Opportunities to probe CP violation

in rare B decays at LHCb Upgrades
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State-of-the-art CP violation study
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CP violation has been precisely measured in tree-level hadron decays,
which is very well described by the CKM mechanism.



Rare B decays at LHCDb

Q Focusing on FCNC decays d Major observables in FCNC decays

« Dileptonic b - (s/d)I*1~ « Decay rates Sensitive to form factors;
L. , extensively studied!
« Radiative b - (s/d)y * Angular correlations

. i = (0 = « CP asvmmetries mp Theoretically clean;
Hadronic b = (s/d)qq (q = s,d) y much less explored!
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CP violation in FCNC decays is very interesting but much less explored!



CP-violating observables in FCNC decays

O Time-Integrated CP violation in the decay B — f

ATI =F(§_)f) —I'(B > f)
““Tr(B-f) +rB-f)

d Time-Dependent CP violation in neutral B?, decays to a CP eigenstate

A () —Ccos(Amgt) + Ssin(Amgt) C: direct CP violation
cp(t) = ) (qut) A sinh <Ath) S: mixing-induced CP violation
cosn| —— sini{ —=—
2 4 2 A,: CP-even, accessible only in B

O This talk focuses on TD CPV observables
« SM predictions largely independent of form factors
* Providing much more information than Tl observables



CP violation in b -» su™u~ decays



FCNC b - sl*l™ decays

O Precision tests of the SM and NP

SM:
FCNCs: loop and CKM suppressed,

breakdown of GIM due to ¢

NP:

Could enter already at tree-level,
highly sensitive to short-distance NP




FCNC b - sl*l™ decays

Q b — sl*l™ decays described by effective Hamiltonian

ff _ _ AGr 1!
HeM = — Vi, Vis Xi(Ci 0i+ €107
SM: Cy = —Cy9,C7910 =0 New physics can alter Wilson coefficients C;

By = 171~
[6107 CSv CP}

b— slTl™
[C7,Co, C10]

7: photon penguin; 9,10: EW penguin; S,P: (pseudo-)scalar penguin



FCNC b - sl*l™ decays

Q Global b - sl*l™ results for Wilson coefficients, using rate and angular
observables and assuming real Wilson coefficient [EPJC 83 (2023) 419]

Co

0 CP asymmetries can be used to constrain phases of the relevant Wilson
coefficients [JHEP 03 (2023) 113]
« Direct CP violation sensitive to Cy Or C;

 Mixing-induced CP violation sensitive to phases of any Wilson coefficients



CP violation in B® - Kou*tu~
Q Tiny CP-violating phase in b - su*u~ decay in the SM [PRD 104 (2021) 115004]
Acp(t) = Ccos(Admyt) — Ssin(Amyt)  SM:C =0, S = sin2B° below J /1)

Q Large CP-violating phase in b » su*u~ decay possible in NP models
e.g. S; leptoquark model with M;, ~ a few TeV [JHEP 03 (2023) 113]

.\')
[ ('!,“I only

NP _ vyNP
E (! ¢ _('lﬂﬂ

dir P
Acp ® ('i\,,l‘, only

T

No experimental info on mixing-induced CP violation
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CP violation in B® - Ku*u~

| Sensitivity study [Kechen Li, PhD Thesis] %
« About 1k signals in Run 1+2 data :
« Expected precision with with 9 /50 /300 fb~1

300 :_ — total pdf -
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CPVin B? - ¢pu*u— and BY -» utu-

B — ¢putu”
TD CP violation in B - ¢u*u~ as a probe of NP [JHEP 04 (2015) 045]

Sensitivity study [Yilong Wang, PhD Thesis]
» ~2k signals found in Run 1+2 data

> Inanalogy to BY - J/i¢, measure a phase ¢."*. In the SM, ¢>* =~ 0.

> Expected precision with 9 /50 /300 fb~1: a(qbi””) ~ 0.29/0.11/0.045 rad
> Possible to investigate g and polarization dependence with 300 fb~!

BY) - utu”

CP violation in B - u*tu~ sensitive to (pseudo-) scalar interactions  [PRL 109 (2012) 041801]
LHCb precision with 300 fb=1: g = 0.2  [LHCb-pub-2018-009]
Interesting case for a combined analysis of LHCb, ATLAS, CMS
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CP violation in radiative B decays
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Photon polarization in b - s/dy decays

O Photons in b — s/dy are predominantly left-handed ” f\ “
W™ W R
O Right-handed contribution can be enhanced in BSM models | W
e T N
Hor = — L vV 3 ( GO, + CO. )+he. "
\/§ N~ N~ H,

I left-handed right-handed

_C;  A(b - s/dyg) _oMs/d
- C;  A(b - s/dyy) my,

&2
1672

(’)g,) = mp [30';“/ Pr(v) b] F~"

O TD CP violation in Bg — Mpy, with n being the CP eigenvalue of M p

Agp(t) = —0AMmat) + SeintZmat) SM: § ~ 2|r|sin(dy — b, — $r) ~ O
cosh <AI; t> + Ap sinh <AI; t> éA z0277|7”|C05(¢M — ¢, — Pr) =0
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Current status of CPVin b - s/dy

b - sy: B

b - sy: B?
Koy
Belle '—'—' B.SQ — ¢y
Kiny S =0.4340304+0.11
Belle C=0.11+0.29+0.11
Kpy A% = —0.671037 +£0.17
Koy [LHCb, PRL 123 (2019) 081802]

