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Why do we need CP violation?

@ One of the necessary ingredients to create a baryon asymmetry is CP violation
@ CPV is present in the Standard Model, but orders of magnitude too small

@ In extensions of the SM, additional sources of CP violation can arise from the
exchange of new particles

@ There are two routes to these new physics models

Direct searches Indirect searches
Limited by collision energy Sensitive to heavy virtual particles
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CP violation in the Standard Model

@ CP violation is described in the quark sector of the Standard Model by a
complex phase in the CKM matrix

Vida Vs Vb 1— 21X A AX3(p — in)
Vekm = | Ved Vs Voo | = - — I AN? +0(\%
th Vts th A)\?)(l —pP— I7]) —A)\2 1

@ Unitarity imposes conditions that are represented geometrically as triangles

BO triangle: large angles, similar sized sides
Vg Vg + Vea Vo + Vau Vi, =0
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@ Aim to experimentally overconstrain the Unitarity triangle to test that it
closes
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Types of CP violation
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e CP violation in the decay (A)
o |Ar/A7l #1
e CP violation in mixing (B)
e Occurs in neutral mesons
’ ° [q/p| #1
@ CP violation in the interference between
mixing and decay (C)
o Neutral meson decaying into a non-flavour
specific state

° |m<g2—f) #1
*e Measure CP violating parameters
Ar—As _ Crcos(Amt)—Srsin(Amt)
° Zf+Af o Cosh(%)—&—Dfsinh(%)
o S¢, Df: CPV in the interference
o Cs: CPV in decay
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CP violation in beauty
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CKM angle v

@ vy =arg (*\\237&:0 is the least well known angle of the Unitarity triangle

@ The only CP violating parameter that can be measured through tree decays
e Important Standard Model benchmark
o Compare tree and loop level determinations to test for new physics - currently
consistent but with large uncertainties
@ Theoretically pristine |4, < O(1077)]
@ Access through the interference of b — ¢ and b — u decays
@ World average of (73.47373)° [HFLAV] dominated by the combination of LHCb
measurements (76.8733)° made with B¥, B® and B? [LHCb-CONF-2017-004]
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http://www.slac.stanford.edu/xorg/hflav/triangle/summer2017/index.shtml
https://cds.cern.ch/record/2275866?ln=en

Search for B} decays to two charm mesons

@ CP violation has not yet been
observed in B decays

e Bf — D((:)HD(*) decays, where D is D°

or D%, have been proposed to measure

’Y [Phys. Rev. D 62, 057503, Phys. Rev. D 65, 034016]

Vub, Not colour suppressed

A(B} - DfD°  V2A(B; - D;DY)

VEA(B — D DY)
/ A(B; - D; DY)

o Advantage over traditional B — DK
since the triangle sides are of A(B? — DD = Az — DL DY)

comparable length, interference ~ 100% !
Ve, colour suppressed

e Disadvantage is small B production
cross section and branching fractions

Channel Prediction for the branching fraction [1079]
BXf— DfD° 23405 48 1.7 2.1
Bf—DfD  30+05 66 25 7.4

Bf - D'D" 3247 53 32 33
Bf— DTD® 0.10+0.02 032 0.11 0.32

[Phys. Rev. D 86, 074019, arXiv:hep-ph/0211021, Phys.Lett.B555:189-196,2003, Phys. Rev. D 73, 054024]
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https://arxiv.org/abs/1712.04702
http://journals.aps.org/prd/abstract/10.1103/PhysRevD.62.057503
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.65.034016
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.86.074019
https://arxiv.org/abs/hep-ph/0211021
https://www.sciencedirect.com/science/article/pii/S0370269303000522?via%3Dihub
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.73.054024

Search for B} decays to two charm mesons

o EO)X %(BJ) S E(B*)J

txB(Bf — D\D)=B(B" — D

(s) (s) (B*) ™ e(BY)

T T T
* Data B~ DD
LHCb  —rqumie - B!—D'D"

