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Overview:

> Standard Model (SM) & beyond
> Abelian extension of SM: ABCD model

> Analysis & Results

> Conclusions



SM & beyond: open problems & tensions

The SM is currently the best experimentally tested theory of fundamental particles & their interactions

However, it leaves many questions unanswered:
B(BT — Ktptu™) [1.1,6.0] 4 e
> Existing hierarchy among fermion masses B(B* — K*etem) [11,6.0] o
. . . . . B(BT — Ktvp) —
> Predicted CP-violation too small to explain baryogenesis
B(B? — ¢ptu) [1.0,6.0] —
. . B(B? — ¢ete™) [1.1,6.0] —_—
Moreover, several tensions are observed, regarding:
BBY = pp7) { e
> Elements of CKM quark mixing matrix & its unitarity BB 5y
(e.g. exclusive/inclusive determinations of |V,,| and |V_,|) PIBY > KVt o) [25,4.0]
> Observables related to b — d, s transitions BB~ K27 100,641 5 T
(B decays branching ratios, angular observables, etc.) } — T T
’ ' P2’ull ill?()T ! ’ °
. . o e e . . measurement
Deviations not large enough to be definitive evidence of new physics (NP) - significance (o)
[1.0, 6.0] — dilepton squared invariant mass range

However they are many and a” hlnt at phySICS beyond SM (BSM) patrick.koppenburg@cern.ch 2025-03-12



ABCD model

Abelian extension of the SM gauge group:

SU(3) x SU(2), x U(1), x U(1)

\ J

Y Y
SM neutral Z' boson

Interaction with SM fermions y, , (flavor basis):

L = —9: 3 Y 127 by + 2] Uipybir] Z),

/ RN \
coupling \ ij ij Z' gauge field
constant 47 = 2%6

l_'_l

z-charges
(quantum numbers under U(1)")

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



Gauge anomalies

Noether’s theorem: continuous global symmetry of action S =» conserved current: 9,J" = 0

Symmetries of classical theory can be destroyed by quantum corrections

kzl)(
N Anomalous non-conservation of axial current:
nwo
5 62 ﬁ 5 - = ‘_7_ —
c’?uj“ = _@EMVQ FuyFaﬁ = <l€1, k’g\ﬁuj“ ‘O> ?é 0
Adler-Bell-Jackiw anomaly k’gN

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|T.{Ts, T.}]

b c \ generators

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



Anomalies cancellation — SM

In the SM, all permutations of SU(3). x SU(2), x U(I)Y generators must be considered

u(l) U(l) U(l) U(l)
¢» SU(N) generators
are traceless:
\SU(3) SU(3) SU(2) SU(2) u(l) u() ) ) SU(2) SU(3) Tr[T,] =0
SU(3) SU(2) SU(3) SU(2) SU(2)
SU(2) SU(2) U(1) U(1) U(1) U(1) SU(3) SUB) SU(@2) SU(2)
Y
3 anomaly cancellation equations (ACEs) left: Ay
p doublets q _+_1/6
Asst =24y = Yu = Ya =0 verified independently by e —1
——— < Ay =3y, +ye =0 = cach fermion generation oles U Y3
A =32y, — o —v3) + 2y —y. =0 4

(same for all 3 generations)



Anomalies cancellation — ABCD model

Abelian extension of the SM:

UL’ u(m)’ Uy’ 6 additional ACEs:
/‘
Acgr =2z — 2, — z2e = 0
Assy =22, — 2y, — 24 =0
Grav. Grav. SU(3) SU(3) SU(2) SU(2) Aoy = 32y + 20 = 0
Uy’ ud u(l)’
(1) (1) (1) N Ay =la—dn o layly s =0
ij Ayl/l:Zg—QZi"'Zg—Zg‘}‘Zg:O
Al’l’l’ = 3(222 — Z,i — 23) -+ 22? — Zl?/) — Z:Z) =0
u() u() Uy’ u)y’ u)y’ uy’ ~
ABCD assumption: generation-dependent z-charges ACEs saticfied if:
2 — Yy + €; (i=1,2,3 generation index) 9 €1+ +€e3=0
\
(SM weak hyperck{arges) (rational numbers)
_ _ _ . _ #free parameters reduced:
.e. €; 1s the same for all fermions (quarks & leptons) of a given generation €5 = —(e) + )




