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Introduction: What is missing in Standard Model

Are there other sources of CPV?

matter and anti-matter asymmetry not enough CP violation
why is the universe made of matter? J J
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Presence of dark matter in the universe
what is dark matter made of? J
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Flavor physics in the LHC era

High energy frontier

Precision frontier
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CP violation in SM

m Violation of combined Charge and Parity symmetry
m Discovered in the weak interaction in 1964

m accommodated in CKM mechanism = small

Ve Vs Vb 1—)2)2 A AX3(p
V=] Vg Ve Vo |~ -2 1-2)?)2 AN
Vie Vis Vi AN (1 —p—in) —AN? 1

only source of CPV in SM
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Probes for new physics in B? mixing

id U%g(t» _ M M\ i T T2 ]1%2(t)>
a1 Bt) | |\ Mi Mu 2\ T 1BY(t))

b e ___ 3
Mass eigenstates mixtures of weak states w
|Bo) =p|B2)—q|BY) |BY) =p|BY)+qlBY) » v R
m mass difference: Amg = My — My = 2| My;| RPN SO S —

b
= rate of mixing diagram

New J. Phys. 15 (2013) 053021
m decay width difference:

AFS = r/_ — FH ~ 2‘r12‘COS(Z)12

o Tagged mixed

8 o Tagged unmixed
400 — Fit mixed

o Fit unmixed

m Mixing phase: ¢y = arg(Mi2)

candidates /(0.1 ps)

= time dependent CP violation 2000 1

decay time [ps]
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http://iopscience.iop.org/1367-2630/15/5/053021/

(1) CPV in decay: (2) CPV in mixing
P(B — f) # P(B — f) J P(B — B) # P(B — B) J

More on CPV in mixing see:
Cern Seminar by M. Vesterinen
Sept. 30

¢dec
B? Jf
Dmix BO —Pdec

s

(3) CPV in the interference of
decay and mixing phase difference: ¢s = dp — 2P dec
P(B — f)# P(B — B — f)
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https://indico.cern.ch/event/342922/
https://indico.cern.ch/event/342922/

CPV in the interference of decay and mixing

¢s: relative phase between interfering - Pdec .
A(Bg — J/¢h+h_) and A(Bg — BS N J/wh+h_)85
s is sensitive to new physics in BY mixing O rmix B0 —Odec

bs = OIM + Npps = Ads = arg(Mya/ M3M)

CP violation in decay given by:

\— %%, with ¢s = —arg(\)

only if one dominant amplitude

+A@E®" for penguin amplitude
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Decay Channels to measure ¢,

m B? — J/¢)K*K~: benchmark mode
m B — J/ynt7: dominantly CP-odd

m B? — D;D{: pure hadronic final state

D;

m BY — ¢¢: pure penguin decay 5

RO

* to estimate penguin contribution B — J/1p: tree + penguin
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Status as of early 2014

LHCb 1.0fo™ + CDF 9.6 b+ D@ 8fb~ + ATLAS 4.9fb~"
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m Atlas, DO and CDF: B — J/9KT K~
m LHCb: B? — J/¢KTK~ and B — J/yrtn
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SM:
¢s = —0.0364 + 0.0016

Combined exp:
¢s = 0.00 £ 0.07

LHCb:
¢s = 0.01 £0.07 £0.01
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Key ingredients

m Theoretical time dependent CP asymmetry

_ [(BY=F)—T(BY—f)
Acp(t) = F(BY—f)+T(BI>F)

= 1 sin ¢s sin(Amst)

m Experimentally
Acp =~ (1 — 2W)ef%Am§U?77f sin ¢s sin(Amgt)
m w Probability of getting the initial flavor wrong
m o, Decay time resolution

m 7)r CP eigenvalue — angular analysis

m Minimum requirements:
m excellent decay time resolution
m good flavor tagging

m large statistics
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LHCb experiment

