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O Introduction. CPV and the CKM unitarity triangle.
[ CPV in the B meson system.
[ CPV in the D meson system.

d CPV in baryon decays.

Unless otherwise stated, all LHCb measurements reported here are performed
with an integrated luminosity of 3fb! collected in Run I.



Introduction

Quark weak eigenstates related to mass eigenstates through the unitary V,, matrix
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Weak charge currents proportional to CKM matrix elements
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Wolfenstein parameterization using four real parameters: A, p, A, 11 (n # 0 => CP Violation)
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Unitarity triangle

Draw the relation V4V, + VeaViep +VigVi, = 0  asa triangle in the complex

plane:
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The measurement of all
angles and sides of this
triangle using a plethora
of decay channels is a
stringent test of the SM
description of CP
violation and quark
transitions.
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CP Violation

Direct CPV Best isolated in N D(B* = f+)—T(B~ = f~)
F<B R f) y F(F R 7) charged meson Acp = NGB S ) T )
decays
For example: ACP(Bi - n-iK+K—) = —0.123 + 0.022 PRD 90, 112004 (2014)
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Direct CPV
F(B o f) ] F(§—>7)

CPV in mixing
F(B —>§) £ F<§—> B)

CP Violation

BESt isc(Janted in i F(B+ _ f+) (B~ = f)
charged meson =

decays or (Bt = fH)+T'(B- — f7)
Best isolated in semi- I‘(FO (t) — £+yX) — I‘(BO (t) = 7 UX)
leptonic decays of —0 —
neutral mesons (B (t) = +vX) + T(Bt) = {vX)

v Direct CPV

CPV in mixing-decay
F(B — fcp) # F(E — fC’P)

Sy Sin(Amd(s)t) —Cy COS(Amd(S)t)
cosh (Ard(s) t) — A?F sinh (%t)

At) =

2 2

fop, is a CP eigenstate

AI" is negligible for B, so i

Mixing-induced CPV

nthat case A(t) ~ S¢sin(Amgt) — C¢ cos(Amgt)



sin(203)

*
Ve Cb) is one of the angles of the CKM triangle (also called ¢,)

ViaVi,

f = arg (—
BY — J/ng Golden decay mode to measure sin(23) through time-dependent CP Asy.

—0

[(B (t) = JWKg) —T(B(t) = JWK)
—0

[(B(t) = JWKS) + T(B(t) = JWKg)

Alt) = ~ Ssin(Amt) — C cos(Amt)

Direct CP violation expected to be very small (C = 0), so S = sin(2f).
PRD 91 073007 (2015)

. . . - +0.017
Other measurements that constrain the CKM triangle predict sin(23) = 0.771" ' 541

Small discrepancy with the average of direct measurements: sin(23) = 0.691 4 0.017
HFAG arXiv:1612.07233

Better experimental precision and understanding of higher-order contributions needed to
clarify the CKM picture.



Sin ( 2 /6 ) PRL 115, 031601, (2015)

Stat. uncert.

LHCb has become competitive with B-factories measurements.
BaBar £0.036, Belle £0.029
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Time-dependent CPVin BY — D™D~ decays 117, 261801 (2016)
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sm(ZB) = sm(2(])1) HEAG

BaBar ; a 0.69 + 0.03 * 0.01
PRD 79 (2009) 1072009 i B E

BaBar g P | . 0.69+052+0.04+0.07
PRD 80 %00093 112001 ——

BaBar J/y (hddronic) Kg i | i 1,56+0.42+0.21
PRD 69 (2004);052001 5 | i H

Belle ; i ) ; 0.67 +0.02 + 0.01
PRL 108 (2012) 171802 i LA J:

ALEPH ; i e . 0.847985+0.16
PLB 492, 259 (2000) ' o y

OPAL ’ ; . 3.20 “380 + 0.50, |
EPJ C5, 379 (1998) : |

CDF ; A N 0.79 04
PRD 61, 072005 (2000) i i

LHCb : E L) 0.73+0.04 + 0.02
PRL 115 (20155 031601 i )

Belle5S i ; N 0.57 + 0.58 + 0.06
PRL 108 (2012} 171801 o B

Average | | 0.69 +0.02
HFAG 5 : |

2 -1 0 1 2 3

World average sin2f = 0.69 + 0.02




The CKM unitarity angle y

y = arg| — VuaVup (also called ¢5) still the least-well known of the CKM unitarity
o Vchzb angles (precision about 6°, compared to 3° and <1° for a. and B).

Combination of all direct measurements yields y = (72. 1t§;‘§ ©

Latest LHCb-only combination: y = (72.2%5%)°  JHEP12(2016) 087
Indirect constraints from the other CKM parameters y = (65. 3*32)° (CKM Fitter)

The comparison of tree-level measurements of ¥ to those from B decays
involving loop transitions, B, ; — hh', (h = {K, 1t}), may reveal signs of New Physics.

Methods to measure y can be classified into time-independent and time-dependent.

“Classic” time-integrated methods exploit the interference between tree-level b — u and
b — c transitions.

DK~ Need hadronic parameters 1z p
/ \ and 6 p present in the ratio of
B~ f(D)K™ suppressed to favoured B and D

\ S decays
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The CKM unitarity angle y

Colour suppressed

b >
s W
u

Favoured

coherence factor

I‘(Bi —> [f]DKi) = 'rzD + r]23 + 2krprp cos(dp + dp = ) (example of decay rate)

weak phase
TP A(B-+DK") _ rBeuaB-i)
B~ f(D)K~ A(B~ = D°K~) t

CP conserving phases
i(h DK~ / A(D® - Ktn™) v

rge — preidD
A(D° - K—7nTt) b
Three main methods depending on the D final state:
GLW, D — CP-eigenstate (rm, KK) ADS, D — quasi-flavour-specific state (K, Kmmm)

GGSZ, D — self-conjugated multibody final state (Kgmm, KsKK)

12
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Time-dependent CPV asymmetries in BY — D;_’Ki decays
(uptaded to full Run | data)

B? - D;_rKidecays are sensible to y through CPV in the interference of mixing and decay.

s s
-}
3
By VepXVayus ~ A Dy
b > —C
u
Amplitudes of the some order K-
in A. This does not happen in s

BY - D®¥ 1t decays

b u,C,t s
> | > |
| |
_ | |
BS Wi: :Wi K~
L u, ety b
S -¢ L - 1 -¢ -¢ u
3
VubXVCS ""A c
VubX‘/cs%)\B D;—

w0l

Non-negligible Al'; . Access to additional CPV observ.

Measure the combination y — 2, = y + ¢
from the time evolution of the decay rates.

