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Semileptonic decays in the Standard Model

e In the Standard Model, the
electroweak transition induces
By — D 1 v through

d } = any By — D 7’inv’ decay

D+

e Experimentally, what is
measured is B(Byg — DT Eniss)

would contribute to the
measurement

c

w- e Here, we will consider additional
d b — ¢/ N transitions where N
Bq is a neutral lepton field

e Why are neutral lepton fields of interest and how can they appear in semileptonic
decays (SL) ?

e How can we probe neutral lepton fields in SL decays ?
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Why should we go beyond the Standard Model?

Hints of new physics ...

e In the Standard Model, neutrinos are massless but neutrino oscillations
show that neutrinos are massive
= necessity of physics beyond the Standard Model (BSM)

B(B—Kviz)®®

* R = B(BSKup)™

=5.4+1.5 measured by Belle Il [1]

o B(B—D™) -
e overall 30 tension in Ry :M between SM predictions and

measurements

Let’s explore potential explanations that involve neutral lepton fields
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Inverse Seesaw mechanism

e Particle content : SM + sterile RH neutral lepton field Ng + sterile LH

neutral lepton field S; [2]

-~ _ 1 -
L= L:SM — YNLHNR — MNNRSL — E/LSLCSL

H H
Lo s s N

[—>———> ¢ > o <o <+« |
Y M " M Y

e generates dim 5 Weinberg operator and 'natural’ small neutrino masses

2.2
m, = [ YM‘Z/
e 5, mixes with v, and therefore the interaction WH_ZW“SL is generated

e a semileptonic transition is induced through mixing with the SM neutrinos

o we would then have the operator (y*d.)(£y*N.), with N massive
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14%

S; leptoquark for Ry and Rp

e Particle content : RH neutral lepton field Ng, S; (3,1, —1/3) [3]

LD ygFPRT.Sl + ys’f\,s_‘:PRNRSl + nyFPRNRsl + h.c.

b b
= Generates (Cy"bg)(7v, Ng) that = Generates (57" bg)(Nv,Ng) that
contributes to Rp(-) contributes to Rg%

This BSM model solves 2 'discrepancies’ at once and generates a semileptonic transition
with a massive or massless neutral lepton field Ng
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Many BSM models contain NL fields (N, Ng) that contribute to SL decays :

How to effectively probe the presence of N in SL decays ?
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Framework

e Particle content: ((SM + !) OR ((SM. + !)
4GEV, .,
A (G Y oo

A€{L,R}

R OV + Ty (0 ) Foe ) |

e Process : (K — wu'inv'), (B— D7'inv'), (D — K p'inv'), etc..
In general, (M — Plv) + (M — P{N) measured as B(M — PlE,;ss)
e Kinematics : In the dilepton rest frame,
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Usual observables

Differential branching ratio for a semileptonic decay [4]:

d*B(M — P£X)

dfdcosty a(q®) + b(q?) cos B, + c(q°) cos” b,

The following observables have been previously defined :
* Branching ratio:

d’B c(q?)
_ 2
B_/dqdcoseedzdcos@ /dq 2(( %) + 3 >

* Forward-backward asymmetry:

1 0
1 2
(A,:B>—E/dq /dCOSeg—/dCOSQg m
0 -1

2b
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Usual observables

Differential BR for a SL decay for a definite lepton polarization (1= +, |= —) :

d’B*(M — P+

= a1(q°) 4 b+(q”) cos b, + c+(g°) cos® b,

dq?d cos 6,

The following observables have been previously defined :
* Polarized Branching ratio:

d2B:|: ci(qz)
+ 2 -7 2 2 z=\" )
B /dq dcosf, 2d cos 0, /dq 2 (ai(q )+ 3 )

Bt — B~

* Lepton polarization asymmetry: | P, = BB

We notice (Arg) = [ dqg? b(;;:) = quQM
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The polarized foward-backward asymmetry

1 0
L[ of [ : d*B* [ de?b™(q?)
Aty =2 [d? | [ deostr— [ deoso, | — 2= S92 \9)
(Ars) B/ al (/ oS / =2 ‘) dq?d cos 0, B

0 —1

indicates the preference in direction of /% in the dilepton rest frame.

o b (¢?) =0& b*(q*) #0
e True for all semileptonic
- decays

Inthe SM, (Agg) = 0 o In the SM, £~ in the
dilepton rest frame has no
preferential direction

Agg is a great probe of new physics !
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What can A ; # 0 mean ?

= Measuring a non-zero (A ;) means measuring new physics

Ingredients for a non-zero (Agg):

e interactions with a massive N,

e interactions with a massless or massive Ngr

We explore the case of vector interactions:

i LS/R,L/R = CLT/R,L/R =0

o we keep (C/, & C¥,) OR (CVg & C¥p)

If (Azz) # 0, could we probe the chirality of the neutral lepton field ?
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Her O (a7 da) (Ty,JNE) o Heir D (G7" da) (7, [NR))

N[_ NR

b™(¢%) = BN Cl+CrPHY HY (KEL)? b™(q%) = N Cli + CRrl*Hy HY (K )?