ABCD model — couplings

Rotation of fermion fields from flavor basis to mass basis by unitary matrices:

Lt = — Z Z W?;LVHAfZL%‘L + EiRVMA:ijQPjR] Z;
(CRY \ /

flavor non-universal couplings

flavor changing neutral current (FCNC) transitions possible at tree-level, for example:

down quarks:

Aile = 9z Z Gkv\ktvkj

A =0 a(Vin(Vik

charged leptons:

A?’L =9 Z EkUikU;k

AT =g elUp)i(Uplk

k k \ k \ k \
(CKM) (CKM-like) (PMNYS) (CKM-like)
S./r bin by M/ TL/R TL/R
7! «m@; 7! Wéi% 7/ -<‘2% A AL A AV™ A Al
dyn d/n Si/r €L/ €L/R KR




ABCD model — implications

> {61, €9, 63} assumed to be the same for both quark & lepton sectors

%) ABCD model predicts correlations between hadron & lepton decays !

> For increasing M, ABCD model approaches SM

N deviations from SM are possible, but small

Promising processes to be investigated:

> SM-suppressed: rare B decays induced by FCNC transition b — s
> SM-forbidden: lepton flavor violating (LFV) hadron & lepton decays

Many experiments currently involved I




Effective Hamiltonian for b —» s £;¥; — SM

FCNCs (e.g. b — s¢=¢*) 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 =¥ effective point-like interaction

— relevant operators for b — s¢;7¢;" :

CKM factor local 4 fermion operators o2 B b l;
Oy = 7o=5 (57" PLb) (€i,t) o, (91><
Hegt = vtb Z cwk g ]
O = 5 o (37" PLb) (€y,7v5¢;) 5 £
Wilson coefficients: short-distance effects € Or
at scales u>m, (effective coupling constants) 07 = 1672 {Sau (msPL + mbPR>b} F 5ij b .l\l\j °
Y



Effective Hamiltonian for b — s £; ¥, — ABCD model

In ABCD model, FCNC transition b — s¢;¢;" can occur at tree-level mediated by a virtual Z" boson

b l;

Vi quark & lepton flavor non-universal couplings
>W‘< W lepton flavor conserving (LFC) FCNC transitions (¢;=¢;) at tree level I
W lepton flavor violating (LFV) FCNC transitions (¢;#¢;) allowed I

S ;

Integrating out heavy Z’ field, construct a low-energy effective Hamiltonian:

Gr
Her = —47‘/1513‘/{; Z Cr Ok
k
NP effects < modification of Wilson coefficients: (Co.10):; 0100 + (Co10)ij, where:

CSM CSM CSM A

! i - and (Cg 10) 2 with: gt2 - 5 172 .7T2
-0.450 4.273 —4.166 MZ’ 8G% MG, sin® Oy V3 Vi

Bordone, Cornella, Davighi [arXiv:2503.22635] \/

(scenario A: LH couplings only)



Parameter space

Free-parameters of the model:

0.01<g, <1 Vislexe < Vi < Vs ine
{gz; MZ’, €1, €2, ’Vubla “/cb‘} { >0 > b b b

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

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

J = Fsm + Fnp € []:eXp — 0Fexpy Fexp + 0 exp

s U6t d ) ] F Foun £ 0Furp
w B, B, [ AMa (0.5069 £0.0019) ps~!

