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@ Semileptonic B decays
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LHCb

Multi-purpose detector in the forward region (initially designed for b and ¢
physics).
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@ b — clyy at tree-level SM W or NP
@ Weak phase between SM and NP possible = CP violation

e B® — D*~ v, same hadronic amplitude for SM and NP
= No strong phase difference possible!

@ Direct CPV: often via

[(B® — D**¢~v,) — [(B® — D*~¢*7,)

AC_P — —
T [(B® = D*+(-v,) +[(BY — D*—(+7,)
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b — cluy at tree-level SM W or NP
Weak phase between SM and NP possible = CP violation

B® — D*~u*v, same hadronic amplitude for SM and NP
= No strong phase difference possible!

Direct CPV: often via

AP — [(B® — D**¢~v,) — [(B® — D*~¢*7,)

[(BY — D*+(~v,) + [(BY — D*(*v,)
No strong phase = AS" =0
Where can they show up?




Angles B® — D*~ (— D) Wy

Figure: Angles characterising the B® — D*~ptw, from arXiv:1907.02257v2
[hep-ph]
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Hamiltonian for B® — D*~ (— D°r~) p"v, with arbitrary

NP

Gr V¢ _ _ ~
Herr = f/ﬁ b{ [(1 +81) €vu(1 —v5)b + BRI Evu(1 + Vs)b} (1 —s)ve
+ [- b+ -E’y5b} (1 — s)ve + &7 co (1 - ¥5)blo (1 — s)ve
+ h.c.}

with complex NP couplings |81, [&R. |85, [P &R (=0 in SM)
from arXiv:1903.02567v2 [hep-ph].

e characterized by A;(q%,0p, 0y, x), for the explicit amplitudes, see
arXiv:1610.02045v2 [hep-ph].
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Angular terms

Terms generating CPV are the ones with Im(A;AY), i # j, those are:

Coefficient | Coupling | Angular function
Im(A L Af) Im[(1+ g+ gr)(1 + &L — gr)*] | —V/25sin20;sin 20p sin x
Im(A|AT) Im[(1+g. — gr)(1 +gL +gr)*] | 2sin?6,sin?0psin2y

Im(Agij_J-) Im(gpg7T) —8v/25sin B sin 20 sin x

From arXiv:1903.02567v2 [hep-ph]
Angular components sensitive to NP in gr and gpg7.
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Angular terms

Terms generating CPV are the ones with Im(A;AY), i # j, those are:

Coefficient | Coupling | Angular function
Im(A L Af) Im[(1+ g+ gr)(1 + &L — gr)*] | —V/25sin20;sin 20p sin x
Im(A|AT) Im[(1+g. — gr)(1 +gL +gr)*] | 2sin?6,sin?0psin2y

Im(Agij_J-) Im(gpg7T) —8v/25sin B sin 20 sin x

From arXiv:1903.02567v2 [hep-ph]
Angular components sensitive to NP in gr and gpg7T.

@ P: x — —x thus ang. dist. flips sign,
@ C: weak phase sign flip thus ang. dist. flips sign.

CPV appears in triple-product asymmetries
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Angular terms 2

@ P: x — —x thus ang. dist. flips sign
@ C: weak phase sign flip thus ang. dist. flips sign

Instead of true CP- (or T-) odd contribution, also Fake T-odd asymmetry
(are CP conserving).

o Im(AAT) #0

Different strong but same weak phase

Not possible in SM or NP, but possible in certain backgrounds
no CPV, (-) only from P
Angular component of CP conjugate decay changes sign
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Analysing Angular terms

Investigate Poqq to distinguish true and fake CPV to investigate NP
couplings.

'D(q2'0D70€aX) = Podd(qzaeD)GK)X)+Peven(q250D'0/'X)
Podd(qzaefaeDaX) = Pc(ézj(qzagfaeD) SinX + P(Eili(qzaefaeD) Sin2X
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Analysing Angular terms

Investigate Poqq to distinguish true and fake CPV to investigate NP
couplings.

'D(q2'0D70€aX) = Podd(qzaeD)GK)X)+Peven(q250D'0/'X)
Podd(q279€79D7X) = Pc(ézj(qaefaeD) SinX + P(Eili(qzvefaeD) Sin2X

. 1 2
Getting 'D(dZi and Pc(>d3:I

(o]

1 /7 .
P(Eili()'j(q279€70D) = 7'('/ P(q279579D7X) SInXan

—Tr

1 [ .
POMG 00 00) = [ P(a%.01,00.) sin2x .

