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CP-violation in decay

- b-hadron decays without charm
in the final state can have similar
sized tree (A1) and penguin (A,)
contributions

antibottom antistrange
quark quark

- Maximise potential for CP A
violation in decay (different weak

phases, ¢ = ¢1 — ¢2) S B

- Multi-body final states also
proceed via numerous
intermediate resonances - 211 ||Ao] sin & sin &
variation in strong phase, ACP = A2 cos 5 c0s 6
0 = 6, — &, across Dalitz plot

See talk by F.Dordei for additional CPV measurements
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- In principle, the most promising investigations are in multi-body
decays - many techniques used to analyse them:
- Phase-space integrated CP-asymmetries [arXiv:1603.00413]
- Amplitude fits - three and four-body
- Binned phase-space asymmetries [arXiv:1408.5373]
- Triple-product asymmetries [arXiv:1609.05216, arXiv:1603.02870]

- Kernel based two-sample hypothesis testing (‘Energy test’)
[arXiv:1410.4170]

- All of these used in upcoming searches for CP-violation, using
the decays described in this talk
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https://arxiv.org/abs/1603.00413
https://arxiv.org/abs/1408.5373
https://arxiv.org/abs/1609.05216
https://arxiv.org/abs/1603.02870
https://arxiv.org/abs/1410.4170

BO

sy = KSh*h~ branching fractions

[arXiv:1707.01665 , to appear in JHEP]


https://arxiv.org/abs/1707.01665

- Loop-dominated avenue to measure
the CKM angle $, via B — ¢K? (or
B — p°KS, ...) [arXiv:hep-ph/9704277].

- Can also obtain the CKM angle v
from isospin or flavour SU(3)
symmetry relations between decay
modes [arXiv:hep-ph /0601233,
arXiv:1303.0846].

- Arguments can also be reversed to
provide information on hadronic
parameters in B — K*
[arXiv:1704.01596].
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https://arxiv.org/abs/hep-ph/9704277
https://arxiv.org/abs/hep-ph/0601233
https://arxiv.org/abs/1303.0846
https://arxiv.org/abs/1704.01596

B(s) — KSh*h~ branching fractions

-« AlLB® — KSh™h~ decays
observed at the B-factories
[arXiv:1003.0640].

- B — K77~ and BY — KIKErT
observed with 1fb~—" of 2011 LHCb
data [arXivi1307.7648].

- Aim for the 3fb~" update is to
make the most precise
measurement of the branching
fractions, and make an
observation of BY — KIKTK~.

[arXiv:1707.01665 , to appear in JHEP]
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https://arxiv.org/abs/1307.7648

B(()S) — thJrhi b nChing fractions [arXiv:1707.01665 , to appear in JHEP]
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https://arxiv.org/abs/1707.01665

B?S) — K‘Sthhi branChing fractions [arXiv:1707.01665 , to appear in JHEP]

- Selection separately optimised for the search for B — KSKTK~
(dashed blue curve):
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- Efficiencies calculated using simulated data, using the
corresponding background subtracted phase-space
distributions - data-driven corrections for particle ID, LO trigger,
and tracking

- Dominant systematics from the combinatorial background fit
model, and the knowledge of the LO trigger efficiencies 6/ 25
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B(s) — KSh*h~ branching fractions

[arXiv:1707.01665 , to appear in JHEP]
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B?S) — th+h7 branChing fractions [arXiv:1707.01665 , to appear in JHEP]

Branching fractions measured relative to B® — K3 *m~, using the
world average value (minus LHCb) of
B(B® — KO tm—) = (4.96 + 0.20) x 10~

(6.14£0.5+0.74+0.3) x 1075,
= (2724£09+16+1.1)x107°,

(9.5+1.3+1.5+04) x 1075,
(84.3+3.54+74434)x107°,
€ [0.4—-25]x107% at 90% C.L.,

)
B(B’— K°K+K )
B(B?— )
)
)

B(B°— K)OKi F
B(B°— K'K*K~

where the first uncertainty is statistical, the second systematic, and
the third due to B(B® — K%+ x~). The confidence interval for
BY — K3KTK~ is obtained using the Feldman-Cousins method.
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B’ = K¢z "7~ amplitude analysis

[LHCb-PAPER-2017-033, To be submitted to PRL]



=0 0 .
B = Kg ’7T+’7T7 t| me In d e pe n d e nt [LHCb-PAPER-2017-033, to be submitted to PRL]

