LHCh CP Violation Physics
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Highlights from LHCb

Steve Playfer (Edinburgh) — on behalf of the LHCb Collaboration
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Other Highlights from LHCb

> Measurements of mixing and CP violation in charm
(separate talk by Walter Bonivento)
» Angley from B— D K modes (poster by Suvayu Ali)
» Observation of B, — u"u and search for B, — pu*u”
» Measurements of B,— K*u*u~ and B,— ' u*u”
> Measurements of B,— K*utu~and B.— du‘u”
> B, and B, mixing
> b hadron lifetimes and lifetime differences
> Hadron spectroscopy: confirmation of Z(4430)
» A, and B_decays
» Forward electroweak physics (W,Z,H)
~ 200 papers so far .........
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Tag initial flavour and measure decay time distributions.
Then essentially the measurement is of:

sin(¢,) x D(o,) x (1 -2w,,,) x sin(Am_t)

N T

CPV phase Decay time Mistag B, mixing
¢, =Dy, -2 P, resolution rate frequency

tag

In Standard Model CPV phase is small ¢, ~ —0.04
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CP violation in B, = J/U ¢
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with 10xSM
value for ¢,

Decay time (ps)
o(t) = 45fs



Uses 34,000
B, — Dt
decays
from 1/fb of
2011 data

candidates / (0.1 ps)

Measurement of Am,

LHCb-PAPER-2013-006 New J.Phys. 15 (2013) 053201

i : e Tagged mixed

- ¢ 3 8., o Tagged unmixed
400_ ¥ i A —_— .

i & Fit mixed Timing resolution

i A, By, Fit unmixed makes fast

- oscillations visible
2001

O " M A i A 4 4 " A A 4 A A 4 i
0 I 2 3 4

decay time [ps]

Am, = 17.768 + 0.023(stat.) + 0.006(syst.)/ps

Also measured in B. — D_('v Am, = 17.93 £ 0.22(stat.) £ 0.15(syst.)/ps
LHCb-PAPER-2013-036 Eur Phys.J. C23 (2013) 2655
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LHCB-PAPER-2013-002 Phys. Rev. D87 (2013) 112010
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m(JAp K'K) [MeV/c?] Decay time [ps]
t> 0.3ps
» ~27000 tagged signal events in 1/fb (2011) T =(I, +I)/2
» Combinatorial background is flat = 0.663 + 0.005(stat.) £ 0.006(syst.) /ps
(subtracted in other plots) consistent with previous measurements
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Kish Angular fitto B, = J/U ¢

1400

1200
1000

800

600

Candidates / 0.067

400
00F  TTTeeeeee e

o MO0 - = M —————————————————
S T OF ]
) S C ]
o 120 = 1200 LHCb 3
- C ] ~ C .
v 1000 — — O 1000 bt + 5
g - S = W
CP Even "g 800 = 9 200 T+ + E
= B N ~ C —_—— — ]
r \ / - r - ~ — ~ .
S-wave (KK) = 40 F NS - 3 2 0k E
: T 1 2 P
200F 7 o098 200 w7 S~
0B Ty [=imrpigemg ittt o Fizimemes e S R R .
-1 -0.5 0 0.5 1 2 0 5
cos By P, [rad]
July 11th, 2014 Steve Playfer - 50 years of CP Violation :

Queen Mary University of London



S B. — J/U ¢ results

CP violating phase

9. = 0.07 +0.09(stat.) + 0.01(syst.) EgOéLHCb o
CP violation in mixing or direct decay (no CPV |A| = 1) = 8}3:
A/ = 0.94 +0.03(stat.) + 0.02(syst.) ik
Decay width difference §:§4261§:
Al = (I —Ty) .90:.4' 02 0 02 04
= 0.100 % 0.016(stat.) + 0.003(syst.)/ps ¢ [rad]

Sign determined from S-wave interference
Polarisation amplitudes Systematic errors are mainly due to

|A,|?= 0.521 £ 0.006 £ 0.010 angular and decay time acceptances.
|A, |?= 0.249 £ 0.009 £ 0.006

