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Reminder of CP violation and B mixing

Measuring CP violation phases: sin2f and ¢,
e BY = JWK?
e B 5 JWKTYK~ + BY — Jpntna~

Controlling “penguin pollution”
— Jhp K*0(892) NEW!
° BO

(@)

BEWARE OF THE

PENGUINS



CP vIioL

TION IN b — c€s(d) DECAYS + MIXING

Vs

¢m77‘ =2 arg(thV:‘S)
¢dec = arg(vcbvzs)
SM Vo V2
m CP violation in interference between ®s = —2arg (*#\/ﬂ) = —28s
mixing and decay: bs M _0.0365 + 0.0012 rad [CKMFitter]
_ — a4y
602 —ang(y) = g (452 0
f (1) Assuming we ignore sub-leading
penguin contributions - more later
C, = 1-|Xxf)?
= 1P
Ppoy—Tgo Sy sin(Amt) — Cy cos(Amt) = 2sinda s
Agp(t) = 2o~ B0oy  Sysin(Amt) = Of cos(Am 1= T,
I'po_, s+ Fgoﬁf cosh(AT't/2) + Aar sinh(AT't/2) Aap = — zlcf‘s;ﬁ;
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TYPICAL ANALYSIS INGREDIENTS

Decay time resolution (~ 45 fs)
Tagging the B meson flavour (¢D? ~ 3%)
Angular efficiencies (for P — V'V decays)

V]

b

Control backgrounds using B sidebands
,g o Tagged mixed
S - o Tagged unmixed
E 400 \ " $ —— Fit mixed
& I LAy, Fit unmixed
=l
g F Amgs = 17.768 £ 0.023 & 0.006 ps—!
S 200? = oscillation period of 350 fs
G L 1
0 1 2 3 4

decay time [ps]

P(t|or) o [T~ L [cosh(ATH /2) + D cos(Amt')]| @ G(t — ]oy) |
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g E 2 E [arXiv:1503.07089]
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S K ™ sin 25 Sin(ZB) = Sln(2¢1) @
_ : E PRELIMINARY
S 37y 1cQ = FO-T31 % 0.035 £+ 0.020 . PRI
( ) H
CJ/l[) Kg = —0.038 +0.032 + 0.005 BaBar 1 Ké“uzoow i, 0.69+052+0.04+0.07
p(S,C) = 0.483 ) :
e et L
Belle : 0.67£0.02+0.01
PRLTOB(2012)171802 H
+0.017 /SEEE?SF; 259 (:2000) 084 IE 016
M _ g
m sin 2/33 =071 —0.041 &G a0 1:995 e
[CKMPFitter arXiv:1501.05013]. COF (} ) . 07978
PRD 61, 072005 (2000) B
s Dominant systematic from background et soa.arops 073004002
tagging asymmetry. Belee (2012) 171801 0570585008
. . A : : +
m Consistent with world average and HrAG : .

similar precision to B-factories. 2 1 0 ! 2 N 5/18



w Jip = ptpT, ¢ — KTK™

m Time-dependent tagged analyses.

m B = Jhp¢is P — V'V decays so use

angular information to disentangle
CP-odd and CP-even components.

m Measure ¢s, Ams,I's, AT's, [Ag|. ..
[this makes Bg — J/¢ ¢ special]
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Candidates/ (0.2 ps)

Candidates/ 0.05

JW = ptp, ¢ = KTK~

_________________________________________|
—0.058 + 0.049 £ 0.006 rad

Time-dependent tagged analyses. s
BY — Jip¢ is P — VV decays so use [Al
angular info to disentangle CP-odd and r
CP-even components. s
Measure ¢s, Ams,I's, AL, [Af]... AT
[this makes BS — J/1 ¢ special]
8 3500 T T vAms
S a0k LHCb ]
E} o+
] 2500 e
£ 200 P
8 1s00E ///CP—CV(‘,I\I\\\\
1000p< __ CP-odd /,,/\'

0.964 £ 0.019 £ 0.007

0.6603 & 0.0027 4 0.0015 ps~*

0.0805 = 0.0091 + 0.0032 ps~*

17.711 T5-05% +0.011 ps—!

[PRL

Consistent with SM. No
sign of |Af| #1

Most precise determine of
lifetime parameters
Dominant systematics
from decay-time efficiency,
angular efficiency and
background subtraction.

114 (2015) 041801]



¢s FROM B? — Jhprtn~

Another b — ccs transition.

4D amplitude analysis to understand
structure in 77~ spectrum.

T~ is > 97.7% CP-odd @ 95% CL
¢I™ = 0.070 £ 0.068 £ 0.008 rad

[AT™| = 0.89 + 0.05 + 0.01
[PLB713 378 (2012)]

Main systematic from knowledge of
7t~ resonance model.

Cross-check by measuring ¢s using
only decay time - consistent result.

¢s = —0.010 = 0.039 rad

Al =

0.957 £ 0.017

Assuming CPV in decay is same in both channels

Events/ (20 MeV)

LHCb
27Tk signal

Sidebands used
for bkg modelling

5400‘ 55‘00
mUAYTT) [MeV]

10

LHCb
Jb [PRD 89 (2014) 092006

£,(1500)
£,(1790)

1.5 2
m(T'TT) [GgVJ\



PENGUIN POLLUTION IN ¢ AND sin 2(3

BEWARE OF THE

PENGUINS



CONTROLLING PENGUINS POLLUTION

Enhancement could be caused by non-

perturbative hadronic effects that are
¢q + 5Pengu1n + ONew Physics difficult to calculate in QCD.

[Nierste et al. arXiv:1503.00859], [Liu et al.

PRD 89, 094010 (2014)]

¢measured

Measure ¢s/sin 28 for different polarisation states.

Measure dpenguin Using decays where penguin/tree ratio is not suppressed.
m Use SU(3)-flavour relations to link BY and B? (broken at 20-30% level).