Use flavor-specific control channel B? — D"
to determine time-dependent efficiencies and
tagging performance.

2 SSpion
1[ 3 0
SS kaon (for BY)

0S charm
b Kt OSkaon
c—os
b-c
b - XU~ = 0S muon
0S electron

0S vertex charge

LHCb-CONF-2016-015
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SC Time-dependent CPV asymmetries in B — D! K* decays
LHCb-CONF-2016-015

DE SANTIAGO
DE COMPOSTELA

(;‘:%88: LHCb Preliminary g ZgggLHCb Preliminary K+K 7t
S 2ok 2 ol Parameter Value
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=
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Get ¥ — 2, .Thenuse =20, = ¢, = —0.01 £ 0.039 (PRL 114, 04180, 2015) to obtain

y = (127%37)°, 6 =(358%12)° ,and 7p x = 0.377339 with 68.3% CL.

(Intervals for the angles expressed modulo 180°)
14



CPVin B:f - DK** decays LHCb-CONF-2016-014

D[ COMPOSTELA

Recently, LHCb made the first measurement of the CPV observables in the decay
B — DK**. D stands for a superposition of D? and D°.

Analysis performed with 4 fb~! of data: 3fb"* RUN | and 1.0 fb~! Run Il (full 2015 plus
about half of 2016)

The D final states used are K *, K"K~, m*m~ and K"~ (ADS/GLW) and the K** is
reconstructed in the K9+ final state.

Seven CPV observables (3 CP asymmetries and 4 ratios of decay rates) determined via a
simultaneous fit to the different D decay modes.

B’ — D (D )K “(x1)
= Combinatorial

& 240
Q —
E 2200— LHCD preliminary ﬁ p K"

200 — : e B -
ST ] e S B —D DK ©0)
> 160 — — B D (Dv)K (=D
§ 140 = {_ ...... B —D (DnO)K 0)
'g 120 — 1 —w B =D (DnO)K (1)
O 100 B >D (Dn)K (0

80
60
40
20

.......

00 5000 5100 5200 5300 5400 5500 5600
m(DK*) [MeV/c2]
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Repy =1+ 7“,23 + 2Krp COS O COS 7Y

Rt _ 7% + 1% + 2Kk1rETp COS(dB + dp £ )
1+ 7r3r% + 2krprp cos(dp — 0p £ )

CPVin B* - DK** decays

~ v [°]

LHCb-CONF-2016-014
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/'/v
.//
.//
//V/
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B

g ratio between the CS and CF
amplitudes of the B decay.

O0p strong phase difference between
the amplitudes.

Low sensitivity data, but consitent
with the value y~70°
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>C Combined measurement of y  mepi2 016 087

DE COMPOSTELA

Combining all direct measurements yields y = (72.11’2:3)" while the latest LHCb-only
combination, JHEP 12 (2016) 087, gives y = (72.2%5%)°

B decay D decay Method Angle y from tree-level processes
) S e L A B N B — ]
B+ — Dt D= hth™ GLW/ADS O - -
B* — Dh* D - htr~ntr~  GLW/ADS — 0.8 :— LHCb —
Bt — Dh*t D — hth=n0 GLW/ADS i i
Bt - DK+ D — Kohth~  GGSZ 0.6 -
Bt — DK™ D — KK—nt  GLS - ]
Bt = Dhtn—nt D — hth™ GLW/ADS 0.4~ 68.3% N
I P o Ry G
BY— DK+tn~ D - hth™ GLW-Dalitz 0.2 ]
B° - DK*0 D — K%+tr~  GGSZ N 9515% | e | | i
BY - DFK= Df s hth—nt  TD Time-dependeﬂt | 50 | 60 | 70 | 80 | 90
7 [°]

Indirect constraints from the other CKM parameters give y = (65. 33;‘5’ °

Precision to the level of 1° from direct measurements could reveal inconsistencies and
hence possible New Physics.

Exploiting RUN Il data would reduce the uncertainty on y to about 4°.
17



Time-dependent CPVin BY - K"K~ and BY - nm™

Decays related by U-spin symmetry = sensitivity to y and =2

— 0.2

© i A N % E . Use only OS flavour taggers
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LHCb-CONF-2016-018 At) =
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~ o Y ©
g .Bs—ncn % L % 7-‘- 7-‘-
§1500 Be o C.r. =—0.24+0.07 £0.01
§1000 3-Body bkg. SWW — —068 + 006 + 002
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500 i T
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N e AN E — .
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CPV semileptonic asymmetry in B, mixing

PRL 117, 061803 (2016)

CP-violating semileptonic asymmetry a$, measured in B — DE(KTK~n%)Xpu*v decays.
Extends previous measurement which used only BY — DT (¢r*)XpuTv  decays.

. _F(E—)f)—I‘(B—)f)_l—|q/p|4~ AT

TTrB->H+I(B->F) 1+la/pl* MM

tan ¢12 ¢12 = arg(_M12/F12)

ag; measures CPV in mixing, f is a flavour-specific final state
Lenz et al, JHEP 06 (2007) 072.

®,, very smallinthe SM, a; = (2.22 +0.27)x107%, a% = (—4.7 + 0.6)x10~*

Measure time-integrated asymmetry. 2'5:_ iy o
R 1 10°
4 _ NDgp*) = NDSu™) T 2F g
Y N(Dgpt) + N(DS o) > ]
O 15 — 107
. 2 YO0 ]
Ag; = 1_— (Araw — Aget — fbkgAbkg) ) B ]
fbkg S : """"""""""""""""""""""""""" : 10
. . ]
Ag4et is measured from data using [ | | | ] |

calibration samples 1 2 3

mX(K*K™) [GeV?/c*]
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SM®  Measurement of the CP asymmetry in B, mixing

DE SANTIAGO
DE COMPOSTELA
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s1 L70

PRL 117, 061803 (2016)

[a;l =(0.39+0.26 + 0. 20)%] Most precise measurement to date

a% = (0.02 +0.20)%
as; = (0.17 + 0.30)%

Simple average of pure a,; measurements

Consistent with SM prediction
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The CP violation phase ¢

The interference between two “decay paths” of a B, meson to a CP eigenstate gives rise to a (final-state
dependent) weak phase qbs — ¢M — 2Q’>D

TB o H-TE S | bu ¢p | PO
Acp(t) = I'(B? — f) +T'(B? — f) / \ 'n the SM

= —n¢ sin(¢;) sin(Am,t) > fop

D

NP might add larges phases to the SM prediction: qbs — CbEM + Cbls\IP

For b — ccs (Bg — J/QpK‘f‘K—) indirect determination in the SM via global fits
gives (neglecting penguin contributions):

%
SM=-_2 arg( Tes ”’) —0.037610000% rad  ckmfitter

VesVep

Corrections from loop diagrams have been shown to be small by LHCb: PLB 742 (2015) 38, JHEP 11
(2015) 082
A precise determination of ¢, is as a sensitive test of NP in the B, sector.

