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Charge-Parity Violation: why the interest?

The Standard Model (SM) of particle physics despite being very successful in its predictions
fails to explain matter anti-matter differences in our universe.

New sources of these asymmetries (CPV) are Rl A S I L R RS
therefore expected in any satisfactory SM [ : 1
extension! 100 Am,
Flavour transitions in the quark sector are P ]
parametrised by the CKM matrix 05 >~ Amy A
[ g .
1= lf\z A AN(p— ) 1= ool ]

( 1-122 AN ) [ @

1 —4,\2 1 [

@ 0 :
CKM matrix: unitary, 3 x3 matrix describing [ ]
quark mixing (3 angles, one phase). 10 - Y ]
(A, A, p,m) are not predicted by the SM. [ A,
They need to be measured! L '°"E"“5‘ | | “’“’*’;‘“{’“‘“’ ]
"o 05 oo 05 10 15 20

p
These parameters are over constrained in the SM — great scenario to search for

incompatibilities and small deviations due to New Physics (NP) effects

Why b hadrons? related unitary triangles are less squeezed hence expect larger sensitivity to
any CP violation effect.
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http://ckmfitter.in2p3.fr

CPV phenomenology

How: measure interfering amplitudes with different CKM phases

Mixing Decay
IXLk) = q|X°) £ p|X°) AX = ) # AX = F)
o |g/p| #1 o Amplitudes for CP conjugates differ
o Neutral meson mixing: o Possible also for charged hadrons
P(X = X) #P(X = X) ¢ Only option for baryons (baryon
o Ex.: az;d _ };(gzﬁgi),g(gsﬁﬁ;) number conservation)%
(B"=EX)+R(E° = £X) o Ex: B s Ktr~vs B — Kot

Interference Mixing and Decay

¢ Interference of direct decay and decay after mixing

¢ Partial decay widths are sensitive to ng
¢q == ¢mix - 2¢dec

o Decay-time dependent CP asymmetry: Dmix fop
E _ T(B(t)=f)—T(B(t)=f) _ Crcos(AMt)—Ss sin(AMt)
P = T(B(t)=H)+T(B()=F)  cosh(LLE)+ABT sinn(ALE) 35° —Pdec
q

o Ex.: B® — J/WK?
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LHCb

The LHCb detector

COLLISIONS N‘}IZSIII\;’I&Z
@ 40 MHz . o

'TIONS
(2012)
VERTEX DETECTOR

reconstruct vertices
decay time resolution: 46 fs
IP reconstruction: 20 um

TRACKING SYSTEM
momentum resolution
Aplp = 0.4% —0.6%

© TWO-LEVEL TRIGGER:
- LO hardware (12 — 1 MHz)
- HLT software ( 1 — 0.005 MHz)

Very good £(i)
Good &(h)

y
z
[
b3
2-20m DIPOLE MAGNET
y~10m 4Tm
x~13m normal conducting
eopian EL MUON SYSTEM
CALORIMETERS
RICH DETECTORS energy measurement
Ki/r/p separation

particle identification

ieites Diaz  (USC) DPF 2017


http://www.worldscientific.com/doi/abs/10.1142/S0217751X15300227

S —————————————————

Experimental challenges

To measure CPV an experiment needs:
New J. Phys. 15 (2013) 053021

@ Excellent vertexing:

+ Tagged mixed

o Tagged unmixed

to separate primary from secondary vertexes
to resolve fast oscillations

.
=

— Fit mixed

Fit unmixed

candidates / (0.1 ps)

g
‘

@ Very good PID performance:

to distinguish between topologically identical events - y
to tag the initial flavour content decay time [ps]

@ Very large sample sizes to be sensitive to tiny variations

@ Control over known CP asymmetries/effects

sV

@gg’,; ®< To help with these, the LHCb:
PV . . .
- @ runs at lower instantaneous luminosity
T @ " than ATLAS or CMS
" B
@ levels the luminosity, making trigger
Same Side conditions constant throughout the runs
P P S . .
% o @ Oppositeside @ takes data with different magnet
OsK polarities
osu
0S vertex charge 0Se
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A word on PID and tagging

