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Overview

% Motivations to BSM
» Abelian extension of SM: ABCD model
% Lepton Flavor Violation in b—s & leptonic modes

¥ Conclusions
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SM & beyond: open problems & tensions

o is the of fundamental particles & interactions
. . B(Bt — K*putu™) [1.1,6.0] 7 ——
% However, many tensions observed:
B(BT — K*ete™) [1.1,6.0] 7 —e—
) Predicted CP-violation too small to explain baryogenesis B(BY — o) [1.0,6.0] —-
B(BY — ¢ete) [1.1,6.0] —
~
W CKM unitarity & determination of matrix elements BB )| e .
. . . B(B? — ptpu) ———— é
N b — d s observables (BRs, angular distributions, etc.) 2
>~ flavor sector B(BT — KTvw) :
B(B — D(*)TP ) P{(B" — K*%utp™) [2.5,4.0] —— %
W Ry = ( © _T) exceed SM by > 30, possibly T .
B(B — D®{y,) PUB® — K*u* 1) [4.0,6.0] — v
suggesting lepton flavor universality violation (LFUV) | :
0 1 2 3 4 5 g
o . . . o measurement
% Flavor anomalies motivate the search for physics beyond SM (BSM) significance ()
[1.0,6.0] — range of dilepton invariant mass squared
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** Minimal abelian extension of the SM:
SU(3), x SU(2), x U(1)y x U(1)" =» new massive neutral Z’ boson

 Z'boson interaction with SM fermions:

mt - _gZ’Z Z IPL —zL/yuij + Z:P]R EiR/yuij] Z:L
\

gauge coupllng constant Z' gauge field

< Couplings: pr] = 2y,0" (diagonal in flavor basis)
\_'_,
z-hypercharges

[11 JHEP 02 (2020) 183 (Aebischer, Buras, Cerda-Sevilla, De Fazio)



https://link.springer.com/article/10.1007/JHEP02(2020)183
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Gauge anomalies cancellation

% Gauge anomalies lead to profound inconsistencies (e.g. electric charge not conserved)
% Anomalous contribution comes from 1-loop correction to 3-gauge bosons vertex function (triangle diagrams)

a

A X Tr|To{Ts, T.}]
\

b C group generators

/

% Gauge theories (e.g. the SM) must be anomaly free =¥ triangle diagrams must cancel

Gauge anomalies cancellation in SM

u(l) u() u(1) SU(3) SU(2) SU(3) SU(2) SU(2) u(l)

ACA A A A R Sk ok

SUB)  SU@B) SUR)  SU@R) U U(l) SUQR) SUER) U Uy  u) Ul) SU@) SU@) SUB) SU@GB) SUER)  SUB)

\ J
Y

Ass1 =2y —Yu —Ya =0
A1 = 3yq +ye =0
verified independently by each fermion generation A =32y — v —yi) + 2y —y2 =0

3 anomaly cancellation equations (ACEs)
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Gauge anomalies cancellation (ABCD model)

/‘
AGGI’ = 2Zg — 2y T Re — 0
A331/ - 2Zq — Ry — Rd — 0

Grav. Grav. SU(3) SUQ3) SU(2) SU(2) Agprr = 32, + 2 =0

uay’ ua) u(ly N Ay = lay e~ daly o n =0

3
Ain :z2—2z3+z§—z§+zg =0
Ay = 3(2z2 — 2 -2 +22 -2 - 22=0

U u() u@y’ U@y’ u)’ u)’ ~
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Gauge anomalies cancellation (ABCD model)

6 additional ACEs:

u(1)’ u(1)’ Uy

/'
AGGI’ = 2Zg — 2y T Re — 0
A331/ - 2Zq — Ry — Rd — 0

Grav. Grav. SUG3) SUQ3) SU(2) SU(2) Agprr = 32, + 2 =0
uay’ ua) u(ly N Ay = lay e~ daly o n =0

Ain :z2—2z3+z§—z3+zg =0
A =322, — 2, — z9) +22; —zp — 20 = 0

-

u(l) u(l) u(1)’ Uy’ Uy’ u(1)’

ion: tion-d dent z-h h
ABCD assumption: generation-dependent z-hypercharges ACEs satisfied if-