ABL = (I e)5) = ’/L d‘ I
! .
(1= 2A2/2)4 14 ealpe’F m} B ‘ rx”
h*h h*h'
[Vus |2

Penguin/tree suppressed by € = = 0.05

1=|Vus|?
¢
| I
- \‘J/w I/
0 .
A(BY = (JWEO)y) = b ‘ R :
. . olour singlet,” ;
4 [1 T e”} ol g, _C oxchange ¢
f f s d b ; 4
s ] f w6t i
. |0 B| W ‘K*u
Penguin/tree not suppressed (but overall rate | | \
suppressed) 5 s

[Faller et al. PRD 79, 014005 (2009)] [De Bruyn, Fleischer, JHEP1503 (2015) 145]



POLARISATION-DEPENDENT ¢7 PRL 114 (2015) 041801

m Penguin pollution and/or CP violation could be different for each
polarisation state, i € (0, L, ||, S) Bhattacharya et al., 1IMP A28 (2013) 1350063

m Relax assumption that ' = m%% is same for all (JAp KTK™);
polarisation states.

m Measure A = |\i|e~i%:

A Parameter Fitted value

Ao IO 1.012 £ 0.058 £ 0.013

%{Af IAI/] 1.02 £0.12 £0.05

! /6 + Swave A T/AY] 0.97 £0.16 +0.01

BO IAS/X9| 0.86 +0.12 £0.04
#9 [rad] —0.045 + 0.053 4 0.007
¢mixL_0 I'— 40 [rad]  —0.018 4 0.043 + 0.009
B, ¢t — ¢% [rad] —0.014 = 0.035 = 0.006

@S — ¢? [rad] 0.015 4 0.061 £ 0.021
m Everything compatible with no polarisation dependence.

11/18



Dt gy apee.

LHCb

—— Total PDF
BY signal
BY signal
- - Combinatorial bkg
A, > Ty pr

5300

5400 5500 5600

My K7t) [MeV/c?

1

» 100F LHCb o

Candidates / 0.1
3 =
3
|
e
| H
)

<os(0,)

LHCb o

-1 0.5 0 0.5
<os(6,)

Total PDF
— — — P-wave (even)

-+ S-wave
- S-P interference

- P-wave (odd+interf.)

m Angular analysis performed in 4 bins
around K*(892)° — K*n~ mass, for BY
and BY.

Use simulation to get angular efficiency

correction (+ correction for lack of
S-wave in MC).

m Account for production and detection
asymmetries [PRL 114 (2015) 041601],[PLB
739 (2014) 218], [JHEP 07 (2014) 041].

Parameter Fitted value
fo 0.497 £ 0.025 £ 0.025
@ 0.179 £ 0.027 + 0.013
A§P —0.048 4 0.057 £ 0.020
AfP 0.171 £ 0.152 4 0.028
A%P —0.049 £ 0.096 + 0.025

B(BY — J/p K*0) =
(4.134£0.16£0.2540.24(fs/fq)) x 1075

[LHCb-PAPER-2015-034]



CONTROLLING PENGUINS WITH B! — J/i) K*0 NEW!

m Use results from angular analysis and branching fraction of B — Jip K*0 to
measure Aqﬁ‘:/fqb for each polarisation i € (0, L, ||, S).

2B(BY — JWK*O) f; 1 — 2a; cos §; cos y + a?

= = AL .
B(BS — Jpbe)  f! 1+ 2ea cos @) cosy + 52%2 ’AT‘ computed with
LCSR  [Barucha et al,
2a; sin 6; siny arXiv:1503.05534]

AGP ;
‘ 1 — 2a/ cos 6’ cosy + a/? v =T73£7° [CKM]

1
€

Al
A

=

[LHCb-PAPER-2015-034]
= AP(B s IR
H-(BY = J/R)

m Extract penguin parameters from y?
fit to H; and A?P information for each
polarisation ¢ € (0, L, ]|, S).

m Translate to penguin phase shift:

Param.  Value + (stat) £ (syst) £(|A}/A;])

; B/ars $0.087 +0.013 +0.048

g Ad).su,/O 0.001Z¢'611 Zol008 ~0.030

3 ) imi J/b ¢ 140.049 40.013 40.031
4 \L 1 !

5 \LHCD preliminary i} A’ 0.031757038 Z0.013 ~0.033

J/b ¢ +0.012 +0.007 +0.017

R Aqbs,L _0-04670.012 —0.008 —0.024

020 40 60 80 100 120 140 160 180 200 220 240 260 280 300 320 340 360

0, [deg]

13/18

Compare to current experimental precision: o(¢s) = £0.035rad, o(¢4) = +0.028 rad



PLB 742 (2015) 38-49

1400

~ —— —— 3 S 1400 . . —]
% 7000EB" K 32 [ LH® « Data ]
LHCb 1 2 100 Fit 3
E E 1= r & 0 e Signal 9
06000 E = g 1000 F e Background ]
= Es 0 ElE e — - p(770) E
2 5000 B = Ypmm 3 EE g T 1,(500) ]
g E . 3£ s0f - 1,(1270) A
s 4000 R = & L --- o(782) ]
= E i 1S eol p(1450) E
'S 3000 F A 3 E Kg —— p(1700) ]
£ 2000 £ : Sidebands used 3 40| veto [PRD 90, 012003 (2014)]
o E Do for bkg modelling] E ]
1000 - o = 200 [~ -
e/ — " ]
5300 5400 5500 05 n S >
mJ/yrtn) [MeV] m(@) [GeV]

m Use p°(770) component to measure:

i _ 1|y —
o5t = (41.7£9.6123)°, acp = ﬁx}c\ = (—32428177) x 1073

= A¢d = (—09 == 971_(232)0 (equivalent to 0.016 £ Oletg?%g rad)
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ag = 0.01703] = Co(B” —
09 Oy = —(825%,)° = So(B"
AF(BY / JR)
= H" i = AfT(B = JK)
- i v == HI(B® = J/up’)
HY(BY = J/9 0

ag

V4

0.4

0344

0.2 .

