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Tools for the precision era: Separation of scales

® How does short-distance physics manifest at large distances (low energy)?

Classic example of scale separation: Multipole expansion in electrostatics

r>a \,l/ a a?
» ~—{Q}— + — + — +...
/T\ r r

Organized as irreducible representations of the symmetry respected at long distance, SO(3)!

1 Qi '
Vir) = - Q + —7“@ | 23 Tt + .
T T \
Short-distance physics completely encoded The rest is “IR dynamics”! (how the
into the moments! (constant coefficients) potential changes as you move around)
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Tools for the precision era: Effective field theory

® The SM effective field theory (SMEFT) is based on exactly the same concepts!

Constant coefficients containing info Dynamics given by local operators built
about the UV theory at Ayp with SM fields and respecting IR symmetries
N /
2499 Ci . >
— . v,

ZsmertT = ZLsm + 2 A2 O/x) + ... IR Effects ~ | —

i=1 ~ NP Anp
T

Heavy mass scale where new states should appear

More parameters than

z General unifying framework ndependent observables

® Dimension-6 SMEFT: 59 unique operator structures, but 2499 parameters with
3 generations. Large # parameters < flavor multiplicity

Flavor symmetries in the IR that organize these parameters!
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Flavor data and anarchy

L 2499 C
® \ast majority of SMEFT operators e’ 5 Z i 0
. 5 SMEFT i
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x C; ~ O(1) does not look at all compatible with TeV-scale physics!
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https://arxiv.org/pdf/2511.03883

Why TeV-scale new physics?

Understanding: \What is the microscopic theory of the Higgs”?

Origin of EWSB?

Thermal History of Higgs Portal
Universe to Hidden Sectors?

Naturalness Stability of Universe

Fundamental CPV and
or Composite? Baryogenesis

Is it unique? Origin of masses?

Origin of Flavor?

[Figure: Dawson, Meade, Ojalvoc, Vernieri, 2209.07510]
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https://arxiv.org/abs/2209.07510

Why TeV-scale new physics?

Understanding: \What is the microscopic theory of the Higgs”?

. Origin of EWSB?

SM nggs sector famously Thermal History of Higgs Portal
introduces an unstable scale UniggRi=o to HIGSstors?
Stability of Universe

H -eeo{ NP }reeeee H

5m2 X A2 Fundamental CPV and

H NP or Composite? Baryogenesis
-

Puts a theoretical prior

on TeV-scale physics!
Origin of Flavor?

Exploration: |t’'s the energy frontier of collider physics! LHC — FCC

1-10 TeV
[Figure: Dawson, Meade, Ojalvoc, Vernieri, 2209.07510]
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Higgs, Electroweak, and Flavor

® All involve the Higgs and its interactions with the fermions + gauge bosons.

l

ngggs_(DH)T(D”H)_YU HWR_mH|H| —/1|H| +Z—@-

/ \ W
Z+W masses Flavor non-degeneracy Higgs self coupling
GEW precision physics] (Flavor physics] (Higgs physics]

® [hree sides of the same coin...
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The BSM flavor puzzle

® How is a microscopic theory of the Higgs compatible with flavor data”?

s~
Z
3

—> TeV-scale new physics requires a very specific structure for C;

[PBB, 2511.03883]
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Radiatively-stable structure < symmetries

f

i} 1 |
e Hierarchical structure observed in the SM Yukawa couplings Y 2

[=> Approximate flavor symmetries in the SI\/I!]

< g Without Yukawas: U@B3),xU@B),XU@B); X U@B), X U@3), Flavoruniversality

® Only large breakingis y, ~ 1 —  U(2),x U(2), x U(1),x U(3)’
o Nextbreaking y,, . ~ 1072 ——  UQ2)’ x U(1)y, x U(1);

® Residual exact symmetry — U(l)px U1

Hierarchical Y9 Approximate symmetries

f of iIncreasing quality
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Radiatively-stable structure < symmetries

i} 1 |
e Hierarchical structure observed in the SM Yukawa couplings IC? 2

[;" Approximate flavor symmetries in the SI\/@

< g Without Yukawas: U@B3),xU@B),XU@B); X U@B), X U@3), Flavoruniversality

® Only large breakingis y, ~ 1 —  U(2),x U(2), x U(1),x U(3)’
o Nextbreaking y,, . ~ 1072 ——  UQ2)’ x U(1)y, x U(1);

® Residual exact symmetry — U(l)px U1

a~]

. 4 )
New physics at collider-accessible

1 ——> |energies must respect (a part) of the

approximate symmetries of the SM.
J
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Minimal Flavor Violation

® Pioneering idea: The only sources of U(3)> and CP violation for BSM physics
are the SM Yukawa couplings themselves.

Symmetry group:  U(3)’ = U@B3),x U@3), X UB); X U@3),x UQ),
Symmetry-breaking spurions: Y, ~ (3q, 3u), Y, ~ (3q, éd), Y, ~ (3, 36)

SM fermions: 3f under U(3)?

107 Europ Qate99 N > :
Wilson coefficients C; built from positive = oL ! <
' ' - 10% < g £ = I 4 T 1 g
powers of Y, that form symmetry invariants: : 9 E E - L Ii N s
| - ; ) 1000} — o L T
NP 10
BSM couplings C; now inherit
SM flavor selection rules! MEV Ayxp S 10 TeV

[G. D'Ambrosio, G.F. Giudice, G. Isidori, A. Strumia, hep-ph/0207036]
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Minimal Flavor Violation

® Shortcomings:

m |. Flavor-sterile TeV scale dynamics

Not an appropriate interpretation framework for EFT in
the era of precision flavor physics experiments!

m 2. No hint of a resolution to the SM flavor puzzle

Structure of Y]fj s simply assumed, but not explained.

m 3. EFT power counting issues since y, ~ 1*

MFV guarantees sufficient flavor protection, but it is not strictly necessary
and Is overly restrictive. [t excludes a broad class of potentially interesting
flavor phenomena that could still be compatible with TeV-scale dynamics.