Momentum resolution:
op/p: 0.4% — 0.6%

Ecar HCAL

SPD/PS M3

RICH2
3

Time resolution:
40-50 fs

Mass resolution: Wy
8 MeV /c? for B — J/¢X deca

Y

3
>’

Particle identification:
e(pn) = 97%, mis-id: 0.7%
g(K) > 90%, mis-id: 5%

Data set in run I
All results shown

2010: 37 pb~1 @ 7 TeV ! - 1
oday are with 3fb
2011: 1 fb~1 @ 7 TeV y

2012: 2 fb~1 @ 8 TeV
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0 + -

B — J/pKTK
m Theoretically clean, tree dominating decay
m Precise SM prediction: B}

¢s = (—0.036 + 0.002)rad
m Signal: 95690+350 events

[ Backgrour_1d: _ E 18000 LHCb 1
m combinatorial = C ]
m peaking: 1o 100001 B
N) — J/ibpK~: 4800 evt. }23/ 50002_ 3
By — J/yK*m : 1700 evt.  § F :
g - m
O

1 I

&
8

5350 5400
m(JP K*KY) [MeV/c?]
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Background subtraction

Background events subtracted statistically

= avoid parametrization in multiple dimensions

m Combinatorial background:

- discriminating variable: J/¢¥K* K™ mass

- assign a signal weight to each event

m Peaking backgrounds:

- MC events re-weighted to match data

- added to data with negative weights

S. Esen - Heidelberg

Bg mixing phase at LHCb

peaking back. subtracted

:

LHCb

:

g

Candidates/ (2.5 MeV/c?)

[ f

g

5350 5400
m(JP K*KY) [MeV/c?]
v
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Angular analysis of B — J/yKTK~
P — VV final state

K™K~ in P-wave: 0 (CP even),
KT K~ in S-wave: CP odd

| (CP even), L (CP odd)

Mixture of CP-even and -odd
= need angular analysis to disentangle
= have access to both g and Al

Use of helicity angles: Q(6,,, 0k, ¢n)
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g

B? — J/¢K*+ K~ Fit Model

simultaneous fit in:

N

Candidates/ (0.5 MeV/c?)
.
v

8

- six bins of m(K*K ™) to account for S-wave

E
2B I . il e xs
e S ey
Acceptance 1000 1020 1040
m(K'K) [MeV/c]
m Angular acceptance m Time acceptance:

- detector acceptance and event selection - selection, reconstruction

- based on data corrected simulation - obtained from data
E ™ LHcb simulation 3 E 115 LHCb simulation 5 e ey
(] r 1 [} 15} 4

- | o q o 08 -
E 1.08F + Bl g ENN- ]
o o I 1 | -
g 1 2 oot E 1
s P 1 871 1wk ]
g o095 B B i E LHCb ]
[+] I ] [+] E ] 021 -
[ | ] O b + 1
? o09F B D 095 3 o . 1

-1 65 b 65 1 -1 0.5 0 0.5 1 1 10

cosB cosh, Decay time [ps]
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BY — J/¢KTK~ time resolution

calibration with prompt J/1

T T T T

Z 0f

w  F LHCb
~ 10'F =
o(z)™ 100 um 38 F 3
(2100w S of <Sop =45fs  {
E 10f 4
1k ) ; & -«

t

Wil ik,
B

Decay time [ps]
decay time (ps)

c.f. oscillation period ~ 350 fs

m o, per-event decay time error
. . _1 2 2
m average ~ 45 fs = dilution factor e 22™% = (.73
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BY — J/1 KT K~ Flavor tagging

need to resolve fast oscillations of B%-B?

b quarks are produced in pairs:

m Same-side tagging: m Opposite-side tagging:

Use charge of kaon produced in the Use charge of final state particles

. f other B
fragmentation of othe
o xg -
g . — g . -
S | LHep S goo|- LHCb ]
{!é ~SSK tagger ¢ g ~OS tagger tot
S 4 g b t
ki 5 600 ++ 1
% . <3 +
S S R +
- 400 + ]
2 e L
200} Mm*’ B
00 R o —F) 07