21



SC ¢s from B? — Jhp KTK—

DE COMPOSTELA

Final state with CP-even and CP-odd components .K* K~ system dominated by ¢ reson.

Fit invariant mass, decay time and angular distributions of flavour-tagged events.
3fb! of data at Vs=7 TeV and 8 TeV. (96000 events). Tagging power (3.73 £ 0.15)%

10* 3500 T T T
gf 10°E
5 10k
St

10"

1400 ——————————————— -
3 1200 ERNG
0 Lo [ée =008 £0049 £0006 vad |
S ol T ettt T = 0.6603 4 0.0027 £ 0.0015 psT | TNEE MO PTECEE
e : — o ] 1 measurements
S o~ 3 [AT, = 0.0805+0.0091 £ 0.0032 ps
g 400;—\\ e /,—; >
S 02__ Combined analysis with BY — Japntn—,

T ogma b5 = —0.010 £ 0.039 rad.

Angles expressed in the helicity basis (see backup). PRL 114, 041801 (2015)

22
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Candidates / ( 0.274 ps )

Candidates / ( 0.1)

First study of ¢, in B, — Y (2S) ¢ decays
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PLB 762 (2016) 253-262
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First measurement ¢, and Al in a decay containing the ¥ (2S) resonance.

$. =0.23

+0.29
-0.28

+ 0.02 rad

AT,= 0.066

+0.041
-0.044

+0.007 ps!
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New LHCb measurement of ¢
_ Mk > 1.05 GeV

LHCb-PAPER-2017-008

Flavour-tagged, time-dependent amplitude analysis of

= 4000 LHCb ‘ o )

QU 3500 (bym_ > 1.05GeV B, = ]/ K"K~ with my, above the ¢(1020) region
g E using the Run | data.

é 2000 _E + _

B 1500 3 Use B; — J/W K"K~ as a control channel

o 3

O 1000 E

Yields/ 0.05

e el T o 2000 -
5300 5350 5400 5450 1300 E- LHCh 3
JWKK) [MeV g = 3
mUVEK) [MeV] = 1600 ©(1020) =
: PERETT = E S-wave 3
1000 |- >3 a3 P =
- >~ 800 F @(1680) =
600 600 E =
’ ! 3 Other f, =
YE O mgg > 1.05 GeV E 400 g E
200 _ 200 : _;

0 P——— ’ 45

—_— N - PSS P P ;-" mﬁ%‘%%‘ir&: 0

- 05 0 05 e 1 1 T3 3 1.5

¥ My [GeV]

For mygg > 1.05 GeV we measure ¢p, = 0.119 £ 0.107 £ 0.034 rad.

Combination with previous LHCb measurements using B, — J/Y K*K~ and B, — J /Y w* ™ yields

¢, =0.001+0.037 rad

arXive:1704.08217
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Combined measurement of ¢,

HFAG

DO 8 fb!
68% CL contours

(Alog £ =1.15)
CMS 19.7 fb!
HFAG WA __
0.10 Combined CDF 9.6 fb-! [ Qbs — —0030 :I: 0033 ]

Al's = 0.084 + 0.007

HFAG, arXive:1612.07233

()

ATLAS 19.2 fb !

LHCb 3 fb!

0.06

04 02 00 02 'ol_4'
¢ [rad]

World average dominated by LHCb combination. Includes results from B, - J/Y K*K~,
B; - J/Yymtn™ , B; > P(2S) ¢, B > DID;.

This average does not include recent LHCb measurements and a new LHCb combination
which gives (see previous slide)

¢, =0.001+0.037 rad

CP Violation at LHCb. REFIS 2017. Juan J. Saborido 25



S>( Other measurements of “¢¢”

DE COMPOSTELA

Measurement of ¢3° in BY — ¢p¢ decays (b — s5s transition ).

(B2 -]/ ¢ isa b — cCs transition)

~ 350F
2 g 300F _
o S 250F . LHCb
; S = a i 2012
< = 200 ) .
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2 S 50E 3 o L
g S F ERNY \
O O oF J ¥ ! 3 N [0 )32 R 6 R R e I
2 0 2 2 / \
® [rad] ki i AN
350 : 350 0 T ' N 5 1F S

E ] E LHCb 3 @] E // ST \\
w 300 1 o 300F E ;, S
- F ] - F + 3 o S L e L
< 250F . 0250%% L s B N B S B B
> E 3 > E 3 = 21 t
3 200E 3 ks 200E N 4 T4 a:j _gii%?%l;h!}}f!‘%‘} ,f,f}}{{‘ f;}}{“{!l;{{'l}{;;u{
_-’5_5150; ] _-’5_5150;_ S -7 | R B S B B
'% 100E ; '% ok TR - E 5250 5300 5350 5400 5450

E 3 E E 2
“ s0f ERS = = M- [MeV/c?]

0 i) 1 o 3 0_ 1 | 1 1

| 0.5 0 0.5 | -1 0.5 0 0.5 |

cos0, cos0,

PRD 90, 052011 (2014) ¢$°=-0.17+0.15+ 0.03 rad




Measurement of ¢%? in B? > (K*m ) (K w*') decays

In preparation  Slide from LHCb-TALK-2016-402. Julian Garcia Pardifias. CKM-2016 Mumbai

80 LHCDb preliminary

Dominant Km components:

@ Scalar comp.: K;(1430)° + Non Res.
@ Vector comp.: K*(892)°
@ Tensor comp.: Kj(1430)°

sWeighted Events

This leads to 3x3 = 9 decay channels
with 19 polarisation amplitudes.

