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CP violation

e The Standard Model predicted CP asymmetry is not sufficient to explain the baryon
asymmetry of the Universe
=New Physics CP effects are expected VuaVup + VeaVep + VeaViy =0
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¢ Precise measurements of heavy hadron

decays = redundant determination
of the CKM parameters -~
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In this talk% Run-I results

v Measurement of the BY mixing frequency

v Measurement of GP in B — J/¢p K< decays ;

v Measurement of CP and polarization fractions in BY — J/¢K ~ decays
(—) (—)
v Study of B~ — D'K—7tn~ and B~ — D%~ 77~ decays
and determination of the CKM angle ~
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v Determination of the CKM parameter |V




Precision measurement of Amy

¢ |[n neutral meson systems, the flavour
oscillation frequencyis  Am = mpg — mry
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 Mixing asymmetry measured in: B — D(*)_,uJ“VMX decays

Nnot osc(t) . Nosc(t)

A(t) = = cos(Amygt)

- Nnot osc(t) + Nosc(t)




Precision measurement of Amy

¢ |[n neutral meson systems, the flavour
Am =mgyg—my

oscillation frequency is

e Mixing asymmetry measured in: B® — D(*)_,uJ“VMX decays
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Flavor tagging
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Decay time reconstruction

Am o< (Vt}k)‘/;fq)z

N
Background rejection
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P = €1ag(1 — 2w)* ~ 2.4%

o k= preco/ptrue factor
determined with simulation

e correct the reconstructed
decay time and account for
the momentum resolution

BT — DWWty XT
background rejection

with a Multivariate
Classifier
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Precision measurement of Amy

e Fit to the decay time distribution for unmixed and mixed events
e Mixing asymmetry projections in four flavour tagging categories
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ALIEPH (3 analyses)
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DELPHI (5 analyses)
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L3 (3 analyses)
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OPAL (5 analyses)
479 = 18+ 15

CDF1 (4 analyses)
495 + 33+ 27

DO (1 analysis)
50620+ 16
BABAR (4 analyses)
506+ 6+4

BELLE (3 analyses)
509+4+5

LHCD (3 analyses)
514+£5+3
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The Evergreens: sin(28) using B — J/¢¥ K% decays

e Mixing induced (P :in the interference of direct decay and decay after mixing
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with AT' =0  Syjyxg ~ sin(20) g
e Multidimensional unbinned maximum %
likelihood fit to extract CP observables 3

e Accounted for flavour tagging and B meson
production asymmetries
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The Evergreens:

sin(203),

s

Acp(t) = S¢sin(Amt) — C'rcos(Amt)
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S uro = +0.731 4 0.035 & 0.020
J/$K?
Cyjpico = —0.038 £ 0.032 £ 0.005

PRL 115, 031601 (2015)

e Consistent with world average and
precision to B factories

similar

e 95690 By — J/¢[— utp o= KTK™]
candidates

® time dependent angular analysis to
disentangle CP even and CP odd
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¢s = —0.058 £ 0.049 + 0.006rad
PRL 114, 041801 (2015)

e|combined with BY — J/yrtm™
$s = —0.010 £ 0.039rad

PENGUIN POLLUTION???
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CP violation and polarization fractions
n B — J/wK " decays

measured __ 1 SM . . Nierste et al. arXiv:1503.00859,
P4 = ¢;" + Adpenguin + APNewPhysics | |/t al. PRD 89. 094010 (2014)

h-&- h._

* A@penguin and/or C£P~ could be different for

each polarization state Npo_s j/ypr+0 = 208700 = 500
N —0 = 1800 =% 60
: BY—J/¢yK
e Measurement of A¢penguin With decays 2000 g ar il S—
where the penguin/tree ratio is not suppressed : LHCb
A(BY = (J/¥E ")) = =AAi(1 - aze®e™) e

-~ Total PDF
B., signal

v BY signal

= = = Combinatorial bkg
A, = Iy pr”

A(BY = (7/06)) = (1= 2) (1 — e

i€ (0,1,],9)

