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Motivation <

® Kare b*d&ﬁays are excellent F?rc)b@.s of NP R

® Loop)amd CKM suppression (GIM mechanism broken bv large top
Mass

® Sensitive to virtual contributions from heavy NP states

® Hinks of NP il several semileptonic c&ecavs (b - sCC, b - svv, b - cfv)

® Neubrinoe modes are theoretically clean — H«ev are free from Llong-
distance, non-local hadronic eﬁea&s.

© CP-violakion in the SM is very syall
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Experimental picture

\verage Belle 11, 2311.14647

® Until recently, sensitivity was far from detecting
SM sighals

° Belle 1T (362 fb™!, combined)

2.34+0.7 This analysis

Belle II (362 fb™!, hadronic)

1.1+ 1.1 This analysis

Belle II (362 fb!, inclusive)

2.7+0.7 This analysis

Belle II (63 fb!, inclusive)

1.9+1.5 PRL127, 181802

©

e Br(B' > K'%b) < 1.8 X 107 Belle, 1702.03224

O

¢ Evidence for B — Kup decay bj the 2023 Belle 11
amatvsi;s (3.90 inclusive taqg, 3.30 world average)

Belle (711 fb™!, semileptonic)

1.0+£0.6 PRDY96, 091101

® Belle (711 fb!, hadronic)

294+£1.6 PRDS87, 111103

BABAR (418 b, semileptonic)

0.2+0.8 PRDS82, 112002

BABAR (429 fb!, hadronic)

1.5+ 1.3 PRDS87, 112005
| I 1 1 | I 1 ] | l I 1 |

® Inclusive tag measurement in substantial
tension with the SM:

2 4 6 8 10

® Signal is almost § x SM 10° x Br(Bt*—K T vi)
X I — 4%

¢ 3.10 inclusive tag

¢ 20 world average


https://arxiv.org/abs/1702.03224
https://arxiv.org/abs/2311.14647

b — svr in the SM

Local operator effective theory abt p < Agy

Short Diskance WC
Local oparo&or

Hadronic Mabrix Elemwent and Form Factors



b — svr in the SM

Local operator effective theory abt p < Agy

Shortk Distance WC |
Local opeva&ar

Hadronic Mabrix Element and Form Facktors |

Lattice QCD (B->K, B—>K*x form factors)

| (KK 5,7, | B(p)) =

-3.0 |

3.0+
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25_: - f+(q2) :_25
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20 2.0 |
15- 15 ¢
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0 5 10 15 20 ;;.;
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https://arxiv.org/abs/2207.12468

Lattice QCD (B->K, B—>K*x form factors)

b > SUL 1N the SM S 30|
2.5 — £(@) ~2.5 §
: ] fr(g?, = 4.8 GeV) E :
Local operator effective theory abt p < Agy 2.0 2.0 |
' 1.5—2 2_1.5 ;
r 1.0 1.0 §
%eﬁ‘ — _F th;? Z %X@X + h.C. 0.5—; _ ;—0.5
\/z =L,] / | : 0.0 ] ——— :0.0 ﬁ
| : 0 5 10 15 20 :
& \y | [GeV?] 2207.12468
Short Distance WC | f: i L, o ~*
Local operator b ke 55D, | B — oy M~ Mig L . PP
Hadronic Mabrix Element and Form Factors | (KK 57D B(p)) = | (P + 0 = g2 9" J+q7) +q ;2 Jog™),
b - ?i »— S b —»> t; ‘
Short distance WC well khown up ko NNLO tn QCD and NLO tn EW v W e g § %
i b b Wws W Z
.‘. v = Zt v v —> > <>y
. Only one operator is present in the SM: Z (v
| &M 4 v
e’ [ —
0, = ——7,PLb)YEr*(1 — r5))
1672 2 b = > v
X Op = sy Ppb)(0y*(1 — v )u b >
Sin2 QW S
SM __
X, = 1.462(17)(2) tr =0 SM contributions dominated bsj foctorizable contributions -»