["Kagan, Perez, VVolansky, Zupan, 0903.1794]
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The next step: U(2)

® Key idea: Universality in the light families passes strongest flavor bounds,
allow non-trivial third—fam”y dynamiCS, [Barbieri, Isidori, Jones-Perez, Lodone, Straub, hep-ph/0207036]

Symmetry group:  U(2)’ = U?2),xU2),XxUQ2),xU2),xUQ), 2, D1,
Symmetry-breaking spurions: V, ~ 2q , A, ~ (Zq, Zu), Ay~ (2q, Zd), A, ~ (2, 26)

ﬁ V Flavor (down) ™M Flavor (up) m EW m Collider
% — U, d q 10 -
Uu , d - |HD Yuk. Hy Dip. lq

0 Yt.b

ledq

EFT ops classified as U(2)° invariants:

TeV

1 .
~ /1 2 o
A—lz\IP(quq%) B, , mixing

o Allows Axp S 10 TeV, option to
couple more to 3rd generation:

C_IpVMC]p —> GQ(Qi}/ﬂqi) + (‘_137/4‘13) (i =
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The next step: U(2)°

® Key idea: Universality in the light families passes strongest flavor bounds,
allow non-trivial third—fam”y dynamiCS, [Barbieri, Isidori, Jones-Perez, Lodone, Straub, hep-ph/0207036]

Symmetry group:  U(2)’ = U?2),xU2),XxUQ2),xU2),xUQ), 2, D1,
Symmetry-breaking spurions: V, ~ 2q , A, ~ (Zq, Zu), Ay~ (2q, Zd), A, ~ (2, 26)

Flavor (down) M Flavor (up) ™ EW m Collider
Ayal|l Vg
Y’U,, d — 10 (HD Yuk.  Hy Dip. | {g qq 7 ledq
0 yt,b [
SH
: €loop — 1672
EFT ops classified as U(2)° invariants: o o010
e, = U.
=
| - S
——(@;Va3) B, . mixing i
Agp ’ :
2L
e Allows Ayp < 10 TeV, option to ' | I ]
NP P rl l L .| .l d
sl < = = S : 2 : 2 :S : ﬁ RS :s : s 3

couple more to 3rd generation:

4,749, = €0(q:7,9) + (q3v,93)
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The next step: U(2)

® Solves some MFV shortcomings:

i ﬂ |. Non-trivial third-family TeV scale dynamics.

The leading interpretation framework in the past
decade of b physics!

| 2. Partial resolution to the SM flavor puzzle.
Separates the 3rd family from the light from the start.
Still hierarchical eigenvalues in A unexplained!

u,d,e

3. No issues with power counting
The largest breaking is V, ~ O(V,) ~ 10~2

And perhaps still too restrictivel What 1s the most general
interpretation framework for TeV-scale BSM? And can we
find a more complete explanation of the flavor puzzle?
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Minimal Flavor Protection

What is the maximum amount TeV-scale BSM can break U(3)° while
respecting all bounds from FCNC and CP-violating observables?

® | east symmetry < largest allowed parameter space for TeV-scale new physics!

Find the minimal continuous subgroup Hyep C U(3)° where:

|, All other directions in flavor space can be maximally violated, i.e., BSM
can induce O(1) breaking of U(3)° — Hypp

2. Small spurions exist that reproduce all observed flavor parameters.

3. Structural protection against FCNC and CPV for the entire SMEFT.

[Greljo, Palavric, BAS, 2512.04159]
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https://arxiv.org/abs/2512.04159

Minimal Flavor Protection Symmetry: SU(2), X U(1)y

MFP: A novel symmetry-spurion framework for TeV-scale new physics

[Greljo, Palavric, BAS, 2512.04159]

[Figure: 2601.07921]

Ben A. Stefanek | Flavor Prospects at FCC-ee


https://arxiv.org/abs/2512.04159
https://arxiv.org/abs/2601.07921

The necessity of SU(2) g

e \Why not just a single U(1)y? Let’s try it- choose qu + qu =+ X% for no FV in
Interaction basis:

cqy,Ming M. . = diag(a, b,1)

1

e CKM guarantees that LH rotations (LML; = Vexy) 9enerate FV which is of order

( a Ab=—a) APla—b+ 1 —a)z*])
Mmass = L]wintl‘7L ~ ﬂ(b — a) b A/lz(l - b)
A2[a—b+ (1 —a)l A2(1—b) 1 )
1\292
(a = D)4 (319" S : — |la—b| 5107
A2 (2 % 10* TeV)? 10 TeV

*SU(2) , Must be a very good symmetry of any BSM below 10 TeV!

[Greljo, Palavric, BAS, 2512.04159] [Blum, Grossman, Nir, Perez, 0903.2118]
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Right-handed rotations

e Ok sowe need S U(2)q. But what about U(2), X U(2),? In general, RH rotations
are not fixed, but they cannot be smaller than chirally-suppressed |LLH ones:

X X X .
Yo~ 0 x X = 0/~ —0" (i<}))
0 0 X m,
Light mass ratios: my/m, ~5x 107 m,/m,. ~2x 1073

. (a— b2 m )

. . < — — bl <0.05
K= RS A2 S( DR X100 Tevy a=blS 10 TeV
_ (a — )2/12 ) 1

. . < — —b| < O(1
D-D: A2 mc( 1) (2 X 104 TeV)? la=b]5 OC) 10 TeV

“U(2),, 4 could be broken at 10 TeV if the Cabibbo angle comes mostly from L,,.

(Limits are weaker by a factor ~20 if the rotation is real)

[Greljo, Palavric, BAS, 2512.04159]
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Minimal Flavor Protection: Symmetry group

® What about the rest? ~ U(1), € U(1)'* c UBY

A single linear combination of the remaining Cartan generators is enough!

® Our ansatz for the minimal continuous symmetry is therefore:

HMFP — SU(Z)q X U(I)X Fermion fields
QF =2, cLFV — Xf1 =+ X) 3flf/'q — 29'3q D 15’"613 )
—~ 2 (3 2 /T 1N = 337]‘ — 137]"1 D 1"Bf2 D 1xf3

/1 N\
5 ) 5 (L1ly),(€1€7)

k Forbidden in SMEFT interaction basis J

[Greljo, Palavric, BAS, 2512.04159]
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Minimal Flavor Protection: Lepton Yukawas

® Start with lepton Yukawas, which require just a single spurion:

® Forz ~ 2 X 1072, we get a Froggatt-Nielsen like solution for lepton Yukawas

3
yizw 0 0 Off-diagonals and cLFV forbidden if:
Ye — 0 yzezz 0
0 0 3z

(X;—X)mod X, #0 Vi#]

® \What about neutrinos? In general, we would also imprint hierarchies there

zNiJ‘ _ Weinberg operator forbidden if:

361':5 — Cl] A llcl]HH

(X;+X) mod X, #0 Vi,;

[Greljo, Palavric, BAS, 2512.04159]
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Minimal Flavor Protection: Quark Yukawas

e Quark Yukawas arise essentially as hybrid between U(2) and Froggatt-Nielson:

U(l)y
/ l \ FN-like hierarchy

— right-handed

U(2)-like

hierarchy
SU2),
— Ieft—handed\

X Cannot be populated if Y, 4 arise from SU(2) -doublet spurions

[Greljo, Palavri¢, BAS, 2512.04159]
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Minimal Flavor Protection: Quark Yukawas

e [he quark Yukawas require a minimum of three SU(2)q—doubIet Spurions:
SUQ2), spurions: 'V ~ (2,X,)) W~ (2,Xy), U~ 2,Xy)

Quarks di, u1 do U2 ds d3, us

U(l)X charge — Xy —=2X, | Xv+X.|—Xw| X, — Xy |2X, — Xy

® \Vith these charges, the up and down Yukawas have the following texture:

(V22 W 0 (V22 Vz* Uz
=00 = ()

~

V = iUzV*
[Greljo, Palavric, BAS, 2512.04159]
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Minimal Flavor Protection: Quark Yukawas

(V22 W 0 (V22 Vz* Uz
(WY e ()

e Without loss of generality, we can choose a basis where;

. : i
z:z,V:v(l),W:w<Sma>,U:u(smﬁe )
0 COS cos 3

12 down alignment tana~ V IV tan e’ ~ V*/V*

us' vcs td s

All mass hierarchies explained for v, w, u, z ~ O(1072) ]

I | hierarchical SM parameters traded for 4 of the same order!
Towards a solution to the SM flavor puzzle. ..