Channel Decay Polarisation states
Channel #1  B) — (KTn~)§(K—7t)g SS
Channel #2 BO — (Ktn— )X K*(892)8 SV
Channel #3 BO — K*(892)°(K—nt)s VS
Channel #4 B0 — (KT7—)¢ P_(*(143O)0 ST
Channel #5 B0 — K (1430)° (K_7r+)0 TS
Channel #6 BO — K*(892)0K*(892)0 VVO, VV|, VV_L
Channel #7 BO — K*(892)°K3 (1430)° , VT L
Channel #8 BO — K*(1430)°K*(892)° , TVL

Channel #9 B°—>K*(1430)°K*(1430)° TTO, TT|1, TTLL, TT|2, TTL2
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SC Measurement of ¢%? in BY - (K*m™)(K m") decays

Slide from LHCb-TALK-2016-402. Julién Garcia Pardifias. CKM-2016 Mumbai

Model components: 0ok T T T T 1 =
NO L Simultaneous Mass Fit BB - KK i

BO Kt (Kt < - All Categories Combined s > K'm)Knr)

@ B -+ (K'm™ )(K 7™) N : BB, > KK
: 1000 [~ LHCb prelimina — I
(signal, all channels) éJ - P Yy B B, »> K'K)K7) -

B By~ ('m)(K'n*) -

o B = (Ktnr™)(K =) oo 800 BB, > K'K)K™)
: ~ n B A= KT ]

@ Reflection bkgs. ~ 600 B Part reco —
a _ I Combinatorial -

@ Partially reconstructed bkg. S 400 —— Total PDF 7
> N —+— Data N

@ Combinatorial bkg. M 0ok E

Simultaneous fit in year (2011/2012)
and hardware trigger (independent
on signal or not) categories.

19000 5200 5400 5600 5800

Pull

[ pAll] T U NIRNEN)APSIY r
IRl B TIIT T 14'Te1lerlllilie

More than 6000 signal events are -
found (LHCb preliminary). 5000 5200 5400 5600 5800

m(K'wK'wtt) (MeV/c?)

SM prediction qbgla =¢y—2¢pp =0

Expected statistical precision on ¢g‘3 better than 0.2 rad
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SC V| from AY > pu- v,

[£=2 fb—1| Nature Phys. 11 (2015) 743

Long standing discrepancy (3c) between inclusive and exclusive measurements of V,

Measure |V,;| = (3.27 + 0.23) x 10~3 through the following ratio (first ever to use a
baryonic decay). 2 fbL.

Vas|* _ B(Ay = pp7,)
V|2 B(A) — AC 7

Rrp R ratio of relevant form factors, from lattice QCD.

>Af = pK n™

Y
X

Experimental method — reconstruct a “corrected” mass:

o
=

mcorr:\/fm%u—{—pi—l—pL h=p, or h=A"

O
=

e

I

my,, is the “visible” mass of the hu pair, and p, its transverse momentum relative T
to the A} flight direction.

Extract signal from a 1D fit to m
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Vbl from A} > pu~ v,
[£L=2f" Nature Phys. 11 (2015) 743

Using the A, mass and flight direction, ¢? = mfw = (pa, — pp)? can be estimated.

q® > 15 GeV?/c? for puw

To avoid large LQCD corrections from R, require
ge lQ Fr ¢® > 7 GeV?/c? for A

Use isolation algorithms to remove background with extra charged tracks.

18000 r T l v T T T T T T T T T 4000 ' T T T | T
I Combinatora LHCD 1 C LHCb

15000 Mis-identified = _ L
- EmDpuv - 3000k Ay
r AUV ] AS UV

12000 Z_ WAy B B Combinatorial

NU7V ue

[\
)
S
(e)

9000 F

6000 | i
- 1000

Candidates / (50 MeV/c?)

Candidates / (40 MeV/c?)

3000 4000 5000 4000 4500 5000 5500
Corrected pu~ mass [MeV/c?] Corrected pK 7' mass [MeV/c?]
N(AY) = pu~p,) = 17687 £ 733 N(AY = Afp~v,) = 34255 £ 571
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V| from A) > pu= v

T}

Nature Phys. 11 (2015) 743

= (1.00 + 0.04 (stat) + 0.08 (syst)) x 1073

Using |V.;, | world average

[|Vub| = (3.27 £ 0.23) X 10—3]

B(A) = puv) 215 Gev
B(Ag — Ag—ﬂp)q2>7 GeV
|Vub|
Ve

= 0.083 % 0.004 (exp) = 0.004 (lattice)

, o at 3.5 ¢ from inclusive measur.
Rules out models with large contributions

from right-handed currents Left-handed coupling, |V.% | versus

fractional right-handed coupling, er

T I T T T
* "b 8 T T I T T T I T T T I
Inclusive ——— 52)3191 — B inclusive }
X 7 [ Bonlv .
o B A,—puv (LHCb) 7
. PDG 2014 '_]>3 6 [ combined —
Exclusive RBC/UKQCD ~
B 1 arXiv:1501.05373
( —n V) ——— FNAL/MILC
arX1v:1503.07839
Detmold, Lehner, Meinel
I()‘HCb (using RBC/UKQCD config)
(Ap—puv) f arXiv:1503.01421
1 I 1 1 L 1 I L 1 1 1 I 1 1 1 1 l L 1 1 1
0.003 0.0035 0.004 0.0045 0.005
Vs

CP Violation at LHCb. REFIS 2017.

Juan J. Saborido



[Vupl = [Vep| plane

o s — o [ T
— - B—Dlv Inclusive -
— B B—mlv I ]
>= 45 A, —>puv I —
—_ B [ ] Average 68% C.L. ]
B [ Average Ay’=1 -
4 —
35F “ —
3F _

B HFAG
L \
25 T - .. P(Ix)T7.4.% —
34 36 38 40 42 44
IV, [107]

V| = (3.55+0.12)x1073

| | ( ) 3 HFAG average, arXive:1612.07233.
Vepl = (39.16 + 0.58)x10™

(inclusive data not included)
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SC |Vub| prospects

DE SANTIAGO

DE COMPOSTELA

Measurement using /lg — p v, decays is currently systematic limited.

Expect improvements from LQCD predictions on form factors.
Usealso BY - K~ pt v, to measure |V, |. Branching fraction lower than in /,, though.
Smaller uncertainty in the form factor.

Normalisation mode branching fraction BY — D: p*t v, has smaller uncertainties.
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Neutral Meson Mixing

P(MO) »M®)  P(MO-MO)
arXiv:1209.5806
b O DY
Am =
o T -?10"‘
AT, —— —
Yy=3p 1 |
W I
BY I B Q BN
“lA“.‘.“l‘l’l‘l"xm”.QAQ\uu..‘.....--
1 1"2t 3




BO osci"ation frequency Eur. Phys. J. C76 (2016) 412

Use two decay modes, B? — D(*)_pﬁvﬂX , to make world-leading Am, determination.

