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NP in b — s/
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@ A decade of deviations in b — supu

@ Some indication of Lepton Flavour
Universality Violation

@ Consistenly explained through NP
shifts of b — s¢¢ Wilson coeffs -

b spup Fit

@ Compatible with NP leptoquark = o
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models (in particular) oy

[Alguerd et al, Altmanshoffer et al,Geng et al., Ciuchini et al, Hurth et al, Isidori et al....]
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Complex NP in b — st ?

@ Most studies consider only CP-conserving New Physics
@ A few studies involving complex Wilson coeffs: space is allowed !
@ But not many observables

@ mainly direct CP-asymmetries measured up to now

@ sensitive to weak phases only if strong phases

o CKM studies: explore interference between decay and mixing ?
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[Biswas, Nandi, Ray, Kumar Patra; Altmannshoffer, Stangl; Becirevi¢, Fajfer, Kosnik, Smolkovic]]
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A case study: B — K/

Consider first B~ — K~ ¢*¢~ (no mixing) [SDG, Novoa-Brunet, Vos]

b, ) i 0,: angle between p,- and —pg- in

® >
\ (¢~ rest frame
I+

A’r(B~ — K 20)
dq? dcos b,

= Go(Q%) + Gi(q°) cos 0, + Gg(qz)%(B cos? 0, — 1)

S. Descotes-Genon (IJCLab) Time-dependent By ¢ rare decays Beijing 25/10/22 4



A case study: B — K/

Consider first B~ — K~ ¢*¢~ (no mixing) [SDG, Novoa-Brunet, Vos]

6,: angle between g, and —pg- in

® >
\ (¢~ rest frame
I+

A’r(B~ — K 20)
dq? dcos b,

= Go(Q%) + Gi(q°) cos 0, + Gg(cf)%(s cos? 0, — 1)

Angular coefficients in terms of several decay amplitudes (m, ~ 0)

= 4 - 2 4 - 2 - 2 -2 8,2 2 4.1 2
Go = gl g Il + 2[Rl + 2 el + § e[+ 3 [
é1 = 4Im [2?77’, /_72 + \@FITF);]

= 4 /- 2 32 2 -2

G =~ (ol + [l — 2 frf - 4 B )

[Bobeth, Hiller, Piranishvil; Gratrex, Hopfer, Zwicky; Becirevi¢, Kosnik, Mescia, Schneider]
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Amplitudes in the charged case
Low-Energy Effective Theory (LEFT) at u = mp

Het = —% Vo Vis ZC,(’)H—. .. I={7,7',9¢,9'¢,100,10'¢,S¢,S'¢, P¢, P'¢, T¢, T'¢}
icl

@ Short distances: Wilson coeffs C of Low-Energy Effective Theory
@ Long distances: Form factors f, | 7 for associated LEFT operators

S. Descotes-Genon (IJCLab) Time-dependent By ¢ rare decays Beijing 25/10/22 5



Amplitudes in the charged case
Low-Energy Effective Theory (LEFT) at u = mp
Gr VioVis Y CiO+ |={7,7,9¢,9¢,10¢,10'¢, S¢, S'¢, P¢, P'¢, T¢, T'¢}

4
Het = ——~
! \/é i€l
@ Short distances: Wilson coeffs C of Low-Energy Effective Theory

@ Long distances: Form factors f, | 7 for associated LEFT operators

leading to the expressions for h

z ) o _

hy = /\fz\\/ﬁE (m:Tan(w+C7/)fT+(C9+C9/)f+) ha = N\/\;((10+C10’)f

_ - me

hs = N (Cs+ Ca) fy Po = Nome (Co+Co) 1y
/_7T = —l/\/m (CT—CT/)f /_77'1 = —IN% ((,T—i-(,T/)fT

@ up to a normalisation factor A/
@ nonlocal contributions coming from cc loops absorbed in Cqy
Beijing 25/10/22 5
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CP conjugation in the charged case