[Greljo, Palavric, BAS, 2512.04159]
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{XV, Xw, Xu, Xz} — {17 -2, -3, 7})

Flavor violation in MFP (X1, X, X} = {-2, -3, -1}

® SMEFT now admits a series expansion in small spurions S =V, W, U, 7
about the MFP-symmetric point:

1
Lomerr = 15 2 SO + 51O + 520 + - |

Hnrp
1065_ AF =2 ) AF =1 cLFV cEDM w Anarchy _f
m SU(2), x U(1)x :
0 = MFV .
10 -
= - O(1) Flavor-charged E
é 10005_ Currents E
j5 N ]
< 100 -
;

(Caghzrz [Coalizz [Coulrznz [Cadlizrz [Cunlrzrz [Canlas [Coclan [C) Nissz [Credghion [CfP 112 [Cuelion [Coclinz [Cerlas [Coniz [Cucln [Cerlin [Cf) 11135 [Culsion [Cualszas [Ceuliias

qu.

MFP allows for rich flavor dynamics: “TeV-scale flavor anarchy'’

[Greljo, Palavric, BAS, 2512.04159]
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{XV, XW: XU, Xz} — {17 _2) _33 7}3
Flavor-charged currents (X, Xy, Xo} = {2, -8, -1}
® SMEFT now admits a series expansion in small spurions about the MFP-

symmetric point:

We call these flavor-

1 - _
Flavor violation possible at O(SY), e.g: A—2(137/M12)(d2}’” ds) charged currents!

eff
L6 AF =2 ) AF =1 cLFV w Anarchy
mSU(2), 3 U()x
10° m MEV
\4

O(1) Flavor-charged
Currents

)—\
S
=~
T IIIIIIII T IIIIIIII T IIIIIIII T IIIIIIII T IIIIIIII TT

T IIIIIIII T IIIIIIII

[Coghiziz [Coali212 [Couli212 [Caaliziz [CuuJiziz [Can)2z [Cuelasze [C;l;)]n‘lg [Credagli221 [Cl((;r)]nzg [Cieizin [Coeiiiz [Cerlas [Coriz [Cuclit [Coy]un [Céz;u]ugg [Cll]312 Ceu)3123

MFP provides new targets for LHCb/Belle Il, but also ATLAS/CMS!

[Greljo, Palavric, BAS, 2512.04159]

Ben A. Stefanek | Flavor Prospects at FCC-ee


https://arxiv.org/abs/2512.04159

Flavor-universality violation ol
U

3 >2,01¢

5
U(3) number of O(1) couplings
3; %

Dimension-6 SMEFT (AB = 0)
Operator basis w/ exact symmetry: O(S°)

Operator class| U(3)° | U(2)° |SU(2), x U(1)x
CP even odd |even odd even odd
Bosonic 9 6,9 6] 9 6 Large reduction of
Y H? - -3 3| 1 1 O(1) parameters!
V:XH - - |8 8 3 3
W2H2D 7 - |15 1| 20 1 2499 —» < 200
(LL)(LL) 8 - 123 - | 32 1
(RR)(RR) | 9 - |29 - | 6l 1 MFP: More flavor-
(LL)(RR) | 8 - |32 -| 58 : universality violation
(LR)(RL) | - - 1 ! ! possible than in MFV
(LR)(LR) | - - | 4 4| - i and U2
Total 41 6 [124 23| 185 15

[Greljo, Palavric, BAS, 2512.04159]
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Flavor-universality violation in MFP

e Start from the Cartan group, U(l)ls Operator class U(1)'®
CP even odd
15 _ 3 3 3 B i 9 6
U = U] x U1 x U3 x U1} x U1 osonte |9
W2 X H - -
® Under this group, fermion number cannot change, W2H2D 21 -
chirality cannot flip. Counts self-conjugate operators. VL)L) = =
- (RR)(RR) 60 —
(LL)(RR) 72 -
HS and H*D? (I_/R)(RL) _ _
Qu (H'H)? 207 CP even (8% of SMEFT) (LR)(LR) - -
Quo | (HTH)O(H'H) / l Total 207 6
QuD |H'D, H|?
V2H2D X2H? and X3 (LL)(LL) (RR)(RR) (LL)(RR)
Qg% (HT?:B# H)( ’7'u£)pp QHG HTH GﬁVGAuV Qe (K'Yu )(E'Y”g)g%’:; Qee (é’Yue)(_'Yue)pprr Qe (E'Yug)(é'}’#e)pprr
ng ( HT,;B:{ H)(erly" ), | Quw HHWI,Wiw @ (@ ) (@ Qeerr | Quu (@yuu) (@ u)pprr Qeu (L) (@Y w) pprr
“— (3) ! 7' q)pprr I Iy#d)pprr 2 rr
Que | (H'iDy H)(EY"e)pp QuB H'H B,, B*" Zf) L q) pry | @ (dud) ey d)prrp Qu (E,0)(d*d)p
hg 2 u “q) pprr eu epe) (WY uw)pprr ge 07.9) (€Y €)pprr
Qgé (HYiD, B @)y | Quws | HITHWL B Qg) _( 71 £)(a7"q)p Q (_7 )( _7 ) Q(l) (i] Yuq)(EY"e)

(3) T'HI ABC A rBp Clt Qeq (byur O) (g r! Dpprr | Qed (evue)(dy"d)pprr qu (@Vuq) (@y"w) pprr
Qy | (H zD£H)( Y | Qe | fAPCGIGIPGy QW | (ayuu)(dy d)pprr W | (@0TA9) @y T4%) pprr
Quu | (HUD H) @ | Qw | W LWW, Q%) | @I @ TADrr | QY | @)@ )y
Qua | (H'iD, H)(dv"*d)pp QS | (@ TA9) (v T4 d)pprr
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Flavor-universality violation in MFP

® But if we want the top Yukawa unsuppressed, we should break

Ul), xUQ), = Ul)g,, =U),, = UDLP —=UDH"

Operator class U(1)'° U(1)4 J2H3 and Y2 X H
CP even odd | even odd —
Bosonic 9 6 9 6 3?}{ (HTH) (gsusH)
271713 _ . _ ry
v H ! ! 5B | (@30 usH)By,
yXH } - & & 33 I, il
Y2 H2D o0 - | 21 - aw | (BT usH)W,,
(LL)(LL) G Q% | (Go" TAus H)GE,
(RR)(RR) 60 - | 60 -
(LL)(RR) o |
%g)(f}? : - : : e Only 4 new operators- top dipoles
(LR)(LE) _ _ _ _ and Yukawa modification. FUV.
Total 207 6 211 10

® [he leading irreducible chiral
flibping + non-hermitian operators.
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Flavor-universality violation in MFP
e Now let's add SU(2),, to the picture: ¢ = (g, qz)T.