Wrong-tag probability

m total tagging power: ¢(1 — w)? = (3.73 £ 0.15)%

S. Esen - Heidelberg

Bg mixing phase at LHCb

% 20% improvement compare to 1fb~! analysis

Wrong-tag probability
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BY — J/iKT K™ results arxiv:1411.3104

—— CP-even -- CP-odd - S-wave - total
Parameter Value _

8 10'p

¢s [rad] —0.058 4+ 0.049 + 0.006 S 1035

Al 0.964 + 0.019 = 0.007 g F

AT, [pS_I] 0.0805 £ 0.0091 4+ 0.0033 é mé

o

Mo [ps™!]  0.6603 = 0.0027 + 0.0015 i

Amg [ps™!] 17711 1392 +£0.011 1tk
gsow— LF’1Cb —g jx, ' ' 'LHCb 75 X
ézsm%“wwg ZWMQ 2500
P S - 2 oo™ - S 2000
LR S 18 100 - TN A8 o
E 1000~ Y -3 10007&{‘ \/\r 1000
O s0f . NPT s00F T Tmeeeme . -7 3 0
L T E O T o ()

¢, [rad] cos8,
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http://arxiv.org/abs/arXiv:1411.3104

Polarization dependence arxiv:1411.3104

For non-negligible penguin contributions /ﬁ;
m size of pollution could be different for 4y
3 P-wave and the S-wave states B J16 + Svave
m CPV might be polarization dependent C
m complicates the search for NP effects i BS
e.g.,Bhattacharya, Datta, Int. J. Mod, Phys. A28(2013) 1350063
We measure: ¢? [rad] —0.045 £ 0.053 + 0.007

I~ ¢9[rad] —0.018 + 0.043 + 0.009

qA — iof
Ar =27 = [Arle” —¢Q [rad] —0.014 £ 0.035 % 0.006

for each f=0,,1,S ¢S — ¢% [rad]  0.015 +0.061 + 0.021
IO 1.012 4 0.058 £+ 0.013
assume zero CPV in mixing IAl/AO] 1.02+0.124+0.05
PLB 728, (2014) 607 |>\L/)\O‘ 0.97 £0.16 = 0.01
IAS /X 0.86 +0.12 + 0.04
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http://arxiv.org/abs/arXiv:1411.3104

0 + = '
B! — J/yntrw ey 3
m 27100 =+ 200 signal events —
m Effective time resolution: 40.3 fs _
m Effective tagging power: _
(3.89 £0.25)% E
5500

BO _ J/l st mUyET) [MeV]

Background
- £,(980)
- 1(1525)
£,(1270)
£,(1500)

i ;TN m from the amplitude analysis
" 2.3% CP even @ 95% CL

m largest component f,(980)

Events/ (20 MeV)

.0.5..‘.1....1.5....2
m(*n) [GeV]
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BY — J/9hmT ™ Phys. Lett. B 736 (2014) 186

~ 1600 - : - -
. . . B E LHCb 3
* 6 dimensional fit: z 1400 £ Sl Back E
F Total Signal Backg =
< 1200
My, My/prr, t and Q > g E
£ 1000 F 3
2 F E
g s00f E
Results: £ @ 3
¢s = 0.070 + 0.068 4+ 0.008 rad G 40 E
200 -
A= 0.89 + 0.05 = 0.01 b . : 1
0
0 2 4 6 8 -5
Decay time [ps]
g f ® tich 3 &k © PR LHcy 4§ EA%E LHCb 2
E 1000 - Z oo ] foos W
E 300 § 80 ; e
£ 600 £ 600
=3 o E
© o0 © 4o
200;“ 20
of 15 5
PPl P eeind 0 —— .
T 05 g 05 0 3 S
cos 0. x
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http://www.sciencedirect.com/science/article/pii/S0370269314004845