& 14f j j j j 3 Particle Identification
Q2 L O O ALLK-m)>0 ]
3] [ LHCb E .
E Vs =13 TeV 2016 ® W ALLK-m)>5 ] ° 7I'/K separation: .
E ek ~ 90%, 7 — K misID ~ 5%
e, ] @ 7/u separation:
-~ 3 €p~ 97%,m — p misID ~ 1 — 3%
. E @ Calibrated via data driven methods
oo @ Good control and understanding of the PID
0= 1 - o
o el J10° performance is critical to our analyses.
0 20 40 60 80 100
Momentum (MeV/c)
Flavour tagging @50
i Ey
@ Efficiency: = 2 ___ 2
clency: Etag Ntag+Nuntag 5’40
= N, >
Mi C = - twrong 3 35
Stag w Nright+Nwrong E
Tagging power: g’ %0
Eeff = Etag ((1- 2‘*))2> 2
@ Statistical uncertainty:
1
Ostat X —F——
VeerrN 10 102 0
o Momentum (GeV/c)
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https://link.springer.com/article/10.1140%2Fepjc%2Fs10052-013-2431-9

Status of ;) measurements

—Accessible from the interference between mixing and decay

Standard Model predictions

B system: ¢ = —2arg ( V“&* ) =0.036575%0 rad

BO system: ¢S = —2arg ( ‘Z&b) =0.77179%7 rad
th

—Golden modes provide exact match to the CKM angle:
BY — J/YKTK™(¢s = —28) and B® — J/YK (¢ = 25)

Latest published results:

Decay Result Reference

= I/ +0.07040.068+0.008 PLB B736 186 (2014)
Bi’ — DiDS +0.0240.1740.02 PRL113 211801 (2014)
BY — J/¢K+K— -0.058-£0.0494-0.006 PRL114 041802 (2015)
B - DD~ Agp = —0.1675D PRL 117 261801(2016)
BY — (25)¢ +0.2374% +£0.02 PLB B762, 252-262 (2016)
BY — J/9pKTK™ (myy o > myo0))  +0.119 +0.10740.034 arXiv:1704.08217 (2017)

Ongoing new analyses and updates:
@ BY — J/y(— ete " )pwithRunl o BE’S) — hth™ with Run | (update)
® BY = (Kfn ) (K-wt)with Run 1§ B0, j/ypt K= B0 s Jjpmtn Run Il
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.91.073007

e

Measurement of ¢S = —23; in BY — J/ypKtK~ -
o 2000 ; r E
Flavour-tagged, time-dependent amplitude g 1300 LHCb 3
analysis with my,— above the ¢(1020) " ijgg * e
threshold with full LHCb Run I data sample. < oo - $(1020)
) — - S-wave
Y % 1000 - 1y(1525)
800 o(1680)
. T 600 —£,1270) 3
- 400 — £,(1750) 3
/ O W —— £,(1950) 3
/tf,\y KK B e N : 203 : E
K & T = P, P SIS, PN
" bt T = T o LB ¥ L s B Tl W o
i
1 15 3 -
M- [GeV]

Analysis strategy

@ Selection using multivariate analysis, background subtraction via sWeights in
m(J/¥K+K™) and multi-dimensional fit to the decay time, my - and the helicity
angles.