2 — Yy —+ €; (i=1,2,3 generation index) 9 €1 + €2 + €3 = 0
/ \

SM weak hypercharges rational numbers
#free parameters reduced:

l.e. same €; for all fermions (quark & leptons) of a given generation €5 = —(61 + )
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Z' couplings to fermions

% Rotate fermion fields to mass basis by unitary matrices VL/R (PMNS, CKM, CKM-like):

Lo == 22 [ A i+ Gy A i8] Z, |
b i L.R

X Couplings: Ag/R = gy Z Ek(VL/R)Z@(VL/R)kj (generally non-diagonal) Z' “A/\<AZLJ/R

k
J
L,R
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Z' couplings to fermions

\/

% Rotate fermion fields to mass basis by unitary matrices VL/R (PMNS, CKM, CKM-like):

Z;t - Z Z [EiLV“AfZijL + EiRVﬂAZijR] Z;
(Y

1

L.R
X Couplings: Ag/R = gy E kekQVL/R)Z¢<VL/R)kj (generally non-diagonal) A “A/\<AZLJ/R
k
J
L,R

the set {€1, €2, €3} is the same for both quark & lepton sectors

-~

% quark & lepton sectors act together to avoid large deviations from SM | Most distinctive feature

% correlations between hadron & lepton decays can be established of ABCD model 4

\/

% Promising processes to be investigated: rare & SM-forbidden hadron & lepton decays
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Effective Hamiltonian for b — s £ €* (SM)

/

% FCNCs (e.g. b — st~¢*) forbidden at tree-level due to unitarity of CKM matrix & universality of weak interactions

/

% However, they can occur at 1-loop level through penguin & box diagrams

b W= S b t s

v, Z° v, Z°

% At typical hadron energies (m, ~ 4.2 GeV) heavy fields can be integrated out <y effective point-like interaction

— relevant operators for b — s£;¢;" :

CKM factor local 4- fermlon operators 02 _ b b
Oy = SR ANA
9 16%2( Y PLb)(£7,4;) Og’olx
Heff = th E Ck Ok e . : 2
O = —— (87" PLb)(€i,75¢5) J
167
€ = MV 07
Wilson coefficients: short-distance effects O7 = 1672 so’ (msPL + mbPR)b} Fuu5ij b S
at scales u>m, (effective coupling constants) 6 .;\L
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Effective Hamiltonian for b —» s £, 47 (ABCD model)

In ABCD model, Z' boson can have flavor non-universal couplings b l;
Z/

% |epton flavor conserving (LFC) FCNC transition b — s¢-¢* at tree level

“» lepton flavor violating (LFV) transition b — s&7 ¢ (i # j) allowed s fj

NP effects < modification of Wilson coefficients: (09,10)' 9, 10% + ( 9, 10)

472

8G2 M2, sin® Oy, Vi Vi,

AN L
-0.450 4.273 —4.166

2
and  (CNP),; = — ]\jg Al (AT + AY) with: g7 =
Z/

Bordone, Cornella, Davighi [arXiv:2503.22635] ‘
Scenario A: no flavor violation for RH fermions (A} = 0 if ¢ # j)

Note: forincreasing M, ABCD model approaches SM (NP contribution vanishes) =® smaller deviations
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(Semi)leptonic B, decay modes

1 QQGQFTBS

B(B, — (;]) = (1= y) G4m0},

FZ AV V> N2(MF  m;  mj
o[V Vis [P AT (M mi m ) “* Hadronic uncertainties only due to Fy_
2 . . .

x {[Més = (e, +my,)’] | (e, —me,) Gy < In LFC case (i = j) only C,, contributes

M3, — (mg, =g ] [(mg, +mi,) Cuol}

B — K*¢:t;

Fully differential decay distribution for B — K*(— Km)¢; 4"

dAT 9 D9 N o ~ . 5 ~
dq?dcosO,dcosOx-dp 327 {@sm 0+ +@Cos O+ [(I551n° O~ +@OS QK*] cos 26,