2

S

Fitted yield using run | data (3fb™!)
Relative efficiency

Df - K*K—nt, DT — K ntn™
D° —» K—nt, K ata—nt L
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@ No evidence for signal found, upper limits at 90% (95%) confidence level:
fe BB — DIDY)

—L = ( 3.0£3.7) x 1074 [<0.9(1.1) x 107%],
fuB(B+— D+ DY) ( ) (<0901 ]

[ B(Bf — D/ D°) ” i ; P _ 190
fuB(B+— DDV = (=3.84£2.6) x 1074 [« 3.7(4.7) x 1074, Assuming an optimistic - /f, = 1.2%,
J BB DUD) (g4 % 107 [« 1.9.(2.2) x 107, B(Bf — D*D°) < 6.0(7.0) x 10~*
fuB(B+— D+DY)

Je B(Bf— DD°) _ —( 29453) x 107 [< 1.2(14) x 10, Well above theoretical expectation
fu B(B*— D*DY)

@ Limits also set on excited D modes

Alison Tully (University of Cambridge) CPVin b and c at LHCb Lake Louise 23/2/18 8 /16


https://arxiv.org/abs/1712.04702

CP asymmetry in BY — DFK* decays

Sensitivity to v and the BY mixing phase, v — 20, arises in B? — DFK*
through the interference between mixing and decay

Leading order diagrams are both O(\3), interference ~ 35%

v — 285 can be determined up to a two-fold ambiguity

Full run 1 (3fb=1) update of [JHEP 11 (2014) 060]

D — KtK—n, ntn o, Koot

o
|
w

W K-
- T E B

Alison Tully (University of Cambridge) CPV in b and c at LHCb Lake Louise 23/2/18

9/

16


https://arxiv.org/abs/1712.07428
https://link.springer.com/article/10.1007%2FJHEP11%282014%29060

0 DFK* decays

@ Two-stage analysis strategy:

of the bachelor kaon to separate signal from background

distribution

o Validate with BY — D77+
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e 2. Subtract background and perform a fit to the weighted decay-time

% 04F L 1 g o4f
:é 02F + B :Z 02F + +
LI R B B of 3 oF —+—
—+— Data
LHCb —+Du | 1 N
------- Signal B} — D;K* -04F 1 —04F
[ By > DK™ T 0.1 02 03
- B}’ ~ D:y— (JI*,,H*) (B2 D;K") modulo (271/Am,) [ps]
B B) — D (K*7*)
CJ4—=D"p
B A - LK) ] Measure
[ Combinatorial
Cp= 0.73+0.14+0.05,
AT __
b b T | } i AfAF_ 0.39 £ 0.28 £0.15,
Mﬁﬂﬂ%%%ﬁmﬂwmwww AT A AT = 031+0.28+0.15,
5400 5500 5600 5700 5800 Sf = —0.52+0.20 £ 0.07,

S5 =—0.49+0.20 £ 0.07,

CPV in b and ¢ at LHCb
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0.1 0.2 03
«(BY~> D7 K*) modulo (271/Am,) [ps]

o 1. Perform a multidimensional fit to m(B2), m(DZ), and the PID distribution
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https://arxiv.org/abs/1712.07428

CP asymmetry in BY — DFK* decays

@ Using ¢s = —20s as external
450
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e 3.8 evidence for CP violation in BY — DF K*
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@ Measurement of v is 2.3 from the LHCb combination
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https://arxiv.org/abs/1712.07428

CP violation in charm
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Charm triangle

@ Charm decays provide the only way to probe CP violation with up type quarks
e CP asymmetries in charm decays are at most O(1073) in the SM

@ Short distance effects expected to be small from stretched charm triangle,
but long distance effects may dominate

Charm triangle: too stretched 0003
i Ved + Vis Vs + Vi Ve = 0 ; Y

0002 _f

0001}~ 4

F e ]

F] E ‘ ]
|=0.000 »: ,,,,,,, | ]
o ]

-0.001 - n
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0.002 |- v Am, &Am, |
T
Vi V* o _Om‘HmHH\HH\HH\HH\.TE"."
e X
Bc = arg —Viv”f ~ 0.03 0997 089 0999 1000 1001 1002 1.003
cs Vs p

