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Quark flavour: SM vs NP

SM
loop induced, precision

Heavy NP

virtual, indirect probe
SUSY, Composite Higgs, Extra
Dimensions, ...

Light NP

decays to “invisible”
Axions, Dark Photons, ...
[focus of this talk]
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Flavour - the answer to all?

@ Data from ongoing and planned experimental flavour program
have the potential to provide at least some answers.

® However, there are no guarantees only best guesses and
hopes.
=»FVin NP may be fully aligned to FVin SM
=»D.o.f. associated to BSM FV may be too heavy for discovery

=»our experiments may have blind spots (compressed spectra, missing energy, ...)

=» Two (semi-orthogonal) strategies:
® Expose deviations through precision and global fits
(golden observables: EDMs, clean FCNCs, ...; EFTs: WET, SMEFT, ...)
[focus of my talk at Discrete2010]

® Go beyond well established interpretation of data and
observables
(radiative modes, distributions, light-NP interpretations,...)
[focus of this talk at Discrete2024]
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Light-NP & flavour - example QCD Axion

IR ~ M/t

I~ M/

® Dimension-5 QCD axion couplings: % @i (75)4;

Myy
Mg f3
My,
ME f3

BR(K — ma) x

BR(B — ma) x

=» High sensitivity to light NP
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Light NP

® Scalars
QCD axion (best motivated light NP scenario), ALPs,...

©® Fermions
light sterile neutrinos, fermionic DM, ...

® Vectors
dark Photons, light 7/, ...
Phenomenology depends strongly on:

masses, lifetimes, and couplings to SM

Most promising search strategies may differ!
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Outline

Flavourful light Vectors with “invisible” signatures

® Model-independent framework
Vector-type vs Dipole-type flavour-violating couplings
Model-dependence and scaling of couplings

® Bounds from two-body spectra
Form-factor dependence
Recast of available searches

® Unitarity constraints
Bad high-energy behaviour of 2 — 2 scattering, e.g., ¢; V' — ¢;V’
Unitarity leads to bounds on flavour-violating couplings

Conclusions

E. Stamou



EFTs for light, flavoured vectors V'’

- Dipole interaction

D5

D
$D _ CT/J £ uv _FI % 'F,
FCNC =™ "A fio f] uv + fito 75fj puv

*x SU(2) 1, gauge invariance =» QLH(ﬂ”’qRFW =>dim-6 counting

- Vector interaction

mV/ —_ mV’ —
Line = —Ci‘;' fir' fiVa + TC'L";'S firt s iV,

1 ’
-
7 -

*gauge invariance =» no flavour violation for my, = 0 at dim-4
* power, n, of (my/A)™ model dependent
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UV motivation — quadratic scaling

Quadratic scaling (n = 2)

my - n _ ,
( A) CYO) b (a) V]

® Possible without charging SM fermions under U (1)’
® S = exp(iG/v) Goldstone parametrisation of U (1)’ breaking
® gq‘:adratic ) %(STaus)fRi'Y#ij ) %U/aquRi’Y#ij

® GBequivalence theorem: 9,G — —myV,
’
vmy -
14
jquadratic D Cij A2 fRi’Yﬂij
[for details and explicit models see Folch, Klingel, ES, Tabet, Ziegler 24]
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UV motivation — linear scaling

Linearscaling (n =1)

my\ " - ,
( - ) Ci® for ()1,

® SMfermions must be charged under U (1)": 4., D ¢'VidrXay"dr

linear

® Rotation to mass-eigenstates =»FV couplings
(for FV need non-universal X ; charges)

® Generic masses not possible at renormalisable level
(for generic masses need S insertions, e.g. Ex. X4 = diag(1,0)and X = Xy =0

v St 21% n
Linear 0 —YiQiHdR2 — Zz'inHde > Y;~ A
A

® Rotation plus GB equivalence theorem: 9,G — —my V),
- 0.G - v’
"%‘:adratic ) Zdeade — *%de’YMde — TVlZdey“de

E. Stamou [for details and explicit models see Folch, Klingel, ES, Tabet, Ziegler 24]



Flavour phenomenology of light Vectors

® dependence on mass of light Vector (& Form Factors)
=»recast of searches required

® multiple channels and experiments required to probe all couplings

D D5 \4 V5
G EP G ©

Two-body decays to invisible V'’

sd

Pseudoscalar—Pseudoscalar+ V"’ cu
!