BY — J/9KTK~ and B? — J/¢nt 7~ Combination
arXiv:1411.3104

under the assumptions:
m both decays proceed dominantly via b — cCs
= CPV in decay same

m ratio between penguin and tree diagrams is the same

BY— J/p KTK- BY— J/pmtm™ Combined
¢s[rad] —0.058 +0.049 +0.006 0.070 + 0.068 = 0.008 —0.010 + 0.039
Al 0.964 +0.019+0.007  0.89+0.05+0.01  0.957 +0.017

* correlations between common parameters are accounted for
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http://arxiv.org/abs/arXiv:1411.3104

BY — DD/ ”

m another decay with b — cCs transition

= measurement of ¢sin a hadronic final state
m just CP-even

= no angular analysis s ;
m what about the penguin?

o ]
Q
(=]

——
-- B~ DiD;
BY. DIKK*TT
IR
Bs— Ds Ds
B~ D'D;
WA ALD:
I combinatorial

,_
I
(@]
=

|

—
&

fo2]
Q
(=]

0 m 3345 + 62 events in 3 fb~!

m Control channel: B® — DD}
21320 £ 148 events

Candidates/ (5 MeV/c?)

n
Qo
(=]

o
8
&
o

5400 5450
M(D$ Ds) [MeV/c?]
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BY — D, D{ arxiv:1400 4619

Z oo 3
m background subtracted decay time fit § 0012l LHCb i E
g f Yl ]
m per-event decay time resolution < o0 ﬁ{*?#i% E
) ) 8 0.008f- “ﬂ E
effective resolution: 54 fs ‘g_oooei E
e T
m flavor tagging < oo GIEOE Bip(t) ng’stDs(t) J?
0.002 - it § B
effective tag. pow.: (5.33+18+17) % 0;..** ‘ ‘
& T T 1 10
é 105 LHCh * Decay time [ps]
g o i Results:
E ] ¢s = 0.02 £ 0.17(stat) & 0.02(syst) rad
! H ‘ E |A|= 0.917%18(stat) + 0.02(syst)
. )
_ Decay time [ps] = consistent with other measurements
e = consistent with no CPV in decay
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http://arxiv.org/abs/arXiv:1409.4619

¢s-Al s world average

0.14}

0.06}

| CDF 9.6 fb™"

DO 8 b~

68% CL contours
(Alog £ =1.15)

HFAG @

ATLAS 4.9 fb™"
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Side note: ¢ in B — ¢ Phys. Rev. D 90 (2014) 052011

<

m forbidden at tree level in SM -

sensitivity to NP in decay

. _ L. BO
m gluonic b — sSs transition s
¢35 < 0.02 rad o 4
i LH s > s
s | 3950 + 67 201<23b
() 0
Elng )
: 65 = —0.17 + 0.15(stat) + 0.03(syst) rad
g I T A= 1.04 40,07 £ 0.03(syst)
© / Ny
= [ / N
k=] 4 X
g 1= 7 - \ _ N
o Bl ., AN = agreement with prediction
d :”{f \ \ \ . . .
Y A = no evidence of CPV in decay or mixing
E 2;1 o I”“;;”hH b 1; h*H * ; 1};;1 ;;

aEL . t,
5250 5300 5350 5400 5450

Mykrk- [MeV/cg
Signal A — ¢pK~ B — ¢K*O
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http://journals.aps.org/prd/abstract/10.1103/PhysRevD.90.052011

Penguin Pollution in ¢, c

colour singlet
What we really measure: oxchange /@
¢S = ¢SM + A¢NP + A(DPGI‘I / 3

- doubly Cabibbo suppressed
- non-perturbative hadronic enhancements?