Absence of non-local hadronic effects


https://arxiv.org/abs/2207.12468

How do you describe » — sviv decays

Heavy NP EFT vs Light NP

Heavy New Physics
: Heavy NP would modify the Wilson Coefficients
(effective contact interactions)

' Additional Right Handed Currents not present in
| the SM

2
€
X T (57,Pxb)(@wy (1 = y5)v)

‘See bkalles bj Oi.tﬁjr Sumensari and David Momz.c:»w:q,'

We will mainly focus on this approach

Light New Physics

Light NP —=> New inavisible Light states could be
hidden i Emiss
U > u
S~

S
Y

Z X (Emiss)

Br(b — s Br(b — svv) + Br(b — sX)

WLZSS)

See ballk bv Pabrick Bolton Laker own



Heavy NP: Observables in b — svi

2

Op = ——= Gy P o)y (1 —ys)v)

4GF SM NP NP 16z

H oy = —=V, V¥ ((E;M+ G1N0, + €R70,) +h.c. >
2 R= T 5y, Prb)(0y"(1 — y5)V)

M(B — Kub) = WV (C,+ Cp) L, (K(k) | 57D | B(p))

MB - K¥vD) = N L[(C, + Cp) (K*(k, %) | 57*b | B(p))—(C, — Cp) (K*(k, %) | 5y*ysb | B(p))]

We get two combinakions: C + Cpand CL - Cp

No Interference between them (Different Helicity Amplitudes)

8



Heavy NP: Observables in b — svi

Br and L in B=»K*) and Bsw[pm c&epemd cmtv on kwo parameﬁers (ev, Nv)

the WC ¢ | e(CLCk) In,| < 1/2

VG +1cy? »
€ = Yord e, >0 | Semsitive to the presence of Righk
/| Handed Currents and the relative |
phase between CL and CR !

Ty

— > >
| CY "+ | Ck ]

1
BB — Kub) = (4.5+0.7) x 1076 S Y (1-2n)€

1
B(B - K*vb) = (6.8 = 1.1)x 1070 = ) (1 + 1.315,) ] Y (1+25)¢
3 (F,) = (0.54 + 0.01) ——~

1 2
BB — Xpp) = (27£02)x 107 = 3" (1+0.099,) ¢} 2, (L+1.31n,)¢€;




How Big can ¢*"™" and %" be?

¢ Lelts assume NP only affecting the tau neubrino
(Avoild conskrains f?*c)m b — suu)

® Fit to Upper Limits for B > K*ui and Belle 11
B — Kuvv evidence

10



How Big can ¢*"™" and %" be?

¢ Lekts assume NP OM? affecting the tau neutrino

(Avoid cownstrains from b — sup) /\

o Fit to Upper limits for B > K*u0 and Belle 11~
B — Kuvi evidence

e Prefers maximal maguitude of n=—-1/2 to
minimise Br(B — K*ui) while enhancing Br(B — Kuv)

1 v 12 U2
BB — KeD) = (45 £0D)x 100 (1 -2y _ VI +1ck

] | CpoM
B — Re(CYCY)
[Cy I+ Gyl

11

| < 172

My

1
BB — K*ub) = (6.8 + 1.1) X 10—6g D (1+131p,)¢?



How Big can ¢*"™" and %" be?

¢ Lelts assume NP only affecting the tau neubrino
(Avoild conskrains {jrom b — suu)

® Fit to Upper Limits for B - K*uD and Belle II
B — Kb evidence

e Prefers maximal maguitude of n=—-1/2 to
minimise Br(B — K*ui) while enhancing Br(B — Kuv)

¢ This translate to €7 = 67, but a pure G NP
conkribution glLves a good ﬂfi;E

12
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What about CP phases?