SU(3) flavor : a; = a.,6; = 0!
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CP violation and polarization

fractions in B® — J/¢K " decays
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e measurement of direct (P~

(J/YK n~ vsJ/vK 7" )decays are flavour specific

Candidates /0.31 [rad ')
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¢ time integrated
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* polarization dependent 2 “f N
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e Account for production and i Tl .
detection asymmetries ofF S 2
200 _.--"
ok b
¢ Results e Combined with BY — J/wpo:

fo =0.497 £ 0.025(stat) £ 0.025(syst)

fi = 0.179 £ 0.027(stat) 4= 0.013(syst)
ASP(BY = J/K™) = —0.048 + 0.057(stat) + 0.020(syst)
AFP(BY — J/$K™) = 0.171 £ 0.152(stat) = 0.028(syst)
ACP(BY = J/K™) = —0.049 + 0.096(stat) + 0.025(syst)

B(B® - J/WK) = (4.13 +0.16(stat) + 0.25(syst) =+ 0.24(f /fs)> x 107

LHCB-PAPER-2015-034

AG7"? = 00007000 (stat) 0 004 (syst)rad

J ) :
A1 = 000140019 (stat) F9 007 (syst)rad

Ap"? = 0.00370 019 (stat) TO 007 (syst)rad

absolute shift smaller than 19 mrad
current experimental precision:

O'(¢S) = £0.035 rad
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Study of B~ — DK ntrx=and B~ — Dz ntn™

decays and determination of the CKM angle Y

e CKMangley = [—(VuaVyy)/ (VeaVip)]

e Study the interference between B~ — DX, and B~ — DYX_, decays,

selecting final states accessible to both DY and DO (all tree Ievél)

Example TB% D°Krn \

5 fpKTm fo=K*r*

' — 10D
0B ,\%> DVK rpe —,RKp

rp and dp are the amplitude ratio and strong phase difference between B — D°X and B — DX

rpe’P is the ratio between the Cabibbo Favoured and the Doubly Cabibbo Suppressed amplitudes
Coherence factors k appear with multibody states

CP observable:

['(B* — [KTn¥]pX*)  r% 417, + 2krprpeos(0p + 0p £7)

D(B* — [KErF]|pX+) 1+4+r%r) +2krgrpeos(dp — 0p )
LHCB-PAPER-2015-020
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Study of B~ —» D°K~ntr—and B~ — D%z ntx™

decays and determination of the CKM angle Y

e CKMangley = [—(VuaVyy)/ (VeaVip)]

e Study the interference between B~ — DOXS_d and B~ — ﬁX;d decays,

selecting final states accessible to both D' and DO (all tree level)

e Different “methods”:

ADS selection of quasi-flavor specific final states, Cabibbo favoured (CF) and doubly
Cabibbo suppressed (DCS) D — K*7T

CP observable of interest: relative widths of DCS to CF, separated by charge

GLW  selection of CP eigenstates D — KK~ , D —>ntn~

CP observables of interest: charge-averaged yields ratios,
charge asymmetries

e Counting analyses
¢ Ratios or double ratios reduce the systematic uncertainties

LHCB-PAPER-2015-020
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Study of B~ —» D°K~ntr—and B~ — D%z ntx™

decays and determination of the CKM angle “Y

e Signal yields are obtained with a simultaneous unbinned extended maximum
likelihood fit to the B candidate invariant mass spectra

*
ADS B—[Ka'] Ka'n B’—»[K’n]DK ¥ o _’[K nt] K T nt
| R P PR IR IR L RO By (N z Baroos &~ ™1 LB B B
g S [LHCL | o= & LHCb " data
2 2 oo S — Total PDF
e e . o0, K" ren O 30 ola =
g § oot -~ i | B B—D*Knn
- - ~ = Signal o B B.—DKrutn
% g Z [ Comb bkg
S o e — — Signal
£ 20 =
o2
©
5200 5300 5420 5600 :
Mass [MeV/c?] Mass [MeV/c?] 8
B -»[K":t]DK T | B'—{K ] K'nx*
? LHCb e e
3 (==} x 1 &
2 | @8, - DKxxx" ] 2
S| 5 Comb big <
8 ¢ == Sl { 8.
b 1 2 0
§ : ' § 10 5200 5300 5500
] - Mass [MeV/c?)