- Time-integrated, untagged analysis - first step towards
measurements of B¢ in a time-dependent analysis

- B-factory measurements found evidence for negative
CP-asymmetry in the decay of B — K*(892)~ 7" [arXiv:1105.0125,
arxiv:0905.3615, arxiv:0811.3665]

- Selection identical to the branching fraction analysis described
previously

- Combinatorial background taken from sideband,
m(K$r 7 ) > 5450 MeV, and dominant cross-feed
(B — K3KFx¥F) Dalitz-plot distribution taken from data
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https://arxiv.org/abs/1105.0125
https://arxiv.org/abs/0905.3615
https://arxiv.org/abs/0811.3665

=0 0 .
B = Kg ’7T+’7T7 t| me In d e pe n d e nt [LHCb-PAPER-2017-033, to be submitted to PRL]

- Amplitude model parameterised in terms of invariant-mass

pairs migw and migﬂ_ (st ands™),

N
A=Y ¢ F(sts),
J
Form of F given by:

F(st,s7)ocT(st,s7) - Z(sT,s7,L) - X(s*,s7,L)

- T(s*,s™): Mass distribution in Mot OF My (lineshape)

- Z(s*,s7,L): Spin term, resonance spin L (using Zemach tensors)
- proportional to Legendre polynomial

- X(s*,s7,L): Centrifugal barrier term (Blatt-Weisskopf)
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=0 0 .
B = Kg ’7T+’7T7 t| me In d e pe n d e nt [LHCb-PAPER-2017-033, to be submitted to PRL]

- A built by starting with those contributions identified in the
B-factory analyses

- Contributions are added (or removed) depending on the
likelihood, goodness of fit, or component magnitude

Resonance Model
K*(892)~ Relativistic Breit-Wigner
(K7)o Model from QCDF (EFKLLM, arXiv:0902.3645)
Kx(1430)~ Relativistic Breit-Wigner
K*(1680)~ Flatté
f0(500) Relativistic Breit-Wigner
p(770)° Gounaris-Sakurai
fo(980) Flatté
f0(1500) Relativistic Breit-Wigner
X0 Relativistic Breit-Wigner

- Plus a flat non-resonant contribution 1/25


https://arxiv.org/abs/0902.3645

70 .
B = Kg ’7T+’7T7 C P asym m et”es [LHCb-PAPER-2017-033, to be submitted to PRL]

- For quasi-flavour-specific final states, the CP asymmetry from
the isobar coeffcients

Aisobar _ ‘E}|2 - ‘Cf|2

P 922 L2

¢ G + gl
is corrected for the EO/B0 production asymmetry of
approximately —0.35% (and the pion detection asymmetry is
consistent with zero).

- Quasi-two-body branching fractions are obtained using the fit
fraction of each contribution - the relative intensity if only a
single component contributed

e Jop |CiFil?dsTds™
" fop > GFjPPdstds—
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=0 0 .
B = Kg ’7T+’7T7 ﬁt p rOJ eCt| ons [LHCb-PAPER-2017-033, to be submitted to PRL]
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- Significant asymmetry in the K*(892)* region!

- Systematic uncertainties arise from knowledge of the fit yield,
the variation of the signal efficiency and background across the
Dalitz plot, the fixed model parameters, modelling the S-wave
components, and marginal contributions to the amplitude.
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=0 0 .
B = Kg ’7T+’7T7 ﬁt p rOJ eCt| ons [LHCb-PAPER-2017-033, to be submitted to PRL]

- After applying efficiency corrections (same as branching fraction
analysis), and correcting for production asymmetry:

Acp(B” — K*(892)~1+) = —0.308 % 0.060 % 0.011 % 0.012

- Approximately 60 from zero - first observation of CP violation in
this mode

- Also measure Acp for other decays:

Acp((Km)g™ ™) = —0.032=0.047 % 0.016 = 0.027
Acp(K3(1430)"77) = —029+ 022+ 0.09+ 0.03
Acp(K*(1680)"77) = —0.07+ 013+ 0.02+ 0.03
Acp(fo(980)K?) = 0.28+ 027+ 0.05+ 0.14

where uncertainties are statistical, systematic (experimental)
and systematic (DP model)
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A)(=p) — ph~h*h~ decays

[LHCb-PAPER-2017-034, To be submitted to JHEP]



/\(b) (Eg) 4) ph a th h . d ecays [LHCb-PAPER-2017-034, to be submitted to JHEP]
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https://arxiv.org/abs/1609.05216