SU(2), invariance requires:  U(1), x U(1), = U(l), = UML) — U)"

Operator class U((1)1° U(1)4 SU(2), x U(1)*?
CP even odd | even odd | even odd
Bosonic ) 0 ) 0 ) 6 o SU(2), correlates the
W2H?3 - - 1 1 1 1 1
PXH - - 5 5 5 3 WCs of operators w/
W2 HD 51 B 91 N 19 N LH light quarks.
(LL)(LL) b - 4 - 3l - e Same operator classes,
(RR)(RR) 66 - | 60 - | 60 - just less parameters.
(LL)(RR) 72 - | 72— | 57 -
(LR)(RL) ~ - - ~ ~ ~ e No change of phases,
(LR)(LR) T -
Total 207 6 | 211 10 | 180 10

C{(H'D,H)(G,y"q,) + Co(H'D,H)(Gr"q,) + C3(H'D,H)(g37"q3) = C1,(H'D,H)(g;y"q;) + C3(H'D,H)(G37"q3)
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Flavor-universality violation in MFP

e The breaking U(1)"> — U(1)y lands on MFP, thus SU(2),, x U(1)"> counts
the charge-invariant MFP operators! They violate universality but not flavor.

® [he difference counts charge-dependent operators, which are necessarily
non-Hermitian. Can violate both flavor and universality!

Operator class

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

SU(2), x U(1)x

CP even odd even odd
Bosonic 9 6 9 6
Y2 H3 1 1 1 1
VX H 3 3 3 3
Y2 H?D 19 — 20 1
(LL)(LL) 31 - 32 1
(RR)(RR) 60 - 61 1
(LL)(RR) 57 = 58 1
(LR)(RL) - - 1 1
(LR)(LR) - - - -
Total 180 10 185 15

[Greljo, Palavric, BAS, 2512.04159]
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Flavor-universality violation in MFP

e The breaking U(1)® — U(1)y lands on MFR, thus SU(2),, X U(1)'3 counts
the charge-invariant MFP operators! They violate universality but not flavor.

® The difference counts charge-dependent operators, which are necessarily
non-Hermitian. Can violate both flavor and universality!

Operator class | SU(2), x U(1)*® | SU(2), x U(1)x
CP even odd even odd
Bosonic 9 6 9 6
Y2 H3 1 1 1 1
V2 XH 3 3 3 3 3 flavor-charged currents
(QHudli1 «—  2H2D 19 - 20 1 s e
(LL)(LL) 31 - 32 1 B K
(RR)(RR) 60 - 61 1 —
(LL)(RR) 57 = 58 1
(Qredq)3333 «— (LR)(RL) - - 1 1 ]
(LR)(LR) — — — — Culz121 [Cralz22s [Ceu)3i2s
Total 180 10 185 15

[Greljo, Palavric, BAS, 2512.04159]
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Irreducible interactions for TeV-scale BSM

® 180 CP-even, charge-independent MFP operators are special because i) they
can be O(1) at the TeV scale and ii) they cannot be set to zero by symmetry.

EWPOs 2H? and Y2 X H
H® and H*D? a3 -
R Higgs physics Quir | (D@l
H'H / / ~
Qu |  (H'H) 995 Py Q% | (@0 usi)B
Quo | (H'H)O(H'H) , , 33 et Ly YW
R Flavor (non-universality) w | (o usHIW,,
Qup | |H'D.H| 3| (@o"TAusH)GA,
V2H?D X2H? and X3 (LL)(LL) (RR)(RR) (LL)(RR)
QS% (HTZBM H) (E'Y#E)pp Quc HYH GﬁlyGAw/ Que (K'Yu )(Efyﬂg)gfq’:; Qee (é'Yue)(_’Yﬂe)pprr Qre (E'Y E)(é'}’“e)pprr
Q¥ | ( HHBZ{ H)(eriy ),y | Quw HHWI,Wiw & @ W)@ Qe | Quu | (@pu)(@rFukperr | Qe (90) (@y" 1) pprr
Qme | ( HTz'Bu H)(ev"e)pp | Qup HH B, B* & | @)@yt QJpprr | Qad (d,d) (dy*d)pprr Qud (£7u8) (d7"d)pprr
(1) _ _
oD, | B, maray | Quws | HrEWhEw || %0 OO D |G| D@ Q| @0
(3) .- ABC Ay Bp O Quq Lyt O (@1 Q)pprr | Qed (evue)(dy"d)pprr qu (@Vuq) (@y"u) pprr
. w v —
Qy | (H zD{i H)( @'y | Qa | fAPCGL"G) G QW | (@yuu) @y d)pprr & | (@TA9) @y T4%) pprr
: LIK vy ey K _
s (HTZ%‘ H)(@ w)p | Qw | W WIIW, QW | @A) (@ TADprr | Qy | (@1u0)( A7 d)pprr
Qnua | (H'%Dy H)(dy*d)pp Qud | (@uT*D) (T d)pprr

[Greljo, Palavri¢, BAS, work in progress]
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Why is this important for collider physics?

® [hese irreducible interactions are self-conjugate, just like tree-level neutral currents
in the SM. They can interfere with SM neutral-current processes: Z-pole, DY, etc.

Non-resonant LHC physics Z-pole physics
‘ Wsm e’ Wsm
/
NP NP
‘ 3y e Wm
PP — Ysm¥sm ete” = YsvWsm

| | = | gy + dypl” = | Ay | + 2Re(L sy %) + | A yp |

[Greljo, Palavri¢, BAS, work in progress]
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Flavor prospects at FCC-ee
(talk starts now)
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FCC is the flagship for BSM exploration

® \Wide agreement: An ete™ Higgs factory is the highest priority future collider.

Hi ggS  Zh@240GeV: 10° I's

Flavor

/

Tera-Z program: 101 Z's

® FCC-ee is not only a Higgs factory, but also an electroweak and flavor factory!
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Flavor non-
universality at FCC-ee
(aka, EW precision)
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Tera-Z factory brings novel precision challenges .M.