-5 s : FiRST EVIDENCE i
o o P | HCB-PAPER-2015-020

e Fitted signal yields are corrected (for the events removed by the vetoes, charmless
background, B production asymmetry, kaon and pion detection asymmetries)
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Constraints on 7Y

—— B —=DK t'x", D—h*h", 3 b’ =
B —Dh n'n",D—h*h, 3 b’ g
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= (74739)° using B — DX, only
= (74772)° using B — DX,

and B — DXy

e The precision is comparable or better
than most previous measurements

LHCB-PAPER-2015-020

LHCb combination & previous measurements

e Measurements included:

e BY — Dh"™,D — hh GLW/ADS, 1 fb™! Pphys. Lett. B712 (2012)203

e BtY - Dht D — Knnm, ADS, 1 fb~!  Phys. Lett. B723 (2013) 44

e BT — DK*,D — K2%hh, model independent, GGSZ, 3 fb~!
JHEP 10 (2014) 097

e Bt - DKT D — K3Kn, GLS, 3 fb™!  phys. Lett. B733 (2014) 36

0 *0 _
e B - DK*®, D — hh, GLW/ADS, 3 fb Phys. Rev. D90 (2014) 112002

e BY + DFK®, time-dependent, 1 fb=! JHEP 11 (2014) 060

e Combination accounts for D — D9 mixing
effect and supplementary informations from
other experiments

e Taking the best fit value and 68% CL interval
9 Vo
Y= (73J—r10)
LHCB-CONF-2014-004
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Determination of ‘Vub‘ Nature Physics 10 (2015)

e |Vub| is complementary to y and B in constraining the Unitarity Triangle

e Tension between the exclusive and inclusive measurements of |Vub|

e LHCb strategy measure the ratio of branching fractions of the Ab baryon
into ppt 7, and AT~

A" Rpp = 1.470 £ 0.115(stat) & 0.104(syst)
2 S Lz :
Vb B(AY — pu~v,) W. Detmold, C. Lehner and S. Meinel

= Rrp arXiv:1503.01421
Vel B(A) = Afp— 1)

Belle measurement arXiv:1312.7826
B(A) = pi™ ) 2> 15Gev2 /et _ N(AY — pu~v,)

BA) = AL 1)) 2stgevejen . N(A) = AL (= pK-—nt)p~m,) [/

9 e(AY = AF (= pK—71)u~1y,) Dt

world average e(AY — pu~—7,)
V| = (39.5£0.8) x 107

x B(AF — pK~n)

e Boosted decision tree removes backgrounds with additional charged tracks that
could vertex with a pp candidate.

e Efficiency from simulation, with many data-driven corrections

14
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Determination of [V

e Corrected mass, mcorr = \/ m; , +pi +po fits are used to extract signal and control
sample yields, accounting for the per-event uncertainty

N(AY = pp uu) — 17687+ 733 (L=2fb™ 1)

~18000 — ' . . . .
i.) - Combmatorlal LHCb j
% 15000 S Mis-identificd _ Inclusive p——
= FiRST OBSERVATION
% 12000
> | B
e xclusive % BC/
9000 arXiv: 1501 05373
O (B—alv) ey FNAL/MILC
= arXiv: 1503 07839
S 6000
3
= LHCH chmuld. Lehner, Mcinql
(3] ——— usin, / config
© 3000 (A—>puv) e i 1503 0101
e (U Y T DO W PR O T U N BN v0) WA YOO Cetl NN WO W YRR
000 2000 5000 0003 0.0035 0004 0.0045 0.005
Corrected pu mass [MeV/c?] IV,
u