Vs VAl o+

e e e

Form factors Charm loop

Defining 0, using ¢~ (¢~) for B~ (B™) yields related CP-conjugate gties
a’r(B~ — K—u)  d?r(Bt — K+u) ~ -
h«+ h
dg? dcos < dqg? dcos b, GG <
obtained by
@ complex-conjugating all the weak phases
@ keeping strong phases unchanged, in particular from cc loops

If all CP-violating effects are neglected, one gets G; = G;
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Observables in the charged case

CP-averaged differential decay rate

d?r(B- — K00+ B" — K*tor 1 3
( deE deost, ) _ 2r, §F,f, + Afg cos b, + (- Fi)(1 = cos? 0,)

in terms of the decay rate and two angular observables

Gi + G i G+ G

fe=Go+ Gy, Apg=-—0"T_ Fi=1+ 2
coeme P 2(Go + Go) i Go + Go
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Observables in the charged case

CP-averaged differential decay rate
d’T(B~ — K 44+ B" — Kp) 1

dq? dcosb, 2 4

in terms of the decay rate and two angular observables

Gi + G i G+ G

fe=Go+ Gy, Apg=—0""T_  Fi=1+ 2
coeme P 2(Go + Go) i Go + Go

G—G;

Gi+G;

@ probe differences of the form | hx|? — | hx|?

@ vanish unless several strong and weak phases in amplitudes

@ strong phases from cc¢ in the SM (still under theoretical scrutiny)

@ probing only CP-violating (weak) NP phases in C7 77 and Cg o/

Direct CP-asymmetries of the form A; =
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Observables in the charged case

CP-averaged differential decay rate
d’T(B~ — K 44+ B" — Kp) 1

dq? dcosb, 2 4

in terms of the decay rate and two angular observables

Gi + G i G+ G

fe=Go+ Gy, Apg=—0""T_  Fi=1+ 2
coeme P 2(Go + Go) i Go + Go

G—G;

Gi+G;

@ probe differences of the form | hx|? — | hx|?

@ vanish unless several strong and weak phases in amplitudes

@ strong phases from cc¢ in the SM (still under theoretical scrutiny)

@ probing only CP-violating (weak) NP phases in C7 77 and Cg o/

Direct CP-asymmetries of the form A; =

Neutral case will bring mixing, and new CP-violating observables
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Adaptation to the neutral case

By — Kst¢ not decay specific B
same definition for 8, for By and By (from ¢7), leading to

dzr[Bd — strf ]
ds dcos 0, Z Gi(s)Pi(cos 02)

dZF[Bd — KsZJré ]

' : _ ._ N Y
\ ds deos, = Z{ ¢iGi(8)Pi(cos 0¢)

Co2 = 1and ¢y = —1 from B~ kinematics
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Adaptation to the neutral case

By — Kst¢ not decay specific B
same definition for 8, for By and By (from ¢7), leading to

dzr[Bd — Ksé*é ]

e ds dcos 0, Z Gi(s)Pi(cos 0c)
& BB K P
L d F[Bd — KsZJré ] =
=>» (iGi(s)Pi(cosby)
\ ds dcos 0, Z
Co2 = 1and ¢y = —1 from B~ kinematics

Discussion of CP-violation for non-decay specific modes
@ Starting from hx(Bg — fcp)

@ Theo G;: hy = hx(By — fcp) with CP-conjugation applied to fzp,
obtained by changing sign of weak phases

@ Pheno G;: hy = hx(By — fcp) without CP-conjugation on f¢p,
useful for time evolution due to mixing before decay in fop
@ G; = (;G, from CP-parity of ampl. h, consistent with kinematics
Time-dependent By ¢ rare decays Beijing 25/10/22 8



Time evolution and mixing

hx(t) = hx(B(t) = fopt™7)  hx(t) = hx(B(t) = fopt ™)

. e

B° fep BO Fep
Initial Initial
state \ 50 / state \ Bo /
inducing a time-dependence of the angular observables