W=+ W~ + mixing | Syx, 0.709 + 0.011
_ ~ BB [ AM, (17.765 + 0.004) ps "

d U,c,t 5 a ° mixing |G, 0.051 + 0.046
KO KO T AMg  (0.0059 + 0.0015) ps
mixing | g (2.25+0.25) x 107°

Example: KO- KO mixing (SM+NP)



Parameter space

Free-parameters of the model:

0.01<g, <1 Vislexe < Vi < Vs ine
{gz; MZ’, €1, €2, ’Vubla “/cb‘} { >0 > b b b

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

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

J = Fsm + Fnp € []:eXp — 0Fexpy Fexp + 0 exp

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



Wilson coefficients —

Re(

NP contribution to relevant Wilson coefficients:

1.5¢
% 1.0 -
z 05
LFC (b — S,Ll,Ll) % 0.0
g -05f
= .
~1.0f
C04  —02 00 02 04 06
RC(CIJP)W
1 : -
. O =
(e
* N E
&2
LFV (b = sur) 2N
_5-.....0

-030 -0.25 -020 -0.15 -0.10 -0.05 0.00
NP
Re(C9 );n'

->

Re(C;") can be comparable with CZ

o10) VS IM(Coxo

Im(CY)), x10°

Im(C}),e x10%

N

1.5F
p:kds
1.0+ ;'
$
. .\ﬂ'
0.5} o
. o

0.0 F

—0.5k . . . .

0.0 0.1 0.2 0.3 04
NP
Re(Ciiy)uu

5 [14 [ ] o0l ° .-
4
3 L
2
1k
=

_1L . . . . . L]
0.00 0.05 0.10 0.15 020 0.25 0.30

NP
Re(Ciy)ur

possible deviations from SM predictions



> Whatis the impact of NP on B meson decays?

> Simplest, theoretically-cleanest B decay mode induced by b — s

1 o?G3%7
F'!Bs/ 12 * (2 y1/2 2 2 2
FBS ‘/'tb‘/vts‘ )\ (MBS7m£,L7m£J)

B(B; = éi—g;r) - (1 — ys) 647T3M,?§S

l 2

< {[MB, = (e, +ma,)?) [(me, = ma,) Co

+ Mg, — (mg, —my,)?] |(me, +my, )Cm’z}

) Hadronic uncertainties are only due to Fg,

) In LFC case (¢,=%;) only C,, contributes



B, - £;£; — correlations

9.5 2.5
= 9.0/ S 2.0 .
X e L et X
™ g5l i 1.5:'
+l“ [ 'ly [
- : 3 [
T 8.0f RN r 1.0}
&l ' °e % ! I
S S
Q 7.5 M, IQ 0.5F
e 0.0 ——
2.5 3.0 3.5 4.0 2.5 .
BB, » utp”) x10° BB, » ut ") x10°

> LFCvs LFC: the requirement of experimental data (central value +10) to be reproduced gives:

B(B, »7777)=(82+05) x 10’

> LFCvsLFV: B(By — p~71) ~ O(107?) (#0 vs forbidden by SM), in the reach of future experiments
Predicted value lowered by the requirement of experimental data (central value +10) to be reproduced



BO — K*O’Fl‘_’gf

The actual decay observed experimentally is B — K*(— Km)£=£*
Fully differential decay distribution:

d*T 9

= 5-1(¢% 0, Ox-
dq* dcos@,dcosOi-dop 32w (4%, 00, Oxc+, @)

with:

I(q%, 00,0k, 0) = If sin® Oy + 1§ cos® O
+ [[5 sin® O~ + I5 cos QK*] cos 20,

+ I3 sin® O+ sin? @, cos 2¢ + I, sin 20~ sin 26, cos ¢
+ I5 sin 20 g~ sin 6, cos ¢ + [Ig sin? O+ + I cos? HK*] cos 6,

