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Where We Stand

The Standard Model

three generations of matter interactions / force carriers
(fermions) (bosons)
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Open Problems
The Need for New Physics

g/m = const.
. gNP p /
> “Experimental” problems e

Dark Matter .~ Heavy NP
Neutrino masses 1 > Colliders!
Matter-antimatter asymmetry

> “Theoretical” issues
- Strong-CP problem
Flavor puzzle
Hierarchy problem

27?7
f mNp
TeV
axions, FIPs, light DM, ...
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The Flavor Puzzle

mass [GeV]
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> Non-trivial pattern of masses and mixings:

mp K mg K ms Vekm ~ 1 Why’??

> Dynamical explanation lies Beyond the Standard Model
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The Hierarchy Problem

> Higgs mass parameter quadratically sensitive to NP scales:

?

2
2 Y 2
h'"Q---h Mk~ g e

?

> Calls for a mechanism to avoid “fine tuning”

> Proposed solutions: Composite Higgs, Supersymmetry, ...
> Collider searches push A = TeV (little hierarchy)

> Want the NP scale as low as possible
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The TeV Scale

Higgs <« Flavor

If we insist on TeV-scale New Physics, we cannot ignore flavor

> Flavor structure must be non-trivial — Third-gen. New Physics
> "Cherries” on top (model-dependent):

- Dark Matter — WIMP [see e.g. 1703.07364

- Neutrino masses — Inverse See-Saw [see e.g. Mohapatra '86]

mass [TeV]
10712 10°7 1075 1075 107* 107% 1072 107! 10° 10
v ¢ (@ ® o ® 0o

d () ®
® P\ @

The TeV scale is an interesting place to look for New Physics!
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https://arxiv.org/abs/1703.07364

The Hunt for New Physics

| Direct searches |

> High energies
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Indirect searches

> High precision

o
=
<

We need both!

SLAC, 02/23/2026

Prepared using LEP EWWG Plots from 2005

6 '

Central Fit (a{2),=0.02750

/{771 Theory Uncertainty
/"] Direct Exclusion
i ===~ Fitwith of3,=0.02749

| Fit incl. low Q° data
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High-energy Searches

rd
Current Status 3 gen.
universal

overview of CMS EXO results 1

UL LR

-1 TeV 10 TeV

DESY. | Exploring the at Colli | Lukas Allwit | i SLAC, 02/23/2026 Page 8




Low-energy Probes

> In the absence of any BSM signals, set (lower) bounds

, , N
> Each observable mediated by a contact interaction F(’)gf;ﬁ —A>-
<
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https://arxiv.org/abs/2511.03883

What is the Scale of New Physics?

The New Physics Flavour Problem
> Depends on the assumptions! Doesn’t have to be 10 TeV (++ anarchic flavor)

> Take e.g. K — K mixing.
After discovery, “superweak” theory

W
i [Wolfenstein '79] d =17\ "\N\N\T— S
ce'® 2 4
A2 (sv*d)* — A ~ 10" TeV wc iy Luct
> In the SM (GIM mechanism): S —<—'\/\§V\/\,——<— d

c _ (‘/tdv;fsyGFmt

A2 1672
| What is the flavour structure of low-scale NP?

In this talk:
What do we learn from current and future collider experiments?
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What is the Scale of New Physics?

The New Physics Flavour Problem
> Depends on the assumptions! Doesn’t have to be 10 TeV (++ anarchic flavor)

> Take e.g. K — K pmivina
After discovery, “ =
ry 1071 ] Euvopeang(raleg9 [ = W
& T 3 L = —— S
cl u ! g ~
-
] 105} - - 21
/ - & « AU, C, t
S T T I &
-~ +
> Inthe SM (GIM nj  "000F g 8k T L« 4
R w
L
10|
| What is the flavour structure of low-scale NP? |
In this talk:
What do we learn from current and future collider experiments?
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What Do We Need?

Towards Consistent BSM Analyses

EFT
Beyond tree-level

Combine flavor,
collider, and EW

Flavor

/\

EW «<—— Collider

BSM analyses

Flavor assumptions
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Outline

I EFT Analyses
» The EFT Approach: SMEFT
« Collider and Flavor: Drell-Yan
e Loops in the EFT: RGE effects
« Flavor Assumptions: TeV-scale New Physics

Il FCC-ee
 Electroweak Precision Observables
» Flavor Prospects
« Above the Z-pole: Higgs Self-coupling
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EFT Analyses



The EFT Approach

u e
> At a given scale, use only the relevant degrees of freedom W
> Many examples, take e.g. muon decay
W — eV, Ve G Ve
lE << mwy
Lusac > =L (1701 = 35)) (77 (1 = 75 )e)
KD ——— _ _
wea \/i a o e i .
> No need to know the UV to describe the data well
> m, < mw, W boson “integrated out” A
F

\"

Can take the same bottom-up approach for BSM effects v, v,
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SMEFT

Standard Model Effective Field Theory

> Heavy (A > v), decoupling New Physics
> Relevant ingredients:
- SMfields: ¢, ¢, u, d, e, H, G, Wy, By
- Symmetry: SU(3) x SU(2) x U(1)
- Power counting: E/A

.