Gi(1) = Gi(hx — hx(1))  Gi(t) = Gi(hx — hx(t))
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Time evolution and mixing

hx(t) = hx(B(t) = fopt™7)  hx(t) = hx(B(t) = fopt ™)

. e

BO E BO -
A . | S
inducing a time-dependence of the angular observables
Gi(t) = Gi(hx = hx(1))  Gi(t) = Gi(hx — hx(1))
Gi(t) + Gi(t) = ef”[(e,- + Gi) cosh(yTt) — h,sinh(yrt)}
Gi(t) — Gi(t) = —”[(G Gi) cos(xTt) — s; s.n(xrt)}

@ mixing angle g/p = €'® with ¢, = —2/3 and ¢, = 25
@ mixing parameters x = Am/I', y = Al'/(2)
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An illustration with Gy

The time-dependent analysis involves two new observables

i 4 * 4 * 7 * 7 * 8 * 4 *
2Im {emb {ghvhv + §hAhA + 2hshg + 2hphp + §hT,th + ghThT:H )

So
ip 4. * 4. * 7 * T * 8 T * 4- *
hh = 2Re|é€ ghvhv + ghAhA + 2hshs + 2hphp + §thhTr + ghThT
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An illustration with Gy

The time-dependent analysis involves two new observables

i 4 * 4 * 7 * 7 * 8 * 4 *
2Im {emb {ghvhv + §hAhA + 2hshg + 2hphp + ghr,hr, + ghThT:H )

So

hy = 2Re [ei¢ {%Flvfﬁ/ + %/Nuh:\ + 2hshs + 2hphp + %f)r,h?, + %ilrh?ﬂ
compared to the initial combination

= 4.z 2 4,22 2 2 8z 2 4z 2
Go =5 [Av[" + 3 [Pa]” +2[hs|" + 2 |he[" + 2 [hr|" + 3 |r|
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An illustration with Gy

The time-dependent analysis involves two new observables

i 4= * 4= * T * It * 8= * 4= *

So = 2Im {emb {ghvhv + §hAhA + 2hghs + 2hphp + ghr,hr, + ghThT:H ;
i 4 7 * 4 7 * T * 7 * T * 4 7 *

ho = 2Re [dd) {ghvhv + ghAhA + 2hshs + 2hphp + %hnhn + §hThTH

compared to the initial combination

4 .- 2 4,2 2 2 2 8z 2 4z 2
Goig‘hv‘ +§’hA‘ +2|hs‘ +2‘hp‘ +§|h7}} +§‘h7"

@ illustration of interference between By-mixing and B — K/¢ decay
@ involves complex conjugation and CP-conjugation

@ additional information wrt CP-asymmetries N
from time dependent analysis of Gy(t) + Go(t) and Gy(t) — Go(t)
@ yp, ~ 0: no hy but sy from dr(By(t) — Kstt) — dl' (By(t) — Kst?)
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Time-integrated version

@ Coherent production of BB pair
e T(nS) — BBintricated (B-factories)
e ftime diff between tag B and
reconstructed B decays, t €] — oo, oo
@ time integ washes away sin and sinh
@ Incoherent production of BB pair
@ pp — bb (LHC) or Z — bb (Z factories) hadronising “separately”
@ {time after production of the B-meson of interest, t € [0, oo
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Time-integrated version

@ Coherent production of BB pair
e T(nS) — BBintricated (B-factories)
e ftime diff between tag B and
reconstructed B decays, t €] — oo, oo
@ time integ washes away sin and sinh
@ Incoherent production of BB pair
@ pp — bb (LHC) or Z — bb (Z factories) hadronising “separately”
@ {time after production of the B-meson of interest, t € [0, oo

Integrating over time (no terms in h, s for B-factories)