Always negative ! Always positive !
(and null for my, = 0) (and non-zero for mpy, = 0)
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Her O (a7 da) (Py,JNE) o Heir D (a7" da) (7, [NR))

N[_ NR

b™(¢%) = BN Cl+CrPHY HY (KEL)? b™(0%) = N Clie + CRrl*HY HY (K{Y)?

Always negative ! Always positive !
(and null for my, = 0) (and non-zero for mpy, = 0)

Definitions:
/r ~ 2.2 ~——
° H(;/(q2) = \/—%f+(q2) L] N: |Vqlu2q§,7|r3GF i\‘l‘;g,\n/%jw
Vi 2y my—m> 2 _ (Ex+mxE|pe|)(Ee+met|pel)
o« (@) = TOEER(G) e Ke(mig,my) = e (o
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B — Dr(v+ N,)

B — Dr(v + Ng)
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M = Pl Episs & Arg

AfB describes the preference in direction of ¢+

In the Standard Model, Az =0

o | Non-zero A for any SL decay suggests new physics

while A% does not say anything about the chirality of N, Agg can in the
case of vector interactions !

(bIc)(7T N) induce B — DTN but also B — D*(— Dr)TN

Can we draw similar conclusions for 4-body decays ?
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Framework
e Particle content: ((SM + -) OR ((SM + -)
L/r _ 4GEVg,
Hef/F — 9494

V2

Ae{L,R}

@A) ¢ Y 5 ) 9 M)
- um (@00 W) + iy 007 ) e M) )
e Process : (B — D*(Dm) 7'inv'), (D — K*(Km)u'inv), etc..

In general, (M — V(— Pm){'inv') measured as B(M — V(— Pm){Epss)
e Kinematics : In the By meson rest frame,

X
A
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Usual observables

Differential BR for a 4-body SL decay for (1= 4+, = —) lepton polarization :

d’BEM — V(Pr)lEX) dB: dBx

2x — £ 0s?0p + sin’ p

dqg?d cos 0yd cos Op dqg?d cos 0, dqg?d cos 0,

with the longitudinal and tranverse polarizations defined as

dF 1 dBf Ty e N
dg?dcosfly, B dq?dcosb, B ( 1c T lgc cos 0y + I3 cos [)

dFE 1 dBf o7

+ + +
dq?dcos, Bdgdcost, B (Ifs + lg; cos By + I, cos 26;)
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The longitudinal /transverse polarized forward backward asymmetry

AF:E
{/ / } dcosfe dqg? dcos&
d’FE
dcos 0,
{/ /_1} 08 qu dcosH/

IntheSM, (A FB, =0 Inthe SM, <A_|:FB~-|-> =0

A;B,L & A;rB,T are a great probe of new physics !
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Hetr O (37" da) (P, [NE]) or Her D (3" da) (7, [NRY)

N[_ NR

le(a®) = B2V~ CilP Hy HY (KN )2 1 o(a%) = 2N Cle— CRe P Hy HY (K )?

Always negative ! Always positive !

(and null for my, = 0) (and non-zero for my, = 0)

Such a general conclusion can not be drawn for AﬁB T
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(Apg,) © Npor Nr 7

Her O (a7 da) (Py,JNE) o Heir D (a7" da) (7, [NR))

NL NR

le(a®) = B2V G~ CrilPHo HY (KYL)?| 15 (0%) = 2N Cle— CRp P Hy HY (K )P

Always positive !

Always negative !
(and null for my, = 0)

(and non-zero for my, = 0)

Definitions:
o HY(q?) = 2t (o, — m? — 62)A1(q?) — (alL)s Ao(q?)
2m ( )
VA
o HY(q%) = %Ao(qz)
o K= 3ve VAR B(V — Pr).

Such a general conclusion can not be drawn for A;B T
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B — D*1(v+ Np) B — D*1(v + Ng)
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Conclusion

* Many well motivated BSM models involve neutral lepton fields (N;, Ng) &
and can impact semileptonic decays

% In 3-body semileptonic decays, (Agz) is exactly zero in the SM

% A non-zero (Agg) can indicate the presence of a neutral lepton field N and
its sign can give a clue on the chirality of N

* In 4-body semileptonic decays, (Azz ;) & (Afg 1) are exactly zero and are
good probes of new physics
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vSMEFT answer to B(B — K™ E,iss) excess

VSMEFT : SMEFT extended by N (1,1,1)

In this framework, the dim 6 operator that better explains the B(B — K™ Episs)
measurement is the scalar operator :

ON = [*N eqp Q5 ch

. r
can explain B(B — K Epjs) contributes to By semileptonic decays!
measurement for all masses of N
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