0.1 X Sl p X3 R P

[“Jlin 160140120100 —8&0 —60 —40 —20 [4", ]llw 40 60 8D 100 120 140 160 1. 00 80 —160-140-120 100 —8C —60 an =20 0 200 40 60 80 100 120 140 160 1
Gy [deg] 0) [deg]

m Now fit for |A]/.A;| to limit Parameter Fitted value
sensnév}t};.to hadronic Ad)iéb(b 0.000f818‘f?(stat)f81883(syst)
uncertainties. A¢‘]/w¢ 0 001+0'010(stat)+0'007(syst)

: —0.014 —0.008

m Assume |A/A;|(BS — Jpp K*0) = ?]/Ub¢> To00 ooes

|4}/ Asl(B® — /i p°) Ayl 0.003Z 14 (stat) Tg gos (syst)

HI(BY — JpK)

[LHCb-PAPER-2015-034]

m Penguin parameters effectively constrained from CP asymmetry measurements.
m Combined results dominated by B® — J/) p° (access to mixing-induced asymmetry
not available in flavour-specific B¢ — J/t) K*0 channel).

Penguins are small!




Events/ (2 MeV/c?)

Acp(t) =

Smix sin(Amg t) — Cqjy cos(Amg t)

cosh(ATs t/2) + Aar sinh(ATg t/2)

m Use BY — JAYKY to constrain penguin pollution in sin 28 from B° — JAp K.
m Suppressed mode, use neural net to remove B? — J/p K*O 4 combinatorial.

m Trained on data using B? — Jhp KS as proxy.

10* 25 LHCb

i, Downstream K2 3 3

T

10°

T |

107

g

Candidates/ ( 0.15 ps)

10

LHC'b

Downstream K

L

Param

Fitted value

10F
1e, ‘ 3 1
5F 13 5E
[0] 1T (SRR T R e R [0 oS ey Pt ok
Prey lul“'r] v‘|u wr-[uww T It e |
5k 5E E
5200 5300 5 10

5400
My M eV/cZ)

m Really just proof-of-principle,

not able to constrain penguins yet...

15
t(ps)

Aar
Cdir

Smix

0.4970T7T +0.06
—0.28 + 0.41 £ 0.08
—0.08 %+ 0.40 £ 0.08



OBSERVATION OF BY — ¢(2S)K T~

m Use 4D amplitude fit to understand

resonant structure. g ¥ T
100 YT =
m Build model from coherent sum of K7~ g E Npo = 24207 £ 157 LHCb 3
resonances and NR components. © C mis-id backeround ]
m No sign of exotic Z1t — (25)rt with g 10 - 3
current data sample. s ]
S [ . ]
m Future: understand penguin pollution in g 10 NBQ =329+ 22?
BY — ¢(29)¢. 8 :
K*(892)0 parameters: 10
fit fraction = 0.605 % 0.046 + 0.041 200 s0 . sa0 s
fo = 0.532 £ 0.057 +0.035 m(2S) K') [MeV/c?]
;’\ E T T T - 160: T T
S D b PLB 7T (2015) 484 § 3 MOF Lo K+ (892)°
i soF g 100; LASS S-wave
g wF =4 80F background
% 0E. = ef
20F 8 awfF
© 10f- £ o-
0% 2 0
S
i Z 2
0 Y=
i iE
3E 6E 7/18




SUuMN

m Run-1 analysis of B? — JAWKTK~ and B — J/p K? for precision
measurement of CP violating phases ¢s and sin 2.

m Contribution from “penguin pollution” shown to be small!
Important as precision of CP violation measurements continues to
improve (LHCb upgrade).

014 sy HFAG ‘
[Latest HFAG combination] ‘ I/
— 0.12 68% CL contours ‘

(Alog £L=1.15)] ¢

wn
3,
— 010} CDF 9.610™" ‘ hEh
3
0.08 d‘ ‘
T/
0.06 ATLAS 19.2 f! BY ‘ %
~04 “02 0.0 02 04
¢cés [rad} - hth~

[See next talks for information about ATLAS/CMS results]
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THE LHCB DETECTOR 2008 JINST 3 $08005

https://ideas.lego.com/projects/94885


https://ideas.lego.com/projects/94885

THE LHCB DETECTOR 2008 JINST 3 $08005

ﬁ@ﬁcbg .
RICH2 el

Tracker

Magnet

Electromagnetic
Hadronic Calorimeter RICH1

Calorimeter /

Muon
Chambers

https://ideas.lego.com/projects/94885
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https://ideas.lego.com/projects/94885

THE LHCB DETE 2008 JINST 3 508005

Muon

Vertex i i
Particle ID Calorimetry| detection

Finder

(] ).\ — )
L1 — ~ 9%
o(IP) =~ 20um epip (K) ~ 95% epip(p) ~ 97%
. HCAL MisID ~1-3
dp/p=0.4—0.6% MisID(K — m) ~ 5% oo M3 IS(Wjﬁ) %
m M2 =
Cerack > 96% agnet 7 T2.I_3\ICH2 M1 \

T

m Covers 4% of solid angle, but
accepts 40% of heavy quark
production cross section.

TRACKER
Pofcharged [T | T |\U
particles 5m

o
]
%0




A TypPicAL LHCB EVENT 560 S S FRAEE

(nPVs) ~ 2.0 o(pp — bbX) ~ 80ub
(nTracks) ~ 200 o(ce) ~ 1500pb

e ——
¢ o - .
=
v
] ) 4
z ] T T *
go. _._..-o—_._—o—f—
So. ;"
ED. +
0.1
0.
0.4
0.:
0.2f HLT2 DiMuon trigger
0.