Limiks of Current observables % :

e Br and FL cannock fu,uv disentangle RHC from relative CL/CR O

phase , ’ % \ / %
: lo :

® Ohi.v pm'&&oi conkrol over the relative Phase

{ o Thanks to the maximal value for eta relative pkase Ls - j 20

o[
—_
[\
w%
N
W
o

Parﬁaati.j conskrained 4 0

o
) NP

13



What about CP phases?

Limiks of Current observables

¢ Br and FL cannot fu,i.tv disentangle RHC from relative CL/CR

phase
° Qv\i.v p&r&&at conkrol over the relative phase

o Thanks to the maximal value for eta relative phase is

Par&iattj conskrained

Mre& L.?*Asvmme&mes

dlI‘ _
. Due to lack of strong phases eQ[ = ()

\ (Neubrinos couple to Z, only short ciis&avwe)

14
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NP
Cr

— (0 -
30 |
- 207
L 1 1 N
0 3 4 5
T NP
R



NP
C; =
30

20

What about CP phases?

Limiks c:;{ Current observables ﬁ /\
. Z L
= i

¢ Br and FL cannot fully disentangle RHC from relative CL/CR | T

phase i 10 % \ /
I lo

° ﬁmi.j Fmr&iat conkrol over the relative thase

e Thanks to the maximal value for eta relative phase is

partially constrained L e B e e

7 NP
R

What about A, — Avp ?

‘Dwea& L.‘P*As:jmme.%mes .4.
) T L | Polarized Br(A, —» Avv) @ FCCee ketp disentangle
d1r — \ 2 2

Due to lack of strong phases 52[ =0 f-, AFB x P Ab‘%R‘ — ‘%L‘

{ (Neutrinos couple to Z, only short dus&a%&e} | | Breakes the degeneracy of Meson decays (e, nv)

| o (‘See Wolfqang Alkmannshofer Talk)

15 %



Mixing

\CP—eigenstate ,',
D/y feov |

B

B

Indirect CP-Asymmetries




Indirect CP-Asymmetries
What are they?

Mixing

e Bccur i neubral wmesons that mix and d@.ﬁmj to the same CP B

etqgenstate \\C})—eigenstate
* Interference between the decay amplitude and the mixing _
I Decay fCP 0,
amplitude
* Measure CP-violating phases coming from mixing (q/P> and /

from the d@.&&j — even when there are no strong (hadronic) B
Phases

* In the SM: Precisely F?redi,«c&ed—» clean tests for NP.

17



Neutral Meson Mixing (General Framework)

‘T‘pme evoi.uhom cwf &he B-B svs%em

; d (IBOY\ (. i.\(|B®)
i Gan) = 05 ) o Mg

M=M" T'=TI"

M, ', #0 = |BH,L>=P|B>¢Q|B>, |P|2‘|‘|Q|2=1 f

Mixing comes from off-diagonal elements

18



Time evolution of the B — B system

'; d (IBOY\ (. i.\(|B®)
L ( B(t))) - (M_2F>< B(r))) q Mikz_é:rikz

M=M" T'=TI"

i} i q _
Mol #0 = [By)=plB)FqlB), Ipl+lg’=1 1§ { 1B0)=g0|B)+" g 1IB)

: ¥ o1 .
Mixing comes from off-diagonal elements J 1 o= %({’mff"EFHf + e"’“L"“EFLf>

g =

19

€

Neutral Meson Mixing (General Framework)

Oscillating solutions

1B(r)) = g g () |B) +g,(t) | B)

Tt

2

AT
9

) + cos(Amq t)

cosh ;
2 }
¥/




Neutral Meson Mixing (General Framework)

Time evolution of the B — B system

(M— i

B(1))
B(1))

M

)

M7

[ =T1"

I

B(1))
B(1))

)

q

p \Mlz— I'ys

*® o
M12

&
l—‘12

L
2
LA
2

M, T1,#0 = |By;)=p|B)Fql|B),

*

ts

S

mix —
q

= aIg

(

)

R

Mixing parameter dominated
by box diagram

n

pI*+1ql” =1

Mixing comes from off-diagonal elements

..