Amy is related to (V,,V;4)*

Assume AT ~ 0 Nunmix(t) = N(BO — D(*)_/,L_*_VMX)(t) X e_th[l + cos(Amygt)]

and neglect i —0 e -
CPV in mixing N"X(t) = N(B® = B — DWWt~ 5, X)(t) o< e T4 [1 — cos(Amgt)]

Nunmix(t) L Nmix(t)
A(t) = . . = Amgt
( ) Nunmlx(t) + lex(t) COS( md

> |
5 05 A
E | B flavour at production time and decay
?:" of time determined using flavour tagging
i algorithms (effective tagging efficiency
0.5} close to 2.5%)
0.5} - -
[ Most precise single measurement
of Amg = (505.0 2.1 £ 1.0) ns™*
| (stat)  (syst)
-0.5F (c) T ()
5 10 5 10
— -1
Mixing asymmetry projections for decay time [ps] World average ATnd = 506.5 + 1.9 ns
B” = D™y, X in four flavour HFAG, arXive:1612.07233

tagging categories.
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Measurement of Am with the decay BY —» D; ™"

New J. Phys. 15 (2013) 053021

g B e Tagged mixed

g - e Tagged unmixed

— 4001~ —— Fit mixed

9 i —— Fit unmixed

~ l

o i

©

c 200

©

S i

+H »
O ] ] ) ; ) ; ) ; ) ] ; ] ) ] |
0 1 2 3 4

decay time [ps]

Amg =17.768 + 0.023 + 0.006 ps~?!
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Charm
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>C Charm

DE COMPOSTELA

Charm mesons provide a large range of probes for mixing and CP violation studies.

CPV not yet observed in charm. Predicted to be very small in the SM.

CPV ~ OVuVi/VusVE) ~ 1073

Very large samples of D decays available at LHCb. Suitable to approach SM predictions.

D*t - DYt

0 — ot 0 — ot
D" ->Km LHCh-CONF-2016-005 D > K™ 1
S 2(10? 1 T T v T T T T T o >i|106- T T T L
2 E LHCb Preliminary E L2 1.6 o LHCb Preliminary
% 6 2011+12 data 3 % 14E 2011+12 data E
~ L D' >Kn ] ~ F D*(2010)" — Dn*
o 5F Sign_a)l: 630 million - — 12F Signal: 131 million -
— C . — C .
— ] L o
C - 1E
2 af : o
&(g sk 3 = 0.8 F
S | z 5 06f
S 2 630M E g 04f
< - ] (@] T E
@) 1 2 E 02F
0 o L . . " 3 0=
1850 1900 140 145 150 155

K" mass [MeV/c’] K, -Kn" mass [MeV/c’]

About 5%10'% D% and 2x10'2 D** mesons in Run I. A factor of 30 larger than
samples collected in past experiments
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ey Charm
D mixing well established. Happens at a very slow rate: x,y < 1072

|D12) =¢q|D° £|D%, ¢+ p*=1,  ¢=arg(q/p)

ono=(o- 1)

r = 2(mg —my)/(I'1 +T2), y= T2 —=T)/(T1 +1T2) (neglecting direct CPV)

Dimensionless parameters describing D mixing.

Q) .Ilm —_ Bio
< 1.2 ckm2016 LT aigEs O) 60 ckmzois | 20
> ] | o - v 36
- ©

S |

201

ok

0 201

- Bio -

02 2o _40|

0.4} noo -

_06:9:4:4:;:&4::::44:4:9;«:3.'50 —60;
-06-04-02 0 0.2 04 06 08 1 1.2 '06' : 1081 — II ' '12' ' '14' ' '16'

X (%)

lq/p|



SC Mixing and CPV in D" 5 K*zT decays

Dimensionless parameters describing D mixing

x=2(my —mq)/(T1+T2), y=@2-T1)/(T'1+T?)

PRD 95, 052004 (2017)

O k. relative strong
phase between the DCS

2 = xcosdkr +ysindgr, Y = ycosdgr —xSindg,  andCFamplitudes
interference mixing
CPV and mixing parameters A
measured using the time-dependent ’ I , , ‘
ratio of WS-to-RS decay rates + + ot 1 (tl'/i)g + (.,l/’i)2 t\
Right Sign K~z* + 2 2 Ratios of DCS to CF
— _ — — 1A A _ atios O (0]
CF RD B ’Af/Af‘ RD N |'Af/Af‘ amplitudes
DO theF:;?g':tssi?gr:\?iz::;nai;a;ﬁtsude K_7T+ A]? fOI‘ DO — K+7-‘-_ Xf fOI' EO — K_7T+
Mix DCS
R(t)* and R(t) for initially produced D and D
Wrong Sign K™~
DOS Measure R}, (x'*)? and y'* from fits to RS and WS samples
DY Ktn~

Mix

D

e/
0

RY # R, — direct CPV
't £ 27, Yyt 49y~ = CPV in mixing
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PRD 95, 052004 (2017)

Use very pure doubly-tagged charm sample.
Unbiased with respect to the D° decay time.

B—-Dtpu=X
D*T — Doﬂ's+
DY — K*gF

CF Right Sign

decays

)

~
(=3
(=3
(=3
=}

LHCb
60000

50000

1.73 x 106
D*T decays

40000

30000

Events / ( 0.05 MeV/c?

20000

10000

L b b b b b by

L L L L L L L AR N R AR AR A N AR RER RN RERN

-
-
o -~

2000 2005 2010 2015 2020 2025
m(D’,) [MeV/c?]

Mixing and CPV in D° - K*z¥ decays

e e LA B e e e e e s
—— Prompt

10° —— Doubly Tagged

Entries / 0.10
5(Jl

15 20

D/t

DCS Wrong Sign decays
700E" L HCb

D. 7
600 (b) . ata

500
400

6.68 x 10°

300

Events / ( 0.05 MeV/c?)

D*T decays

100

2005 2010 2015 2020 2
m(Dr,) [MeV/c?
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UR® Mlxmg and CPV in D’ - K*7T decays

PRD 95, 052004 (2017)

6 E
SSE E > Extract R* from RS and WS yields in bins
o OF E of decay time.
= 45F =
~ 4f- t Prompt = > Red points DT analysis. Black points
3.5 A | Doubly Tagged = previous prompt charm analysis.
= i =
6 = » Simultaneous fit to DT and prompt
55E- —~ samples improves precision by 10-20%
& 5E = with respect to previous measurement.
o = 3
L 45F —
“ L — No CPV E » Data consistent with CP symmetry.
= --- No Direct CPV 3
357y All CPV allowed
ng_l . , 3 R} = (3.474 +0.081)x1073
06E o E R; = (3.591 +0.081)x1073
S e | | T (x'*)2 = (0.11 + 0.65)x10~*
x O .*.i*'i 1 +i —— f (x'7)* = (0.61+ 0.61)x10™*
0287 LY T
~ 0.4 —I % I - y'* =(5.97 +1.25)x1073
~0.6 ;—I E - =(4.50+1.21)x1073
085 5 10