™

Control channel! Evaluate for asymmetries.
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Expected Asymmetries
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(c) SM (0 with stat. fluctuations!)
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Expected Asymmetries

1.0 LHCb simulation _sin(

LHCb simulation  sin(x)
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(2) 10%Im(grg?) (b) 10% Im(gr)

= Template fit to Data
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State of the analysis

Expected P-odd uncertainties estimated to (for more details see Thesis V.
Dedu )

Im(gr) : 0.5%(stat.), 1.0%(syst.),
Im(gpgT) : 0.1%(stat.), 0.1%(syst.).
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State of the analysis

Expected P-odd uncertainties estimated to (for more details see Thesis V.
Dedu )

Im(gr) : 0.5%(stat.), 1.0%(syst.),
Im(gpgT) : 0.1%(stat.), 0.1%(syst.).

Systematic effects (excerpt):
Chiral effects can produce fake P-odd terms even in the SM-like (P-even)
angular distribution:
@ backgrounds from higher D* excitations, double charmed decays,
combinatorial backgrounds (data-driven)
@ instrumentation effects (eg. VELO misalignment/VELO efficiency,
track reconstruction efficiency)
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State of the analysis - Template fit

P-odd control channel: 3D Template fit for signal purity and background
contributions in

° ¢° = (ps — pp-)°,

° m2miss = (PB — PD* — p,u)z and

e £, (in B mass frame).
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State of the analysis - Template fit

1D projection of 3D fit

LHCb unofficial, 6fb~1 Fitted yields

Observed Data

Signal

Fake D* (WS DO & Pis)
true D* with WS(SS) muon
Muon misid

B®-»>D** v

B°-D" *uv
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Bs—>D""uv
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BY~D"* (D5~ )X
B* »D"* (Xc - puX)X
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(Projections for g® and E,; in Backup)
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State of the analysis - Template fit

1D

its

Events in arb. uni

projection of 3D fit

LHCb unofficial, 6fb~1 Fitted yields

800000

600000

400000

200000

(Projections for g® and E,; in Backup)
= Ang. analysis of T-odd cosfp, cosf, asymmetry for gr and gpgT,
True asymmetry blinded.
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Observed Data

Signal

Fake D* (WS DO & Pis)
true D* with WS(SS) muon
Muon misid

B®-»>D** v

B°-D" *uv

B®-»>D" *1v

B~ D"y

B~ D" 0ty

B~ -D""(-D"*nmm)uv
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More effects in Pyyq

In control channel asymmetry must be 0, but previously: 2.5¢ from 0
Where from?
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More effects in Pyyq

In control channel asymmetry must be 0, but previously: 2.5¢ from 0
Where from?

e In data, not only B~ D*~(— D%~ )utv, present,
also B® — D%~ p* v, s-wave

A = Avector + aAscalar

Interference with s-wave possible: P-odd possible

Interference may affect fake T-odd asymmetry

Not background that can be reduced by selections, contributes to
amplitude

@ Need to estimate contribution!
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e Simulation of s-wave effects
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Amplitudes, normalised

o With available statistics: sensitive to % CPV effects

o D 7w S-wave admixture small: < 1%
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Amplitudes, normalised

o With available statistics: sensitive to % CPV effects

o D 7w S-wave admixture small: < 1%

P = Z |~Avector + 3Asca|ar|2
ppol
= Z | Ay |? + 2| As|? + interference.
ppol

@ BUT interference is prop. to the sqrt
= contributions at % level, might still be affected
= Simulation using formulas from arXiv:1610.02045v2 [hep-ph] for
vector (only |h v) and from arXiv:1711.03110v2 [hep-ph] for scalar.
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Amplitudes and interference

P = Z |Ay|? + a°|As|? + interference
ppol
e Estimation needs simulation of interference of amplitudes (impossible

with existing tools eg. HAMMER.)