FE << \[

X (

> Add higher-dimensional structures to the SM Lagrangian

1
Lsmert = Lsm + KQ@O@ + pcz( 0+ ..

1

> Systematic way of describing deviations from the SM
> Study connections between different sectors consistently
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Examples of SMEFT operators

_ 1.6y n6) | 1 L6 n6) |
£SMEFT—£SM+ACi 0; +Azci 0"+

[Warsaw basis 1008.4884

> At dimension six: 59 operators, 2499 parameters

[O;S)}jjkz = (Lo ) (@ o' ar) 09, = (HTﬁiH)(&’\/HUIEj)
¢ g ¢ L H
’\M Z,
N Nl
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https://arxiv.org/abs/1008.4884

Bounds on SMEFT coefficients

> C; = 0is the SM point
> In the absence of New Physics signals, expect C; compatible with zero — bounds

Fix A FixC(C=1)
> Single coeffcient: C € [—a, ] o
> Multi-dimensional fits: 6L
[LA, Cornella, Isidori, Stefanek 2311.0002q
' A =2TeV
3k .
o > Lower bound on A 4
E > L
5 H > Atd = 6: &
) Y 1 H
HE 0 ‘ . A > mln (f f) 2L
eg: b L “ j
Flavor u LI 77 3 7 [
. 0L

[C,‘“] _ [Cl(.a)] [LA, Faroughy, Jaffredo, Sumensari, Wilsch 2207.10714
g 13323 lq 13323

(3)
tq
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https://arxiv.org/abs/2207.10714
https://arxiv.org/abs/2311.00020

Probes at Different Energy Scales

Semileptonic interactions

qi eoz pp— éaﬁﬁ
/ 495
b
qj \ M
4a;j
M //.§ b M= lals
bs M — My

High-pr searches can probe the same operators
directly constrained by flavor-physics experiments (and

at Colli | Lukas Allwit | SLAC, 02/23/2026
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Probes at Different Energy Scales

Semileptonic interactions

P Lo,
qi
qi £a pp = eaéﬁ
/ 4qj
D fﬁ
' lg ' .
4 ;‘
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CMs, |
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Energy-enhancements in the EFT

> Take again muon decay:

G
Lueak > =7 (11al = 735)23) (7" (1= 15)e) 8 ‘

> 2 — 2 scattering amplitudes grow with c.o.m. energy

AleTu™ = vevy,) o E?

> Breakdown of perturbativity at £ ~ TeV
— regulated by W boson

Use the same feature to look for New Physics in high-energy tails of distributions

DESY. | Exploring the at Colli | Lukas Allwi | i SLAC, 02/23/2026 Page 20




Energy-enhancements in the EFT

> Take again muond
ﬁweak o=

> 2 — 2 scattering an

> Breakdown of pertu
— regulated by W

-

» 1My

Use the same feature to look for New Physics in high-energy tails of distributions
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Drell-Yan Tails as Flavor Probes ;

dmye

A

HSM

> 5 active flavors in the proton
> Drell-Yan at LHC: pp — (3¢5, (3vg
> Hadronic cross-section:

a(pp = lalp) = Lij x &7
» My
> &f‘jﬂ = 6(qiq; — Lals) partonic cross-section o e Iflm

— energy-enhanced in the EFT. )
> Heavy flavours suppressed by parton luminosities o1

> Energy enhancement can (partially) overcome
PDF suppression

[Angelescu, Faroughy, Sumensari 2002.05684

0203 0405 i 73 4
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https://arxiv.org/abs/2002.05684

HighPT

LA, Faroughy, Jaffredo, Sumensari, Wilsch 2207.10756

> Run-2 LHC Drell-Yan searches
> Large variety of NP scenarios:
- SMEFT d =6,d =8 (up to O(A™%))
- Tree-level mediators
> Allows to compute:
- Hadronic cross-sections
- Event yields — bin-by-bin in the exp. searches
- x? likelihood as function of Wilson coefficients/coupling constants

— Extract bounds on Wilson coefficients/couplings

> Work in progress for version 2!

