' INSTITUT DE
V[}J{}/ERITAT " F " C FiSICA
DGFVALENCIA CORPUSCULAR

Ben A. Stefanek T :
IFIC Valencia | enegs - Fiture

Circular .-

- Collider =~

MITP: Charting EFT Structures
to Characterize New Physics
September 7th, 2026

% GENERALITAT Cs lc
VALENCIANA
\\* Conselleria de Educacion, Cultura, CONSEJO SUPERIOR DE INVESTIGACIONES CIENTIFICAS

Universidades y Empleo



A global strategy for collider physics

New
] 4_
particles g g

Ultimately:

63
()
c
Ll
Next 20 years
() — i
Higgs m
VAN D
EW Flavor

Mu2e, Mu3e, COMET,
ACME, BES Il + ...

Standard

Model .
Precision

Ben A. Stefanek | Charting the path to new physics in the precision era

BSM Physics

EWV scale stability
Flavor puzzle
Neutrino masses

Dark matter

New contact
interactions



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

1 dz Qz
V(I’):— Q+_Tzl QJTiTj+---
Tl 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

o 2499 C
® \ast majority of SMEFT operators % 5 Z i o)
are flavor-changing (>85%)
=1 NP
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Flavor anarchy

. C; ~ O(1) does not look at all compatible with TeV-scale physics! x

all ¢;; ~ 0(1)

no symmetry
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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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Why TeV-scale new physics?

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

SM Higgs sector famously Thermal History of

iINntroduces an unstable scale Universe to Hidden Sectors?

Origin of EWSB?
Higgs Portal

Stability of Universe

CPV and
Baryogenesis

5m[%] X Alz\IP Fundamental

or Composite?

Is it unique? - Origin of masses?

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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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

7
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A brief history of flavor protection
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Flavor terminology

® Just to clarify terminology so we’re all on the same page. Consider the
coupling matrix of a fermion bilinear, e.g.

Clj(l/_/iyﬂl//j)

Flavor universality Flavor non-universality Flavor violation Flavor anarchy
rotate to

mass basis
U diag(c) U

= (ci —¢5) by

C=cl C = diag(cl, Co, (33) Cz'j ?é 0, 2 75] all Cij ~ 0(1)
U(3)° U(1)' (Cartan) AF # 0: FCNC, cLFV no symmetry
BSM blind to generation AF = 0, but generation- (mass basis)

dependent interactions
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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} 5 European gtrate99 S % : N
Wilson coefficients C; built from positive oS os Lo =
. . 5| S N Tz
powers of Y, that form symmetry invariants: h -5 5« f N Tg
& a T 1 =0
1 1000} g L T
=V Vig)2 a2 -
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 “SM-like” 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. Naive 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, Volansky, Zupan, 0903.1794] Resummed MFV: U(3)’ — U(2)?> x U(3)°
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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) m EW m Collider

Y —_ Au7d Vq 10

’U,,d — O HD Yuk.  Hy Dip. (g ledq
Yt,b |
8
EFT ops classified as U(2)° invariants: ol
_
| - =
—(quqqg) B, ; mixing 1

2
ANP

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

4,749, = €0(qiv,q) +(qsr,93)  (i=12) [Allwicher, Cornella, Isidori, BAS, 2311.00020]
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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 [
8L
: €loop — 1672
EFT ops classified as U(2)° invariants: o o010
L £, = U.
=
| - S
——(@;Va3) B, . mixing i
Agp ’ :
2L
e Allows Ayp < 10 TeV, option to '
NP p i*l lL ‘ | | I L1d
= < = = S ~ BS : 2 :S : ﬁ B :s S s 3

couple more to 3rd generation:

4,749, = €0(qiv,q) +(qsr,93)  (i=12) [Allwicher, Cornella, Isidori, BAS, 2311.00020]
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The next step: U(2)

® Solves some MFV shortcomings:

K

|. 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.
Hierarchical singular values of A, ;, unexplained

Z‘ 3. No issues with power counting

The largest breaking is V,, ~ O(V,) ~ 1072

And
iINnter

berhaps still too restrictivel What is the most general
bretation framework for TeV-scale BSM? And can we

finc

a more complete explanation of the flavor puzzle!