Oscillating solutions

1BM)) = g,(1) | B) +— g_(1)| B)

. 1
g(t) = 22

Mixing Parameters in B oscillations

crinix ~ 2,6

2 arg(V;Zth> f = arg<—

P, = arg<—

2

P

+ e

1

g =

¢;nix = _2:Bs

Vcd ngb

th V;Z

VisVis
Vcs V;kb

Y
ny

)

23°

1B(r)) = g g () |B) +g,(t) | B)

- /ar,
cosh| ——¢
2

Tt

2

€

X, =~ 26.8
x; =~ 0.77

V=

> + cos(Amq t)

—a
2T,

y, =~ 0.065

Vg0

Al



Neutral Meson Mixing and Decay

Indireck

Mixing
B

\CP—eigenstate
Dek fep LV

B
Relevant final states

B, - Kwu
B,— K= K" i
B, —» ¢(—> K"K )w

1f the final state is a CP-eiqenstate (f pri) there is an

interference in between mixing and decay

Ar = (fep
Af = (fep

7|B%  |B) = %g_a) |B) + ¢,()) | B)
#|B%  |B®)=g,(1)|B) +§g_<t> | B)
1 1

g.(1) = %(3 2 T e 2 )

q

(fep| 7 1 BO) = g, (0 Ap + = g_( A,

P
P

(fep| | B()) = — g_() Ar + g,(D Ay

q
Al't Al't

['(B(f) = fr-p) x e~ |cosh 5 | AfAF sinh 5 - Cycos(Amt) — Sysin(Am t)

21




Indirect Asymmetry: How do you describe it?

Indireck CP-Average

Mixing /

] . . AT [ Al
| G(t) + G1) = e [(Gi + G )cosh [ =) = hsinh | — ]
B, | 2 2
W‘eigemme | G1) = G(t) = e[ (G,= G)) cos(Amn) — s, sin(Amn)
Decay Ks v }, AN

Ed Indireck C?*Asvmme%rv

Direct C.‘P--Asvm me&rw

dI'B™ —~ K"vp) — 2 v 4 _ o \,v 1, v* | LU U* _ ]‘,lv ,—(CV + Cv)f )
dq2 _ ; 2G0(6] ) ho — gRﬁ _e ¢ [thV + hAhA ]_ |4 R/J+
v _ 4 v 2 v 2 4 . = " — w1 | -
Gy(q*) = 3 ( hy| + |y ) Sg = glm e'? [h’{,h"j + W hy ] h, — (CV +Cp) f+

\/7
Stmilar desarip&i;on for B, — K% - KSﬂO)uD and B, > ¢( - KK~ )W

22



Indirect Asymmetry: What does it probe?

CP-Average Time-evolution of CP-average

7

Indireck

Encodes the same
Mixing ; AT AT information as si

~ ~ [ [ 5 o * .
G(1) + G(t) = e‘“[(Gi + G,)cosh (T) — h;sinh (T)] Re vs Im part

W-eigeﬂstate " G(t) — G(t) = e [(Gi — G;) cos(Amt) — s, sin(Amt)]
Decay Ks v AN

| B,

— Indirect CP-Asymmetry

B { >
d \-‘ [t 1.0
f Direct C‘.‘PﬂAsvmmeErj
N
%) 0.5 W 30
e ,
Comptﬁx NP OT 0.0 -
. 5 .
} Interference between wealk (CP-odd) phase and mixing phases C’D * ‘
_ ” 1.0 \
o 1 2 3 4 5 6

03 ¢71;{NP



Indirect Asymmetry: Can you measure this?

Observables

C?ﬂa\svmm&ﬁiés (si) C?wsojmme&rﬁt (hi)

Accessible in bobh
B; and B decays

Only accessible i
B, cie«c&vs

x = Amg /1" large
Yy = Al'p /21" small

Higher sensitivity Lower sensitivity

24



Indirect Asymmetry: Can you measure this?