+(I3 5in” B¢+ sin® B, cos 2¢ +@in 20 ;¢ sin 26, cos ¢

+(I5 5in 20 g« sin 6y cos ¢ + [Ig in? 0 +@COS2 HK*] cos 6,

(T2 sin 260+ sin 6, sin & +(Tssin 20~ sin 26, sin ¢ +Tosin? O sin? 6, sin 2¢}

/

angular coefficients



WIFAI 2025

Parameter space

Free-parameters:

0.01 <g,<1 Vislexe < [Vis| < |Viubline
{ng, My, €1, €, ’Vub|, H/cb’} { S gz S b b ;

My = 1TeV and 3 TeV H/cb‘exc < |‘/;b’ < H/cb‘inc

Constrain €1, €2 by requiring AF = 2 mixing observables (JF) to lie within experimental range:

J =Fsm+ Fnp € [FeXp — 0Fexpy Fexp + 0Fexp

S u, C, t d F fexp + 6-Fexp
AM, (0.5069 + 0.0019) ps !

7! By — By |
Wt w- o+ mixing | Sy, 0.709 + 0.011
B, — B, AM,  (17.765 + 0.004) ps !

d 5 mixing | G, 0.051 + 0.046
KO KO T AMg  (0.0059 + 0.0015) ps~?
mixing | g (2.2540.25) x 107°

V)
SH
1

|
<
o
o~
VA
1

Example: K° - K° mixing (SM+NP)
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Parameter space

Free-parameters:

0.0l <gn<1 Viblexe < Vol < | Vasline
{ng, MZ” €1, €2, ’Vubla “/Cb‘} { = 97" = b b b

My = 1TeV and 3 TeV H/cb‘exc < |‘/;b’ < H/cb‘inc

Constrain €1, €2 by requiring AF = 2 mixing observables (JF) to lie within experimental range:

J =Fsm+ Fnp € [FeXp — 0Fexpy Fexp + 0Fexp

My = 1 TeV MZ'=3TCV

discrete set of
rational numbers

Hereafter only the case M,.=1 TeV is shown, but similar results hold for M,.=3 TeV
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Re(Cso) vs Im(Coro

Wilson coefficients —

NP contribution to relevant Wilson coefficients:

Re(C}") =10% of C

V' =% (small) deviations from SM possible

1.5F
1.5} ] ,°
EE w |5 ol ki
S 10 - S 10
X X R L
/_% 0.5 ] 3 05 . !
& ° ﬁ:-\ O °
C —_ ) Zo 0.0 S .
LFC (b - suu ‘s . %
-0.5} ]
g . £ 00
-1.0f ] A
o []
s s - : : ~0.5k— s s - s
-04  -02 0.0 0.2 0.4 0.6 0.0 0.1 0.2 0.3 0.4
NP NP
Re(Co ™)y Re(Ciy )
1 . - T
S5k .c....
0 =4
< L
S 4t ] S ¢4
X X 3k
5 -2f 8
LFV (b - sur) 2N g2 2}
~— N 1_
E g
LS
-030 -025 -020 -0.15 -0.10 -0.05 0.00 0.00 005 010 015 020 025
NP NP
Re(C9 )/JT Re(CIO )/JT
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B — K*u u* angular analysis

L/

% Starting from angular coefficients several observables can be constructed that are sensitive to NP

NP deviations (cyan band) from
SM central value (blue line)

— LHCb Run 1+2016 (2020)

0.5 N
0.0}

-0.5}

-1 '

q* [GeV?] ¢* [GeV?] ¢* [GeV?]



Correlations between LFC & LFV B decay modes
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LFC vs LFC

requiring b — suu -induced modes to lie

within measured range at 10 (cyan band):

B(B, 7't )=(82+05)x 10’
B(B° - K*r777) = (8.6 +£1.3) x 107°

LFC vs LFV

LFV branching ratios bounded
by LFC modes to O(10?)