Ben A. Stefanek | Charting the
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Minimal Flavor Protection

[Greljo, Palavric, BAS, 2512.04159]
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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]

Ben A. Stefanek | Charting the path to new physics in the precision era


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]
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The necessity of SU(2)q

e \Why not just a single U(1)y a la Froggatt-Nielsen? Let’s try it- choose X, +X, +X,
for no FV in interaction basis:

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

1

e CKM guarantees that LH rotations (LL, = V) generate FV which is of order

( a Ab—a) APla—b+ 1 —a)z*])
M s = LM LT ~ Mb — a) b AJX(1 - b)
Ala—b+ (1 —a)z] A1 -Db) 1 )
RAVEY.
(a = D)4 (319)° S : — |la—b| 51073
A2 (2 X 104 TeV)?2 10 TeV

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

[Greljo, Palavric, BAS, 2512.04159] [Blum, Grossman, Nir, Perez, 0903.2118]
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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: Yukawa couplings

e As for U(2)°, 4 spurions required: three S U(Z)q doublets and one singlet.

SM ﬁelds d1, U1 d2 U2 d3 g3, u3s & €;
U(].)X charge | — Xy —2X, | Xv + X, | —Xw | X, — Xu |2X, — Xy | X; | X; — (4 — ’L)Xz

Allowed Yukawa structure up to O(S?): All hierarchies produced for V, W, U,z ~ O(107%)!

v, _ Vz2 Vz*¢ Uz* z” 02 0
=0 o - vo= [0 20
0 z

[Greljo, Palavrié, BAS, 2512.04159] tana ~ V,/V,,  tanfe'? % V*/V
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{Xv, Xw, Xv, X.} =11, -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 + - |

Y

Hyrp
1065_ AF =2 ) AF =1 cLFV cEDM w Anarchy _f
= SU(2), x U(1)x :
0L = MEV .
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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{XVa XW) XU, Xz} — {17 _2) _33 7})
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 [Cg;u]ugg [Cll]312 Ceu)3123

MFP provides new targets for colliders and flavor factories!

[Greljo, Palavric, BAS, 2512.04159]
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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

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

® For the symmetry to allow an O(1) top Yukawa, 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 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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Applying MFP in SMEFT Likelihoods
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Flavor-conserving observables (e.g. LHC + EWPO)

® Completely described by the charge-independent core of operators that are
identified by imposing SU(2),, x U(1)"> on the SMEFT.

Class Operators SU(2), x U(1)'? invariants # / op. # class
O Lup — 1

Bosonic Qup Cnws - 1 9
QHG QHW Qup — 1
Qn Qw — 1

¢2H37 ¢2XH QuH QUG QuW QuB 33 1 4

1 3

¢2H2D Q.(Hz Q.(H% QH@ QHu QHd pp 3 19
QY o) ii, 33 2
Q. pprr (p<r), prrp (p <) 9

(LL)(LL) Dol iijj, ijji, 133, i33i, 3333 5 31
Q) Qi ppii, pp33 6
Qee pprr (p <)

(RR)(RR) Que Quu pprr (p <), prrp (p <) 9 60
Qq(icl) Qq(fd) Qeu Qed pprr 9

(EL) (RR) Qﬁe Qﬁu Qﬁd pprr 9 57
Qqe Qé}) ((ﬁ} Qég Q((IZ) wrr, 33rr 6

Total CP-even, charge-independent MFP operators at O(S°) 180

Index conventions: i, € {1,2} are SU(2), doublet indices; 3 denotes the third-generation gs3; p,r € {1,2, 3} label the generation of any SU (2)4-singlet field (u,d, ¢, e).
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Flavor-violating observables

® Rotations are fully fixed in MFP and give charge-independent flavor violation. Start
from SMEFT w/ S U(2)q x U(1)!3 and rotate to the mass basis after EWSB:

v, _ V22 Vz* Uz z° 02 0
=0 0 - vo=[0 20
0 0 =z

VCKM =L Ld U U23 U13

Yukawa texture forces
rotations to factorize:

L,=Up,, L; = UyUi;

Cabibbo rotation
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Explicit rotation matrices for implementation

® Rotations are fully fixed in MFP and give charge-independent flavor violation. Start
from SMEFT w/ S U(2)q x U(1)!3 and rotate to the mass basis after EWSB:

Flavor non-universality Flavor violation

rotate to Lu — U12 o Ld — U23 U13

mass basis !
_
T diag(c ' .
U das ] Cabibbo rotation

= ((51 ‘J) 0,',_'1‘

C = diag(cy, co, ¢3) Cij #0, i # j
aht- ons?
What about right-handed rotations: 015 014 Oa
My 4
Yu,dN 0 X X UR )\mc ~ 5 x 10 0 0
O O X dL V;gd ‘/{; ‘/td, V%s
m m mg
.. ml- .. dR md %d V{; HZ %d my %S
— 0V~ —0Y (i<j ’
R m L (E<J) er, eRr 0 0 0

[Greljo, Palavric, BAS, 2512.04159]
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Probing the charge-independent core of MFP
(aka testing flavor non-universality)
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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 Guir | (TN (@rea)
H'H / / ~
Quo | (H'H)O(H'H) , , 33 et Ly YW
R Flavor (non-universality) 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
ng ( HTZBJ H)(er'y"0), | Quw HHWI,Wiw @l @ 1)@ perr | Quu (@yuu) (@ u)pprr Qe (L) (@y*u) pprr
Qm. | (HTi 5 H)(e7"e) Ons HIHB. B & | @)@yt QJpprr | Qad (d,d) (dy*d)pprr Qud (£7u8) (d7"d)pprr
e m pp v
(1) _ _
Qg()l (HT’I:BM H) (Q’)’“Q)pp QHEWB Hi+TH WA{VB;LI/ Qfg) _(EW )@Y @) pprr Qeu ( ’Yue)(u_’)’“u)pprr Q(qle) (@v.9)(Ev"€) pprr
(3) .- ; ABC Ay Bp O Quq Lyt O (@1 Q)pprr | Qed (evue)(dy"d)pprr qu (@Vuq) (@y"u) pprr
. _Iu L )
Uirg | (HD, H)@Tatalp | Q| f77GL7G7Gy QW | @)@ D | QF | @0 T @ T AW
. _ v K _
QHu (H TZZM H ) (U’Yuu)pp Qw GIJKW;{ Wy pr g QEZ) (ﬁfy“TAu)(d'y“TAd)pprr ng) (q'yuq)(d’y“d)pmr
Qua | (H'Dy H)(dv*d)pp Q% | @nTq)(dy*TAd)pprr

[Greljo, Palavric, BAS, 2512.04159]
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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 |

[Haisch, BAS, 2608.10064]
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[DY: Greljo, Marzocca, 1704.09015]

Flavor non-universality at the LHC

® A |ot of progress can be made- no complete implementation in EFT likelihoods.

Drell-Yan Top + di-jets
‘ l,j,t (LL)(LL) (RR)(RR) (LL)(RR)
E2 QZE (E'YM )(f*y”f)gf;,:; Qee (é')’ue)(é’)'#e)pprr Qée (E’YMZ)(éfyﬂe)pprr
~ F @l (@ Q)(qV“Q)gg;; Quu (ﬁ’Yuu)(ﬁ’Y“U)%‘; Qou (£yuf) (@Y w) pprr
9| (@urla) (@ Q)gg;; Qdd (dyud)(dy* d)gg;; Qud (£7,£) (d7*d) pprr
‘ l, ., f Qg;) (E’YM )( )Pprr Qeu (é’)’ue)(a’yﬂu);opw Qqe (Q’)’uq)(é'ype)pprr
QD | Py )@ T Qpprr | Qea | (@vu€) (@ d)pprr o | (@)@ u)pprr
Non-resonant QW | @@ D | Q) | @WT0) @ T4 ) gore
QSZ) ('L_"YMTAU) (J'Y“TAd)pprr Qflfi) (@Vu9) (‘Z’Y“d)m’rr
Observables per flavor pair: My, ¥ QW | (@TAg) (v T d)pprr
For di-jets, only inclusive searches exist! The rest: |-loop Drell-Yan
[ATLAS, 1703.09127
£ T CMS, 1803.08030] ]
g = %T:?:Tev, 37.0 b n =-1 ] .
2r
'E / | L2 5mar'aang)
E — Observed 95% CL upper limit E . " l_
10_1 B Expected 95% CL upper Iimit_ Resca/ed /Imlt ‘ Q f
- wewss Expectedx1oand+20 [Lee,le,lueu
~Ti6 18 20 22 24 26 28 30 A 2 9 TeV
A [TeV] [Partial result in Dawson, Giardino, 2105.05852]
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Example: 4 top operators

® At the LHC, 3rd generation four-quark operators can be probed at tree level
only in 4t, 4b, 2b2t production. Present measurements all have large uncertainties.