'~
A —



CP asymmetryin D’ - K"K and D° —» m~ " decays

F(Do(t)_)f)_r(ﬁo(t)_)f) f:K+K_,
LDO(t) - f)+T(D°®) - f)

+_

/[ [

Acp(f;t) =

Due to the slow mixing rate, the time-dependent CP asymmetry can be approximated to
be the sum of two terms: — _
r(p° - f)—rd° - f)

(D% - f) +T(D° - f)

UCP q p q p )
atit =2 (] = [l eoso =% (|5 + [o]) s o]
CP IR y » q ¢ » q ¢

afp (f) = Acp(f;t=0) =
Acp(f; 1) = agp (f) +—alnd _

S—

The time-integrated asymmetry over the measured D° decay time distribution is

hcr (1) = aff () + a0 [ DO de = o () + - al )

Tp

D(t) is the observed distribution of proper decay time
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Tag D°, D° from D** - D%t
ACP(DO — K‘K"‘) =
+ AMW(D0 — K~ K™)
A (DY — K= 1)
+ Am,v(D+ — K~ ntgt)
—0

A (Dt = K 1t) + Ap(K)

CPV in CF calibration channels assumed negligible

Acp(K"K*) = (0.14 + 0.15 + 0.10)%

A combination with previous LHCb results yields

Acp(mmt) = (0.07 £0.14 + 0.11)%

Time-integrated CP asymmetry in D? — K~ K* decays

PLB 767 (2017) 177-187

T T T T T
O. 5 — LHCbsemileptonic

i LHCbprompt

| 0.5
A cp(7)[%]

These are the most precise measurements from a single experiment. The result for
Acp(K~K™) is the most precise determination of a time-integrated CP asymmetry in the

charm sector to date.

No evidence of CP asymmetry.
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CP asymmetryin D’ - K"K and D° —» m~ " decays

Direct CP violation can be isolated through the difference between time integrated CP
asymmetriesin K*K~ and m*m™ modes.

AACP = ACP(K_K+) — Acp(ﬂ'_’ﬂ_'_)
. (t) At)
~ Aa%l}; 1+ %ycp + < >a1§]§i

To a good approximation, aicnﬁi is independent of the decay mode.

(t(f)) is the mean decay time of D° > f decays in the reconstructed sample.
Ycp is the deviation from unity of the ratio of the effective lifetimes of decays to flavour specific
and CP-even final states.
o (Y . 0.+ . — n0__
Tag D” (D) from D** — D%z (D*~ — D 7w~ ) decays and measure
AAcp = ACP(K+K_) — ACP(7T+7T_)
AAcp = (—0.10 4 0.08 + 0.03) %

PRL 116, 191601, 2016 Run | data

Muon tag from B - D°u~X decays  JHEP 07 (2014) 041 LHCb dominates the
AAcp = (+0.14+ 0.16 + 0.08)% world average
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CP asymmetryin D’ - K"K and D° —» m~ " decays

PRL 116, 191601, 2016

World’s most precise measurement of a time-integrated CP asymmetry in the charm sector.

[AACP = (—0,10 4+ 0.08 + 0.03)% ] Consistent with no Direct CP violation

Direct versus Indirect A

10 X107
SR '
sO A . SLKK*and "1t =
2 — A4 _prompt K'’K*
A prompt 7t
Combination of LHCb measurements 2| e n0 CPV|
JHEP 07 (2014) 041, JHEP 04 (2012) 129
JHEP 04 (2015) 043, PRL 116 (2016) 191601
of |
a™ = (+0.58 + 0.44)x1073 7 &
o Qo
Aadir= (—0.61 + 0.76)x1073 _52;5
LHCb
-10 . . X107
-10 -5 0 -5 10
aznd

CP
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SC Ar from DY - KTK— and D° — nntn— arXiv:1702.06490

LHCb-PAPER-2016-063

Measure time-dependent CP asymmetries in effective decay widths. Time-integrated CP
asymmetries and mixing parameters are known to be small, therefore:

—0
L'(Dt) — f)—T(D (t) — t
1) Aopy = WD T O =)yt
LDO(t) — f) + (D (t) = f) D
Tposy—Tpo_,, . [, T(DO(t) — f)dt
(2) Ar=-= : Iposy =7 5
I'po_y ¢ + FEO_)](. fO t (DO(t) — f)dt
To first order agir = 0, and Ay is independent of the final state f. In the absence of CPV
in mixing, Ap = —xsin¢ ~ —alld .

Method based on Eq. (1) provides more precise results for Ar than that based on Eq. (2).
Quote only those.

Measure A p(t) and make a linear fitto A p(t) = agir — AF% :

Determine residual asymmetries by exploiting the large control sample of D° — K~ r*
decays, where a negligible CP asymmetry is expected.
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Ar from D° - KTK~ and D° - KTK~—

arXiv:1702.06490
LHCb-PAPER-2016-063

t
Linear fitto Acp(t) ~ al — Ap —

D
@2_"'|"'|"'|"'|"""’_ @2:"'|"'|"'|"'|"""’
= [ LHCb D' K'K- +Data { = B LHCb D" i + Data  :
= 1E —Fit 4 = *‘F — Fit E
< [ ; _ 1 T obglusuededt . E
0F- b ———— — 2 : G
1L | | Ll 1 Ly ]
0 4 6 8 20 8 20
t/TD t/TD

Ar(K*K~) = (-0.30 £ 0.32 £ 0.10) x 1073 | _
[AF (7T+7T_) = (—0.46 £ 0.58 + 0.12) x 10-3 Consistent with no CPV

B° - D% v,X B™->D°%v,X
Calculate average A and combine with the muon tagged sample !HEP 04 (2015) 043

LHCb Run | combination.
Most precise measurement

Ar = al® = (-0.29 + 0.28)x1073
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Present situation of CPVin D° — h* h™ decays

0.015 . .
BaBar ‘|i= o no CPV
Autumn 16 Belle BaBar
CDF KK+77 Belle |
0.010 | LHCb SL KK+77r CDF
LHCb prompt KK LHCb
LHCb prompt 7w
0.005 |
50,
<P 0000 b0
<
—0.005 | =
o wn g—
(@] 8 5
I &
-0.010 | ~ 3
5
—0.015 ' ' : '
—-0.015 —0.010 —0.005 0.000 0.005 0.010
ind
acp

~Ar = a® = (0.30 + 0.26)x1073  HFAG 2016, arXive:1612.07233

Aadf= (-1.34 + 0.70)x1073

i — arXiv:1702.06490
—Ar = al®™ = (0.29 + 0.28)x1073  {fich-PAPER-2016-063




CP Violation in baryon
decays



c PV i n ba ryo n d ecays Nature Phys. 4021 (2017)

Decays A) » prr ™ and A), » p m~ K"K~ observed by the first time.