~ 1 1 = Yy
<Gi + G/‘)Hadronic = T [1 — y2 X (GI + G/) - W X h’:|
1 1

<Gi - éi>Hadronic F 1 + X2

= X
X(GjG/)wXS/:|

@ s; same order as G; — é,- for By, enhanced for Bg, but tagging
@ hj vanishes for By, suppressed w.r.t. G; + G; for Bs, no tagging
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Exploiting the new observables

Q0= m = 2% directly related to sin ¢ for SM

@ combinations more sensitive (scalar/tensor/complex contributions)

2 2
Rs = sin¢(—ag+200)—Ff,+3 Ry, = mag+Ff,—1 Rw = Rs + 3Ry,
| SM | Scen.1 | Scen.2 | Scen.3 | Cs=02 | Cr=02
o0 0.368(5) | 0.273(6) | 0.402(5) | 0.43(1) | 0.368(5) | 0.368(5)
o2 ~0.359(5) | —0.266(6) | —0.392(4) | —0.415(9) | —0.359(5) | —0.357(5)
Rs —0.107(4) | 0.69(2) | —0.39(2) | —0.59(9) | —0.105(4) | —0.107(4)
Ry, 0.035(1) | —0.225(8) | 0.128(7) | 0.19(3) | 0.035(1) | 0.036(1)
Ry x 102 | —0.179(8) | 1.09(4) | —0.63(4) | —1.0(1) | —0.01(1) | 0.04(3)

Distinguishing different scenarios a priori allowed by the global fits
@ Scenario 1: ¢ = —1.12+1.00

@ Scenario 2: ¢y, = —1.14—0.22, Cy/}, = 0.40 — i0.38
@ Scenario 3: ¢} = —1.13 —0.12, Cyr,, = 0.52 — i1.80, C{y, = 0.41 +0.13
@ Scenarios with scalar or tensor contributions
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More time-dependent analysis for b — sé/

We can play a similar game with
@ B; — ftt
@ By — K*(— Ksm®)et
@ B; — ¢¢¢ (in general and at low g?)
In each case, new observables
@ interference between mixing and decay
@ sensitive to NP complex phases
accessible through

[SDG, Novoa-Brunet, Vos]
[SDG, Virto]

[SDG, Plakias, Sumensari]

@ time-dependent analysis

@ time-integrated observables in incoherent productions (CepC !)
@ values of mixing parameters favouring s;,
coming from dl(By — M¢t¢) — dT'(By — M¢t), requiring tagging
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Shifting fo b — svv

@ Often related to b — s¢¢ for NP for left-handed doublets
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Shifting fo b — svv

@ Often related to b — s¢¢ for NP for left-handed doublets
@ Much simpler LEFT (if only left-handed neutrinos)

4GF 62

Hots = ==V Vis Y (CLOY + CROR) +he. Of g = o5 (374 PLab) (77" PLv)

812

S. Descotes-Genon (IJCLab) Time-dependent By ¢ rare decays Beijing 25/10/22 14



Shifting fo b — svv

@ Often related to b — s¢¢ for NP for left-handed doublets
@ Much simpler LEFT (if only left-handed neutrinos)
2

G * v v v v v €
ViV Y (CLOY + ChOR) +he. Ofp= o

4
v2 p
@ Not yet observed, with usual observables Ry = X/ Xsum

Hett = — (874 PLrb) (7" PLv)

]
B(BKvip) =5 2(1 — 21, )¢ Re(a—k=vo) = 3 ;(1 +1.31n,)é>
2 _ >, (1 +2n,)é
oo =5 S0 +0000E Ry = s s
with numerical values from ratio of left- and right-helicities and
i VICE? + |Gyl ; _ —Re(C{CRY)
’ |CLswml T [CHP+[CRI?
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Shifting fo b — svv

@ Often related to b — s¢¢ for NP for left-handed doublets
@ Much simpler LEFT (if only left-handed neutrinos)

4GF 62

Hest = — 7 Vo Vis ZV:(CZOZ + CrROR) +h.c. O[p= 8?(§’YuPL,Hb)(77'YHPLV)
@ Not yet observed, with usual observables Ry = X/ Xsum
1 1
Rs(B—kuo) =3 ZJ:(" —2n,)é ReBsk+vi) = 3 ;(1 +1.317,)é>
1 2 ZV(‘I + 2771’)612/
oo =3 2 (110000)E Ay = S5
with numerical values from ratio of left- and right-helicities and
i VICE? + |Gyl = —Re(CI' Cr")
|CLswml ICL 2+ |CRI?