+ ATLAS | B | 236 (1:26%)
9 +
: ! ]
Obe CMS AN 17 b (1+30%)
9 +
+ sMr o [OT 4 12fb(1:20%)
5 10 15 20 25 30
o4t [fb]

® Due to strong bottom PDF suppression, 3rd generation four-quark operators
mainly contribute to 2-top production at 1-loop:

Qoo -t 3 + Qoo ~t 4
> y
ﬁ

b + 3 + +

b

[Haisch, HEFT 2024, Precision tests of 3rd-generation four-quark SMEFT operators]
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4-top operators and EW precision observables

H----n_ - H (H) (H)

® |n general the full 2-loop contribution to T takes the form of a second-order
logarithmic polynomial. E.g. for Ctt, we have:

[Haisch, Schnell,

TV VO

1-loop RGE 2-loop RGE finite ci,=12and ¢, =0%

N.(N.+1)
472

[CHD] 2-loop —

® Using the 1-loop EWPOs + 2 loop RGE, all u-dependence drops at O(atzL):

2 T=C (A) + 3yt2 | A Cy(A) + 3}’,:4 log? A : | A’ C.(N)
——] = — 0 — 0 — | ——10 —
V2 Hp 4 ° m2 | T m? 7 8 m? .
[Haisch, BAS, 2608.10064] [2-loop RGE: Born, Fuentes-Martin, Thomsen 2601.19974]
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Example: 4 top operators

® [ imits from top production depend strongly on the EFT truncation order, in contrast
with EWPO. RGE very important for EWPOs due to the double log UV sensitivity.

mopp —tt (A2) mopp — titt (N2) wmpp —tt (M) wmpp — titt (A*) = EWPO (NLL)
40 ——— 40 ———
[ A =172.6 GeV A=1TeV

20} 20} . :
™ ™ L J
g% g% ~\\N\\\\\\\\\\\\\
= 0 = OF ‘I:I') i
—_ \-/Q@ 1

-20F —20F ol -
5 5 \ /
ol A . . . T | A A L
-40 —-20 0 20 40 -40 —-20 0 20 40
63333 Ciig3

uu

[Haisch, BAS, 2608.10064]
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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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Sensitivity of the Tera-Z program

What can | do with 10'? Z bosons (Tera-Z)?

2
7 1076 % — A~ 100TeV (Loops: 10 TeV)

Loop contributions to Z-pole observables as
sensitive as best tree-level Higgs measurements!

Tree level (LO) One loop (NLO)
g _
Z Z
NP NP
q q
1) _ — _ _
Oy = (H'D,H)G1"q) 0% = Gy,9)@r"q)
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EW precision observables beyond 1-loop

® Can combine 1-loop fixed-order predictions with the 2-loop RGE to improve
EWPOs to next-to-leading logarithmic accuracy. Allops = 1 TeV at Tera-Z.