» 50 2
Stat precision: == ~ 10 % — A~ 100 TeV (Loops: 10 TeV)

50/0 ~ 10~ 1072 1070
Scenario S1 Scenario S2 Scenario S3

Observable TH PO+TH agg.+EXP (10™°)|TH agg.+EXP (10~°) |[EXP Only (10~°)
Tz 1.55 0.820 0.510
Ohad 4.33 2.06 1.93
R. 2.21 1.05 0.410
R, 2.20 1.02 0.330
R, 2.20 1.03 0.350
Ry 20.1 1.63 0.180
R. 100 1.19 0.260
A%y 126 25.7 25.2
ALy 125 21.1 20.6

. 126 23.3 22.8
Abg 87.8 6.42 5.50

B 89.1 10.2 9.62
Asp 88.2 10.7 10.2
sin® Oy 6.87 0.780 0.730
A, 87.9 9.78 9.20
A, 90.1 22.1 21.8
A, 90.5 23.4 23.2
Ap 11.7 10.5 10.5
A, 16.9 9.00 8.99
A, 14.2 13.2 13.2
M 0.490 0.320 0.300
T'w 16.1 16.1 16.1

[Greljo, BAS, Valenti, 2507.03073] [FCC-ee FSR, 2505.00272] [EW PPG EWPQO TH Discussion]
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Tera-Z at Tree Level (S1)

[Allwicher, Cornella, Isidori, BAS, 2311.00020]

@ Here are the Wilson coefficients entering the Z-pole at tree level in the U(2) limit.
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Loops at Tera-Z (S1)

[Allwicher, Cornella, Isidori, BAS, 2311.00020]

® Jop loops bring 10 TeV+ sensitivity, due to large RGE effects with top Yukawa
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Loops at Tera-Z (S1)

[Allwicher, Cornella, Isidori, BAS, 2311.00020]

® Jop loops bring 10 TeV+ sensitivity, due to large RGE effects with top Yukawa
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EW precision observables beyond 1-loop

® Can combine 1-loop fixed-order predictions with the 2-loop RGE to improve
EWPQOs to next-to-leading logarithmic accuracy. All ops 2 1 TeV even for S1.

77’99 /eve/ ¢2H3 and ¢2XH
HY and H*D? ~
f )3 [ eading-log effect ) Sl
H'H - ~
Qu | (H'H) g-09 Q% | (o™ usH) B
Quo | (H'H)O(H'H) , 33 e Ly YW1
o Next-to-leading log effect w | (o usHIW,,
Qup | |H'D,H| 3, | (@0 TAusH)G4,
V2H?D X2H? and X3 (LL)(LL) (RR)(RR) (LL)(RR)
ng (HT’&B# H) (Ef)’“e)pp QHG HTH GﬁlyGAw/ Qu (K'Yu )(Efyﬂg)gfq’:; Qee (é'Yue)(_’Yﬂe)pprr Qe (E'Y E)(é'}’“e)pprr
Q¥ | ( HTZBJ H)(er!v"0),, | Quw HHWI,Wiw & @ W)@ Qe | Quu | (@pu)(@rFukperr | Qe (90) (@y" 1) pprr
Qm. | (HTi 5 H)(e7"e) Ons HIHB. B & | @yr ‘9@ ' Qpprr | Qua (d,d) (dy*d)pprr Qud (£7u8) (d7"d)pprr
e p pp pv
Q(l) (HTZB H)(gy"q) Q Hi-IHWI B Qg;) (£7.0) (@7 9) pprr Qeu (evu€) (@Y u)pprr Qqe (@v.9) (E7"€)pprr
o WY ) SHWE - A | Enr D@ T D | Qut | (Ev)drd) W @@
® | (HtiDI H)(grly"q) Q FABC v G BP Ch g | TSRV Gpprr | Ked THERET Sy o DI s
Qsig w MY e | RG uov e QW | @)@ dhpprr | QR | @0TAD) @ T 4wy
R R - | Qui | @RI u)( T Ad)pprr | Qo | (@) (@ Dy
QHua (HTZDM H)(‘Z’Y”d)pp Q((fi) (q'yNTA )(d’Y“TAd)pprr
[Haisch, BAS, to appear] [2-loop RGE: Born, Fuentes-Martin, Thomsen 2601.19974]
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Flavor-changing
processes at FCC-ee

*Universality violation typically implies flavor
violation in the mass basis

Ben A. Stefanek | Flavor Prospects at FCC-ee



Roadmap for flavor-changing transitions

® Summary: Major improvements @ FCC-ee for tau physics + neutrino modes.

Flavour Transition type
Transition Y quarks U e T vV
X - b— syl | Rys(e/n)[*] | b—sTt|] -
S b— sy[*] | By <> B[] Doy R, (e/w)]o] | b— ctv e b—svv|e]
» 5 b—dppl+] | Ry(e/p) || | b—dTt[ .
3,1y || b—=dy[*] | By By[*] PR R, (/i) [o] | b—> utv[o b—dvv|s]
5 ) coufip | Ry(e/p)[]
P 1‘1 c—uy D~ D[x] | c—>siv R (/) ]o] c—>uvv|e|
a c—>dipv | Ryle/u)le
3 2 | TouYl] | Topgql] | Toppp]] | T péel] T— UVV[]
£71, T—eyl?] | Toeqql] | Toepul] | T eee|] T—evV|]
[¥] = major progress @ HL-LHC, limited impact of e "¢ colliders
[¢] = major progress @ HL-LHC & Belle II + significant further progress @ FCC-ee
[+] = FCC-ee allows one order of magnitude precision improvement, or more, after HL-LHC & Belle II
SU(2), expected MFP enhanced < UQR),

[ESPPU ’26: Physics Briefing Book, 2511.03883]
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Flavor-changing transitions: 3q — 2q,1q

Observable Transition Current Pre-FCC C—P FCC-ee P—F
AF = 2 (mixing)

AMp, /AMZ"  bérs (AF=2) 7.6% 3.3% 2.3% 1.5% 2.2 X
AMBd/AM%;/I brd (AF=2) 13% 3.7% 3.5 1.9% 1.9%

17

B(Bs — pp) b— sup 9% 1.6% 5.6 X 5% 0.3x (worse)
B(B° — pup) b— dup <1.6 SM 11% Ist meas. 12% 0.9x (worse)
T

B(B — KT71) b— sTT <1.1 x 10*SM <1900 SM 5.6 60% 1600 x
BB — K*t1) b—sTT <1.3x 10*SM <4000 SM 3.2 60% 3300 x
B(Bs — 77) b— sTT <4600 SM <540 SM 8.5 X% 190% 140 x

17

B(B — Kvp) b — svv 31% 14% 2.2X 1% 14 x
B(B — K*vv) b — svv <1.2SM 15% Ist meas. 1% 15x%

7v (charged current)

Rp b— crtv 7.6% 3.0% 2.5 % 0.3% 10x
Rp+ b— cTtv 4.2% 1.8% 2.3 % 0.3% 6 X
R(Dy) b— cTtv — — — 0.3% Ist meas.
R(DY) b— cTv — - — 0.3% Ist meas.
B(B. — Tv) b— crv <15SM - — 1.6% 1st meas.