Observables

CP-asymmetries (si)

Accessible tn both
B; and B, decays

x=Amg /I large

Higher semsi&iv&v

Q@.quire Flavour tagqging

CP-symmetric (hi)
Only accessible in
B, cie.ﬁ&vs

Yy = Al'p /21" small

Lower sehs&&vfiv

No Flavour tagqging

25

Time depend@\te

Precise B verkex dektermination
hecessary ko s&u,dj Fime evolubion

d(—> KTK") der:avs promptly => Easy
to identify Bs vertex

K flies -> Hard to identify Bd vertex

K — K’ detajs promptly -

7V walkes hard ko precisei.j determine

the verbex




Indirect Asymmetry: Can you measure this?

Observables

Time depamde&\te

C?ﬂ&svmmefriés (si) C?msjmme&ri,c: (hi)

Precise B verktex dektermination
hecessary ko s&u,dj Fime evolubion

Accessible in both Only accessible i

Bd o'
KK~ -> £
X = Need for vertex determination P = : )_ :e:;?s g""mt":‘v 7 E‘*Sv
might be avoided ot B-factories © LaentLyy Bs vertex
Hic at the cost of dilution -

Ao

Unlocking time-dependent CP violation without signal
vertexing at B factories

K flies -> Hard to identify Bd vertex

M. Dorigo®,' S. Raiz®,” D. Tonelli®,' and R. Zleb&ik®'

K — K’ deaajs promptly -

7V walkes hard ko precisetv determine

the verbex

26



Time Integration: Coherent vs Incoherent Production

Timing c;,{ Fhe R d@_gav behoves differehﬂj in B*ﬂf&t&ories, entanglement E,m[aues Ehat in

with thcoherent and coherent production =, coherent production the relevant quantity is
At=t,,—t;,,, € [—00, x]

tag signa

At LHC or FCCee the relevant quam&i&v LS

tsignal — tdecay o tprod € [0,00]

27



Time Integration: Coherent vs Incoherent Production

Timing c,:)»f Fhe R c,{ef;&v behoves c;{giﬂi@_reg,\ﬂv in B*af&t&ories, entanglement E,mFLLes Ehat in

wibh theoherent and eoherenk Frmdudmm " coherent prodmc&éon the relevank quah&i&j Ls

At = ttag ~ Lsignal © [— 00, o0]

At LHC or FCCee the relevant quam&i&v LS

tsignal — tdecay — ‘prod € [0,00]
~ = ~ 1] 1 ~ _
<Gi + Gi>incoherent — J Gi(t) + Gi(t) dt = (Gz + Gz) o . hi
0 I [1-y° I —y2 . . :
Additional term in inecoherent Frodu{:&mm
o T — | No need for vertex determination at the |
(G; 4+ G opereni = J G(Af) + G(Ar) dAt = e G) cost of dilution factor |
(G.— G [OOG(r) Godi=t | G_6)-
I i/ 1ncoherent ; I I T _ 1 + x2 I I 1 + X2 I
(G — G, —Joo G(Af) — G(AY) dAt = 2|1 (G G)_
] i/ coherent — . ] ] — T _1 +x2 ] ] _

28



Time Integration: Coherent vs Incoherent Production

Timing c;,{ Fhe R c,{@_.gav behoves d&f{erey\&tv in B*ﬂf&t&ories, entanglement E,mpiies Ehat in

wibh theoherent and eoherenk Frodu¢&£(>“ " coherent pradm«:&éon the relevant quah&i&j Ls

At = lag — Lignal € [—c0, 0]