@ Reconstruction and selection efficiency vs decay time are measured on data (control
channel: B® — J/¢K*0(— KTr™))

@ Dominant systematics arise from resonance modelling and background subtraction

@ First time that ¢s is measured in final states dominated by a tensor
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B(s

Measurement of ¢c° = —23 in B — J/yyKTK~ -
Fit results Fit projections
§ k THcw élm«— + Tcs 4
[ Bl = J/YKTK™  myp— >1.05GeV 3™ i A SoE 2 DN
bs 119 £ 107 + 34 mrad BRI 1w
BY 0.994 £ 0.018 + 0.006 wf E 4 3
s 0.650 + 0.006 4 0.004 ps—1! wi El 3
Al 0.066 +0.018 +0.010 ps—! P W P s W
) =05 0 5 -5 T =05 Q 05 -5
cos By cos By,
[ TN S B
I + BY — J/¥é R e
&5 —25+ 45 £ 8 mrad 3 e el
[\l 0.978 £ 0.013 + 0.003 £
Is 0.6588 4 0.0022 + 0.0015 ps—!  E
ATs  0.0813 £ 0.0073 4+ 0.0036 ps—! - - -

= 0 3 -

% [rad] Decay time [ps]

Combining these also with the previous LHCb measurements using the B? — J/ymtn~ yields
¢s = 1+ 37 mrad
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https://arxiv.org/abs/1411.3104
https://arxiv.org/abs/1405.4140

TD CPV in B(Os) — hTh™ B

Motivation

—Two battle fronts:

100/

Candidates / (5 MeV/c?)
Candidates / (5 MeV/c? )

@ Extremely rare B — KTK~ and i 0
501
Bg — wtr— 100
@ Sizeable sample for their high stats ot i o sy
pa rtners | m. [GeV/c] m,._ [GeVic?]
—Branching ratios are measured for the L" “°
rare modes . *

e

e
©

LHCb Preliminary
B — mtne

LHCb Preliminary
B - K*K~

—TD CPV analysis can be done with the
high stats. samples

Raw asymmetry
o
o o '7)

— Assuming U-spin symmetry, flavour
tagged TD CPV analysis can constrain

s

02
n
and ¢s 03t
TS e 7 s 80 0% 0.05 0.1 015 0.2 0.2 03 035
Decay time [ps] (£1)mod(2/Am,) [ps]

Most precise single measurement in B — w7~
Crn =-0.24 £ 0.07 (stat) £ 0.01 (syst)

Snx =-0.68 £ 0.06 (stat) + 0.01 (syst)
Ckk = 0.24 - 0.06 (stat) + 0.02 (syst)
Sk =0.22 £ 0.06 (stat) & 0.02 (syst)
Better precision expected with the ASL =-0.75 4 0.07 (stat) £ 0.11 (syst)
inclusion of the SS taggers!
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e

Status of v measurements

@ Least well measured angle of the CKM unitarity triangle

Vid V:b
Ved Vgi,

@ No top quark coupling in its definition: v = arg (— ) (theoretically clean)

@ Single measurements aren't precise enough to challenge the SM — big effort in producing
a combination of results from many (GLW+ADS) channels

@ Direct determination: v = (72.173%)° vs Indirect: v = (65.3t12'g)°

fi rem

TGEp 15

i asa e CL> 095
i aea s L+ 035

U NI NI RATA A

H
s
%
H
3
%
H
H
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http://ckmfitter.in2p3.fr

Latest addition: B+ — D*(— D0 or D%)K*

@ Theoretically similar to the very well studied B — DOh*

LHCb-PAPER-2017-021

@ Experimental challenge of w0/~ reconstruction at LHCb overcame — these
particles are ignored in the analysis

@ Selection is then identical to that from B — DOh*

@ Final fit is performed simultaneously over 12 (B||B x (K||r) x 3 — D daughters)
disjoint samples and accesses 19 CPV observables

@ These are built from different (double) ratios of partial decay widths (GLW) and
phase differences for both the fully reconstructed and the D*9 modes

with the same fit.

1000 i LHCb q
simulation

600~ q

Events / (4 MeV/c?)
.
g

400 4

200 q

Events / (4 MeV/c?)

500

100~

LHCb

simulation ]

0 -
4900 4950 5000 5050 5100 5150 5200 5250 5300
m(Dh*) [MeV/c?]
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m(Dh*) [MeV/c?]