[PBB, 2511.03883, Bordone, Cornella, Davighi 2503.22635,
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Flavor-changing transitions: 3, — 2,1,and 2, — 1,

Observable Transition Current Pre-FCC C—P FCC-ee P—F
2q — 1q (charm, ¢ — u)

Apo1(Ac — pup) c — upl — — — 1% 1st meas.
B(D° — nrvi) c — uvy <2 x 1074 — — <2x10~7 103 x
3¢ — 2¢,1¢ (7-LFV)

B(t — uy) T — uy <42 %1078 <8x107? 5 X <107? 8 X
B(t — pup) T — ppp <2.1x107% <3.7x107? 57x <1.5x107H 250 %
B(t — eee, pee,eup) T — 3¢ <3 x107°% <4 x 1077 5 X <1.5x 10711 250 %
3¢ — 2¢,1¢ (7-LFU)

19+ /9. T — UVv 0.14% - — 0.01% 14 x
19+ /ge| T — evv 0.14% - — 0.01% 14 x

Progress in charm physics at FCC-ee via AC = 1 null tests

¢ = uvp (D°=TMW) and ¢ — ull (A\c=pLl) - interesting for MFP because UE2),,

u
* Using the /\c polarization, both are essentially null tests in the SM (strong GIM supp.)
* BSM: Up to 5% polarization in muons, 14% in electrons compatible with other constraints
* FCC-ee lera-Z program can measure ~ | % polarization.

[Di Canto, Hacheney, Hiller, Mitzel, Monteil, Réhrig, Suelmann 2509.10447]
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Electroweak/flavor complementarity

® EFT benchmark: NP coupled dominantly to the 3rd family (described by U(2))

100_ ( rent )s ee |
. [PBB, 2511.03883] o (o) T
i ‘ ) Flavour (up) — e NN
50+ § Eurqpegn Strategy Electroweak N E X
L High-E(Y, HQ) [ N
10+ .
5 N
© AR I \ \
05t AN [ 1 & S T P
(1) (3) (1) (3) (1) (3) (1) (3)
CH 14 CH 14 CH q C Cﬁq Cﬁ q CC] q CC] q CM
EW 717 (tree) Zbb (tree) Zt7 (loop) Zbb (loop) Z7r7 (loop)
Flavor 7-LFU B, — up / B —> KOup B—mlxmg —
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Connection with current
flavor anomalies
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b —> CTL Anoma"es [BFA Santiago ’26- thanks to Martin Novoa + Copilot]

*If we kick out the in the room (for illustrative purposes only)

}

Combined x? Fit — Without BaBar® & BaBar”

0.40

0.4 ) I ) ) ) ) I ) L) L) I L) T T T I T T

~ !
* - I 7 @
R(D*) = 0.2752 + 0.0107 LHCb
@/ A 68% CL contours - R(D) = 0.3498 + 0.0244
- - p=—0.332
A B CKM2025 Belle® i ¥2/ndf = 10.59/12, p = 56.4% Belles
‘ ‘ elle
035+ —_ 0.35 Belle II”
R LHCb® -
— )\ J = - Belle?
B b / -
le©
03 \ Belle ( \ \ >< — 0.30 1 \ éel \ \ \)H b
C A | g Cb
| | &
-  LHCb" i
E : AN
-+ HELAY SM Prodiction Belle II* - LAY S Belle II°
02 R(D*) = 0.254 = 0.005 R(D) = 0.358 = 0.024, — 0.20 | ## R(D") = 0,254+ 0005
- R(D*) =0.281+0.011. . R(D) = 0296 + 0.004
4 L-QCD FLAG24 (Nf=2+1 for R(D*)) 0374 total FLAG24 Ny=2+1 “HFLAV S\ 2.01
B R(D) = 0.2938 = 0.0054 p=u. - #  R(D*) =0.258 +£0.005 FLAG24 N =211+ 2680
— R(D¥) = 0.2582 + 0.0051 P(*) =27% - R(D) = 0.204 % 0.005 , fEeT
L I L L L L L L L L I L L L L L L L " " . . . . . .
02 03 04 05 0.20 0.25 0.30 0.35 0.40 0.45 0.50 0.55
R(D) R(D)

In either case, current error on the averages: Ry ~ 7% , Rp« ~ 4 %

Tension: 3.8¢ Tension: 2.96
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b — ctr Anomalies

® [For more:
Run 2 Run 3 Run4 Run 5 Run 6 — T T N
3 18; — R(X) (had FEI lep 7)
16 R(r) (had FEI)
———TR(D}-(had-EEL;lep-7)
14; ---- R(D) (SL FEI, lep 7)
12:\ R(D*) (had FEI, lep 7)
~ —=—- R(D*) (SL FEI, lep 7)

s R(D*) (had FEIL had 7)

N

Total uncertainty [%]
Total uncertainty [%]
—
o

(\;(O @ N o 9
Data sample in ab™!

For fun, let’s assume central values stay but errors reduced by a factor
~1.5: Rpy around 4.5%, Rp: around 2.5%

HFLAYV ’25 tension w/ SM — 5.5¢

HFLAYV ’25 tension w/ SM (no BaBar) — 4.3¢

Ben A. Stefanek | Flavor Prospects at FCC-ee




Electroweak/flavor complementarity

® Gray region preferred by current flavor anomalies. In case of discovery, flavor and
EW observables can be combined to “fingerprint” the structure of NF.

0.025F . 0.025} ,
FCC-ee [10] : FCC-ee [10] :
(i [ \ B(B — Kuvi i/ \
Bl 55> Kvp) European Strategy B 5 vP) - European,Strategy
0.02} RU/M(b — crir) 0.02¢ RU/M (b — cT)
B(t — pvv) NZ — vv)
B(B — K77) A (Z)
0.015 e 0.015+\
%3* 0.01} ' | =g oo -
~ ffr": > 4
0.005 | ‘ 0.005} o/
0.F o [ Global fit [Current/ 2040s/ FCC-(}(‘]\ 0.F | * SM Global fit [Current/ 2040s/ FCC-ee]
SM 95.0% CL: S 95.0% CL: e
99.8% CL: em==s 99.8% CL: sorrs
—0.005} \ 5 ) —0.005f, . - . . . .
_9 1 0 1 9 3 4 5 —0.005 0. 0.005 0.01 0.015 0.02 0.025
(1)
3 C ta
. . . Vi ‘/td
g controls size of U(2) sbreaking effects: g3 = q3 — €V q; Vo= .
ts

[Allwicher, Isidori, Pesut, 2503.17019]
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U, leptoquark for R+ gives b — s77 transitions

@ Best single mediator explanation for Ry is Uy ~ (3,1,2/3)

TLR LR
U, U
vr SUQR), = 7
b — ctv b — stT
® Since b — ST is a FCNC, it is a 1-loop B . d_fk®
process in the SM. We therefore expect A a
| b\ W_/5s
a huge NP enhancement in b — s77! A
! £t
BB - KV77) ~ 16722D2" Z,y
BB — KO r1)opm R3M
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U, connects R+ to b — s77 observables

e \We have tree-level effects in b — s77 connected to the size of Ry

B(Bs — 7777 )gm = (7.734£0.49) x 10°7 B(BT — K777 )gm = (1.22 £0.10) x 1077

0 2 33—
- LHCDH (3fb~1) /”/ L Belle IT (365fb 1) /

LHCD (300 fb™!) 1

Belle II (50 ab™")