Pseudoscalar—Vector+V~’ bs depend on V" mass

bd
Baryon—-Baryon+V’

[Folch, Klingel, ES, Tabet, Ziegler 24]

[Kamenik, Smith 12]
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Two-body decay modes

Pseudoscalar — Pseudoscalar +V’/

ecChClv CPClx

e Bt >t Bt - Kt, Dt - 7t Kt - nt, K;, — ¥

Pseudoscalar — Vector +V’
° Cf]), (C£5, (C};, CV5 v

® B—p,B—>K*"D—p
Baryon — Baryon +V’
° Cg,cgi(:x,(c” v

oY ->p=Z—X,A—n
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Summary of searches included
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Quark Transition

Hadronic Process

Form Factors  Experimental Limit

Kt at+V/

[65, 66] NAG62 [17, 38, 39]

St —p+V [34, 67-69] BES II [70], Lifetime,.[22, 63]
Sd ET X 4V [34, 67-69] Lifetime, [22, 63]
s =05 %04 v [34, 67-69] Lifetime, [22, 63]
=0 A+ V! [34, 67-69] Lifetime, [22, 63]
A—=n+V' [34, 67-69] Lifetime, [22, 63]
Bt - Kt +V/ [71, 71] BaBar, [41], Belle II,. [44, 62]
b—s B— K"+ V' [71, 71] BaBar, [41, 62]
Ay — A+ V! [72,72] Lifetime, [22, 63]
Bt »at 4+ Vv’ [71, 73] BaBar, [40]
b—d B—=p+ V' [71, 71] LEP, [60, 61]
Ay —=n+V’ [72, 74] Lifetime, [22, 63]
s Dt 5t +V/ [75, 76] CLEO, [22, 42]
e Ae—p+ V! [77, 77] BES III [45], Lifetime, [22, 63]

[Folch, Klingel, ES, Tabet, Ziegler 24]
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Dipole interaction — B sector

b — s transition

% 10° TeV A/CE 0 x10° TeV A/CY
N ]
B— K BY = K+ B K
1F 4 1F E
10! A= A . 10’]% ]
0 1 2 3 4 5 0 1 2 3 4 5
my in GeV my» in GeV

* ~ 20 excess in 2023 B — Kvv Belle2 measurement [recast from Altmannshofer et al 23]

b — d transition

x10° TeV AJCP, x10° TeV A/C
B
1k - p ] 1k B—p i
B
10-1F Ay —n 4 10 Ay —n 4
[
0 1 3 4 5 0 1 2 3 5
my in GeV my in GeV
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pseudoscalar— pseudoscalar decays insensitive to dipoles for small my,/!
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Dipole interaction — K, D sector
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104
10
10?

10
1

107!
0.

x10* Tev

s — d transition

A/Co

x10" TeV
0

00 0.05 0.10 0.15

myr in GeV

020 0.25

0.00 0.05 0.10 0.15 0.20 0.25 0.30

my in GeV

* notincluding a recast of the new NA62 measurement of K+ — 7w

c — u transition

x10* TeV A/CP, x10* TeV A/CP

10F SRR _ 1 10F E

1~ A, > p (BES )" Y3 1 Ac—p(BESI) 3

o I AT :