Tree level W2H? and Y2 X H
HY and H*D? 23 ~
| eadi | oot Qun (H'H)(gzusH)
HTH)3 eaaqainqg-/1oqg eiriec -
Qu ( ) 9-10g Q3 | (g30"usH)Bu
Quo | (H'H)O(H'H) , 33 e Ly YW1
R Next-to-leading log effect w | (o usHIW,,
Qup | |H'D,H] 33, | (@™ TAusH)G4,
V2H?D X2H? and X3 (LL)(LL) (RR)(RR) (LL)(RR)
Q(f}% (H Tin H)(ly"0)pp Quac H'H G;,GA Qe (Bt )(MM)W; Qee (Erue) (" e)pprr Qe (e (" €)pprr
QY) | (H'iD! H)@r'y )y | Quw | HIEBWL WM W | @)@ dmrr | Qu | @) @wer | Qu | (Evd) @ W
Qme | ( HTz’Bu H)(ey"e)pp | Qup HH B, B* & | @)@ e pprr | Qdd (d,d) (dy*d)pprr Qud (£7u8) (d7"d)pprr
(1) L
Qg) (H D, H )(@*Q)pp | Quwr | HIT!HWL B Qg (£7,8)(27" @) pprr Qeu (€ve) (T w) pprr Qe (@v.9)(Ev"€) pprr
! g MV Q(g) (Efy Tlg)(quﬂqu) rr | Qed (_7 e)((j')’“d) rr (]Q-L) (Q’Y q)(’U/'y u) rr
(3) (HTiBI H)(QT ’)’HQ) Q fABCGAuGBPGCﬂ & g pp g ~ pp ! g pp
Qg I pp ¢ . ; ‘;{ QY| (@wu)(dv*d)pprr & | @WTA9) @Y T4 prr
QHu (H T":ZN H ) (U'Yuu)pp QW EIJKW;{VW’/ pr g ng (ﬂ’YuTAU) (‘Z’YMTAd)pprr inz) (qwq)(dv“d)pm
Qua | (H'iD, H)(dy"d)p Qi | @nT )y T*d)pprr

[Born, Fuentes-Martin, Thomsen 2601.19974, Biekotter, Pecjak
[Haisch, BAS, 2608.10064] 2503.07724, Bellafronte, Dawson, Giardino 2304.00029 ]

Ben A. Stefanek | Charting the path to new physics in the precision era


https://arxiv.org/abs/2601.19974
https://arxiv.org/abs/2503.07724
https://arxiv.org/abs/2304.00029
https://arxiv.org/abs/2608.10064

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.

C(3)[i‘i]
C(l ) [i1]

C[”]

3)[ii
Cﬁlq[ ]

Cup
cliii

(3)[33
i
(1)[33]

CH€

C[33
C (1) [33]

NN N NN N NN AN AN A AN AN AN A" OO ZCNOZNOZNOZANCOZNOZNOZNOZNOZNCZNOZNOZNOZNOZNCZNOZNOZ"NCOZs"NOZ"NOZ"NOZ"CO“"“"““““‘“"“""""r" "2 \™»

NN N N N NN NN NN NN NN NN NN NN NN NN NN N NN NN NN NN NN NN NN NN NN Z"Z“"“““"“““‘“:“"“"“““*Tvwvy

NN N N NN NN NN NN NN NN NN NN N NN NN NN NN NN NN NN NN NN NN NN NN NN NN N NN NN “"“"“"“"“"“"“““““"“"“"“""""™W.¢C
NN N AN NN NN NN N NN NN "O“"O“"O“"““““"““"“" "' a"az\\™~

NN N NN NN NN NN NN NN NN N NN NN N NN NN N NN NN NN NN NN NN NN Z"NCZN"NCZ“"C“"C“"“““"“(“"“"“"“““"““"“"“"“""s"a"w\°

NN N N NN N NN NN NN NN NN NN NN NN NN NN N NN NN NN NN NN NN N NN ZNOZNON NN ZC"O“"“"“"““““"““““"“"““"""\a"\w™w¢®

NN N AN NN NN NN NN NN """ Z"OZ“"O“"O“"“"O““““‘“"‘x:x“x"z"\\w\™N~

NN NN N NN NN NN NN NN NN NNNNZNZN" " “"“““"“““"“"r"s"asawNWWNC

m Collider
N EW (FCCee)
_ mEW

NN NN NN NN NN NN NN NN CNC“"“"““““‘“““““‘“"“""zs"\Ww\™
NN NN NN NN NN NN NN NN NN NN NN NN NNNNNZNNYNANAANZNAYNAYNNYNNRNNRNNZNANANT

NN NN NN NN " Z"“"“"““““"“"“"“""s"hs\%

m Flavor (Up)

NN N\ \"“"“"“"\“"““““““"““"“"\“\»\W\™»

m Flavor (Down)

NN N \\"Z"\“"\"\\™
NSNC T\ '\“"“"\“\“'“"“"\“\“\\w\1\w\™

NN NN\ \"\"\"\N\W1\N™.