FCC-ee (Tera-2) FCC-ee (Tera-2)

f Cip =0 f i Cip =0
_ 0Cs,=—C5; || . OCir=—-Cip
10—t 10—
sy 0.05 0.10 0.15 0.20 0.25 gy 005 0.10 0.15 0.20 0.25
ORp ORp

HFLAV ’25 updated 90% CL region preferred by low-energy b — c7v data
[J. Aebischer, G. Isidori, M. Pesut, BAS, F. Wilsch, 2210.13422]
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Important 1-loop effects: B — K')uv (4321 Model)

HFLAV ’25 updated 90% CL region
preferred by low-energy b — c7v data

® Some (important) effects appear only at
one loop. For U, requires UV modell

2.0—

1.8l

=
N
~
I
~
*
S % < 16 _
0.497 ‘b;%l ‘1.3\\{81 age CQ
: : — — Belle II (362 fb!, combined) ~—— i — 1 .50
: 2.3+0.7 This analysis m 1 4
o i Eil}f ITIMS?EEH{})", hadronic) > : I
: o— Belle IT (362 fb™!, inclusive) [N | i
| 2.7+0.7 This analysis A
I o Belle II (63 fb'!, inclusive) — - .
E : 1.9+ 1.5 PRL127, 181802 \9_6/ 1 2
: e Belle (711 fb'!; semileptonic) & . 7
' 1 1.0+£0.6 PRD96, 091101 i i
: ° Belle (711 fb'!, hadronic) )
E 29+1.6 PRDS87, 111103 o — -
_,.. i BABAR (418 fb'!} semileptonic) T Belle II (50 ab )
E 1 0.24+0.8 PRDS82, 112002 m
: I 1 : e =
I e o 10 =911
0 2 4 6 8 10 _ FCC-ee (Tera-2) OC,=—-C5; | -
10° x Br(BT—K * vi) ] R L
. 0.8 T T T T S S S S N S S T S I S S S EE S S S
[Belle Il Collaboration, 2311.14647] 0.00 0.05 0.10 0.15 0.20 0.25

ORp-
[Fuentes-Martin, Isidori, Kénig, Selimovic, 2009.11296]
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Conclusions

® [he era of precision BSM physics has already begun. The next 20
years will see a broad precision program culminating with FCC.

® FHavor data tells us that NP at the TeV scale has to be organized
according to approximate global symmetries in the IR. However, MFP
tells us that a large amount of flavor violation is still possible!

® \We should stop thinking of EW+flavor as separate datasets. EVV tests
flavor non-universality (how does the Z couple to each generation),
which typically implies flavor-changing processes in the mass basis.

e Combining the two (also Higgs) allows for broad coverage (and
fingerprinting) of the symmetry-allowed operators up to 10 TeV. If NP
s out there, my view Is that this program is the best to find It.
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Backup
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New physics in b — c7v transitions

— SM

® \We need ~10% of a tree-level SM process due to NP. Heavy NP should
therefore also be tree-level to compete. Consider Fermi-like LH NP:

SM process

Heavy new physics

b; L i
‘Q[NP ~
C X U Axe
L L

® [he charged current B-anomalies are calling for a low NP scale!

s VeNip

Ben A. Stefanek | Flavor Prospects at FCC-ee

= Axp ™

012\ 2
z3.6TeV< : >

Ry

1

*Low NP scale for CC anomaly drives connection to high-py !



What kind of new particles could we have?

b; L
‘L v /
L

St T S 74

® [HNP = b — stz(vv) couplings. LQ’s have two important advantages

LQO
AF =72 : b Cowy "
= 2. B B, VS B, >vv<BS
A A
A) LQ A)

Direct searches: t-channel versus resonant s-channel production
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b — ctv Anomalies: Shopping for leptoquarks

@ Focus here on two possible options: U, vector LQ and §; scalar LQ.

(33 : 123
LQy LQq
vy : 73
SU2), = (73 12
U, ~ (3,1,2/3) S, ~ (3,1,1/3)
® \/ector LQ ® Scalar LQ
® Treelevel: b - ctv+ b — stt ® Treelevel: b = ctv+ b — sv_u,

b, L b, 23 b, b VL
SUQ), SUQ),
G ¢ 2 X
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Simplified model for U, leptoquark Uy ~ (3,1,2/3)

g -
Z5 \/% U [(qu/g) F B (@ L) + (bR}/MTR)] +h.c.

bt
Integra[é(dgtibaeéklrh@ ?\%‘é 2M2

* RUNNING to EW SCALE + MATCHING *

2
Lvsers = ———=Vep [(1 + CEL) (cLyubr)(Trytvr) —2CL g (€Lbr)(Tr VL)]

U2
bL TL bR TR
Contact interaction: X X
CL vp CL vp
) c g(2]v2 VCS ST c bt* e
Low-energy WC'’s <> Model parameters: Crp = Y 1+ v P Cir=Pr CpL
U cb
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Universality violation implies flavor violation

® Suppose new physics is flavor conserving but non-universal in the interaction basis

cfy Min S M;,, = diag(a, b,1)
_i )
( a (b—a)0,, (a—b)0,0y+ (1 —a)e 0,
Mmass ~ (b - a)‘912 b (1 - b)623
(@ =D)0)y0,5 + (1 = a)e®0)5 (1 = D)oy 1 )

e Even in the U(2),limit (a = b), FCNC effects expected in 3 — 2,1 transitions.

e MFP breaks U(2) for all fields except g- in this case, 6, is physical and leads to

enhanced 2f — lftransitions.

, u mu —4
If Cabibbo angle from up sector: 0% & —A4 & 5% 10

m
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UV Model: New flavor non-universal gauge interactions

Based on “4321” gauge symmetry:
U(l)y
(€2 315) ~ O(TeV) ;7
SU4), x SU3),; x SUQ2); x U(1),, 5 > SUB).xSUQ), x U1y +U,,G,Z
|
SU®3) Third-family quark-lepton unification at the TeV scale: [Greljo, BAS, 1802.04274]
3 3 3
ar + UR = dp
¢LN(3> wR”(:&) wRN<3
ly VR €Rr
° charged under SU(4), Leptons as the fourth “color”
—> Direct NP couplings (L+R) [Pati, Salam, Phys. Rev. D10 (1974) 275] 1]
(only 7 years after the SM was proposed) q’;’R
e Light families under 321 (SM-like) 4321 models Vg = ‘II;R
[di Luzio, Greljo, Nardecchia 1708.08450 LR
® Accidental approximate U(2)5 flavor Bordone, Cornella, Fuentes-Martin, Isidori
o 1712.01368, 1805.09328; .
symmetry: ¢ = ( ¥1 ¥2/1s) Grelio, BAS, 1802.04274:

® Good Starting point for CKM Cornella, Fuentes-Martin, Isidori 1903.11517]
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Minimal Flavor Protection: Neutrinos

Ci -
® Selection rules on the Weinberg operator: ;'\J szj HH

® ¢, never populated by z when: (X; + X)) mod X, #0 Vi,

e But, SU(2)q doublets can populate ¢;; at O(s?).

|Xz -+ X]| — HaTb] or aTNH \v’z’] : Bench;nark charges:3

C;;~ S7,0nly cy, ~ 8

a'b or a'd, with a,b € {V.W. U} and a # b /

e Sinceall s = v,w,u,z ~ 1072, neutrino anarchy is predicted! /

e Large PMNS! Also, A ~ O(10'1) GeV from m,,

(30 T o
e ~1X+X|~|5 6 4| [la'¥orab]] €{1.2345]
3 4 2 All 0(107?)