1072k Ac — p (lifetime) . 4 1072 Ao — p (lifetime) 4
107 ‘ 107

0.0 0.5 1.0 1.5 20 0.0 0.5 1.0 1.5 2.0
my in GeV my in GeV

pseudoscalar— pseudoscalar decays insensitive to dipoles for small my,/!
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Vector interaction — B sector

b — s transition

x10° TeV A/CY x10° TeV A/C2
10% N B o Kt Lo
B — K*

10¢ 3

3 Ay = A

1
5 0 1 2 3 4 5
my in GeV my» in GeV

pseudoscalar—pseudoscalar limits survive for my,» — 0

analogous tot — W d decay in gauge-less limit in SM

b — d transition

x10° TeV A/CY, x10° TeV A/CY}
o 102 - 4
B—p
4 10k 4
v ‘\.\ Ay —=n
1 1
0 1 2 3 4 5 0 1 2 3 4 5
myr in GeV my in GeV
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Vector interaction — K, D sector

s — d transition

x10° TeV A/CY, x10° TeV
109 1 10%
10%
10% 10
10%
10% e ]
10

1
0.00 0.05 0.10 0.15 0.20 0.25 0.00 0.05 0.10 0.15 0.20 0.25 0.30
myr in GeV my in GeV

pseudoscalar—pseudoscalar limits survive for my,» — 0

analogous tot — W d decay in gauge-less limitin SM

c — u transition

x10° Tev AJCY, x10° TeV AJCY
102 e oo _ 1 10% E
S DY ST
1053, BEs ) o1 10 eEs ) 3
1F LA 1F E
A, — p (lifetime) . A, — p (lifetime)

1071 ) 1 107 E

0.0 0.5 1.0 1.5 2.0 0.0 0.5 1.0 1.5 2.0
my in GeV my in GeV
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Flavour phenomenologoly of light, dark Vectors

Take-away messages

® FCNCs =» strong bounds on A (UV-completion scale)
® Constraining power depends on my
@ Different decays probe differently the Lorentz structure

=» Full picture requires two-body interpretations of spectra and
combination of channels

X Currently only rudimentary recasts and extrapolations

X Missing reliable dedicated exp. analyses
Question: what if the two-body decays kinematically inaccessible?

E. Stamou
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Perturbative-unitarity bounds on FV couplings

® Procatheory isincomplete [=massive vectors without Higgs modes]

=» Place unitarity bounds on FV coupling from 2 — 2 scattering

[similar to unitarity bounds on Higgs mass prior to discovery]

i A
aj
ai Al
® Partial-wave expansion of massive 2 — 2 helicity amplitudes
BrgY!

T = /O d0sin 07, (0)Trinon, (5,6)

® S-matrix unitarity implies bound for forward scattering i = f
Im[T3] > | T

[in progress with Folch, Tabet, Ziegler]

E. Stamou
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2 — 2 scattering with FV couplings

Vif =V ff=VV ff = ff

fifi fifi  fifi Rl Jifi Gl V'V VIV VIRV

@ Diagonalisation corresponds to forwards scattering (i = f)
® Unitarity implies bound on largest eigenvalue | Amax| < 1

=» Bound on FV couplings

E. Stamou 19



FV couplings and 2 — 2 unitarity

® Two origins

— Standard pertubativity
Less relevant for UV completion (e.g. applicable also to QED)

— Bad high-energy behaviour Mo (/s)"
Most interesting and numerically relevant

® Parametrics of badly-behaved amplitudes

— Vector-type from V'V/ — ff [no bad behaviour for m; ; — 0]

J=0
(%%i) o %\/(m, —m;)? ICY14 4 (mi + m;)? |CY;|* + interference

— Dipole-type from V'V — fo [same for various f f — ff amplitudes]

J=1
(Tff) o ﬁ\/|<c3|4 +|C?[* + interference

E. Stamou
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Assume unitarity up to ,/smax = 10 TeV
=»Bound on CX/D(S)/A
X Bounds on vector-type weak because o< myermion
® Small dependence on my [leading approximation independent of it]

v/ Bounds valid for any my- [no kinematic constraint as for decays]

Example: bd-sector vector-type

Flavour Unitarity
x10°TeV A/Cy xGeV AJCTY,
1 100
10
1 1
0.10
0401//
my in GeV 0 ! 73‘ 7 in G%:V ! ’

V'V < ff VIf=V'f ff—>ff AV = ff Af->V'f
Blue Purple Red

[preliminary, in progress with Folch, Tabet, Ziegler]
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Conclusions

® Possible to hide NP with Light NP
=>» QCD axions, sterile s, and dark-photons/light dark vectors
=» Quark-flavour can provide competitive tests