Vo] = (3.27 = 0.15(exp) % 0.16(theo) = 0.06(|Vep|)) x 1073

colliders
e In agreement with the exclusively measured world average, FIRST @Haolrow‘.J
3.50 deviation from the inclusive measurement

e can check the consistency of |V,;|/|V.p| with 8
e does not support a right-handed coupling of significant magnitude

Nature Physics 10 (2015)
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Summary and Conclusions

e Precise measurements using b-hadron decays multiply the complementary

constraints to the CKM picture

e CP-conserving quantities:

e world’s best measurement of Amy

e first measurement at Hadron Colliders of |V |/|Vep |

e CP-violating quantities:

¢ v determination with B—DKnrm and B—Drinrt

decays and y combination

e Run-I measurements of sin(2pB) and ¢s

e Contributions from “Penguin pollution”

are shown to be small!

ooam".] -
 Stay tuned for Run-II! & /

— 012} / o 68% CL contours |
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Am, . B decay time and Resolutions

¢ The momentum of the B meson cannot be measured
precisely due to the partial reconstruction of the decay. MPDG

e The B decay time is corrected using the factor: @
k= p?"eco/ptfrue

e The k-factors are also used to model the decay 5 1F
time resolution: g
~ 0.8 N
~ 2<1'03' LA DL L DL L I L DL 06_ __
S 10 [ . . ..m’ |p rzco-t 1 B N
- o k=15 0.4
S - LHCDb simulation r . e Fean (M p) ]
> SF Du’ g R E 02F
= 5 . ] “r LHCb simulation
LS or : = B ol v v 11
| ’ R i 3000 3500 4000 4500 5000
4 3 R ] B mass
2_ .0. .. —
O__...u”'l'.T T N R S W SR ! B,

04 0.6 0.8 1 1.2 14
/ Corrected k-factor

Psig = (T'(t) ®¢ R(t)@ F(k)) | A(t) | HCB-CONF-2015-003

L resolution”
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Flavour tagging

opposite side

KTt OSK

[ OSu
OSe
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Study of B~ — DK ntrx=and B~ — Dz ntn™

decays and determination of the CKM angle Y

* CKMangley = |~ (VuaVip)/ (VeaVip)

e Study the interference between 5~ — DOX and B~ — DYX, decays,
selecting final states accessible to both D" and DO (all tree Ievel)

e Different “methods”:

ADS selection of flavor specific final states, Cabibbo favoured (CF) and doubly
Cabibbo suppressed (DCS) D — K + 7

CP observable of interest:

F(B:t — [K:Fﬂ'i]DX:l:) B 7°2B + 7“% + ZKTBTDCOS(5B + dp :|:’7)

X+
R = [(B* — [K*nF|pX*) 1+1%4r% + 2krgrpeos(dp — 6p £7)
GLW  selectionof CPeigenstates D - KTK~ , D — 11
CP observables of interest:
Rh+h—
Bt (B~ = [hTh |pX,)+T(BT = [hth~|pX]) s/d
RCP+ = — T RCP+ - K
I'(B- — [K—7t|pX:)+T(Bt = [K+tn-|pX:) i
=1+ 'r% + 2krpgcosogcosy
(B~ X )-I(Bt = fpX+
Ag}i _ I — /pX7) ( — /pX7) = 2krpsindgsiny/Ropa

T I'(B- — fpX~ )+ (Bt = fpX+)
e Ratios or double ratios reduce the systematic uncertainties LHCB-PAPER-2015-020
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Vs @ significant right-handed coupling

4GF L /— _ —
Lefs = _Wvub(U’YuPLb + eruy, Prb)(UY" PLl) + h.c.
Nature Physics 10 (2015)
“b 8 ' ! . | ’ . ! | ! . | !
e A B inclusive i
X T+ B B—>nlv q
. B A,—puv (LHCb) -
"]>= 6 757 combined =
5
4
3
L . . | L . . L N L . N
24 202 0 0.2 0.4

ER

e Hypothesis of a right-handed coupling (Bernlochner et al., arXiv:1408.2516 ,
Crivellin, arXiv.0907.2461) is not supported by the combination after inclusion of
the LHCb measurement
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