0 10 20 30
P; (ﬁeV} 3



RUN-1 DATA SAMPLE

LHCDb Integrated Luminosity pp collisions 2010-2012

g 22 4
b= E 3 Delivered in 2012 (4 TeV): 2.200 /fb D 0 Pf
h . . f 4 2 = Recorded in 2012 (4 TeV): 2.082 ffb = F:
m ~900 physicists from 6 NS Rocerded in 2011 (35 ToV) 19070 | , . _ -

. Y . . E 1o Recorded in 2010 85 Tev:o03a mo | (2 T A7 (Q) TeV
universities/laboratories in 16 3 1o /f};
countries. 5 Efficiency ?%/ﬁ

- - B /2011
m Running since 2010, Link to £ /
> 240 papers ost i Lib--@7 eV)
€ S. = ‘:iﬁ'
m O(100k) bb pairs produced/sec.  osc A
02f _,//
O e T bl et ]
01/04 01105 31105 30/068 30/07 29/08 28109 28/10 271 2712
Date
m LHCb designed to run at lower luminosity
o ATLAS & CMS lumi
n falls off exponentially than ATLAS/CMS
£ s00 B LHCbD tracking/PID is sensitive to pile-up.
g sun-) m LHC pp beams are displaced to reduce
£ aod]  LumiofLHCb levelled:continually | 1nsta.nt.;aneous luminosity - stable running
£ BUPEN S e e conditions.
3 200 .
m (L)2011 ~ 2.7 x 1032em 2571
“nn;nn 0200 04:00 06:00 08:00 10:00 n <£>2012 ~ 4.0 X 10320m_2s_1

— ATIAS AUCE — (MS — LH(b


http://lhcbproject.web.cern.ch/lhcbproject/CDS/cgi-bin/lhcb_papers.php
http://lhcbproject.web.cern.ch/lhcbproject/CDS/cgi-bin/lhcb_papers.php

0

CP VIOLATION IN B(s) MIXING (B9 1) = p|B%) = q|B%))

; 0
Ax® =1 contours B

: _  _I(B»B—=f)-T(B—=B—f)
% P_aSI_F(§—>B—>f)+F(B—>§ﬁT)
‘ _ 1—la/p|*
HFAG Spring'14 - 14 |q/p|4

[Lenz arXiv:1205.1444] - tiny in SM
BABAR /¢ (2014)

d _ (_ —4
LHCb D" jux (2014) —— as.l = (—4.1+0.6) x 10
D@ D pX | ——a— a% = (+1.94+0.3) x 10~
BABAR D —a——
BABAR ¢/ (old) ———a&———

o
o
=]

LHCb DpX

—0.02p

[PRL 114, 081801 (2015)]
Agp(BY)

~ —0.01F ]
e
ISy
IS
a

—0.03r

) T
—_— H
Belle ¢¢ =] \
—0.02  -0.01 _ 0.00 001  x 25 ——LHCb
Acp(BY) vgm 5
5

a$ = [~0.06 £ 0.50 + 0.36]% (LHCb, 1fb~1) 15
ad =[-0.02+0.19 + 0.30]% (LHCb, 3fb™1)

[

1
[PLB 728 (2014) 607, PRL 114 (2014) 041601] \\
m ~ 30 tension with SM from DO not 05 E—
confirmed or excluded by LHCb. 0
2020 2030

<
8



NEW PHYSICS PROSPECTS [J. CHARLES ET AL. PRD 89, 033016 (2014)]

m Assume that NP only enters B® and B? mixing: Miiz’S = (Mii;)SM(l + hg,s€?19d:s).

p-value p-value

0.5 b nl R T 1.0 05 - "‘ i T T 1.0
2013 = E 2023 =l
— 0.8 04 — — 0.8
— NP < 30% SM E 07 NP < 5% SM 07
) - Hos 0a- - Hos
& h THes & f 05
04 02 } — 0.4
,,,,,,,,, 03 03
0.2 — 0.2
0.1 0.1
0o o‘z o‘: 0‘4 s 00
hy h,
Couplings NP loop |Scales (in TeV) probed by
order |Bg mixing| B, mixing
B 1G55I (4,5 Tev>2 |Cij| = [Vas V5| |tree level| 17 19
IV Ves 2 A (CKM-like) |omeloop| 1.4 15
[Cijl =1 |tree level| 2 x 10° 5 x 102
(no hierarchy) | one loop | 2 x 10? 40




s PROSPECTS

m In future, use other channels:
m B) — ¢(25)¢

BY — Jfn

BY — I (ee)

BY — Jip KT K~ (high

T~ K+ K~ mass)

o
=)
@

=4
o
i~
o

o(@) (rad)

0.035

0.0

%)

0.025

. ‘ - : , m Control of penguins essential!
BY —» JWKYK~ + B — Jib7tn~ m B JKD,

BY — Jrp K*,

BY — Jfpp°

[NPB 873 (2013) 275-292,
PRD 86 (2012) 071102]

0.0

)

0.015

|

=4
=)
2

0.005'

o
O[TTTT[TTTT

o e e b L L L
1 4

L(Run-Il) fo*

¢s error Run 1 Run 2 Upgrade Theory
(rad) (2010-12)  (2015-18)  (2019-77)

3fb1 8fb~* 50 b1
BY — JWKTK— 0.049 0.025 0.009 ~ 0.003
BY — Jprprta— 0.068 0.035 0.012 ~ 0.01
BY — ¢¢ 0.15 0.10 0.018 < 0.02

m Upgraded detector will be read out at 40MHz.
m Factor-10 increase signal yields.
m Existing design will saturate at higher luminosities. o7



GLOBAL COMBINATION

BY & Jpprta
BY 5 DDy

o~ - . -

+0.070 4 0.068 £ 0.008
+0.020 4+ 0.170 £ 0.020

o e 414

PLB 736 (2014)
PRL 113, (2014) 211801

A e A 4 F—

LHCb (3fb— 1)
LHCb (3fb— 1)

=
0.14} bos8b HFAG
= 0.12; 68% CL con ACéMBIN ATION
| (Alog L = :
a ¢s = —0.015 £ 0.035rad
— 0.10} CDF96fb" Al'y = 0.081i0.006ps_1
@
= s
m New physics not a
0.08} large effect
= 1eed to control SM
0.06l ATIAS 1912 et effects (penguins).
~04 ~02 0.0 02 0.4
§°° [rad]
Mode o(¢s)[rad] Ref. Exp
BY = I/ o —0.058 + 0.049 &+ 0.006  PRL 114 (2015) 041801  LHCb (3fb 1)
BY & e —0.030 £ 0.110 + 0.030  CMS-PAC-BPH-13-012 CMS (20fb— 1)
BY & e +0.120 £ 0.250 + 0.050  PRD 90 (2014) 052007 ATLAS (4.9fb~ 1)




CONTROLLING PENGUINS

K0 NEW!