— ph—h*th~ branching fractions  iwcs-ever20m03, o be submitted o e
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») — ph—h*th~ branching fractions

- Background
contribution from
multibody B decays
estimated by a fit to
the spectrum following
a proton mass
hypothesis swap

- Dominant systematic
uncertainty on the
branching fractions
arises from the
variation of the
efficiency across the
phase-space
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100

[LHCb-PAPER-2017-034, to be submitted to JHEP]
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— ph—h*th~ branching fractions  iwcs-ever20m03, o be submitted o e

Branching fractions are measured relative to A) — Af (pK=7)r ™,

B(A) — pr~rtrT) = (1.90£0.06 £ 0.10 £ 0.16 £ 0.07) - 107,
B(Ab —pK ntr™) =(4.5540.08£0.20 £0.39 £ 0.17) - 107,
B(A) — pK~K*r~) = (0.37£0.03 £ 0.04 £0.03 £ 0.01) - 10°,
3(/10 — pK KTK™) = (1.14£0.03 £ 0.07 £ 0.10 £ 0.05) - 107,

where uncertainties are statistical, systematic, and from the
A) = Afr~ and Af — pK=a* branching fractions. Results for =)

B(Z) — pK wtn) - fzo/fag = (1.72£0.21£0.25£0.15+0.07) - 107,
B(5) — pK ™7t K™) - f=o/fag = (1.56 £ 0.16 + 0.19 +0.13 £ 0.06) - 107,
B(Z) — pK K™K™) - f=o/f €[0.11-0.25] - 10~ at 90 % C.L.

are a product of the branching fraction and ratio of the production
fractions of =) and A} baryons (fzo r0). The interval on

—b b
=) — pK=K*K~ branching fraction is obtained using the
Feldman-Cousins method. 18/ 25



BY — 77~ and B? — KTK~
time-dependent analyses

[LHCb-CONF-2016-018]



B® — ntr~ and BY — KTK~ time-dependent analyses wics oz

- Time-dependent measurement of CP violation in B® — 77—
and BY — K*K~ using 3fb~" of data - supersedes 1fb~! LHCb
measurement [arXiv:1308:1428]

- Can extract CKM angles v and (s via U-spin symmetry
[arXiv:1408.4368]

- For

Alt) - FE‘ZS)Hf(t) - FB?sﬁf(t) _ —Cycos(Amgt) + Sy sin(Amyg st)

FE?S)af(t) + FB?S)—J(t) cosh (LF; St) + APsinh (er St)

2

extract parameters corresponding to

C, = 1—|)\f|2 _ QIm)\f AT _ 2Re)\f
T= 1+ g T= 1+ R EVE
A
/\f = g—f
p Ay
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B® — ntr~ and BY — KTK~ time-dependent analyses wics oz
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B® — ntr~ and BY — KTK~ time-dependent analyses wics oz

Cptpe = —0.2420.07£0.01,
Sptnm —0.68 £ 0.06 & 0.01,

+ -
TSy EE

Cg+g- = 0.24£0.06£0.02,
BaBar -0,68+0.10+0.03
Sk+x- = 0.22 £ 0.06 £ 0.02, PRD 87 (2013) 052009
AQEK* = —0.75+£0.07£0.11, s:élzs (2013) 092003 ootz
LHCb -0.68 +0.06 + 0.01
LHCb-CONF-2016-018
. . Average -0.68+0.04
- Consistent with B-factory values HELAV correated averae
. 08 07 0.6 05
- most precise value of S+,
- (Sk+k-, Cx+¢-) differs from (0, 0) T C, [P
ata leVel Of 460— BaBar " -0.25+0.08 + 0.02
PRD 87 (2013) 052009 !
. Ongoing work to include Belle N ) -0.33£0.06:+0.03
. , L, PRD 88 (2013) 092003
additional (‘same side’) flavour LHCb | easeorson
LHCb-CONF-2016-018
taggers, update for Run 2 LHCb Average 0272004
HFLAV correlated averdge
data, and measure CKM L 5 o

parameters
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Search for BT — DIK*K~ decays

[LHCb-PAPER-2017-032, To be submitted to JHEP]



Bt — DIXK*K~ decays

[LHCb-PAPER-2017-032, to be submitted to JHEP]

- BT — D¢ proceeds primarily via annihilation diagram in SM -
predictions of branching fraction O(10~7)

- Additional diagrams contribute in extensions to SM - enhance
branching fractions and/or CP asymmetries