Ns(pm"K*K™) = 6646 + 105 Ngg(pr~m*m™) = 1030 + 56

~~ — T T T — T T ~ 1 L
S [ LHCb —Full fit v | LHCb —Full fit
0 -
3 1500 @ —Aspran g | (b) — A= pr KK
= - Part-rec. bkg. { = 4001 Part-rec. bkg. |
< | = Comb. bkg. > L g Comb. bkg. |
> [ B Kt B B’ K K'K'7
= 1000 S - B> KKt
) - N> pK m'n { O
> {1 =
R { B 200
500 .
O ._‘..._.+.-..‘.-‘.L---,~-+‘;l; -.]‘\;~__L_ N Pt 0 FRIT SRt O -,--‘-\'v. 2 R\ Tt T e
52 54 56 58 6 52 54 56 58 6
mpr ) [GeV/c?] m(prK'K™) [GeV/c?]
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c PV i n ba ryo n d ecays Nature Phys. 4021 (2017)

A) - pr~mtn and A} — p m~ KT K~ mainly governed by two amplitudes,
tree and penguin, of similar magnitude.

d(s) d(s)
7~ (K 7~ (K7)
m u
. 3
Tree oc Vi ~ 23 () Penguin o Vi, {:1 ~ A i@ | . .
z* (KY) 7 (K*)
u u
y > u u > u
AY< d > d }p d > d }p
b > > u A u
Vi W~ t
d u
Vid T Vip Vid T
- b d
Py

In the SM, significant CPV could arise from the large o = arg Vi Vida
weak relative phase a between CKM elements Vb u*d

Search for CP-violating asymmetries in the decay angle distributions of A(l’, baryons.
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c PV i n ba ryo n d ecays Nature Phys. 4021 (2017)

Scalar triple products in the A‘,’, rest frame.

Cs =pp - (ﬁhl_ X ﬁh;) x sin®, for A
. . 0

Cs=Dpp- (phf X th_) x sin®, for A,

hi=ho =7 for Ay, = pr— w7~
hq =T, ho = K for Ab —>p7T_K+K_

P-odd and T-odd asymmetries for A(l’7 and l_\?,. The unitary operator T reverses both the
momentum and spin three-vectors.

A(C) = N(Cs > 0) — N(Cz < 0) A-(Co) — N(-C%>0)— N(—C= < 0)
=T N(Cj: > 0) + N(Cf < 0) T N(—Uf > 0) —I—N(—Uf < 0)
P-violating observable CP-violating observable
= 1 — = 1 —
T-odd T-odd __
ap =3 (Af + Af) ocp = ) (Aff - Af)

By construction, these observables are largely insensitive to production asymmetries and

detector-induced charge asymmetries.
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c PV i n ba ryo n d ecays Nature Phys. 4021 (2017)

Asymmetries in the entire phase space consistent with no CPV, but

Ap»pr e A space consister
evidence for CPV at 3.3 o found in localized regions of phase-space.

- LHCb Scheme A - LHCb Scheme B
< 200 ] § 20 —
% O Prrw| 5 O g
£ 200 R B : 3
g oaloM ndf=27.9/12 ?é _Dag M ndE=207/10
i _ >
2 20| fes s | 2 i 330
T SRR SO S S, O : o S T S S S 2 ]
20} : —20¢ E
o a4 y2ndf=21.1/12 E e al 4 y2ndf=30.5/10 -
5 10 1 2 3
Phase space bin D [rad]
A(I)) ->p n K"K~ Global and local measurements consistent with CP symmetry.
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arXiv:1703.00256

CPV in b a ryon de C ays LHCb-PAPER-2016-059
Ay > pK ptp

FCNC process. Small CPV predicted
by the SM. Very sensitive to
possible contributions of new
heavy particles in the loop
amplitudes and/or phases.

-
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CPV in baryon decays  &Giiesios

T-odd triple products to build a4

al;?dd = (1.2 + 5.0+ 0.7)x102

a4 N(A) - pK~ptu™) = N(AY - pK*Tu—pt)
YN - pKutut) + N(AY - pKtuut)

Uqraw ~ c/qCP (A(I)J - pK_,Ll+[,l_) + qurod(A(I))) T c’qreco (K+) + Uqreco (p)
(CP-odd and T-even )

AAcp= Acp (A} = pK~pt ™) — Acp (A - pK~ ]/ ¥)
AAcp~ Araw(Ap = DK™ 1 1) = Araw(A} - K™ /)

AAcp=(—3.5+5.0+0.2)x10> consistent with no CPV
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Concluding remarks

Until now, all measurements of CPV observables performed with RUN |
data are compatible with SM predictions.

We know, nevertheless, that the SM must “break” at some point.

Interference measurements have repeatedly proven to be excellent and
highly sensitive probes to explore mass scales well above the direct
production scale.

Flavour Physics has a lot to do with measurements of interfering
amplitudes, although the LHCb physics program is much wider: EW
precision measurements, direct searches, fixed target, heavy ions...

After RUN II, LHCb plans to upgrade the detector and collect ~50 fb~%, and
is further interested to extend the physics program with a phase-2
upgrade.
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nitarity triangle

' K

ICHEP 16

sol.w/cos 2B <0
(excl, at'CL > 0.95)

| IIII|IIIIIIIII|IIII|IIIIIIIIL

a+p+y=(1833)

PDG, Chin. Phys. C, 40, 100001 (2016)
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SC
The LHCb detector

bb acceptance
RICH detectors
K/11/p separation

e(K-K) ~ 95 %,
mis-ID g(m-K) ~ 5 %

JINST 3 (2008) S08005

Muon system
M identification g(u—p) ~ 97 %,
mis-ID g(T-p) ~ 1-3 %

ILHCb MC
s =14 TeV

Vertex Detector Dipole Magnet

reconstruct vertices bending power: 4 Tm
decay time resolution: 45 fs
IP resolution: 20 pm

Tracking system: IT, TT and OT
momentum resolution

Aplp =0.4%-0.8%

(5 GeV/c - 100 GeV/c)

+ Herschel

energy measurement

e/y identification

AE/E = 1 % @10 %/VE (GeV)

Calorimeters (ECAL, HCAL)
energy measurement

e/y identification

AE/E =1 % @10 %/VE (GeV)
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s F e ' ' g€ E o 2016(6.5 TeV): 1.67 /fb 2012 , -
= 5 Limit visible bunch cross. to ~1.1 S E 2015 (6.5 Tev): 0.32 ffb Wl
2 T | > L~4 x 1032 Cm-2 S-1 (|eve||ed) g 18 e 2012 (4.0 TeV): 2.08 /fb /
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nitarity triangle

' K
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sol.w/cos 2B <0
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Flavour tagging in LHCb

Charm decays: tag initial flavour using D** — D%x+ or B~ — D'y~ X.