= AT(B! = J/v
HY(BY > J/yK

0.0

0, [deg]
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[LHCb-PAPER-2015-034]
0.10°
Almost no dependence if SU(3)

breaking allowed: a,f =( X ag, 0; =0;+96

I —

) 5 10 15 20 25 30 35 10 45 50
neertainty on & r'
Uncertainty on & [%

m Nominal result assumes perfect SU(3) symmetry a; = a}, 6; = 0.

m Extract penguin parameters from x? fit to H; and AiCP information for each

polarisation ¢ € (0, L, ||, S).
m Translate to penguin phase shift:

Param. Fitted value Compare o o
Ad)st],ém5 0.001f8i8§{(stat)fgig(l)g(syst)f8:8§3(|A;/Ai|) rent expt. precision:
AP 00313 SR (stat) FE I (ys) TR (AL /Al) | o(6s) = +0.035rad
26he oot R ) R Al |00 = K008
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ATLAS B? — J/LZ’¢ RESULT (AS OF 7TH JuLy 2015)

_ Preliminary measurement of the

time-dependent flavour-tagged CP e

AT, 0082 0011 0007 ps'
asymmetry parameters rs 0677 0003 0003  ps
in decays of B, — J/¢¢ IA0)2 0227 0.004  0.006
IA0)2 0515 0004 0002
IA(0)2 0086 0007 0012
- 14.3 fb™! from 8 TeV 5 413 034 015  rad
- statistically combined 8 316 013 005 rad
with previous result, Sanbe 008 003 001 rad
7 TeV 4.9 fb! P
<Rev. : HFAG
Py e DI COI 032007 ATLAS data overlaid
- CP-violating phase, ¢s, — 012 68% CL contours
consistent with other . (Alog £ = 1.15)
experiments =
and SM predictions [ N\ _ATLAS49fb
- @M _0.0363 15 rad. < \
Combined \ .
— AT M =0.087 £ 0.021 ps* ;g / SM

// A /
L -0.4 -0.2 0.0 0.2 0.4
iCERN Seminar - 07/07/2015 J.Walder 52 pces [m(l]



MAXIMUM LIKELIHOOD FIT PRL 114 (2015) 041801

m Simultaneous fit in 6 bins of mxx to % 10*r LHCb T E
account for Kt K~ S-wave. s I ]
o r - - ]

m Background subtracted fit 2 - -
. = 10%} - -
(sFit, sPlot [xie, arXiv:0905.0724]). g F . ”«»% E
o] F & bt ]
m Measure ¢5, Amg, T's, AL, | Af] ... s I ﬁ**w 2% B-whve
[this makes BS — J/1 ¢ special] (% 102 *+'|++'F"Hﬂ d) damiinates .
w o= TP g 2ZmOy) o 2Re() F ‘ ‘ ‘ 1
TSP T T OIHDP T T T I+ g2 990 1002 1014 1026 1038 105

m(K*K) [MeV/cg

hi(t) = Nie Tst [ak cosh (éAFst) + by sinh (%AFst)
+ ¢ cos(Am.t) + di. sin(Am.t)]

k Fie(Ou, 05, 0n) N (73 br Cre die

1 2cos? Ox sin? 6, |Ao|? 1 D c -5

2 | sin? 0 (1 —sin®0,cos2 ) | |4)]2 1 D c -8

3 | sin?0x (1 —sin®0usinep) | |AL]? 1 -D c S

4 sin? O sin? 6, sin 25, |AjAL| | Csin(6. — &) | Scos(6L —8)) sin(6. —8)) | Deos(6L — )
5 % 2 sin 20 sin 26, cos p [AoAy| cos(§) — do) D cos(d) — o) Ccos(§) — do) | —Scos(d) — do)
6 7; 2sin 20k sin20, sinpp, | [AgAL| | Csin(éL —do) | Scos(dL — do) sin(d — 6o) D cos(61 — do)
7 2sin%9, |Ag|? 1 -D c S

8 % 6in 0 g sin 26, cos @y, [AsA)| | Ccos(d) —ds) Ssin(§) — ds) cos(d) — ds) Dsin(§) — ds)
9 7é 6sin 0k sin 260, sin @p, |AsA | sin(d — dg) —Dsin(d, —dg) | Csin(6L —dg) | Ssin(6L — ds)
10 4./3 cosOr sin2 0, 1AcAnl | Ccos(8a — <) | Ssin(do — 8<) | cos(do — <) | Dsin(dg — k) 18