Z /W-pole (tree-level)

1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | ] ] ] ] ]

40 o0
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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

33 ) ,
CLIU] \\\\\\\\\\\?\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\ Z/[‘/ —pole (RGE)
C(l)[”33 \\\\\\\\l\\\\\\\\\\\
(3)[ii33] \\\\\\\\E\\\\\\\\\\\\\\\\\\\\\\\\\
Cry :
[i133] Tl LR RN LNNN LN
Céu . yt l
(3)[i433) L )=
Cya " . qr
C[337',?',] RNV LR (1 3)
ge : >
C[2133] \\\\\\\\\\\\\:\\\\\\\\\\\\‘ 1 NC [C ]ll
eu :
C(l)[5333 NALINNNY .
qq ! l
' H -----
(3)[4477] \ :
Cog — Yi T qL
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Conclusions

® We are still searching for a microscopic theory of the Higgs! The next 20
years will see a broad precision program with HL-LHC — FCC.

® avor data tells us that NP at the TeV scale has to be organized
according to approximate global symmetries in the IR

® Minimal flavor protection (MFP) identifies a core 180 CP-even operators
that TeV scale BSM can populate with O(1) Wilson coefficients.

® [hese operators have the right structure to run into EVWV precision
observables- almost all are probed at NLL precision.

o FCC-ee sensitivity In the [-10+ TeV range. | think such a broad precision
program Is the best way forward as we don't know where NP is,
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Backup
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Estimating BSM sensitivity at FCC-ee

® \What is the BSM reach of Higgs coupling measurements?  (5k ~ v>C/ggyy)

hzZ (0.1%) hbb (0.36%) htt (1%) hhh (11%)
1 |H|*o* | H|? 20\ H |23 Hb 2\ H12 8 i i|H|6
A2 H A2 L1k A2 LR A2
A > 7.8 TeV A= 4.1 TeV A > 25 TeV A = 750 GeV
BSM “enhancement”: (A = 25 TeV) e (A =2 TeV)
Ysm But what can | do with 10" Z bosons (Tera-Z)?
Z
NP S 2
87 6 .V .
— ~ 107 ~ — = A ~ 100 TeV (Loops : 10 TeV)
Ysm 5z A
1 Nt g
_2( o D, H)(y*w) Loop'c':ontr/but/ons to £ ',oo/e observables as
A sensitive as tree-level Higgs measurements!
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Example: 4 top operators in CHM

® The Higgs is a pNGB of a
composite sector described by

coupling g« and mass scale m..
The top must have sizable mixing!

® Via these mixing parameters, the composite sector will unavoidably generate other
large top+H operators, for example:

H.. 'R
H &L T q; Ig
Oy, = (H'D,H)(G;7"q;) O = gy tR) (TR  1g)
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Example: 4 top operators

® These 4 top operators also contribute to EWPO at loop level. In the case of the 4-
I, operator, the leading contribution is a 2-loop effect. Resummed RGE: (a log)”

1
3
_|_

1
3

. 21D , EVV broken phase
This o log” effect allows EWPO to gain

sensitivity to 4-t, operators! ”"’CI}M’”

2NC 4 2
Cup) = a GW%; [(1 +2N.)CSL) 4+ 3C52) + 2(1 + Ne)Cre — 2N, cfzﬂ log” ( . )

[BAS, 2407.09593]
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Example: 4 top operators

® EWPO already gives a stronger (and more robust) limit on 4 top operators:

#| Wilson Coef. |Obs EWPO (NLL) |[Apound[T€V]| Obs Top (LHC) [Apouna[TeV]|Obs Higgs (LHC) [Apouna[TeV]|Best Dataset Best Obs Apest [TEV]
1 CHG R, 0.17 dote/dcose, (CMS)|  0.372 pier (ATLAS) 20.872 | Higgs (LHC) | pZZ: (ATLAS) 20.872
2 CuG[3, 3] my 1.307 do¢r/dcose, (CMS) 1.721 uggF(ATLAS) 4.364 Higgs (LHC) uggF(ATLAS) 4.364
3 CG . 0.243 doee/dmee (CMS) 2.603 Hger (ATLAS) 1.209 Top (LHC) |doee/dmes (CMS)| 2.603
4|Cqql[3, 3, 3, 3] R, 1.609 O¢t ¢ (ATLAS) 0.722 LM (ATLAS) 0.148 EWPO (NLL) R, 1.609
-|5 CHbox my 0.962 oinel (cMs) 0.006 ugsr (ATLAS) 1.219 Higgs (LHC) | wggr (ATLAS) 1.219
6 [Cgul[s, 2, 3, 3] my 1.201 Oc g1t (CMS) 0.554 e (ATLAS) 0.305 EWPO (NLL) My 1.201
7 [€gaB[3, 2, 3, 2] R, 1.107 G - (ATLAS) 0.854 u (ATLAS) 0.082 EWPO (NLL) R, 1.107
8 | Cuu[3, 3, 3, 3] My 1.009 G (G 0.724 LM (ATLAS) 0.159 EWPO (NLL) My 1.009
9 CuH[3, 3] My 0.328 = 0 Hger (ATLAS) 0.954 Higgs (LHC) | wggr (ATLAS) 0.954
10|Cqu8[3, 3, 3, 3] My 0.176 O¢t ¢t (ATLAS) 0.417 Hggr (ATLAS) 0.29 Top (LHC) | o¢g¢z(ATLAS) 0.417