- Update previous measurement (3.0fb=") to 4.7fb~"

Arbitrary Units
g
2

o
o
3

T T T
LHCb

Simulation

-0.5 0 0.5

- Selection of ¢ enhanced with cut

on helicity angle of

| cOS Oel| > 0.4 - background
approximately uniform, efficiency
of 82% for signal

- DF — KTK=x* used for

BT — DFKTK™ search,

additionally D — K*#w~ 7+ and

D — ata—nt for BY — DF o
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B+ == D? K+ Ki d e CayS [LHCb-PAPER-2017-032, to be submitted to JHEP]

- Total BY — DI K™K~ yield of o 40— ; ; ;
443 4 29 - first observation > - B DIK'K
= 300 ! ) v~ b+ 1
+ BT — DFK+K~ efficiencies S B 5~ i~ KK )
corrected using the g 200f %Z:Z?K -
background subtracted é ol N[
phase-space distribution, © I comvinatorics
BT — DF¢ assumed to have

5600 ‘58‘00
no variation mDK*K") MeV/c?]
- Dominant systematic uncertainties are from the knowledge of

the relative efficiencies (for BY — DfKTK~), and background fit
PDFs and the assumption that BT — DI K+K~ proceeds purely
via fo(980) or ap(980)
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B+ == D: K+ Ki d e CayS [LHCb-PAPER-2017-032, to be submitted to JHEP]

| ) I e I
Lo U,IH LIRS I 1) gﬂﬂw
T LAURLEE I S o

- Background subtracted and efficiency corrected m(D3K~) (left)
and m(K+K—) (right)
- Branching fraction measurements (normalised to
B+ — DD’ (K+K™)):
B(BT — DXK*K™) = (714054 0.6 £0.7) x 107°
B(BT — Df¢) < 4.4 (4.9) x 1077, at 90(5)% confidence

- Uncertainties are statistical, systematic, and on the resonance
and normalisation branching fractions. 2 25



Summary



- Most precise measurements of the B?S) — K3h*h~ branching
fractions, but are yet to observe BY — K3KTK~

- Untagged, time-integrated amplitude analysis of [ Kdmtm—
performed, and CP violation observed for the first time in the
decay of B® = k*~x+ at a level of 60

- First observations of many four-body b-baryon decay modes,
with a large number of candidates - perfect for further
investigations of CPV in baryon decays

- Updated time-dependent study of B — 77~ and BY — K*K~
decays, with evidence for CPV in BY — K*K~ decays

- First observation of BT — DI K*K~, and limit on B(B* — DI ¢)

- Many more results on these and other topics coming soon!
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EFKLLM

- F(m) form factors
- Cg, Cq left free in fit (phase of one fixed here)

- Parameterises the full invariant-mass range



CPVin A} — pr—ntr~ decays

With CT — pp . (phr X ph;)' and E’T‘ = ‘DF_) . (phf X Dh;):




AJ(ZP) — ph—h*h~ decays

- Simultaneous fit yields:

Decay mode Signal yield ~ S/B  +30 range (MeV/c?)
A) — pr—ntn 1809 £ 48 49403 [5573.9, 5674.6]
A) — pK—ntn 5193 £ 76 7.7+£0.4 [5574.4, 5674.2]
A) — pK~ K+~ 444+30  0.71£0.06 [6577.4, 5671.1]
A) - pK~KtK~ 1706 £ 46 8.1+£0.7 [5579.0, 5674.6]
Z) —» pK ntr™ 183+22  0.59+0.09 [5747.9, 5846.2]
=0 pK-ntK- 199421 0.8+£01  [5747.4, 5846.2]
Z) - pK KtK~ 27+14  0.14£0.08 [5752.7, 5840.8]

A = (AF — pK—nt)r~ 16518 +133 - [5573.7, 5674.8]




B° — 77~ and B? — KTK~ time-dependent analyses

- Time-dependent asymmetry B® — 77~ (left), BY — KTK~

(right):
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Bt — DfK*K~ fit categories
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Production asymmetries, 8TeV
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An aside on S-wave

10°
LHCb «B* (b)
vB~

g
8

{ LHCb AB' (a) ]
v B_

2
8

- Accurate S-wave models very
important, e.g, in
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- S-wave can be modelled using different approaches as
cross-check (e.g, K-matrix, isobar model, model independent, ...)

- Experimenting with better motivated S-wave descriptions (e.g.,
unitarity conserving K-matrix models)
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