MAXIMUM LIKELIHOOD FIT PRL 114 (2015) 041801

m Simultaneous fit in 6 bins of mxx to % 10*r LHCb T E
account for Kt K~ S-wave. s I ]
< i - - |

m Background subtracted fit 2 - -
(sFit, sPlot [xie, arXiv:0905.0724]). ) 107 - u‘*vﬂh E
o] F & bt ]
m Measure ¢5, Amg, T's, AL, | Af] ... s I +4.,+‘* b
[this makes Bg — J/Y ¢ special] g 102 3}+'|+.Ffl'ﬂﬂ i
w o= TP g 2ZmOy) o 2Re() T ‘ ‘ ‘ ;
TSP T T OIHDP T T T I+ g2 990 1002 1014 1026 1038 105

m(K*K) [MeV/cg




DECAY TIME RESOLUTION PRL 114 (2015) 041801

m Use prescaled sample of prompt-J/i) /J'+
events to determine resolution model. “_} J/
m Double-Gaussian, with width scaled
by per-event error. K +} ¢
m Simulation: (o%18"31) & (gPrompt) K~
j"i 10° _i 2“12000:— ' : ' 3
é 10 .i 210000:— LHCb 3
E 10° -E g 8000 | =
3 R £ E
T 0 o T 6000f 3
S E IS E ]
10 - 4000 - -
! 3 2"00;‘ (o) ~ 46 fs _;
lo—l e 1 1 1 -3

e T R -
il |

- Ll B e N M R

S om s
& Ebovs o

0 2 4 6 8 -0.2 -0.1 0 0.1 0.2
Decay time [ps] Decay time [ps]

w If (o) m 45fs = D ~ 0.73; If (o) = 90fs = D ~ 0.28



DEC Y TII\IE EFFICIENCY PRL 114 (2015) 041801 & JHEP 04 (2014) 114

m Use BY — Jiy KT K~ events with no lifetime cut to understand trigger efficiency.

8 O T T 8 0.6 ]
§ T e e ——— B 05F E
(=5 [ (=% r q
19 [ . 3 L ]
LB
0.6f ? : + + M + E
; ] 03F HMH f E
041 . - 02k + E
b di-muon trigger LHCb ] %ﬂ’ LHCb
92F . 80% of sample g 0";’ 1-track muon trigger ~ 20%
’ ! 0 ’ ! 0
Decay time [ps] Decay time [ps]
1r T T r
m VELO track reconstruction E 095; LHCb
w .
efficiency depends on distance of :
track from beam line (p). e
m Understand this using control 0355
sample of Bt — Jap K. o8t
. e 1. 0.5 tr188eT
m Correct in final fit by weighting ]
each BY candidate. 07 2 4



ANGULAR EFFICIENCY

o T T T == T T T = T T T
2 F . } 1€ 14f . . 18 1aF ) . ]
£ 118 LHCb simulation £ r  LHCb simulation 15 r  LHCb simulation E
[ o F 1w F 1
o 1 o r 10 r q
] & 108> 42 105 4
§ 117 18 + 18 T + E
=% F ia F 1a By g OIS OPI SS U
] r 19 4 18 Pt
3 105 418 S F +H
Q (. 1 Q + H Q L 3|
© 5 18 F 18 F k|
B iE 1°g o.9s- 41°7g o8- 4
s F 18 ¢ i F ]
j53 F 4 O N 1o L 4
D .95 19 o9 49 o9r =

E . . . E| . . . . . .

-1 0.5 0 0.5 : -1 0.5 0 05 : 2 0 2
cosd, cosBy ¢, [rad]

m Detector geometry and implicit momentum cuts introduce efficiency in angles.

m Knowledge of acceptance is dominant source of systematic error for ¢s and
amplitudes.

m Describe non-factorised 3D efficiency using spherical harmonics [from simulation
corrected to look like data].

e(cos O, cosb,, pp) = Z cabCPa(COSGK)YbC(COS 0, 0n)-

a,b,c

C

Nmc
1 2a+1 1
abe
= E ——— Py(cos O ;) Yye(cos b, ., on:)—,
N]\AC 2 a( Kl) bc( [7%3 Q‘Ohl)gi

i



PRL 114 (2015) 041801

Same side

Tagger | e(1 —2w)?

kaon tagger OS-only | 1.19 4 0.06%
I/ SSK-only | 0.84 +0.11%
Same side ¢ OS&SSK | 1.70 + 0.08%
proton PV Signal BY __ proton Overall 3.73+0.15%
Opposite side Opposite B i f\:z:;e;]g[lasrisee \t/i??eiring
; K~
________________ Opposite side
"""""" kaon tagger
lepton taggers
from b-quark (p~,e")
3 0.6
m Tagging decision made on statistical 055»
basis, with & ~ 60%; w ~ 30%. Bt JWKT ]
m Effective size of dataset: 0'45 ]
Neg = Napy X 5(1 — 20.))2 0.3f B
m Calibrate tagging response using 02f LHCb ]
control samples: BT — Jap KT, : + ?rfliminary ]
B® — D,uv, B® — D, T SRR
mw=po+pi(n—(n). % o1 Tor 03 04 05 063



sin 23 SYSTEMATICS NEW!! LHOb-PAPER-2015-004

Origin s c
Background Tagging Asymmetry 0.0179(2.5%) 0.0015 (4.5%)
Tagging calibration 0.0062(0.9%) 0.0024 (7 2%)
AT, 0.0047 (0.6 %)

Amy 0.0034 ( 0.3%)
Fraction of wrong PV component 0.0021 (O %) 0.0011 (3.3%)
z-scale 0.0012 (0 %)  0.0023 (7.0 %)
Upper decay time acceptance 0.0012 (3 6 %)

Low decay time acceptance —

Decay time resolution calibration — —
Decay time resolution offset — —
Correlation between mass and decay time — —
Production asymmetry — —

Sum 0.020(2.7%)  0.005(15.2%)




RESONANT STRUCTURE OF BS — J ,.."7T+7T7 PRD 89 (2014) 092006

m BY — Jipn T~ is another b — cCs transition.

C
m 4D amplitude analysis to understand structure in E}J/ b
7t~ spectrum. EQ{E W

5 N L
m 7t is > 97.7% CP-odd @ 95% Conf. Level —1_\‘\§ T

B Measure ¢ using the decay time [PLB713 378 (2012)].

ST T T ]
—————t 7> st LHCb ]
4 O L ]
LHCb JO | ]
27k signal _é E 4; E
ik L ]
4 & 3 ]
_E E L ]
Sidebands used 3 2F >
for bkg modelling 3 r ]
5300 A0 5500 ] F

mJAynT) [MeV] 0t

y

- S "
I . PN
b4
/ O




PRD 89 (2014) 092006

m BY — Jipn T~ is another b — cCs transition.