[Greljo, Palavric, BAS, 2512.04159]
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Connecting b — ctrvand b — suv
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BT - KTui measurement from Belle Il

® Beclle Il has updated the measurement of B(B+ — K*vv) with 362/fb of

data. For details of the analysis:

*)
Average y HB(B — K )VV)
0497 +0.037, L3201 Y = p—
: N . Belle T (362 fb'L, combined) BBt = KOvi)gy
: 2.3+£0.7 This analysis
o Belle IT (362 fb!, hadronic)
: 1.1+ 1.1 This analysis
1 _ . . .
| —o— Belle II (362 fb", inclusive) Belle Il (362/fb combined):
! ysis
L A Belle IT (63 fb!, inclusive
: - L9+ 15 Pm<,127. 181802 ) RIU<+ = 46 =+ 14
e Belle (711 fb'l, semileptonic)
I 1.04+£0.6 PRDY6, 091101
| ) :
; o Belle (711 b, hadronic) Average of measurements:
. | 2941.6 PRDS87, 111103
gl I BABAR (418 fb'l, semileptonic
: 0.24£0.8 PRD8<2, 112002 P ) RIV("" =26=+0.8
: 0 BABAR (429 fb!, hadronic)
. | 1.5+1.3 PRDS87, 112005
I 1 I 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1
0 2 4 6 8 10

Belle || combination is 2.60
above the SM, while the

[Belle Il Collaboration, 2311.14647] average is 20 above.

10°x Br(BT"—=K " wp)
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New physics in b — svi decays

® \We need 2-3x a SM loop process due to NP. Large effect means heavy NP
likely tree-level to compete. Consider Fermi-like LH NP:

SM process B &d/ K Heavy new physics
b\ . W_/§
CM x — 1.47 7 Z b L 0
Z X TNe ™~ 75
Dgpg ~ —LV,, VE CSM L YL NP
SM > Vib )
TV 7

® [f we assume a new physics effect ONLY in tau neutrinos:

2
‘Q[NP

2 1
Rio=Z+5|1+ —  Ap~81TeV  (RY, =2.6)

Dsm

Anp ® 650 GeV (loop)
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Simplified 5, scalar LQ model and fit Cv, Cs, =

|

L DA GRel3 S, +

b — ctv

A (2 TeV /M)

\ b— cTv
A [0 Global

\ High—pp
: EWPO

*This model can contribute to B, ; — KOK®:
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/1SU 62€f3 Sl

A (2 TV /M)

C
| bL TR
cr
C 1%
CR L
T lbl—>ICT; |
1-0_' B — Kvv '
' . O Global
0.5}
0.0}
_0.5]
0.0 0.5 1.0 1.5

A (2 TeV /M)

[Lizana, Matias, BAS, 2306.09178]



https://inspirehep.net/literature/2668889

Connectingb — ctvand b — sC¢C
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Connection: b — ctvand b — suu

® Some mediators that explain the charged-current anomalies give a flavor-
universal effect in b — s£€¢ via RGE.

bL Tr bL 73 bL SL
SU(2)L RGE s ZL N ACU CU CSM
— —
L VL SL L ! - e,pmz
4Gy ¢ e £ — (x 2
L =——=V,V Zc 0! 0 = 5Ly, b)) r*¢)

\/5 Vs 167t2

® | eading-log running gives

2 2
ACU — _YEW ( (3) (1) )1 My
0 = 3y, v (Cug Jsszs 100 Jasas Jlog { 7

[Bobeth, Haisch, 1109.1826; Crivellin et al., 1807.02068; Alguer¢ et al., 1809.08447]
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Connection: b — ctvand b — suu

® Some mediators that explain the charged-current anomalies give a flavor-
universal effect in b — s£€¢ via RGE.

bL Tr bL 73 bL SL
SU(2
2) RGE ZL ZL —~ ACY = cl - M
— —
Y
L VL SL L | - e,pmz
ACy =

[Bobeth, Haisch, 1109.1826; Crivellin et al., 1807.02068; Alguer¢ et al., 1809.08447]
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U, connects R+ to universal b — s£¢ observables

® Large b — szt implies a sizable flavor-universal loop effect in b — s

—-0.2F

< -0 o & &
— 4 & s>acd=cl-cM
' l K l-e pmz
—0.6F
' Csr=0 |
mCs,=-C5, | Global Fits to b — s~ data:

o8l LA
005 010 015 020  0.25
O R p-

HFLAV ’25 updated 90% CL region preferred by low-energy b — c7v data

ACY ~ — CM/4

[J. Aebischer, G. Isidori, M. Pesut, BAS, F. Wilsch, 2210.13422]
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High-energy searches: U, leptoquark model (LH)

® Of course, eventually we need to see something at high-pT. The LHC is already
probing relevant parameter space.

4 U, pair production
g Uy
Ul — bT+, v
3t B, - br*) ~ 0.5
- g Uy
pp = UjU; = brtv
= 2L
)
Drell-Yan t-channel exchange: 7t
1 [ HFLAV *25 updated 90% CL region | b > —T"
preferred by low-energy b — ctv data o High mass
_0 Drell-Yan tails
i ’BR’ o | b < < -t
O : : : ) ] ) ) ) ) ] ) ) ) ) ] ) ) ) )
1000 2000 3000 4000 5000
My |GeV] QCD corrections: [U. Haisch, L. Schnell, S. Schulte, 2209.12780]

[J. Aebischer, G. Isidori, M. Pesut, BAS, F. Wilsch, 2210.13422]
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High-energy searches: U, leptoquark model (L&R)

e U, LQ model w/ RH currents preferred region fully within the HL-LHC reach!

B SN Su 3. 53 b (7 .
; & %> LU (@2 + By Brrm) | =1
> < ] 2
) <
& e
_ . ® |
=) ) » . .
3t 5 Y ® Additional RH contributions give stronger
L bound from t-channel Drell-Yan 77:
=)
2 2 by (99 bg R
I bL TL bR TR
1 u
i HFLAV ’25 updated 90% CL region
= preferred by low-energy b — c7v data - bR Tp
[ =1
O- - W ’ o —|— <+—— Dominates
1000 2000 3000 4000 5000 bL (53

MU [Ge\/]

[J. Aebischer, G. Isidori, M. Pesut, BAS, F. Wilsch, 2210.13422]
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