Best single measurement of ¢, and AI',. See later for world average.
Coming soon: with addition of 2/fb of 2012 data the stat. error on ¢, reduces to ~0.05
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sk B, = J/Y mttm”
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» ~27000 tagged B, signal events in 3/fb (2011+2012)

» Similar number of B signal events (mostly J/U p°)

» Background from partially reconstructed B decays at lower mass

» Significant fraction of B, signal is J/{ f,(980)

» Time-dependent CP analysis uses everything between l' 1'

» Analysis of st*n™ system shows B, decay is 97.5% CP odd in this range (S+D wave)
Phys. Rev. D86 (2012) 052006
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GBS Fit to B, — J/{

No angular analysis required. Just a time-dependent fit.
[, Al and Am_ have been taken from other LHCb measurements.

— 1600 —_——— 1= 01 ——
a0 LHCb = 215008 F LHCb =
N — 1 A j_‘\ C -
S 1200 - % 52006 F- =
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A R i e e e O -0.1E —
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Decay time [ps] Decay time modulo 27/ Amg (ps)

CP violating phase
¢, = 0.070 + 0.068(stat.) £ 0.008(syst.) | Systematics dominated by:

— Ut resonance model
CP violation in mixing or direct decay — Knowledge of B, production asymmetry

A| = 0.89 + 0.05(stat.) + 0.01(syst.)

Will soon be combined with a
new 3/fb result from J/{ ¢
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World average for ¢,

LHCb 1.0fb™ + CDF 9.6fb '+ D@ 8fb~ +ATLAS 4.9fb"
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To be updated this summer to include 3/fb LHCb result on B, = J/{ wwtm”

and any new results from ATLAS and CMS (see next talk)
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LHCh BS —> (i)(l)
LHCB-PAPER-2014-026 arXiv:1407.2222 (submitted to Phys.Rev.D)
2L LHCb
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» ~4000 signal events (summed over both years)
» Combinatorial background is flat and small
» Very small contributions from mis-ID of B, — ¢ K*® and A, — ¢pK
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e B. — ¢¢ results

CP violating phase

¢, = —0.17 £ 0.15(stat.) £ 0.03(syst.) '§ . _ ' .
CP violation in mixing or direct decay E} 2(5):
A| = 1.04 + 0.07(stat.) + 0.03(syst.) E 200
Polarisation amplitudes B} 1(5):
|A,12= 0.364 +0.012 + 0.009 5t
ok

|A,|2= 0.305 +0.013 + 0.005

> [, AT, and Am, have been taken from other LHCb measurements.
Their uncertainties are included in the statistical errors.
» Systematic errors are mainly due to angular and decay time acceptances.
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8§  Measurement of sin2f3

LHCb-PAPER-2012-035 Phys.Rev.Lett. 108 (2012) 201601

Reconstructed ~8000 tagged
B, — J/UK events with J/y—utu”
and K;—nt*mr™ in 1.0/fb (2011 data)

Opposite side flavour-tagging only

Magnet polarity reversed periodically
to help control detector asymmetries

Need to correct for production asymmetry
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LHCD

misg Time- dependent Asymmetry

LHCb
B’— J/wK{

> 0.4p—
. 2 03F
A(t) = L(B ) — I'(B) 5 0.2f
I'(B)+I(8B) < o0af
'l 5 o
A(t) = S sin(Amt) 701
— C cos(Amt) 0.2F
0.3f
S=sin2p = 0.72 +0.06 045
C=0
t> 0.3ps

S= 0.73 £0.07(stat.) £ 0.04(syst.)
C = 0.030 + 0.090(stat.) + 0.012(syst.)

t [ps]

= 1.496 £ 0.018 ps
Amd 0.53 £ 0.05/ps

Agree with world averages

Coming soon: with addition of 2/fb of 2012 data the stat. error reduces to ~0.04

(same as BaBar & Belle)
July 11th, 2014
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S B — h*h™ decays

regh

LHCb-PAPER-2013-040 JHEP 10 (2013) 183
Clean separation of different final states using Particle ID (RICH detectors)
%2%0— ﬁ LHCb
= ek
2000 7 B'—K*n-
P | B —3-body
5 1500 | Comb. bkg
§1ooo
soof
0 0 A i

