,and,associated,perIevent,error
• PerIevent,mistag probability

– Simultaneous,fit,to,'('),,*(*) and,
*(') spectra
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• !":"production"asymmetry
– determined"from"time2
dependent"asymmetries"of"
#$ → &'() and"#*$ → &)('
decays:

!" #$ = 0.19 ± 0.60 %
!" #*$ = 2.4 ± 2.1 %

Production"asymmetry

1507/05/2018 CP"violation"in"(Q)2B"charmless"B"decays
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LHCb
Preliminary

~94k"#$ → &'() and"~7k"#*$ → &)('
signal"decays
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• Analysis(uses(both(Opposite(Side (OS)(
and(Same(Side (SS)(taggers:
– information(is(used(on(a(

per:event(basis:
! = #$ + #&(( − *()

• Calibration
– Use(time:dependent(asymmetry(of(

control(modes(in(data(for(calibration
– ,- → /012 shown(for(OS(taggers

Flavour(tagging

16

~((102!)

OS
taggers

07/05/2018 CP(violation(in((Q)2B(charmless(B(decays

LHCb:PAPER:2018:006

LHCb
Preliminary

LHCb
Preliminary



0 0.1 0.2 0.3
) [ps]sm∆/π)mod(20t-t(

0.4−

0.3−

0.2−

0.1−

0

0.1

0.2

0.3

0.4

A
sy

m
m

et
ry LHCb

2 4 6 8 10 12
Decay time [ps]

0.4−

0.3−

0.2−

0.1−

0

0.1

0.2

0.3

0.4

A
sy

m
m

et
ry LHCb

Decay&time&resolution
• Decay&time&resolution&introduces&a&dilution&of&oscillation&amplitudes

• Dilution&from&!" is&negligible&for&#$ due&to&small&Δ&'
• Resolution&determined&on&per6event&basis:&decay&time&error&(" computed&in&reconstruction

• Calibration&of&this&quantity&is&performed&on&data,&measuring&simultaneously&the&time6dependent&
asymmetries&of&#$ → *+,- and&#.$ → *.+,- decays

LHCb Preliminary
/$ = 46.1 ± 4.1 fs
/8 = 0.81 ± 0.38
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#$ → *+,- #.$ → *.+,-

~(1$2!)

~(1$2!)'x'D

!" = /$ + /8((> − 30fs)

* = exp(−8D Δ&D !"D)

LHCb6PAPER620186006

LHCb
Preliminary

LHCb
Preliminary
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LHCbCPAPERC2018C006

LHCb
Preliminary

– !acc(%) is&the&decay&time&
acceptance

– Introduced&by&selection&
requirements

– Parameterised&using&
empirical&function:

!'(( % ∝ *+ − erf *0%12 (1 − *4%)

– Parameters&determined&from&
5+ → 789: data&and&
corrected&for&other&final&
states&based&on&simulation



Result'of'the'simultaneous'fit
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LHCbAPAPERA2018A006

Result*of*the*simultaneous*fit

!"# → %&%'

!# → (&('
OS*tagger

OS*tagger

SS*tagger

SS*tagger

LHCb
Preliminary

LHCb
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LHCb
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CPV$results
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• Significant$improvement$(~2× better$precision)$wrt previous$results
• Most$precise$measurements$from$a$single$experiment
• First$determination$of$$%%&'
• Significance$for$()%*%+, -%*%+, $%*%+&' ) to$differ$from$(0,0, −1) is$

determined$to$be$43
– Strongest$evidence$of$timeIdependent$CPV$in$456 system$to$date

LHCb Preliminary

LHCbIPAPERI2018I006



Comparison*with*other*experiments

π+ π- SCP vs CCP

Contours give -2∆(ln L) = ∆χ2 = 1, corresponding to 39.3% CL for 2 dof
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Courtesy)of)the)Heavy)Flavour)Averaging)Group
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First&observation&of&!" → $$̅

Phys.&Rev.&Lett.&119&(2017)&232001
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Search'for'!" → $$̅
• Decay'not'seen'at'B'factories,'first'evidence'came'from'LHCb

analysis'of'2011'data'[JHEP'10'(2013)'005]

• Central'value'determined'there'(∼ 10)*)'was'much'smaller'
than'most'theoretical'calculations'at'the'time