C
m 4D amplitude analysis to understand structure in E}J/ b
wt 7~ spectrum. E;’{ b

_ W
5 N o
m 7t7r™ is > 97.7% CP-odd @ 95% Conf. Level —1_\5} TR

B Measure ¢ using the decay time [PLB713 378 (2012)].

~ 10* o5 —T Component Solution I
E T 0(980) 70.3 + 1.5+04
= L row fo(1500) 10.1+£0.8%41
aQ E-oh F . fo(1790) 2.4+£0.4759
g IR f2(1270)  0.36 +0.07 £ 0.03
g 10 g £2(1270), 0.52 % 0.1579%
| £(1270),  0.63 +0.34+016
10 13(1525), 0.51 4 0.0913:9
f5(1525), 0.061343 £ 0.01
e e T f4(1525) 1 0.26 +0.18+3:%¢
Y I 15 2 NR -
m(n*) [GeV]  Sum 85.2

m Sum over 777~ resonances: A(mrr, ) =Y >\, L AR (Mrr, Q)

n AR(mzx, Q) is Breit-Wigner or Flatte (fo(980)) amplitude x barrier factors.



LHCb E §m; 4 LHCb 3 @ LHCb E
+ 3 Ziof S . =
i N e i
+ 7: é K”ﬂ; 1400 = o
Rl K ] E
3 © aof 800 - E
| F 600 - =
| 200 |, 400 = =
E 1 E wf 3
3 45 5 0 5
o N s I L PP ) e s —a e o BEE R B e o 0
-1 -0.5 0 0.5 B -1 05 0 05 N 0 2 s
cos 0. cos 0; v %
m Main systematic from knowledge of 7+ 7~ resonance model.
m Cross-check by measuring ¢, using only decay time - consistent result.
m ¢7™ = 0.070 £ 0.068 £ 0.008 rad 1600
—~ 16 : : :
@2 E E
m [A\"7| =0.89+0.05+0.01 S a00f LHCb E
S 10of- E
. pry £ 1000
OMBINED K £ woF
E E
S 600
¢s = —0.010 £ 0.039 rad E
400
] 1
A= 0.957 +0.017 wolp
0F ‘ : 5
N Aal__nepdl e 0
(1) Assuming CPV in decay is same in both channels s
2 6 8 -

¢SM = —0.0365 =+ 0.0012rad

Decay time [ps]
10



PLB 742 (2015) 38-49

1400 — ——
LHCb e Data
1200 Fit
- Signal

- Background
— - p(770)
_____ ,(500)
! . f2§1 27;1)
o === 0(782]
K g i —— p(1450)
3 — p(1700)

Combinations/ (18.6 MeV)
=
(=3
(=]

0 05 1 15 2
m(m) [GeV]

40, T T T

3 BABAR

[PRL 90 (2003) 091801]

Events / 0.050 GeV/c?

o)

8]
=]
T T T[T T[T T[T T 7T

ol oo b b b b b

0 02 04 06 08 1 12 14 1.6 18 2 22 24
2
M(n*n’) (GeVic™) 11/18




COMPARE WITH B-FACTORIES PLB 742 (2015) 38-49

PRELIMINARY

0
JW " Sep vs Cep @

m Convert 28 acp to Sy and Cy.

m B° — Jin® and
BY — J/p p°(770) have same
diagrams, so same CPV.

BaBar
77 Belle

&4 Averag

g, = 2ImOy) _ 2 sin 2647
F= TN T TP
_ 1=y
Cr= T+[Af?
-.1 -0.8 »0‘.6 -0‘.4 -C;.Z 0
Contours give -24(In L) = Ax” = 1, corresponding to 60.7% CL for 2 dof SCP
f Experiment Sy Cy Correlation
20 — Jipp® LHCb —0.6210131009  _0 063 4+ 0.056+3:919  —0.30 (stat)
B = Jim® Belle [33]  —0.65+0.21£005 —0.08+0.16+0.05 —0.10 (stat)

B0 Japn® BaBar [34] —1.23+£021+£0.04 —0204£0.19+003  0.20 (stat)

12

18



VIOLATION IN CHARMLESS B DECAYS pemempes

m BY — ¢¢: b — s penguin decays
sensitive to NP in the loops.

m ¢ — KK: 5 different polarisation _

SM: |¢s] < 0.02rad

amplitudes = angular analysis. b s
s
m Decay time resolution: 43fs.
m Tagging power: _
e(1 — 2w)? = 3.04 4 0.24% s
m Angular efficiency from MC. S s
_ & 24¢ g
F o Ak qions LHCb 20F E
s |~ 4k signa, 5015 g . LHCb
© .ol & “F *B! - D, (2011) E
= 1025 £18- .8 _ b, (2012) E
© r = |
< | S ]
Z 10 9 e
0 F —
8 / 12 ‘:'i—v— —— ]
g % // \\\ ? 1= *" E
S r / N <Lnhgh ® E
s 1 /7 AN 08, +
O E 0.6 .. .. 3
£/ \ E Time efficiency E
d B I i, I 0'4,71‘ n contr 1 } \1 3
e e e e e e RN IERE R B 0.2f. from control channe E
=R { POt PRI T LIOPPOTE I L LI ST FOPORI LS “E E
& _zﬂ,nm,,x San Pttty o R A RARI BRI
A I S 2 4 6 8.
5250 5300 '5350 5400’“ 5459 Decay tlme[pS] 13 /18



CP VIOLATION IN CHARMLESS B! DECAYS ppmemsmesm

B
9
=]
g 00¢
g &
k=] 00E
2 E
5 g
. 3 . , . . . .
0 2 0 2 O—l -0.5 0 05 1 G-l -05 0 05 1
® [rad] cosH, cosB,

m ¢, =—0.17+0.15 4+ 0.03 rad.