B E2 B3 B4 55 58 57 58 5 5.6 5.7 58
Invariant 7ttt mass [GeV/c 1 Invariant K*K- mass [GeV/c 1

In 1/fb of 2011 data there are ~9000 B, — w*t"and ~15000 B, — K*K~ tagged events
Time-dependent CPV fits to these samples give:

By — B, — K*K”
Crr = —0.38+0.15+0.02 Ckr =0.14 +0.11 £0.03
Srr = —0.71 £0.13 £ 0.02 Skr =0.304+0.12 £ 0.04
Comparison with B-factories on next slide First ever measurement is 2.70 away from (0,0)
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World average for By — mttm”
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Moriond 2014
Cep PRELIMINARY
T T T T T
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= Average
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are both clearly non-zero

1 1 | |
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Contours give -2A(In L) = Ax2 =1, corresponding to 60.7% CL for 2 dof
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(& Direct CPVin B — Kt

decays

LHCb-PAPER-2013-018  Phys.Rev.Lett. 110 (2013) 221601

With 1/fb (2011) already most precise for A, (By)

40005— LHCb q Bd — Kt~ ;Bd — Kt [ 1B%kn
=5 B Bg—>K7t

|

d(s) W 2)
T P V4
7 Y u, ¢

< L/
ol 2
) u
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v ds)
d(s)

Ara (B0) =
s ! —0.080 £ 0.007+ 0.003
A (8) =

: : +0.27 +£0.04 £ 0.01

100

L " |~ . o i B Bl i i Y ~ e ~I ’ Wi Nageotagtttfaes:
5 51 52 53 54 55 56 5.7 51 52 53 54 55 56 57 58
K*t" invariant mass [GeV/c?] K 7+ invariant mass [GeV/c?]

_ AK:rc (Bd) BFKJ‘E (Bs) Tq

First observation of CPV
in B, decays

U-spin symmetry of SM

Ay, = T BT * BFETT - ~0.02+0.05+0.04 =0 jpkin PLB 621 (2005) 126
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LHCD B* — h*h™h decays

m LHCb-PAPER-2013-051 Phys.Rev.Lett. 112 (2014) 011801 E 3
LHCb-PAPER-2013-027 Phys.Rev.Lett. 111 (2013) 101801
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&% Direct CPV in B — KKmt/mmrm

0.10 GeV3/c*

hi

(8]

(e
(andidates/(

| f L L 1 L L N L L 1 L L L
0 5 10 15
m> [GeV?/cH]

T low

40 S 70F T

[GeV?/c4]

B — KKit

July 11th, 2014 m%.- [GeV?/ct]

AJ’CJ’IZJ’E (BU) =
+0.584 + 0.082+ 0.027+ 0.007

Strong phase space
dependence
of asymmetries

Air (By) =
—0.648 + 0.070+ 0.013+ 0.007

M2y pign > 15 GeV?/c?
m2, .. <0.4GeV?/ct

m2., . < 1.5GeV?/c!

Not associated with

known resonances (p,$)
20
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Candidates / ( 10 MeV/c?

Direct CPV in B, — ¢ K**

LHCb-PAPER-2014-005 JHEP 05 (2014) 069

10°

Candidates/ ( 10 MeV/c?)
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By— ¢ K*

1655 B, events
in 1/fb (2011)

W

VAl

*( .
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- 5
i Also see 30 B, events 5
. . 7 %0
e First observation i z K
r (6 > C
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HER Angular fit to B, — ¢ K*V

M(KK)+ M(Km) + angular fit with S-waves, but no time-dependence
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2 200F
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P-wave N r r l r 1.~ 240¢ T =
2 250 E E %8: LHCb _+_ E
> F ] - E
- Q C 2% 180F =
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O 100F e 18 - E
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\}Sl"l__»