• More'recent'theoretical'work'has'been'able'to'accommodate'
the'small'BF'of'this'mode,'see'e.g.'[Phys.'Rev.'D'91'(2015)'077501,'
Phys.'Rev.'D'91'(2015)'036003]

• Important'to'improve'knowledge'of'such'rare'hadronic'decays

07/05/2018 CP'violation'in'(Q)2B'charmless'B'decays 24



First&observation&of&!" → $$̅
• Clear&!" signal&peak,&with&yield&

of&39 ± 8
• No&significant&signal&from&

corresponding&&!*" decay:&2 ± 4

07/05/2018 CP&violation&in&(Q)2B&charmless&B&decays 25

• Significance&of&!" → $$̅
determined&to&be&5.3/ including&
effect&of&systematic&uncertainties

• Constitutes&first&observation&of&
the&decay!

Phys.&Rev.&Lett.&119&(2017)&232001



Branching)fraction)of)!" → $$̅

• Branching)fractions)
determined)relative)to)
!" → &'() decay
– Very)clean)sample)of)~89k)

signal)candidates

07/05/2018 CP)violation)in)(Q)2B)charmless)B)decays 26

• Rarest)hadronic)! decay)ever)observed!

ℬ !" → $$̅ = 1.25 ± 0.27 ± 0.18 ×10)7

ℬ !8" → $$̅ < 1.5×10)7 at)90%)CL

Phys.)Rev.)Lett.)119)(2017))232001



Concluding*remarks
• Highly*sophisticated*analyses*of*CP*violation*in*charmless*! decays

– See*also*analyses*of*!"# → %% and*!"# → &∗# (&∗# presented*by*G.*Cowan
• Most*precise*measurements*of*CP*violation*parameters in*the*decays:

– !# → )*)+
– !# → &*)+
– !"# → &+)*
– !"# → &*&+

• Recently,*several*first*observations of*baryonic*decays*of*! mesons*have*
been*made,*including:
– The*rarest*hadronic*! meson*decay*yet*observed:*!# → ,,̅

• Updates*to*include*full*Run*1*+*Run*2*samples*will*further*improve*the*
precision*– expect*~3× Run*1*integrated*luminosity

• Looking*further*forward,*the*LHCb upgrade(s)*will*provide*unprecedented*
samples*of*these*decays

• Excellent*prospects*for*making*precision*tests*of*the*Standard*Model*
explanation*of*CP*violation
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Backup'Slides
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The##LHCb detector
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Interaction#
Point

LHCb σ(pp#→#Hb X)#@#7#TeV =#(#72.0#± 0.3#± 6.8#)#µb
LHCb σ(pp#→#Hb X)#@#13#TeV =#(#154.3#± 1.5#± 14.3#)#µb
[Phys.#Rev.#Lett.#118#(2017)#052002]

Approximate#
acceptance:
2#<#η <#5



Time%dependent*decay*rates
• For*an*initially*pure*flavour*eigenstate,*time*evolution*proceeds*according*to:
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• The*time%dependent*CP*asymmetry*is*therefore:
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• U
V
is*related*to*the*neutral*# mixing

•
WXY
XY

is*the*ratio*of*decay*amplitudes



Previous)experimental)status
Experiment C⇡+⇡� S⇡+⇡� ⇢(C⇡+⇡� , S⇡+⇡�)
BaBar �0.25± 0.08± 0.02 �0.68± 0.10± 0.03 �0.06
Belle �0.33± 0.06± 0.03 �0.64± 0.08± 0.03 �0.10
LHCb �0.38± 0.15± 0.02 �0.71± 0.13± 0.02 0.38
HFLAV Avg. �0.31± 0.05 �0.66± 0.06 0.00

CK+K� SK+K� ⇢(CK+K� , SK+K�)
LHCb 0.14± 0.11± 0.03 0.30± 0.12± 0.04 0.02

<latexit sha1_base64="jElyANlzw8PLUZT8N0O1t59JAdU="></latexit><latexit sha1_base64="jElyANlzw8PLUZT8N0O1t59JAdU="></latexit><latexit sha1_base64="jElyANlzw8PLUZT8N0O1t59JAdU="></latexit><latexit sha1_base64="KAucPYrJs5PasL+YtqVNupRBoIQ="></latexit>
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Experiment AB0

CP A
B0

s
CP

BaBar �0.107± 0.016 + 0.006
� 0.004 —

Belle �0.069± 0.014± 0.007 —
CDF �0.083± 0.013± 0.004 0.22± 0.07± 0.02
LHCb �0.080± 0.007± 0.003 0.27± 0.04± 0.01
HFLAV Avg. �0.082± 0.006 0.26± 0.04