@ No evidence for CP violation has yet been found in charm
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D® — D° mixing and CP violating parameters with D® — K7+

e D° — D oscillations are characterised by x = Am/T and y = ATl'/2T

e Use ‘right sign’ (RS) D** — D°(— K~ 7")xt and ‘wrong sign’ (WS)
D** — D°(— K*7~)mS from the suppressed D° decay and the favoured
decay after oscillation

@ Measure the time-dependent ratio of WS to RS decay rates

X/2 +y/2 <t>2

t
R(t)~ Rp ++/Rp y'— +
T 4 T

o If Rp, the suppressed to favoured D° decay rate ratio, differs between D
and D° — CPV in the decay

o If (x',y'), which are related to the mixing parameters, differ between D° and
D® — CPV in mixing or interference

o Fit data under three hypotheses: CPV allowed, no CPV in decay, no CPV
o 5fb~! update of run | (3fb~1) measurement [Phys. Rev. Lett. 111, 251801]
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https://arxiv.org/abs/1712.03220
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.111.251801
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Assuming CP symmetry, measure
mixing parameters

x'? =(3.942.7) x 1075,

y'2 = (5.28 £ 0.52) x 1073,

Rp = (3.454 £0.031) x 1073

No evidence for CP violation

Rt —R5 _
Ap = TR = (-0.1+£9.1) x 1073,

1.00 < |q/p| < 1.35 @ 68.3% C.L.

Twice as precise as previous
measurement

R*[107]

R [107]

R*— R [107]

CPV in b and c at LHCb

D® — D° mixing and CP violating parameters

LHCb

D**decays

(b)

D*" decays
— CPV allowed 3
No direct CPV

Ly

------ No CPV 1
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https://arxiv.org/abs/1712.03220

Conclusion

@ Precision flavour physics is the way forward if no new particles are
discovered in direct searches at the LHC

@ Results so far are consistent with the Standard Model, however, many are
statistically limited

@ Many more exciting run |l measurements coming soon

@ The future looks bright for CP violation measurements at LHCb

[ T T ] = T T T T T
1= 05 LHCb @ 50 fb™! L HFLAV World Average Jan 2017 ]
04 +Belle Il @ 50 ab™| 0.4~ [l HFLAV WA Jan 2017 + LHCb 300/fb ]
. | [ Charm CPV - ]
03 | 021 prospects _— - ’j T
A\ 1 : _AisCry ]
L [0 Exclusive 1Vyp / Vel N\ B ) =26 Y ]
0.2 Inclusive IVU,,b/Vch i -~ : ]
[ [ Direct y b L AN ]
0.1 [+] Current CKM fit | 02 s -
' =] Future y and IV, / Veol B ! 1
at 10,30,50 | h r H I 5% CI ]

Il Il Il 1 — 1 n 1 1 1 1
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[arXiv:1709.10308] [CERN-LHCC-2017-003]
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https://arxiv.org/abs/1709.10308
https://cds.cern.ch/record/2244311

Backup
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LHCb detector
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LHCb detector

Specialised b physics experiment
Unique forward acceptance 2 < 7 <5
o 27% of b quarks fall inside the acceptance

Also world's largest sample of charm decays

Excellent performance [int. J. Mod. Phys. A 30, 1530022 (2015)]

LHCb MC
Impact parameter resolution =~ 200um fe=sTev

Decay time resolution = 45fs
Momentum resolution ~ 0.5%
Particle Identification (PID) 6, rad] ™

2
w2

6, [rad]

o ¢(K) = 95%
o Mis-ID(7 — K) ~ 5%

LHC ERA > HL-LHC ERA
3fb-1 +5 fb-1 50 fb-1 300 fb-1
Run1 Run 2 Run3 Run 4 Run5...

Current LHCb LHCb Upgrade | LHCb LS3 Consolidation LHCb Upgrade II

-

\ 4
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https://inspirehep.net/record/1335135
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