&

° * ;)
S Results in By — ¢ K* :
Consistent with BaBar and Belle, but x2 smaller errors

LHCb

0.497+0.019+0.013  0.494+0.034+0.013 0.499+0.030+0.018

<+

¢ ()

”INB

fl 0.221+0.016+£0.013 0.212+0.032+0.013 0.238%0.026%0.008
o 2.633+0.062+0.037 2.3510.13+0.09 2.3710.10+0.04
0, 2.562+0.069+0.040 2.40+£0.13+0.08 2.23+0.10+0.02
AP —0.003+0.038+0.005 +0.01+0.07%0.02 —0.030+0.061+0.007
A P +0.047+£0.072+0.009 -0.04+0.15%0.06 —0.14+0.11+0.01
o, +0.062+£0.062+0.006 +0.21+0.13+0.08 +0.05%£0.10+0.02
6||CP +0.045+£0.066%£0.015 +0.22+0.12+0.08 —0.02+0.10+0.01
Integral rate asymmetry 0

AAcp = Aop(6K™) — Aop(J/wEK*0) ~ Agp(dK*)

AAcp(pK*) = (+1.5+3.24+0.5)%

July 11th, 2014 Steve Playfer - 50 years of CP Violation
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(&% CPV via mixinginB.—D_/ v

LHCb-PAPER-2013-033  Phys.Lett.B728 (2014) 607

5 = L=la/p|®
sl 1+ ]a/pl?

Measure integrated asymmetry between flavour-specific semileptonic decays
(no tagging or time-dependence)

- F(DS_M+)_F(D5+M_) - aslS
e T(D,u)+ (D w) 2

where the CPV comes from 1- |q/p|2~ Im (['\,/My,)

A +0.002 [A,— a,5/2]
Effect of B, production asymmetry
is diluted by fast B, oscillations

Need to correct A, .., for differences in detection efficiencies:

= (+0.04+0.25) % between u*and u (from trigger and muon ID)
track = (+0.02+0.13)% between tracks in D_*—=¢m* and D — ¢~
Apig = (+0.0510. 05) % from asymmetries introduced by backgrounds
Corrections determined from studies of control samples (J/{ and D).
Important to compare magnet up and magnet down data
Also check asymmetry as a function of muon momentum (p, p;)

. A

Steve Playfer - 50 years of CP Violation

July 11th, 2014 Queen Mary University of London

24



HCD

TACH CPV via mixing

With 1/fb of data (2011) %7,0.02

185k B. — D. v events

a,* = (-0.04+0.50£0.36) % |—>0

Systematics dominated by
muon and track corrections 20.02

LHCb results on a.° from 3/fb of data
will be available soon -0.04

KKK
l 1 1 1 l

Analysis of a4 in B, — D) /v : :
is also well advanced -0.04 -0.02 0

Steve Playfer - 50 years of CP Violation
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B Summary

» LHCb has made the first accurate measurements of AI'. and the

CPV phase ¢, in and
— No evidence yet for non-zero phase (SM predictions small)
— Results are statistics limited (errors will improve soon)

» Measurements of Sin2f3 in B, — J/UK; and C__/S__in B, — m*m”
- Already becoming competitive with B factories

» First measurements of CP violation in and
» Large Direct CPV seen in B, — st t* and B, — K*K'rt*
» No evidence for Direct CPV in B, — ¢ K*©

» No evidence for CPV via mixing in

Steve Playfer - 50 years of CP Violation 26
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The LHCb Detector

o M2
S SPOIPS  poovsr’ -

ECAL

Vertex
Locator _ [ [\t — — &=+ BB —

Vel
R o
Lo 1 1 1 Tgeeipne - oo b o | i
5m S5 07 15m 20m z
Forward detector (2<n<5) covers most of bb production
Need to understand detection asymmetries (magnet up vs down)
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Decay time resolution 2 F 7 ! .
- i 0, 7000 LHCb
is determined from O 3
; S = Preliminar
prompt J/{ production 2 son0f- y
l 2 4000 F-
< =
Y 3000F
10* -
LHCb 2000
10° 1000 -
102 Preliminary g . , .