-3 -2.5 =2 -1.5 -1 0.5 0 0.5 1 1.5 Sv:

o b - dy
Ky BY - p%
o S =—0.83 4 0.65 + 0.18
Belle —— C — +O.4‘4‘ i 0.4‘9 i 0.14‘
EI‘I’Y_.__ [Belle, PRL 100 (2008) 021602]



CP violation in B® » mtm™y

O B? - ntmy is dominated by a b — dy transition: S ~ 0 and € = 0 in the SM
O n*n~ is always in a CP-even eigenstate

Cntn™) = (D! = (=L, P(etn™) = (DL, cP(rtn™) = (-1)% = +1

O Measure TD CP violation in B® - r*m~y using the full #* &~ spectrum

* No need for amplitude analysis to distinguish different resonances
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histogram

Entries 28294
1542

Std Dev 1082
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Gain 200% more signals than B? - p%y
Expect ~18k signals in Run 1+2 data
Expected precision with 9/50/300 fb~1

og ~a,~0.09/0.035/0.015

c.f. Belle results on B? - p%
S =-083+0.654+0.18
C =+0.44 +0.49 + 0.14
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CPVin B? - K*K~y decays

O B? > KK~y is dominated by a b - sy transition: S ~ 0,4, = 0 and € = 0 in the SM
O Measure TD CP violation in B - K*K~y using the full K* K~ spectrum

$(1020)

Events / (12.2 MeVc?)
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— D> K Ry amp. 355 §(1U2V)
- B’ K'ny f,(1270)

I — A—pKy i 1,(1525)

I — B->DK'K)® | ¢(1680)
Nonresonant
¢,(1850)
f,(2010)

- -~ Interference

-100
1000 1500 , 2000
m(KK) (MeVc?)

Gain 100% more signals than B? — ¢y
Expect ~10k signals in Run 1+2
Expected precision with 9/50/300 fb~1

o5~ a,~0.20/0.08/0.03
ga, ~ 0.25/0.11/0.04

c.f. LHCb results on B — ¢y (9 fb™1)
S =043+ 0.30+0.11
C=0.11 +£0.29 + 0.11
A% = —0.671337 +0.17
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Constraints on C5/C,

1.0
] Constraints at 20
B(B — X,y)  Branching fraction
05 1 7 —— BY — K*0¢te~ Angular correlation
1 B — KQr%  cpv
—— BY = ¢y CPV, A,
— Ay = Ay Angular correlation

Im(C4/Cy)

B \Global

B? - t*m~y constraint with /300 fb!
(assuming the SM )

CPV in B - ttm™y is very powerful for constraining the complex phase of €5 /C~
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CP violation in hadronic b — s decays
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CP violation in hadronic b - s decays

b - sgq: B°
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From B? - ¢p¢p to BY - pKTK~

O LHCb has measured TD CP violation in B? — ¢¢ using LHC ;
Run 1+2 data, where ¢ » K*K~ Run2, 615 M predicton ]
Run 1 + 2015 + 2016, 5 fb’' —et
$55 = —0.074 + 0.069 rad N
2011, 1 b _—
$(1020) T7 e

180
160 LHCb unofficial
140
120
100
80
60

O Extend this study to B? - ¢K*K~

Gain ~100% more signals than BY - ¢¢
Expected precision with 9/50/300 fb~!
40

o o(¢p555) ~ 0.05/0.02/0.008 rad

1000 2000 5000 4000 - Atagged time-dependent amplitude analysis is needed,
m(K*K") similar to the analysis of BY — J/{K*K~ in the mass
range above ¢(1020) [JHEP 08 (2017) 037]

21


https://doi.org/10.1007/JHEP08(2017)037

Summary

O LHCDb has great potential to study CP violation in rare B decays
O Some new ideas

 First measurements of CP violation in b — su™u~ decays

 New decay modes to study CP violation in radiative B decays
« Extending the study of CP violation in hadronic b — s decays

Modes
B® - Kou*p~
B) - ¢pputp”
B > ntmy
B - K*Ky

B? - KK~

Key measure

Present data

(9 fb™1)
0.29

0.29 rad
0.09

0.20

0.05 rad

Upgrade |
(50 fb~1)
0.11

0.12 rad
0.035

0.08

0.02 rad

Upgrade Il
(300 fb~1)
0.045

0.045 rad
0.015

0.03

0.008 rad



Backup slides
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CP violation in B*

O Interference of short and long distance contributions

— K+”+M_

= 300 p——r — ~ O
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0.1 3
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0.1F
d Large improvement in direct CP violation -gi;:
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Effective tagging efficiency (%)

& tag

Flavour tagging at high pile-up
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New physics searches In flavour sector

® Flavour physics can indirectly probe new physics, complementary to direct searches

o

» Exploring NP scale >> TeV
» Distinguishing NP models

2
Lsm + 7[&’){ (QiQ;) (R:Q;5)
uv

10'f
[ (s—d) (b —d) (b—s) (c — u)
I Amg, €k Amg, sin28  Amg, A%y D-D

10°F

10%F

10°F

Auv/gx [TeV]

Generic bounds on New Physics scale (for gx~1)

® Major processes and observables for new physics searches

>
>
>

Neutral meson mixing
FCNC decays
Forbidden decays

Decay rates
CP asymmetries
Angular correlations

Lepton universality ratios .