+ I7in 20+ sin 6, sin ¢ + Ig sin 20+ sin 26, sin ¢ + Iy sin® O~ sin? 6, sin 2¢

The functions Ii(a)(cf) are called angular coefficients and depend on B—K* form factors



Bo — K* y~u* angular analysis — angular coefficients

¥> Eliminate dependence on CKM by defining: I\”(4?) = IZ.(“)(qz)/|\/';gl/;s|2

. 80 10} — 10 . o
T n n n
L L _2f
% 60} > 8 > 8 2
< O 6f O 6 O 4
[o%) 40' T [o%e) ﬁ o'_'o
6 E 4r o 4 S _6f
p— ] o— p—
x 20¢ 1 X o X 5 X
©n — Q n A SN\ —8-
~ T~ I~ T~
0f, , , , B of , , , , oL, . . . . . . . . .
0 5 10 15 20 0 5 10 15 20 0 5 10 15 20 0 5 10 15 20
2 2
q° [GeV?] q* [GeV?] g’ [GeV?] q* [GeV?]
— 00;-\ ' ' — 4t 1 — o 4
| ’ | l> 10F ] I> 2t
%—o.s- % 2t e & 0
= - 1.0} = of = 3 ] = gt
S -15¢ S o} 1 2 of S -4
X _o0k X X X _6t
= w47 =< _5f 1R g
0 5 10 15 20 0 5 10 15 20 0 5 10 15 0 5 10 15 20
2 2 2 2
g~ [GeV7] g [GeV?] q* [GeV?] q* [GeV?]

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

> Starting from angular coefficients, several observables can be constructed. Define:

Si(a)(q2) = ([i(a)(q2) -+ [—i(a)(q2>) / (dF/dq2 + df/qu) (bar = CP-conjugated) ‘



Bo - K*0 u-u* angular analysis — observables
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Angular analysis has been conducted also for B — K* 7+ 7~ with similar results
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B — K*0¢ ¢ — correlations

12 .................. 35S\ 00—
e~ o))
S L1} S 30F L e . |
X E X B o of Qe )
—~ 1.0f ~ 2.5F Jrr S
| [ l s ° 8 %
+lu 09:' +[~. 20F Seegt otls
ob‘ . 01 ) ; .u‘s‘:-?ﬁ;f}t
g 0.8F e 15F % e Oh
i i ® 0e®yg
T ot T 1o
P B L
= 0.6 ¢ _ o
Q q 0.5E ‘
05— L P B T T ] 00 ___________ L e .
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_0 _*0 — 7 - ] —
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> LFCvs LFC: the requirement of experimental data (central value +10) to be reproduced gives:
B(B® - K*tt77) = (8.6 £1.3) x 107°

> LFCvs LFV: B(BY — K*u™17) ~ O(107?) (#0 vs forbidden by SM), in the reach of future experiments
Predicted value lowered by the requirement of experimental data (central value +10) to be reproduced



LFV B decays vs u — ey

BB - uth x10°

By~ - e y) x10° By~ - e y) x10°

)> Cyan points: extracted by constraining with corresponding LFC branching ratios

> Red band: excluded region by experimental upper bound (recently updated by MEG II [arXiv:2504.15711])

» Correlations between lepton & hadron decays exist ’
and can be used to constrain branching ratios ®



Conclusions & perspectives

Summary of results: Colangelo, De Fazio, Milillo [arXiv:2506.02552]

Observation of LFV decays to charged leptons: smoking gun for NP

Constrained by Constrained by

LFC mode U — ey
LFV mode B x 10° BY x 10°  B® x 10° Experiment
ey | By —7p 0.00 = 2.10 0.00=2.10 0.00 =~ 1.60 < 4.2 x 10~°
BY - K97~ [ 0.00+290 0.00+-290 0.00=115 <1.0x107"°
M, = 3 TeV _: l_?s — T_+u_ 0.00=2.30 0.00=1.50 0.00=0.14 <42 x107°
BY — K*97% = [ 0.00=3.10 0.00+=2.00 0.00=020 <1.0x10"°

Future perspectives:
> Exploring other scenarios for the couplings

> Studying other decay modes

> Understanding Z' mass generation mechanism (Higgs-like?)