FCC-ee Projection (S1)

# | Wilson Coef. |Obs FCCee (S1)|Apound[TeV]|[Obs Top (HL-LHC) [Apoung[T€V]|Obs Higgs (HL-LHC) [Apouna[T€V]| Best Dataset Best Obs Npest [TEV]
1 CHG R, 1.835 dott/dmet (CMS) 0.474 | pgyr (ATLAS HL-LHC) 34.09 |Higgs (HL-LHC) |uggr (ATLAS HL-LHC)| 34.09
2 |Cqql[3, 3, 3, 3] Tz 14.721 Orsts (CMS) 0.982 LANC (ATLAS HL-LHC) 0.331 FCCee (S1) Iz 14.721
3 |Equlj8, 2, 3, 2] Tz 10.244 Orsre (CMS) 0.765 Hggr (CMS HL-LHC) 0.498 FCCee (S1) T’z 10.244
4 [GqyB 8, 8, 3, 3] Tz 10.22 Orirs (CMS) 1.017 | pggr (ATLAS HL-LHC) 0.197 FCCee (S1) T'z 10.22
5 CuG[3, 3] My 7.877 doge/dmee (CMS) 2.194 | uggr (ATLAS HL-LHC) 7.624 FCCee (S1) my 7.877
6 | Cuu[3, 3, 3, 3] My 5.968 Orsts (CMS) 0.995 LAN e (ATLAS HL-LHC) 0.349 FCCee (S1) my 5.968
7 CHbox My 5.805 o s 0.006 Uggr (ATLAS HL-LHC) 2.142 FCCee (S1) My 5.805
8 CG R, 2.617 doce /dmee (CMS) 2.478 Uggr (ATLAS HL-LHC) 2.286 FCCee (S1) R, 2.617
9 CuH[3, 3] My 1.953 -- 0 uger (ATLAS HL-LHC) 1.786 FCCee (S1) My 1.953
10|Cqu8[3, 3, 3, 3] My 1.005 orsre (CMS) 0.551 uger (ATLAS HL-LHC) 0.539 FCCee (S1) My 1.005
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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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Higgs couplings at Future Colliders

e \Vith a million Higgses, hZZ, hWW, hbb couplings reach the per-mille level.

50

Projected uncertainty on  [%]

0.11

0.05-

Coupling Precision by Collider

BB HL LHC |

L] FCC-ee

—
-

—_

B [CF

[LC Vision, 2503.19983] |
[FCC FSR, 2505.00272] I
I
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Higgs couplings: Improvement vs. HL-LHC

® Improvement with respect to HL-LHC is mainly concentrated in the AV'V, hbb
couplings. Both machines measure these well at 240 GeV!

Relative Improvement: HL-LHC vs FCC-ee and LCF

—
(@)

l
|
> 5!

e

Improvement factor
— — —
i > 0 o b S

DO

-
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[FCC FSR, 2505.00272]

I HL/FCC-ee
BN HL/LCF

Needs 550
GeV, for only a
factor ~2-3



https://arxiv.org/abs/2503.19983
https://arxiv.org/abs/2505.00272

Example: 4 top operators

® Limits on SMEFT operators from top pair production come from very high energy
bins where the inclusion of quadratics has a sizable impact.