The Run | results from the fully reconstructed BT — D% T decays are updated

The shape of the
m(D%h¥) distribution
allows to distinguish the
70 and the v modes.
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http://lhcbproject.web.cern.ch/lhcbproject/Publications/LHCbProjectPublic/LHCb-PAPER-2016-003.html

~

Results from B* — D*9(— D% or D%y)K* D° — Kr

LHCb-PAPER-2017-021

S 6000~ LHCb —| LHCb
% r preliminary I preliminary 1
S 4000 — .
N L B —[K ’n*]DI( _ B*—[K ":ﬂDK S
£ 2000 - _
4 L i ]
m —
1000001~ LHCb 7| [ LHCb |
preliminary preliminary
50000 B oK nm - B*—)[I('*ﬂ:']Dﬂ:+ -
5000 5200 3300 3600 5000 5200 3400

- Bi*)<D*[)~)D(]Tr[))hi

- BY = (D*F = Dz T)h*

B:t s (D*[) - D[)’Y)hi

Bi N D(]hiﬂ_(]
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- B® s DOK*n¥
A A

Part. reco. mis-ID

DPF 2017

L5600
m(DI) [MeV/c?]

B* - Dn*

B* - DK*

-------- Charmless

- Combinatorial
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e
Latest LHCb ~ combination _—

— Obtained from the combination of several time-integrated analyses and the
time-dependent B — D K*

— Follows the same strategy as the previous LHCb combination: v = (72.2Jj67'_§)°

— New modes added since last publication:
@ BE — DOK** ADS/GLW (new)
@ BE —s D*0KE GLW (new) v = (76.8731)° (preliminary)
@ BY — DFKE TD (1 fb~! — 3fb— 1) most precise measurement to date!
@ BT - DOK* GLW (3 fb~! — 5fb— 1)

. 1 C T T T 14 1 r T T T
Q [ LHCb ' 19 LHCb
— gL Pretiminary 1 = osk Preliminary
06F 1 osp
L ] L I B decays
041 ] 04 L 68.3% 771 B decays
02 . ] L I B* decays
“r 1 02p I Combination
L ] [ 95.5%
0

50 60 70 80

r [°] r [°]
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http://lhcbproject.web.cern.ch/lhcbproject/Publications/LHCbProjectPublic/LHCb-PAPER-2016-032.html

Baryons enter the game too! CPV in /\% — prn Tt _—

Motivation

— 40F LHCb [CE
[=} E 3
@ Direct CP violation (CPV) had never been observed = 285* — S
in baryon decays £ o0f 8 3
o S —40 ?mf 44 2/ndf=21.6/10
@ Large CPV effects are expected in charmless A, E - O]
40F E
decays (Acp ~ 20%) Z 0f s .
§.8.3 '
@ Both tree and penguin diagrams contribute with _28, N
similar amplitudes —40F e eimarsosno E
° . ! 0
acp # 0 at 3.30 was seen @ [rad]
Observables construction
Triple products in the Aj rest frame: & "/WQ
C4 =Pp - (Bp— X Py+) ocsin® i

Cs =P5 (Bp+ X Py—) ox sin®
T-odd asymmetries:
0(C3>0)—N,o b(C?<0)

T gow -
T

fast

CP-violating observable:
T— odd

— a A; — As
i Ag(c S0y (€7 <0) Sl 2 )
B ’le)’( z. >°)—N@(—Ef<°) P-wolatAmg observable:
A — _ T—odd _ 1,5, 1 A
T Ny (G >0) My (- €7<0) ap =3(A+ +Az) \“E\N
DPF 2017
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http://journals.aps.org/prd/abstract/10.1103/PhysRevD.91.116007

R

Summary and conclusions

— Results found so far are compatible with SM expectations but CPV knowledge remains
having several grey areas

— Many of them are within the LHCb physics-case!