Candidates / (5 fs)

Vertexing Performance
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Decay time [ps]

[S—
@)

J—
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Decay time [ps] Analyses can either use

average or per event decay
time errors
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Flavour-Tagging at LHCb

tagging efficiency €., ~ 50% Same side Kaon tagging

effective mistag ~ wy,, ~ 39% Calibration from B, =D,

effective tagging power €,,(1-2w,.)* ~2.4%

nt/K from b jet w J/LI—’

Same side , H
primary vertgx
proton proton
Opposite side . Vvertex-charge tagger
* from inclusive vertexing
. opposite ]
Opposite side tagging kaon tagger (K)

Calibration from B, —J/gK* 77

negative lepton taggers
(e, w) from b-quark

positive leptons from
b—c—| cascade

e oo
tagging efficiency €,y ~65% Analyses can either use average

effective mistag ~ w,,, ~ 39% or per event tagging information

effective tagging power €,,(1-2w,.)* ~3.0%
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Calibration of Flavour-Tagging

Neural network output m_.=p,+ p; (M — <Nn>)

poand p, are calibration parameters

+
B, — J/WK
0.5~
" _
3 B, —D.m
- =06
mista "
& o4 [ LHCb
rate m i
0.3 0.4
03
0.2
- #° [ ndf 64.18 /40 02
. p0 0.3817 « 0.0017
0.1 o
i p1 0.9735+0.0178
% 0.1 0.2 0.3 04 05 086
0 . — l . —— l . ——1 l . —— l . —— l . ——1 l;':
0 0.1 02 0.3 0.4 0.5 0.6

Same side Kaon tagger
Opposite side tagger
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Measurement of Amj

LHCb-PAPER-2012-032 Phys.Lett.B 719(2013) 318

Reconstructed ~39000 tagged

B, — J/WK* events with J/y—=utu”
and K*0—K*+x~ or K*¥0—Krt*

in 1.0/fb (2011 data)

Reconstructed ~88000 tagged
B, — D*n” or B; — Dt* events
in 1.0/fb (2011 data)

Opposite side and same-side  flavour-
tagging

Magnet polarity reversed periodically
to cancel detector asymmetries
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Time-dependent B, mixing

A(t) = N(unmixed) — N(mixed) = A(O)cos(Am,t)

N(unmixed) + N(mixed)

LHCb
- +B'>D &t
— combined

Raw asymmetry
<
N

S o
[\ () [\
/l
|

N ¢
AN

L
|

L L L L L L L L | L L L L
1\ 5 10 15
B’ decay time 7 [ps]
t> 0.3ps

Amg = 0.518 + 0.006(stat.) + 0.004(syst.)/ps

Raw asymmetry

LHCb

04 4+ B"J/y K" .
- — combined i
02F /—\—
0.2} WT .
0.4 -
I R T S R |
1\ 5 10 15
B’ decay time 7 [ps]

t> 0.3ps

Amy= 0.510 + 0.011(stat.) + 0.002(syst.)/ps

Combined Amg = 0.516 + 0.005(stat.) + 0.003(syst.)/ps
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LHCD
x )

CP violation in B, mixing

Mass eigenstates

tq Vib
q +W+ b s
By 0y Lt B, Heavy B, =p B, — g B,
W+ :
p T W o Flavour eigenstates
o T B.(t) = g,(t)B.(0) + g_(t)B.(0)

Effective Hamiltonian between two states B (t) = B (0) + (t)B.(0
(M11—iF11/2 MlZ_irlz/z) S( ) g+( ) S( ) & ( ) s( )
Mlz*

=i, /2 My, —il5,/2 g, = e Tt/2 [cosh(AT'.t/2) + cos(Am.t)]

Flavour-specific asymmetry:

_ 4
a, = 1+ :2;2:4 where the CPV comes from 1 - |q/p|?~ Im (['},/M,,)

SM predictions: a;9=(—4.1+0.6)x 10* a.°=(+1.9+0.3)x10° A. Lenz
arXiv:1205.1444
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