=» Look for interpretations of invisible signatures

@ Light Dark Vectors
=» Rich flavour phenomenology
=» Considered vector- and dipole-type couplings
=» Multiple channels and dedicated analyses needed for full picture

@ Unitarity Bounds
=» Constrain FV couplings from 2 — 2 scattering
=» Much weaker if flavour bounds apply
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Leptons u—eViyr— uV',tr > e

T—uV'andT — e

® Bounds from total rate of 7 — /e + invis. from Belle2

® Only sensitive to combination |<CYE/D|2 + |(CY£/D5|2

pu— ev’
® Use polarisation to suppress SM backgrounds in Michel decays
dar
m X (]. —+ ACOS 9)

0 : angle between muon spin and direction of electron
isotropic: A=0 V-A:A=-1 V+tA:A=+1

[see Callibi et al 20, Jho et al 22, Knapen et al 22/23, Hill et al 23, Folch et al 24]
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Bounds on 7e and 7 couplings to V'

x10* TeV A/CP0) x 10" TeV A/CE®
99
2.5
2.0 90
1.8 :
16 1.5
14 10
1.2 0.5
1.0 0.0
0.0 0.5 1.0 1.5 2.0 0.0 0.5 1.0 1.5 2.0
my in GeV my in GeV
x 10" TeV A/CPP) x10" Tev A/C20)
2.2
2.5
2.0 )
1.8 0
1.6 L5
1.4 1.0
1.2 0.5
1.0 0.0
0.0 0.5 1.0 1.5 2.0 0.0 0.5 1.0 1.5 2.0
my in GeV/ my in GeV

[Folch, Klingel, ES, Tabet, Ziegler 24]
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Bounds on p.e coupling to V'’
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TWIST,. Jodidio et al,, @ TRIUMF

X107 TeV A/CY, x 10" TeV A/CE,

- ) 3.0 -

— V+A (C)=-iC) — V+A (C)=-iCp)
2.5 isotropic (C,D“’ =0) 2.5 isotropic (CR[ =0)
2.0 V-A (Chy=iCp,) 2.0] — VA (Ch=iC})
1.5 1.5
1.0 1.0
0.5) 0.5
0.0 0.0

0 20 40 60 80 0 2 4 6 8
myr in MeV my in MeV
Lo x10° TeV A/CY, g x10° TeV A/CY,
= v+A (€ =cy) — V+A (C=C))
0.8f— isotropic (C,\“’ = U), 6 —— isotropic (C,\,,‘ =0)
06t V-A (C)=-Cy) — VoA (Cyn=-C})
4
0.4]
0.2 2
0.0 0
0 20 40 60 80 0 2 4 6 8
my in MeV myr in MeV

[Jodidio recast: Calibbi, Redigolo, Ziegler, Zupan 18]
[TWIST recast: Folch, Klingel, ES, Tabet, Ziegler 24]
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Two theoretically motivated / minimal light-NP setups

® QCD axion

- solution to Strong CP Problem
- [Peccei,Quinn 77; Wilczek 78; Weinberg 78]
- only requirement: fiGG ,Ma <K Aqep
a

® Dark Photon

-minimal U (1)’ extention of SM [Holdom 86; Fayet 90; ...]

- kinetic mixing with photon: eF F’ , massive or massless

But more couplings than —GG or eF'F’

=» More discovery channels!
=» Comparison/correlations between experiments often misleading
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Model-independent FCNC constraints on Axions

QCD axion Lrene = %fm“fj + %ZﬁVMVSfj
) )

FZ‘J/ constraints from M — Pa F@‘J’ [GeV] F{;‘ [GeV]

K¥omta, DT o, BISKY frta sd 6.8 x 1011 5.4 x10°

excellent prospects [NA62, Belle 2] cu 9.7 x 107 4.8 x 107

F: A-na (SN), BY¥5K*+a bs 3.3x10® 1.3 x 108

M — M (weak, UV dependent) bd 1.1x10° 2.3x10°

[Leading constraints from Camalich et al 20]
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