Ctt =10 Ctt =10
(| 40F
- — SM
_ Z3.5
~~ * _2
= 0.100} S | — SM+Ct(A™?)
Q S30F. o
'8-4 0.010 % SM+Ctt(A™)
< 0001 — M S 20,
5 . -2 N [
S o SM+Ctt(A™) ~§ 150
- — SM+Ctt(A™) : : :
o= - | | L -
500 1000 2000 500 1000 1500 2000 2500 3000
M [GeV] M [GeV]

[Haisch, BAS, to appear]
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Composite Higgs models

® The Higgs is a pNGB of a
composite sector described by

coupling g« and mass scale m..
The top must have sizable mixing!

® Via these mixing parameters, the composite sector will unavoidably generate other
large top+H operators, for example:

H.. 'R
H &L T q; Ig
Oy, = (H'D,H)(G;7"q;) O, = (tgy, tR)(Tgy"tr)
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Matching to composite Higgs model parameters

® The full UV Lagrangian can be written schematically as
£UV — £SM’ + Estrong + gAiM Jslfgrong + )\LQ%OL + )\Rt_ROR

® Integrating out all heavy composite states, the low energy theory has the form

2 Y

4 _3 - 2
L — »C / »C 9 9 y y y
BEL sMy 2 B ( My My M2 mi/Q 77?2/2 1672 1672

® | et us write the WCs in terms of composite Higgs model parameters :

- . mi g% 1 1
Cwg(H'D,H)D W = Cy ~ o2 mit m2 = 2

4 14 4 2
e P R

Ap p = 8+ €
[G. F. Giudice, C. Grojean, A. Pomarol, R. Rattazzi, hep-ph/0703164] (g = 8€Lp)
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Composite Higgs model building

® Composite Higgs models without custodial symmetry face severe constraints:

H ¢¢"' 8L qL3 H ¢¢"' ~~~~~ H
2.2 2
8+€r _ 8 2
—~(H'D,H)(q;r"q}) ~|H'D,H|
m* m*
e b
/
NP W\I\I\A@W 7/
€ b
V2
b by (1) (3) [ = — —
08, " CHq + CHq 5 “HD

[Agashe, Contino, Da Rold, Pomarol, hep-ph/0605341]
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Composite Higgs model building

® But, custodial symmetry does not forbid large top operators:

H ..
2.2 2.4 2 .4
087" o CHq CHq X m2 Co Cun 27 m2
Yt
H AP H
® SM loops unavoidably break custodial
Y _) T
symmetry: y, ~ O(1) > y,,. O
// Hq
H~  ---- H
Yt

[BAS, 2407.09593]
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Top loops in composite Higgs models

® The most dangerous operators are re-generated via RGE as we run from m
down to the EW scale!

Top Yukawa loops give large effects o< N,y log(mz/ m?)

q """ H H L < H
C4q ,/ICH q
/O H H Y---- H
4-top operators running Top vertex corrections running
into Zbb vertex corrections. into the T parameter.
(1 3) m) (1, 3) (1)
0%, 00,0, — 057, 0y, 04, Oy = Opp

Orreducib/e RG effects! Cannot be avoided with clever model bui/ding!)

[BAS, 2407.09593]
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2-loop sensitivity to 4-top operators

® Some important effects occur only beyond the first leading-log approx. Integrating
the 1-loop RG equations resums higher loop effects of the form (a log)"™:

1
3
_|_

1
3

. 21D , EVV broken phase
This o log” effect allows EWPO to gain

sensitivity to 4-t, operators! ”"’CI}M’”

2NC 4 2
Cup) = a GW%; [(1 +2N.)CSL) 4+ 3C52) + 2(1 + Ne)Cre — 2N, cfzﬂ log” ( . )

[BAS, 2407.09593]
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Results: Right compositeness (lowest NP scale)

. . \ *
® Right compositeness has €; = y,/g«, €p = 1. Flavor constraints: Cg o< —¢;
*
(Anp = 2.5 TeV) (Anp = 25 TeV)
12 ——— T
" Universal |
10 - Flavor )
G
i ey
c)
5 6 e
S S 0(273)
ECo
4 ’7 Tﬁnite |
- No PLR
) -
-
0
5} 10 15 20 25
m [ TeV]
[BAS, 2407.09593] A novel probe of composite Higgs models!
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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: 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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