B(B; » tH17) x107

BB » u~t) x10°

2.5

2.0r

1.5F

2.5

2.5

BB, —» ut ) x10°

BB - K% 1) x107

BB’ - K utt) x10°

1.2

1.1
1.0f
0.9F
0.8F
0.7
0.6

0.5

e N e
o L o W o L o W
T T T

10.0 10.5

BB - K utu) x107

8.0 8.5 9.0 9.5

...........

L ] L ]
o of Se o
o o o
L] s °
. s ° e %
., :oo‘.'u. '!':“‘
°

RISV ER R 1%
Setie s

)
°g° °
.

| IR

8.0 8.5 9.0 9.5 10.0

BB’ - K ut ) x107

10.5
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Correlations between LFV B, & lepton decay modes

/7

% hadron & lepton decays mutually constrain each other to prevent large deviations from SM
W —ey, u~—3e and u — e conversion in nuclei constrain B, branching ratios in hierarchical order

2.0 3.0 10
48.
= 25) ] @ ¢ Ti
S ‘ (e} st 22 4
X 20 o ] kv,
2 ‘ < o
I 1.5 ‘ |
T:L 1.0F ° 0 ? 4r °
w ° 9 wo 0% ¢ S
S ® Qoo 0% o0 Q
Q 05 e 2™ Q2 . . °
OOQJLMA_ Ranaonna 2 nte aae| 0 0 ad
0.0 0.5 1.0 1.5 2.0 0o 1 2 3 4 5 6
By - e ete) x10'? B(u~ - e) x10'?
; . - oF . . .
- 3.0 1 [30) 48
= . = . 22Ti
X 2.5F [ ] § 5
Tl« 2.0F .g Tl~ 4t
% . { & :
® e °°
® (]
1T LOf ° ~.'.“. e % ] T 2f : o
[ ] (=}
T)S 0.5¢ ::...:. A ] R} ®oe ° °
Q 0.0 o e ad . - «Q .. o ® ° o0 Ig. !l
0.0 0.5 1.0 15 2.0 % ) 5 3 4 5 p
B(u~ - e y) x1013 Bu~ —»eee) x10'? Bu~ - e) x10'?

excluded region by experimental upper bound (to be updated by MEG Il, COMET, Mu2e, Mu3e)

Yellow points: extracted requiring the corresponding LFC branching ratio to agree within 1o with experiment



Summary & future prospects

Summary of results:

WIFAI 2025

Correlations between hadron & lepton decays can be established
within ABCD model & used to bound rare & SM-forbidden modes

upper limit on branching ratio

constrained by

constrained by

constrained by

LFV mode 1 ey 1 — 3e 1 — ein %Ti experiment
B —pu-t* (0.00 = 1.60)x10°° | (0.00 = 1.20)x10-1" | (0.00 +9.20)x10-13 <42 x10°9

M, =1TeV — _
z © B— K*u-tt | (0.00+1.15x10 | (0.00+ 1.60)x10-1 | (0.00 = 5.10)x10-13 <1.0 x10°
B.—u1t" (0.00 +0.14)x10 | (0.00 ~1.10)x10-!1 (0.00 = 1. 05)x10-13 <42 %107

M,=3TeV | _ _
B— K*u-t* | (0.00+020)x10° | (0.00+1.53)x10-11 | (0.00+ 1.42)x1013 <1.0 x10°%

Future prospects in ABCD model:

/

% Explore new scenarios

% Study other rare & SM-forbidden decays
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Thank you
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Backup

Angular coefficients

Angular coefficients are expressed in terms of transversity amplitudes!?! (A, | ;) p:

e + 2" — (m? — m?)? dm;m; » .
7= | 452 i) [‘ALLF + AP+ (L — R)} T *Re{Ai AT g+ AjAjg}
4 2 2\2 2 2\2 _ 2002 2
N e 4 —\my —m; 8m;m; " N (mz_m) — q*(mj +mj3)
© = ( g4 J) [‘AOLF + ‘AORP] + e - R‘e{AOLAOR - AtLAtR} —2 ’ q* : [|AtL‘2 + |AtR’2]

o s A
** IQ = 4—;4 |:‘AJ_L‘2 + |A||L|2 + (L — R)}

% c __ _ﬁ 2
L= 4o+ (L = R)|
. A
* L=gg AL = AP + (L > B)]
% . >‘£ *
W 1y = \/_Tq‘l [RG{AOLA”L} + (L — R):|
V2N . m? — m? )
o I = ng [Re{AOLA”L = (L= R)} = = Re{Aw Al + (L = R))
o [6 = qé |:RQ{A||LAJ_L} — (L — R)}i|