<latexit sha1_base64="6wnDp6ILkq3WyVyykKHVjB7r4Wc="></latexit><latexit sha1_base64="6wnDp6ILkq3WyVyykKHVjB7r4Wc="></latexit><latexit sha1_base64="6wnDp6ILkq3WyVyykKHVjB7r4Wc="></latexit><latexit sha1_base64="OzJR92xGwVxdnd8oMs4Svl8NZPE="></latexit>

JHEP)10)(2013))183

PRD)87)(2013))052009

PRD)88)(2013))092003

PRD)87)(2013))031103

PRD)87)(2013))052009

PRL)113)(2014))242001

PRL)110)(2013))221601

EPJC)77)(2017))895

JHEP)10)(2013))183

EPJC)77)(2017))895



Previous)experimental)status

• Measurements)of)!""
and)#"" in)good)
agreement)between)B8
factories)and)LHCb

• !$$ and)#$$ are)
measured)only)by)LHCb
(using)1)fb81 @)7)TeV)
– No)measurement)yet)of)
%$$&'
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Experimental,decay,rates
– flavour,specific,decays
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! =," flavour*(determined*by*final*state)
6 =,decay,time
7 =," flavour,tag
8 =,predicted,mistag probability
9: =,decay,time,error

LHCbJPAPERJ2018J006



Constraints)on)CKM)parameters
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• Recent)LHCb paper)uses)methodology)from)[JHEP)10)(2012))029]

• Combine)information)from)!" → $%$&,)!'" → (%(&,)!% → $%$",)and)!" → $"$" decays
• Use)flavour)symmetries)(isospin)and)UQspin))to)constrain)uncertainties)from)hadronic)

parameters)(strong)phases,)etc.)

• Very)little)effect)of)UQspin)breaking)on)extraction)of)−2+' but)further)improvements)in)

extraction)of), using)this)method)are)potentially)limited)by)understanding)of)UQspin)breaking

• New)strategies)are)being)developed)to)reduce)the)dependence)on)UQspin)symmetry

[PRD)94)(2016))113014]

Phys.)Lett.)B741)(2015))1

! =)allowed)
level)of)nonQ

factorisable

UQspin)

breaking, = 63.5&2.3%3.4 ∘ −2+' = −0.12&".82%".89 rad.



Constraints)on)CKM)parameters
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• Recent)LHCb paper)uses)methodology)from)[JHEP)10)(2012))029]

• Combine)information)from)!" → $%$&,)!'" → (%(&,)!% → $%$",)and)!" → $"$" decays
• Use)flavour)symmetries)(isospin)and)UPspin))to)constrain)uncertainties)from)hadronic)

parameters)(strong)phases,)etc.)
• Very)little)effect)of)UPspin)breaking)on)extraction)of)−2+' but)further)improvements)in)

extraction)of), using)this)method)are)potentially)limited)by)understanding)of)UPspin)breaking
• New)strategies)are)being)developed)to)reduce)the)dependence)on)UPspin)symmetry

[PRD)94)(2016))113014]

Phys.)Lett.)B741)(2015))1

! =)allowed)
level)of)nonP
factorisable

UPspin)
breaking, = 63.5&2.3%3.4 ∘ −2+' = −0.12&".82%".89 rad.
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Statistical(correlations
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LHCbCPAPERC2018C006



Systematic*uncertainties
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LHCbEPAPERE2018E006
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• Most*particle*identification*information*comes*from*the*Ring*
Imaging*Cherenkov*detectors.

• Different*radiators*provide*separation*over*a*wide*momentum*
range.

Kaon/pion*separation

cos $ = 1
'(



Trigger&categories
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VELO

Magnet

HCAL

M2HM5

pp

Trigger&On&Signal
• Particle&from&the&signal&

decay&fires&a&trigger&line.

• Triggered&by&HCAL&

deposits.

Trigger&Independent&of&Signal
• Particle&from&the&rest&of&

the&event&fires&a&trigger&

line.

• Triggered&mostly&by&HCAL&

deposits&or&muons.

! Trigger&Efficiencies:

! ~30%&efficient&for&multiH

body&hadronic

! ~90%&efficient&for&diHmuons
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Eur.*Phys.*J.*C73*(2013)*2373