g 10°
m |\ =1.04+£0.07+0.03. N 17
m Background subtracted fit using S 10
sWeights. ;\‘5 LT
m Dominant systematic from ks w0ty T N
understanding of angular and 5 10°¢ T
decay-time efficiencies. L%S 10 3*

m K"K~ S-wave under the ¢(1020) 10° 2 4 6 8 1
consistent with 0%. Decay time [ps]

14 /18



¢S FROI\/I B((Q) % DjD(: arXiv:1409.4619 , accepted

@l
ol

@l
@l

o B0 g g T T T
L ---B_ D' 4 N e
S [ LHeb B-DiDs 1 2L hep P.oD; |
3 [ B DK KT %4000, R S
= eo0f- (8 R RO S
e r I B DKKT
3 r B.oo. ] % t o 1
® 40 WA-xo 7 o8 B-DD A
% r -Combinatorial 1 '620007 .Combinaorial N
8 ol 18 | |
t 3.3k signal L 21k control
- > I L I

00 5350 5400 5450 =% 5300 5350 5400 5450

M(D? D3) [MeV/c?] M(D™ D%) [MeV/c?]

m Important to measure ¢, in b — ccs decays with different penguin amps.
m B — DI Dy is CP-even, no angular analysis needed.

m 4 final states: combination of Dy - KKn, K7, nw. 15 /18



¢S FROI\/I B((Q) % Dj D(: arXiv:1409.4619 , accepted by PRL

Z oo S T 3 Tousf E
= oo12f- LHCb B = D,HD‘ E > 0.14F LHCb simulation 3
g 001; .}ﬁﬂﬁq h & SN $012F (o) = 54 fs 3
T ool el N o1k 3
% 008 fb ] 0.08F 3
8 00061 " E 0.06F _ E
g 0004 J‘m E 0ob fegfg—iqu 3+ q10 E
< b g+ data efficiency @ ] ook g0 =< OPS 3
002f . MC efficiency E i q1 = 1.014 £ 0.036 3
0 ‘1 1‘0 - 0 005 01 015
Decay time [ps] 3 [ps]
o LHCb
S H m Use B — D_DLZ,L to determine decay
P 1 time efficiency (750 from PDG).
B 10 E m Simulation to calibrate the decay time
e} 4 . .
= ] uncertainty (4) for resolution.
8 ]
e . m Tagging: (1 — 2w)? = (5.33 £ 0.25)%
E background E .
F subtracted 1 m Constrain I's, AT's from
- 3 10 BY - JWpKTK—.

Decay time [ps]
m ¢ =0.02+0.17 £0.02 rad, |\ = 0.9170% +0.02



Source I's N AL |? |Ag|? 5 5. bs Al A
ps™']  [ps™'] [rad] [rad] [rad] [p
Total stat. uncertainty ~ 0.0027  0.0091  0.0049  0.0034 910 +034 5049 0.019 T
Mass factorisation = 0.0007 _ 0.0031 _ 0.0064 _ 0.05 0.05 _ 0.002  0.001 0.
Signal weights (stat.) 0.0001  0.0001 - 0.0001 - - - -
b-hadron background 0.0001  0.0004  0.0004  0.0002 0.02 0.02  0.002 0.003 O
B} feed-down 0.0005
Angular resolution bias - - 0.0006  0.0001 902 0.01 - -
Ang. efficiency 0.0001 - 0.0011 0.0020 0.01 - 0.001 0.005 0.
Ang. efficiency (stat.) 0.0001 0.0002 0.0011 0.0004 0.02 0.01 0.004 0.002 0.
Decay-time resolution — - - — — 0.01 0.002 0.001 0.
Trigger efficiency (stat.) 0.0011 0.0009 — - — - - -
Track reco. (simul.) 0.0007  0.0029  0.0005 0.0006 TJ-8T 0.002 0.001 0001 O
Track reco. (stat.) 0.0005 0.0002 - - - - - - 0.
Length and mom. scales 0.0002 - — — — - - - 0.
S-P coupling factors - - — - 0.01 0.01 - 0.001 0.
Fit bias — — 0.0005 - - 0.01 — 0.001
Quadratic sum of syst. 0.0015  0.0032  0.0036  0.0067 +9-06 0.06 0.006  0.007 0.




arXiv:1411.1634, submitted to PLB

Fon e _anes S}

Bl S B{ Q%

m Decay amplitude is sum of tree + 3 penguins. a’, 6’ are magnitude and phase of
penguin relative to tree.

—VBA(B® = (Jpp)g) = M [1—dje’en], fe (0,1,

s S

0 0 : _ a2 _
m In BY — J/ip K, penguins are suppressed by € = 257 = 0.05 (A = [Vaus|).

A(BO — Jpp KQ) = (1 - %2) A [1 n

10 i
2ae e”]

= Aim: measure 23°7T in B — J/yp and compare to 28 from B° — Jj Kg
(B-factories).

0/, ;
—al e lF i
A28y = QB?H —28 = —arg (W)

17alfebef ety



RESOLVING THE AMBIGUITY arkiv:1308.2600

m Expressions are invariant under the transformation, giving rise to a
two-fold ambiguity.

(¢S7 AFS? 5075“76L; 55) — (ﬂ- - ¢S7 7AFS§ 7503 75”;’”‘ - 6La 755)

m Physical solution: ATy > 0
= the heavy BY eigenstate lives longer than the light one!

A j—
g 3 T P-wave phase R T T ' E
5 / = 4F LHCb Iog —+— 7
2L S-wave phase S ab LA E
'» f ot ]
s 1 S I =
= E ]
: § l ]
B ooprT . 1 + =
E 0g — 01 Oé ATy >0 E
- £ ]
i 4B ]
oL I L I I | S S S S S S SO SN S—s |
“ 1000 1020 1040 1060 1080 1100 1120 1000 1020 1040
K'K invariant mass (MeV)

m(K*K) [MeV/c?
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