At LHC or FCCee the relevant quam&i&v LS

tsignal — tdecay o tpmd € [0,00]
- % - 1 [ 1 - y _
G+ G)). = G(t)+ G(t) dt = G +G)-— h
< ] z>1ncoherent J() z( ) l( ) r _ 1 — yz( l z) 1 — yz z_
~ = ~ 21 1 .
(G; + G;) onerent = G,(AD) + G,(Ar) dAr = =17 > (G;+ G))
— 0 L) l
(G, — (’";,), berent = [oo G(f) — G-(t) dt = I I M_ A S,_ — L] x S__ Zero directk CP
PR ) l |1+ x2 T 14+ x2 L 14+x2 7 - asymmebry i neutrine
-G, — . —G. — . ] = Ir __
<Gi Gl>coherent J_oo Gz(At) Gl(At) dAt I _ 1 + x2 M_ 0 <Q[CP — O




Time Integration: Coherent vs Incoherent Production

Timing c;,{ Fhe R d@ﬁav behoves dg{f@_r@_ﬂﬂv in B*ﬂf&t&ories, entanglement E,mpiies Ehat in

wibh theoherent and eoherenk Frmdu,tﬁmn " coherent pradm&&éon the relevank quah&i&j Ls

At = lag — Lignal € [—c0, 0]

At LHC or FCCee the relevant quam&i&v LS
[

signal — tdecay — ‘prod € [0,00]

coherent

- | o . 2 [ ‘
(G, + G ysymmetrical _ [ [G(An) + G (An)] sign(An dar = — | - h

- = ~ 2| 1 |
(G; + G;) onerent = J G,(AD) + G,(Ar) dAr = = (G;+ Gy
—o 1=y |

In B-factories an asymmelric time
integration would access st and hi
Still requires vertex id, but no fit to time
evolution

- . (0) N 2 _
(G, — G,ywsymmetrical _ [ (G(AD) — G(AD] sign(Ar)dAr = — | -

coherent I

= ~ 21 1 -
G(Af) — G(Ar) dAt = (G, —G)| =0
] 1+ x2 _

(G- G

—

coherent —
— Q0

30



Conclusions

CP-phases in b — svl would be a clear indication of NP
Only relative phases can be partially accessed in Mesoh decays (flak directions)
Full handle through meson decays + App U Polarised A, decays @ FCCee

No Direct CP-asymmetries (They require a strong phase)

Indirect

. f o AB, - Kb, B,—> K%0U or B. > ¢ui time dependent analusis could
. d S¥%s Hd ) P v

B, i | constrain CP phases in b — sup

W\P—eigemtaﬁe o Experamen&auv tk is @.x&remetv challenging
Decay K v { 3
W ‘ o B, —» ¢uv could po&eh&iaﬂv be measured ak FCCee

B, o B, — K@i and B, - K 'ub would prababtv require a tag decay ‘
7\ wethod ab Belle 1I
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Indirect Asymmetryin b — s/~

Indirect
— BY - Kt¢te—| CP | BT = K (L~
Mixing hx hx

B,

77x = I_7X77X
W—eigenstate hd ~ - v
Decay Kqiu ", By — Ksl™4~ By < By By — Kstte
W | hx Py

N
WV

By
hx: Transversity amplitudes nx: CP-parity associated to hy
NV.APT: = —1 and 775,7' =1 —> hiM — —hiM
4% 2 2 2 2
Gy =~ =5 <‘hv‘ + | hy| =2 |ny| -4 ‘hTt )
[Dunietz et al '01, Descotes-Genon et al '15]

hy x (€19 + € 10)f (g%
d’T(B* - K*t¢+¢7)

1
= Gn(g?) + G,(g®)cos 0, + G,(g*)—(3 cos* 6, — 1
da?dcos0, 0(q”) + Gi(g7)cos 0, + G,(q )2( r— 1)

34



Naive Prospects and Sensitivity

® Naive prospects (omi.fj stakistical
errursf

¢ The experimem&at sitbuakion is
subsﬁ:av\&muj more complex
(Vertexing and Flavour Taqqging)

® Nevents = 200 =-» 20%
& Nevents = R000-» &%

@ Nevents = RO000O -» 2%

35

~

V) /(T +T)(By — Kqvv

SO(Bd — Kgqv

so/Br(B° — Kgvv)

09 -
0.8
0.7 -

06 -