The bachelor 7+ or g~ unambiguosly tags the DY <§O> flavour.

B decays: a more complex process. In the BY — Ji) K*V analysis, for example:

SS pion

Q/y. SS kaon (for B?)
“a

BO

oy

W
&

0S charm Pl
. /—r. OS kaon
e ___— c—S
b - X1~ \. OS muon
OS electron

OS vertex charge

The tagging output is a tag decision and a tag (or mistag) probability.
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Slide from F. Alessio

New trigger system
LHCb 2015 Trigger Diagram

40 MHz bunch crossing rate

LO Hardware Trigger : 1 MHz

readout, high E+/Pr sighatures

. Software High Level Trigger

[ Partial event reconstruction, select

displaced tracks/vertices and dimuons

~50k
logical
cores

Buffer events to disk, perform online
detector calibration and alignment

Full offline-like event selection, mixture
of inclusive and exclusive triggers

disk

New software trigger architecture

Real time calibration and alignment

v

Event Builder

!
HLTT

v
HLT Disks

AL
Vv

space

\ \ \
12.5 kHz Rate to storage

X 2 o | u. — A,
J
4 ~\ l
s 2

Full Stream Alignment
Alf\lﬂl

Turbo Stream

I\ QIAL
L A~A AL

[ Calibration Stream ]

Online Storage

[ Technical Streams ]

(. J

Same online and offline reconstruction and PID!

« prompt alignment and calibration

« completely automatic and in real-time

Physics out of the trigger with Turbo Stream

» Raw info discarded, candidates direclty available
24h after being recorded
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New software trigger architecture

Slide from S. Borghi

LHC collisions (30MHz)

e Buffer all events to disk

before running 2 software .

level trigger (HLT2) LO hardware trigger (1MHz)
¢ Perform calibration and HLT1 software trigger (150kHz)

alignment of the full tracking
sub-detectors in real-time

= same constants in the trigger AL & gnment
. . and calibrations
and offline reconstruction

* Last trigger level runs the
same offline reconstruction

* Some analyses pel'formed — ’ Offline reconstruction and
directly on the trigger

T — h 4
ew .
output —s m User analysis

e Storing only selected . —
candidates to reduce s Il Calibration

associated processing

Offline reconstruction and
associated processing

event size
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SC
Turbo Stream %

Slide from S. Borghi

* Some analyses performed directly on the

trigger output it
* Storing only selected candidates to reduce = It
: QN0 ull stream
event size 2 Save ~90% of Space Turbo stream 10 kHz: ~70kB per event
© ' ' i - ' 2.5 kHz: ~5kB per event — 700 Mb/s output rate
Analysis with large _ylelds. possible to =125 Mbls output rate 1
reduce the pre-scaling of all the channels Offline
that were trigger output rate constrained reconstruction
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Helicity basis angles

Y
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B? oscillation frequency

F PDG 2015 —— E | | I “\L PHI(* l;ml_\‘;es; I
rom :

DELPHI (,J analyses)

>
$
|

Amg

(17.757 & 0.021) ps

Theory prediction (Fermilab Lattice
and MILC Collaborations)
arXiv:1602.03560

= (0.510 4 0.003) ps~* i sl

L3 (3 analyses)

OPAL (5 analyses)
479+ 18+ 15

CDF1 (4 analyses)
495+33+27

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

BELLE (3 analyses)
509+4+5

Amg = 0.639(50) (36) (5) ( ) —1 LHCb (3 analyses)
d . 5141543
Amg/Amgs = 0.0323(9)(9)(0)(3) :
E This measurement
L 505.0+2.1% 1.0
Am  and Am /Am, 5
measurements are '_i_' f\l\oeizige (w/o this meas.)
21cand2.9c
from prEdiCtion' I T T B i IR R N R TR N B

450 500 550 Amyg [ns™!]
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CP asym. in D° - KTK~ and D° — 777~ decays

PRL 116, 191601, 2016

Acp(f: 1) = D@ = ) = T(D(W) = /)
TR0 — f)+ T(DO(t) > f)

Acp(f) = agp(f) (1 + @ ycp> N <t(7f)> gind

where (t(f)) denotes the mean decay time of D* — f decays in the reconstructed sample,
adlL(f) as the direct CP asymmetry, 7 the D° lifetime, amd the indirect CP asymmetry
and ycp is the deviation from unity of the ratio of the effective lifetimes of decays to
flavour specific and CP-even final states. To a good approximation, al%s is independent of
the decay mode

AAcp

Agp(K_K+> — ACP(W_7T+)

{t) Alt
Aadu 1+ % Yopr | + —7<_ ) al(rfg

Q

where (t) is the arithmetic average of (t(K~K¥)) and (t(z— 7))
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to (I't). Allowing for all possible types of CPV, the time-
dependent ratio of WS to RS decay rates, assuming |x| < 1
and |y| < 1, can be written as [5]

R(1)* = R + \/R5y'* <£> N (x'%)2 : (y/£)? <1>2
(4)

where the sign of the exponent in each term denotes
whether the decay is tagged at production as D° (+) or
as DV (=). The terms x’ and y" are x and y rotated by the
strong phase difference 6, and 7 = 1/I".

Mixing and CPV in D° - K*z¥ decays

PHYSICAL REVIEW D 95, 052004 (2017)

The measured ratios of WS to RS decays differ from
those of an ideal experiment due to matter interactions,
detector response and experimental misidentifications. We
use the formal approach of Ref. [1] to relate the signal ratios
of Eq. (4) to a prediction of the experimentally observed
ratios:

R(1)prea = R()*(1 = A7) (€,)! + Pother- (5

where the term ¢, =e¢(K zn7)/e(K~zn") is the ratio of
K*7F detection efficiencies. The efficiencies related to the
ny and T candidates explicitly cancel in this ratio. The
term Af,c describes charge-specific peaking backgrounds
produced by prompt charm mistakenly included in the DT
sample, assumed to be zero after the “same-sign back-
ground subtraction” described in Sec. IV. The term pper
describes peaking backgrounds that contribute differently
to RS and WS decays. All three of these terms are
considered to be potentially time dependent.
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