Thank you









Angular coefficients

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

e + 2" — (m? — m?)? 4m;m; . .
o [{ = ! [ 4q(2 J) | |:‘AJ_L|2 + ‘A”L‘Q + (L — R)} + e ! Re{A A" r + A||LA||R}
4 2 2\2 2 2\2 2 2 2
. 4 —(mj—m; 8m;m,; . . (mi —m3)? — ¢*(m; +m3)
N = ) [ Aowl+ [Aonl?| + = Ro{dor Ay — Aur A} =2 —a Al + | Aerf?
s M
. 5=15 AP+ AP + (L > R)]
A
o I5=-2t[|Aof + (L B)|
q
Ae
o Iy= 2% [\ALLP — Al + (L — R)]
o Iy = N [RG{AOLAHL} +(L— R)]
.« I = q; {Re{AOLA”L (L= R)} = = Re{Au Al + (L= R))
2>\1/2
< L= Re{Ay A7,} - (L~ R)}]

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



Transversity amplitudes

A = —
OLE = YN

N
Ve

o Air=

A2(Cy F Cry)Ao(d)

where: N =V V,, [3 »

and: CFf =C,+C,

1/2
Gha® iy / M = Ag2, M2, M2.)
2107T5Mg H /{ Wlth 9 9 9

WES >‘<q 7mi7mj)

(Kallén function)

Ao12(9%), V(@2 Tq23(G%)
are B — K* form factors




B — K* hadronic matrix elements

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

© (KGN0 = BIB) = Gunac s 1] il G0 M)A ) = G4 D) — e 0 2 () - Aol
o (K0, 500" (1 +5)bIB(p)) = iepwase DD Ti(0) +i|)(Mp = M) A1(0) = (0 + )ule” - 0) | Tola?) + (- 0) [qu ~ p’»} Ts()

K* polarization 4-vector

Ao123(G2), V(q2), T, ,3(g?) are form factors (FF). Actually they are not all independent, since:

» A3(C]2)— oM Al(q2)

& A43(0) = Ag(0)

MB _MK*

A 2
OM 2(61 )

% 71(0) = Ty(0)



B — K* form factors (Light-Cone Sum Rules)

The independent form factors F = V, Ay, A,, A, T,, T,, T,; are parametrized by LCSRII;

Z(t): \/t+_t_\/t+—t0
N

F@) = 1= a7 2 F)le(d) = =0)f [ Gt
R PN

mass of lightest resonance

F MB* (GGV) Oé()(F) Oél(F) OKQ(F)

V. 5415 0384003 —1.17+026 2424 1.53 Finally A, & T; are obtained from:
Ay 5366  0.372£0.03 —1.374£0.26 0.13%1.63
Ay 5829  0.304£0.03 039+0.19 1.1941.03 A — (Mp + Mg )*(M3E — M. — ¢*)A1(q¢*) — M¢*, M3, M7-.) As(q?)
A, 5829 0274002 053+£0.13 0.48+0.66 2 16 Mg M- (Mp + Mg-)

T 5415  0.3140.03 —1.01+0.19 1.53+1.64

T 5829  0.314£0.03 0.50+£0.17 1.6140.80 S 5 5 5 5 112 1 5

Mp — M) (Mz + 3Mz-. —q”)I5(q°) — Mq”, Mz, M:.)T5(q

Ty 5820  0.67+006 1324022 3.82+2.20 Toy = ( S (M K JTola) = M7 Mpy, Mie: JT5(q")

SMp My (Mp — My-)

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



B° — K*0 -1+ angular analysis — angular coefficients (@1 TeV)
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B° — K*0 T-1* angular analysis — observables (@1 TeV)
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