LHCb simulation
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Tuning to data - Conservative upper limit
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Compare interference

Amplitudes not to scale!
Combined amplitude clearly dominated by vector contribution

LHCb simulation
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Compare interference

Amplitudes not to scale!
Combined flatter for stronger scalar contribution

LHCb simulation

[ correcta
[ 100 a
80000
60000
(%]
2
c
[
>
W 40000
20000
0
—0.0002 —0.0001 0.0000 0.0001 0.0002
+2.01

Mpn

Anna-Maria Heyn (CPPM) CPV in b — ¢ LvytransitionsatLHCb GDR-InF 2025



Results

1 o LHCD simulation

1 o LHCD simulation
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Figure: Asymmetry for the determined value of a estimated from data.

Within stat. fluctuations: compatible with 0!
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Comparison with different values for a

1 0. LHCD simulation

LHCb simulation

0.015

0.010 o6

0.005

~0.005

b - =
N -

r - 0.6
- - o
08

0015

10,
1o

(a) Correct a (b) 100 a

= ~ 1.5% asymmetry with this S-wave estimation (conservative upper
limit)

= affected little because very different shape from expected

Im(gr), Im(gpgy) asymmetries

= tighter constrained needed, work in progress
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Conclusion

e For CPV in B® — D*~ (— D°%~) pTw,: triple products from
angular terms

Sensitive to Im(gr), Im(gpg7y)

Fitting Run 2 LHCb data, blinded CP observables

Control channel with P-odd observables: expected 0
Remaining systematic effects:

From interference with s-wave B® — 507T_,u+1/u simulated

Same order of magnitude as sensitivity

Need to be taken into account
= Continue with angular analysis to determine NP contributions
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Thank you for listening
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Selections
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Figure: Selections from V. Dedu Search for CP violation in semileptonic B meson
decays at the LHCb experiment
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Estimating P,qq
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Systematic effects

Systematic effects also contribute to true and fake Pogq:

@ P-even effects can not produce fake P-odd terms in the angular
distribution
e from signal purity
e from background composition
e form factor parametrisations
e magnitudes of efficiencies of reconstruction and selection
@ Chiral effects can produce fake P-odd terms even in the SM-like
(P-even) angular distribution:
e backgrounds from higher D* excitations, double charmed decays,
combinatorial backgrounds (data-driven)
e instrumentation effects (eg. VELO misalignment/VELO efficiency,
track reconstruction efficiency)
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Backgrounds for template fit

o Higher excitations: B® — D*t7v, B® — D***puv, B — D***rv,
B~ — D*%uv, B~ — D**%rv, B~ — D**(— D**rr)uw,
B® — D**(— D**rrm)uv, Bs — D** v,

e Double Charmed: B® — D**(X. — uvX')X,
B — D**(Ds — tv)X, Bt — D** (X, — pvX")X,
Bt — D**(Ds — V)X,

e Data driven combinatorical: Fake (wrong sign D° and 7), True with
wrong (same) sign p, Misidentified muons. (data driven)
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State of the analysis - g°> Template fit
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Observed Data
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State of the analysis - £ Template fit

LHCb unofficial, 6fb~1 Fitted yields
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Observed Data

Signal

Fake D* (WS DO & Pis)
true D* with WS(SS) muon
Muon misid
B-»D"*tv

BO->D™ +pv

B-»D"" *tv

B~ ->D"%uy

B~ -D""0t

B~ - D" (-»D"* nmuv
B% D" (-»D"* mmuv
Bs—»D"" v

BO— D"+ (X, - uvX')X
B% D"+ (Ds - )X
B* -5 D™ (Xc - pvX)X
B* ->D"*(Ds- tv)X




P = Z | Ay |? + 2| As|? + interference.
ppol

_ Nokg 1 [ |As| dm
- Nsig f|A\/|2 dm

/ Pdm = NSig + NBkg

[1As[>dm

Ay Pdm — 9.5107°

=
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Tuning to data - Fit

Nokg 1 o | |As|” dm

Nsig f|A\/|2 dm

Obtain from fit to Data

Extended ML fit

AM = mpo, — mpo

Double-sided Crystall Ball for Signal
Background specific shape (RooDstDOBG)
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Full fit params

Table: Fit parameters for the full fit.

Parameter Value + Error Fixed
mean 145.4580 + 0.0011
oL 0.5700 + 0.0007
OR 0.5889 + 0.0006
aL 1.2714 4+ 0.0044
QaR 17.61 £+ 0.58
n. 1.1881 4 0.0023
nR 15.8985 + 0.4067
A 10 £+ 20
B 7+11
C 0.1875 + 0.0006
Nsig 385930 + 391
Nokg 21924 + 303
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