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direct searches at colliders

» New particles directly produced on-shell
» ldentified through their decay modes

Exp: push the collider energy as much as possible

searches through quantum effects

» New particles contribute as virtual states
» Deviations from SM predictions can emerge
» Might be sensitive to large mass scales (e.g. new massive mediators)

Exp: Push the intensity as much as possible
Flavour physics

unique opportunities to look for BSM
intimate connection of flavour with the Higgs sector
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loop induced (rare)
tree level decays
puzzling quantities

(Vcbi Vubi 8,/89 (g_z)u)

e correlated pattern of deviations from SM predictions?
e common origin of the anomalies?
ex. V,, Vb, puzzles correlated with observed anomalies in tree-level modes?

» look for new modes/observables/correlations
» look also for processes forbidden in SM: LFV decays T — 31, 1 —evy ... @
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The b — s¢¢ transition in the SM

Semileptonic operators: Og (L + V), Oy9 (L + A)

Electromagnetic penguin: O;
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NP: i) new operators
ii) modified Wilson coefficients
iii) new phases
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B — K= 05 fully differential decay rate

d*I(B° — K*(Kn)yt5 9
(2 ( ) ! 2): I(qgageagf(*ngb)
dq® d cos by dcos b« dp 327

1(q*, 00,0+ @) = I} (q%) sin® O+ + If(q°) cos® Oxv + [I5(g%) sin® O + I5(q?) cos® O] cos 26,
+ I (qg) sin? O« sin? 6 cos 26 + I, (q2) sin 20« sin 26, cos ¢

+ I5(q?) sin 20k~ sin O cos ¢ (51)
+ [I5(¢?) sin® O+ + I§(q) cos® O+ | cos Oy + I7(g?) sin 20~ sin O sin ¢

+ I3 (qg) sin 20+ sin 26, sin ¢ + I (qg) sin? Qg+ sin? 0 sin 2¢ .




B — K= 05 fully differential decay rate

082 O+ + sin2 Ox+ OSQ QK*] cos 20,
in 205+ sin 26, cos ¢

29}{* sin BgTo qﬁ
sin? @ —|— 082 O+ | cos B, Sin 20+ sin 6, sin @
2 sin 20+ sin 26, sin ¢ sin2 O+ SIn” B sin 20 .

angular coefficient functions

- depend on g?

- depend on the Wilson coefficients
- encode possible NP effects

d'I'(B® — K*(Km)ly (3)
dq? d cos by dcos B do

©

(51)




B — K= 05 fully differential decay rate

d*I(B° — K*(Kn)yt5 9
(2 ( ) ! 2): I(qgagﬂugK*ngb)
dq® d cos by dcos b« dp 327

1(q?, 05, Ok~ , ) = I5(¢*) sin® O~ + 1£(q?%) cos® Oy + [I;(qg) sin? Ox- + 15(q?) cos? GK*] cos 20,
+ I (qg) sin? O« sin? 6 cos 26 + I, (qQ) sin 20« sin 26, cos ¢

+ I5(q?) sin 20k~ sin O cos ¢ (51)
+ [I5(¢?) sin® O+ + I§(q) cos® O+ | cos Oy + I7(g?) sin 20~ sin O sin ¢

+ I3 (qg) sin 20+ sin 26, sin ¢ + I (qg) sin? Qg+ sin? 0 sin 2¢ .

define: CP- conjugated mode

(¢ = (1(¢) + [(4%)) / (dU /dg? + dT /dg?)

starting point to build c/lean observables




angular distributions in B > K* u* u-
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Bottom-up (Standard Model Effective Field Theory-SMEFT)
mainly driven by experiment

SM as an effective low energy theory

investigate NP effects without specifying the NP extension
correlations among flavour observables

Top-down

consider specific NP scenarios

predict flavour observales, compare the results
discriminate among the models
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Minimal extension of the SM gauge group:

* new neutral gauge boson 7’
* new coupling g,
* new quantum number: z-hypercharge

SU(3)C ® SU(Q)L ® U(l)Y ® U(l)’ \ * new abelian group
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SM anomalous graphs
A X Tr[Te{Ty, T.}]

b c \ generators
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v' anomaly free
v gauge anomalies cancel within each fermion generation
—> universality of gauge boson couplings to the three generations
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new triangle graphs
gauge anomaly cancellation = z- hyper charges cannot be arbitrary
- solve anomaly cancellation equations (ACE)
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ABCD assumption: fi = qi, ub, diy, 00, e, Vi
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SM hypercharges: . “ e NP parameters
generation-independent * rational numbers
e generation dependent

Solution to the ACE: 3

only two € independent
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Implication for correlations:

Couplings to Z' of quark and leptons in the same generation governed by the same ¢




//7 rotation matrices

(My)p = (V7)) M,V

diagonal mass matrix \. (ULry Yicr) s Vim)

l same quantum numbers

£ =Y [(AD7 WL " vl + (AR)7 ¥Ry vh] Z,

7 N
(AY)Y = gz (V) 2] VT (AR)Y = g2 (V) ZRVEY

rotation matrices enter the couplings
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’//—' rotation matrices

(My)p = (V7)) M,V

diagonal mass matrix \. (ULry Yicr) s Vim)

l same quantum numbers

£ho=Y_ (ADT L7 v + (AR dp " V] Z,
// \\
(ADY = 92 (V) 2LV (AR)7 = az (Vi) Z5Vi)

rotation matrices enter the couplings

Z' can mediate FCNC at tree levell

Z’ can mediate Lepton Flavour Violating (LFV) modes at tree level!




down quarks: charged leptons:
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* Assumptions on Z’ couplings to fermions = various possible scenarios



down quarks: charged leptons:

A7 =9.) e ViaVi Al =9 Vi | | A% =9.) Wl ALy = Dri(UR);
k k k \
(CKM) (PMNS) -like)
dr dpg Sr €rr €rr Hir
/ / Z! Z)‘ Zf Z!
A5, AY A% Are A A%
Sir bir bir Hir TLr LR

* Assumptions on Z’ couplings to fermions = various possible scenarios
* Appealing, the simplest one:

flavour violating couplings only for LH fermions (scenario A)
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SM loop contribution tree-level NP contribution

Example of NP contribution: d u,ct b d b
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opposite chirality
credit J. Camalich absent in scenario A

The b — s¢¢ transition in the SM
Semileptonic operators: Og (L + V), Oq (L + A)

b, w s b ; s, b . s, B
;,,E ! ;’H\ gw g = Co10) SLY" b £y, (75)E

Electromagnetic penguin: Oy

by w 'S by q s
e ° HL . .
‘K?,’ ‘T an2 Mo C7 5104w br F no contribution to LFV modes
CC @ 1 loop
b, s, _ _
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ABCD:

Z'
* Tree level Z’ exchange >MM< ......
______.a" o N W {10y
Abs - 1 > AL

 Wilson coefficients modified

* lepton-flavour dependent oL

(Co10)) g, = Coryis + (Coroy) .

(Cévp)hfz X = (Abs) Aflfz (C{EP)EIJEQ X =7




Lepton Flavour Conserving (LFC) case P. Colangelo, D. Milillo, FDF, arXiv:2506.02552
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Lepton Flavour Violating (LFV) case
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* imaginary parts tiny

* LFC : real parts can reach O(10%) SM value = possible deviations in observables

* LFV : real parts might produce observable effects @
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» LFV modes constrained by the corresponding LFC ones

» branching ratios O(107) in the reach of future experiments
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ABCD: Z’ couplings of quarks and leptons related
» correlations between quark and lepton observables
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ABCD: Z’ couplings of quarks and leptons related
» correlations between quark and lepton observables
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Mz =1 TeV

Mz =3 TeV

Summary
LEV mode B x 10° BW x10° | B® x 107 experiment
B, — mTpu 0.00 +2.10 | 0.00 +-2.10 | 0.00 = 1.60 | < 4.2 x 107 [25]
B’ — K*7% = | 0.00 +2.90 | 0.00 +2.90 | 0.00 +1.15 | < 1.0 x 107 [25]
By, — ot 0.00 = 3.43 0.00 +2.60 | < 1.0 x 107> [79]
By — mTu” 0.00 +2.30 | 0.00 = 1.50 | 0.00 = 0.14 | < 4.2 x 107 [25]
BY — K*07T 1= 0.00 +3.10 | 0.00 =2.00 | 0.00 +-0.20 | < 1.0 x 107> [25]
By — ot~ 0.00 = 3.70 0.00 +0.25 | < 1.0 x 107> [79]

|

|

constrained by

LFC modes

constrained by

Blw—>ey)

Main message:
LFV quarks and lepton observables in the reach of future experiments

P. Colangelo, D. Milillo, FDF, arXiv:2506.02552
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Understanding the anomalies requires

- Control over theory uncertainty

Flavour physics may access high scales
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- Explore other modes where anomalies are expected

- Work out correlations

ABCD model:

Physics Briefing Book

Input for the European Strategy for Particle Physies Update 2020
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» large deviations have not been found in SM allowed modes

- mutual action of quark and lepton sectors

» LFV processes predicted in the reach of future experiments

- SM forbidden: smoking gun for NP

N e

I EW precision
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I direct reach
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