—  With the statistics achieved by LHCb during the Run | & II, many new analyses have
become feasible and high precision measurements are being performed. Some
expectations on the precisions to achieve by the end of Run Il would be:

& 4° for ~
¢ ~0.8°inpg3
¢ < 20 mrad for ¢s

— Stay tuned for many interesting new results!
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Thank you for your
attention!
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~ nvoducton  LHCb  fn 7 Baons  Summay
Systematics in the TD CPV analysis of BPS) — hth™ _——

Parameter Crin- Spin- Crix- Swrx- ARL
Time acceptance 0.001 0.001  0.003 0.003 0.093
Time resolution calibration 0.000 0.000 0.016 0.017 0.012
Time resolution model 0.000  0.000  0.007 0.008 0.000
Time error distribution 0.002 0.002  0.002 0.002 0.019
Input parameters: Iqs, Alqs, Amgs | 0.001  0.001  0.001 0.003 0.046
Tagging calibration 0.002 0.003 0.002 0.003 0.000
Cross-feed bkg. time model 0.003 0.002  0.001 0.001 0.021
Comb. and 3-body bkg. time model | 0.001 0.001 0.000  0.000  0.001
Mass model 0.003 0.003  0.006 0.005 0.010
Total 0.005 0.005 0.019 0.020 0.109
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Results from BT — D*9(— D% or D%y)K* D° — KK

LHCb-PAPER-2017-021

S 800 LHCb — | LHCb
o r . . F . . 4
s L preliminary L preliminary ]|
s 600_ 10 |
= 00 kx| L BS[K'K KT
2 - 4t ]
2
m
LHCb LHCb
10000 preliminary - F preliminary -
B =[KK 10 B [KK ],
5000~ r
5000 5200 5400 3600 5000 5200 5400

- Bi — <D*[) — D(]ﬂ_[))hi
B 5 - (0 - DOyt

B:t — (D*[) — D[)"/)hi

B:t N D(]hj: 7.‘_(]
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- Combinatorial
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S —————————————————
Results from B+ — D*O(*} D70 or DO’\,’)Ki D% — 7 B

~ 200F T T r [ T T T ™
S | LHCb | LHCb |
ﬁ 200 preliminary L preliminary |
o

g B o[n] K B >[ntn] K*

é 100]

2

]

4000~ LHCb ] LHCb

3000__ preliminary L preliminary ]
2000 Born]n B'srn],nt o
1000 1 T

5000 5200 5400 5600 5000 5200 5400 5600
m(Dh™) [MeV/c?]

- B* = (D* — D7%)n* - B — D*h*n BE - Drt

- B — (D*F — DO7F)n* - BY — DYK*n¥ B* o DK*
BE S (D70 s DOyt - Ay ApE e Charmless
B* = Dp* A0 Part. reco. mis-ID - Combinatorial
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e
Binning schemes for the /\2 — pTTT measurements

Nature Physics 13 (2017) 391

Scheme A Mt My Mot o Mo Ty P
Region (GeV/c?) (GeV/c?) (GeV/e?, GeV/c?)
1 (1.00,1.23) (0,%)
2 (1.00,1.23) (z.7)
3 (1.23,1.35) (0,7)
4 (1.23,1.35) (5,m)
5 (1.35,5.40) (0.90,2.00)  (m 4, < 0.78||m,r+,rf < 0.78) 0,%)
6 (1.35,5.40) (0.90,2.00) (M4, < O.78||m,r+7,f < 0.78) (5,m)
7 (1.35,5.40) (0.90,2.00) (m .- < 0.78||m,r+7rf < 0.78) 0,%)
8 (1.35,5.40) (0.90,2.00) !(m, a < 0.78||m7r+,rf < 0.78) (5,m)
9 (1.35,5.40) (2.00,4.00) (m,r+7,;la < 0.78||mﬂ+7,f < 0.78) 0,%)
10 (1.35,5.40) (2.00, 4.00) (m,rhr;lo < 0.78||m,r+,rf < 0.78) (5,m)
11 (1.35,5.40) (2.00,4.00) !(m, a < 0.78||m7r+,rf < 0.78) 0,%)
12 (1.35,5.40) (2.00,4.00) Y(m, o < 0.78||m7r+7rf < 0.78) (5.m)
Scheme B
Region
i (i=1,2,..,10) (Zr, &)
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