[2] Altmannshofer, Ball, Bharucha, Buras, Straub, Wick [JHEP 01(2009)019]



Transversity amplitudes

T5(q?) _ . A
KX _ 2 2 . 2
Ainr = —NV2(M3; — ML) [2(mb ms)Cr 2 (Co F Cio) Mg — My
o _ _N 2 2 2 2 )\HTg(QQ)
= gt~ [ e e -

—-N
Air = ﬁ

L)

A2(Cy F Cry)Ao(d)

£ 4

) . G%’CVQ 1/2\1/2 12 Mg = MNq?, M3, Mz
where: N = V;V, [3 05 AN, with: H ( 5 Mi-)
B >\€ — >\(q27m127m]2)

and: Cf=0Cy+C,

(Kallén function)

WIFAI 2025
Backup

Ao12(G%), V(g°), T1,5(G%)
are B — K* form factors
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Backup

B — K* hadronic matrix elements

B— K* hadronic matrix elements (standard parametrization):

% (K* (0, €)[57,(1 — 75)b| B(p)) = LUl ) S VARG VAR YO e - p) 22 ) 2 Ay g?) - Aol
@ (K*(¢', 0)[87.(1 = 75)b|B(p)) = €wape™ p"p TP €, (Mp + My )A1(q") — (p+ D) ule .p)MB‘i‘MK* — qu(€" - q) 7 [As(q?) — Ao(¢”)]
2
* = v . *U, o % * * q
% (K (0, €)[80,,q" (1 +75)b|B(p)) = icpmase”p"p " Ti(q”) +Z[6M(MB — M) Ar(q?) = (p+ p)ule -q)]Tz(cf) +(€"q) [qu— Y +P’)u] T3(¢")
B K*

K* polarization 4-vector
Ap123(G2), V(G2), T, ,5(g%) are form factors (FF). They are not all independent, since:

MB _MK*

R A 2 — A 2 A 2
3(¢7) 0T 1(q7) T 2(q7)
X A3(0) = Ao(O)
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Backup

B — K* form factors (BSZ)

Independent form factors F = V, Ay, Ay, An, T1, T,, T,5 parametrized according to BSZ3!:

Z(ﬁ) _ \/t-i-_t_\/t—i-_t()

| 2 | VG LV - T
F(QQ) — 1 _ QQ/MQ* Zak<F)[z(q2) o Z<O)]k [t = (M M )?
k=0 i {to — 1 (1= T = 1]ty

mass of lightest resonance

F MB* (GGV) Oé()(F) 041<F) (XQ(F)

V. 5415 0384003 —1.174+026 2.4241.53 Finally A, & T; are obtained from:

Ao 5366  0.37+0.03 —1.37+0.26 0.13+1.63

Ay 5829  0.30£0.03 0.39+£0.19 1.1941.03 A — (Mp + My )2(M3 — Mz — ¢*)A1(q%) — M?, M3, M2.)As (%)
A, 5829 0274002 053+£0.13 0.48+0.66 12 16 Mg M- (Mp + Mg-)

T 5415  0.31+0.03 —1.01+£0.19 1.53+1.64

T 5829  0.31+0.03 050+0.17 1.61+0.80 S . 5 5 9 112 12 5

Mpg — Mg+)*(Mz 4+ 3Mz. —q?)15(q°) — A(q°, M5, M. )T3(q

Ty 5829  0.67+0.06 1324022 3.82+2.20 1y, = Mo = Mice) (M5 JTolq) = M@, M, Mie ) T5()

[3] Bharucha, Straub, Zwicky [JHEP 08(2016)098]

SMp My (Mp — My-)
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