Control penguins via flavor symmetry:

m use U-spin-related modes
=- with increased relative penguin influence
m can extract A¢gpen
= with problem of dependence on SU(3) breaking

m Useful modes: BY — J/vK* and B® — J/4p
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J7X

5300 5400
B® — J/ymtr

S. Esen - Heidelberg

5500
m(J/yr') [MeV]

m 17650 + 200 signal events

m from amplitude analysis

65% of signal from B® — J/4p
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B® — J/¢m T arxivi1411.1634

~ 1400 T
> E
. E LH
m using B® — J/4p events: Sioof O 4 —
28 N} 1000 Eo [y e Background
2p7/%r = (41.7 £9.6128)° x 1000 o
' < 800F — 1,(1270)
0 P =,
m and 23 from B° — J/¥Ks 2 600f e
. Lo £ 400
m Penguin contribution: E Lok
A26 — 25J/’¢p _ 25J/¢K5 o > s Vit
05 1 15 2
m(tt) [GeV]
2: T T T El
15E LHCb 3

m from SU(3) symmetry ¢ = 1‘_\|/@‘Z|2

hrd
S n =

the penguin shift in ¢s: dp =~ —eA203
= [-1.05°,1.18°] @ 95% CL

s
wn

dp 95% CL region [deg]

1 1 1
0 100 200 300
0- 0 [deg]
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http://arxiv.org/abs/arXiv:1411.1634

Prospects
m Additional decay modes can reduce ¢ uncertainty
BY — J/y(ete ) KTK™
B? — ¢(2S)KtK~
B% — J/¢K*K~ (above ¢ mass)

m More studies on penguin contributions

Decays related by flavor symmetry: B? — J/wK*, BY — J/9¥K2, B® — J/vyw

m Projected sensitivity

Run 1 Run 2 Upgrade  Theory
(2010-12) (2015-17) (2019-)
3fb~1! 8fb~1! 50fb—1
BY — J/KTK™ 0.05 0.025 0.009 ~ 0.003
BY — J/yrta~ 0.09 0.05 0.016 ~ 0.001
B — ¢¢ 0.18 0.12 0.026 0.02
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Summary

m LHC run | data proven to be fruitful for ¢
- experimental o(¢s) < 0.038

SM

DO, J/PKK 8 fbt
CDF, JIYKK 9.6 fo* —_—
ATLAS, JIPKK 4.9 fo e
CMS, JPKK 20 fb ——
LHCb, DD, 3 fb* —t——
LHCb, J/WKK+J/pmm 3 bt et
World average et
. . . . . , .

L
-1 -0.8 -0.6 -0.4 -0.2 0 0.2 0.4

¢ [rad)

- first polarization dependent measurements

- first measurement in a purely penguin mode B? — ¢¢
m good agreement with SM overall
m expected sensitivity ~ 0.02 by the end of Run 2

m theory input needed for penguin pollution estimates
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Backup

BACKUP
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Backup

Side note: ¢s in BY — ¢¢

¢s = —0.17 £ 0.15(stat) £ 0.03(syst) rad
|A|=1.04 £ 0.07 & 0.03(syst)

= agreement with prediction

= no evidence of CPV in decay or mixing

Candidates/ ( 0.32 ps)

S-wave

&

=

g 8

10

CP-even CP-odd

LHCb

— T [32]
350F 350
3 LHCb p
5 30F 2 300
S mop A+ E % 250
200 + ;3 B 200
@ 150 /"1 2iso
ke AN 4 (3}
Sk AN 4 P o
g sof E 50
o ‘
0 2 2 Rt
@ [rad]
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Backup

penguin amplitude not suppressed
measure an effective 237
Al
_iopeff  1—alelfe—iv .
NeAr = [Aple PP = g — e 2P

——
lfa’felefe’“f

eff. penguin amplitude relative to tree amplitude: a; and 65
A20f = 268" — 28

from SU(3) symmetry € = %

the penguin shift in 23: dp =~ eA20¢
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