@ Complex NP accessible only through 7, and
only if right-handed currents (not necessarily favoured by b — s¢/)
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Time-dependent observable for By — Ksvv

[SDG, Fajfer, Kamenik, Novoa-Brunet]

For By — Ksvi, few observables
@ branching ratio B
@ no angular observables since no measurable 6,

@ time-dependent asymmetry related to differential decay rate
5 dI(By — Ksv) — dr(By — Ksv)
dr(By — Ksvi) 4+ dI(By — Ksviv)
whose numerator involve the time-dependent angular coefficients

Gy (t) — Gy (t) = e "[(Gy — Gy) cos(xTt) — sy sin(xT1)]
with the interference between mixing and decay

8 \s(q%)
3 ¢

si = Im [e"wz(cz + c,z)ﬂ 2(qP) o Im[e (Vi Vi2)2(CY + CH)?]

which can also be integrated over time for incoherent production
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Vector final states

We can play similarly with the time dependence of
By — K*(— Ksn®)wi Bs — ¢vv

@ Fewer angular observables than b — s¢¢ (no measurable 6,)

@ For some ratios of observables, cancellation of form factors,
no hadronic uncertainties to be taken into account
@ for By — K*(— Ksn®)vi, only CP-asymmetries (y = 0)
e Aft constrains Im[e=2"%(V;, V)2 S° (CY — C%)?] wio form factors
e A5 combination of Im[e~ 2’5(V V)2, (CY — C%)?] and
Im[e~2P(Vyp V)2 >, (CY + C%)?] involving form factors.
@ for Bs — ¢viv, CP-averaged quantities are also accessible

@ F, constrains Re[> " (C} C”) ] w/o form factors
@ BB combination of Re[z (Cr — C4)?l and Re[Y_, (CY + C4)?]
involving form factors.
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Projections

-026

-030

NP models based on General
Minimal Flavour Violation:

036 ki

(AB(By = Ks1) (1) hncohesens

T e N = griow CZ’SM’ /4
e cCciN"=0

—045 lla‘t

@ Various rescalihg for the couplings between leptons
e the simplest case M\, = A2, =0 [yellow]
e the democratic scenario Age = X!, = AL. [green]
o the anomaly-free assignment X\, , = —\{_and AL, =0 [purple]
e the hierarchical charge scenario A, /A, = m./m, [orange]

@ 3 gray bands: expected experimental uncertainties for N=200,
N=2000, and N=20000 events (from Belle |11 50 ab~' to FCC ?)

Similar studies/projections for By — K*0(— Kgn®)¢¢ and Bs — ¢/

[SDG, Fajfer, Kamenik, Novoa-Brunet]
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summary

Complex NP in b — st/ and b — svv
@ Currently allowed by experimental constraints
@ Only direct CP-asymmetries for b — s¢¢, requiring strong phases
@ Usual b — svv obs sensitive only if right-handed currents
CP-violation in interference in mixing and decay
@ CP-eigenstates and thus not decay-specific modes
@ Time-dependent analysis yielding new observables
@ Also through time-integrated observables if incoherent production
@ Mostly through dr(Bqy(t) — feptt) — dr (By(t) — foptl)
@ Sensitive to weak phases, without relying on strong phases

[SDG, Virto; SDG, Novoa-Brunet, Vos; SDG, Plakias, Sumensari; SDG, Fajfer, Kamenik, Novoa-Brunet]

New probes of complex NP in b — s¢/ and b — svi
Potentially interesting for CepC (?)
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