DESY. | Exploring the at Colli

| Lukas Allwi | i SLAC, 02/23/2026
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https://arxiv.org/abs/2207.10756

H 3 jo =i ]
SMEFT Constraints from Drell-Yan [0} lasi; = &y*o')) (@1 o' q])
> Switch on one operator at a time
> A=1TeV

[LA, Faroughy, Jaffredo, Sumensari, Wilsch 2207.10714

T T T T T T T T T T T T T T
33 p— [-0.65.0.41] 33 I [~0.35,0.22] 33 | —0.80,0.53]
23 [0.057.0.064] 23 [~0.082.0.11] 23 0.13,0.15
13 [~0.019,0.017) 13 [~0.033,0.029) 13 [~0.047.0.043
22 66 [~0.023.0.015] 22 MM | [~0.029.0.014] 22 TT || —0.13,0.040]
12 [~0.0031.0.0096] 12 . [~0.0056.0.0063] 12 ~0.011,0.041
[C(B)} [C(‘j)} [ ($)]
11 lg 111ij 11 lg 122ij ) 11 lq 133ij
L Ly |l-0-0025.0.00097) X X X | [~0.0015,0.0017] Lo Ly | [-0.0099.0.0040]
-06 -04 -02 0 02 04 06 —0.4 —0.2 0 0.2 0.4 —0.8-0.6-0.4-02 0 02 04 06 08
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22 'L‘Le - [~0.031.0.031 22 Te | [~0.035.0.035] 22 Tl’l/ - —0.050. 0.050]
12 [~0.010.0.010 12 . [~0.011,0.011 12 . ~0.019,0.019
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Probes at Different Energy Scales

Semileptonic interactions

qi £ « P
4 eﬁ\ / M
qj
M Lo
qi fﬁ
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Complementarity with Low Energy
LFU tests in B decays

g 04 T T 68% CL tontours E
) E FL__ckmaoos | BaBar 1
> LFU ratios: oasE- .
)i E Belle E
R B(B — D™ TV) / 03| 2 E
(0 = - =K,e : :
P B(B — D) ’ : > :
025 E
N LHCb . P Bellell ]
> Currently ~ 3¢ tension oo MR e ]
— good illustrative example F Mg Y

| . 1 L 1

0.2 0.3 0.4

R(D)

Is it compatible with high-energy data?
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Combined Fit

LA, Faroughy, Jaffredo, Sumensari, Wilsch 2207.10714

[O(l)]ijkl = (i) (@ a)

T T T T lq
‘ . A=2TeV 3 7 _
3+ | © O it = Cvuo"03) (@A o @)
3 2f EW 1 > Flavor: Rp, Rp+
Se 1f i > LHC already constrains the parameter
T o space
é (,‘(nnl)ino(f\\ /:{'.‘:': > Dashed (dotted) |IneS
= - k i HL-LHC (3 ab™!) projections
E _oL 4
Flavor LHC 77 + v
-3 T .
\ \ HighPT

1
-1 —0.5 0. 0.5 1.

[C(l)] _ [6(3)

lg 13323 — lq ]3323
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https://arxiv.org/abs/2207.10714

Combined Fit

LA, Faroughy, Jaffredo, Sumensari, Wilsch 2207.10714

O it = Ernuly) @)

. A=2Tev | 3 7 -
3b | - [Ol(q)]ijkl = (Livuo 6) (@7 o' q)
3 2f EW 1 > Flavor: Rp, Rp+
Se 1f i > LHC already constrains the parameter
% ) T space
é (,‘(nnl)ino(f\\ /:{'.‘:': > Dashed (dotted) |IneS
= - k i HL-LHC (3 ab™!) projections
E _oL 4
Flavor WEC 77 5+ 77 1 Flavor
-3 T .
\ \ HighPT

1
-1 —0.5 0. 0.5 1.

(1) (
[Clql Jsa2s = [Cl;)]ms . Collider
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Operator mixing

FE
A4 Cég) (A) > Everything is scale-dependent!
(0) ~ L (my) ~ L
. Gem\T) =137 @emlMZ) =198
% > The same is true for EFT coefficients
© — self-renormalization + mixing
> The scale at which a coefficient is defined is a crucial

@) piece of information
vt Gy (v) Cie)
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SMEFT RGE

> Operators mix under Renormalization Group Evolution

E
d
—C; = ~;:(q) C.
MG = 7 (g())C5 (1) N
> v;; anomalous dimension matrix
> At one-loop, in Leading-Log approximation,
, (0) (A
> Connect effects at a scale A with others at scale 1 v

> One- and two-loop anomalous dimensions known

o

- C () C)w)

1308.2627, 1310.4838, 1312.2014, 2601.19974
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https://arxiv.org/abs/1308.2627
https://arxiv.org/abs/1310.4838
https://arxiv.org/abs/1312.2014
https://arxiv.org/abs/2601.19974

SMEFT RGE

Example: Semileptonic Interactions in Z Decays

: 7 i : v f ot
[(91(?}3333 = (L3yu0"03) (337" 0" g3) (O = (H DL H) (lxy" o' )
l5 a3 ls - H
_— us
(o o®
05 “ a3 ls fa - H
d 3 1 3
M@[Cl(ql) J33 > 75z 2Newr (€333
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SMEFT RGE

Example: Semileptonic Interactions in Z Decays

> Acloser look at 0®) — (HT DL H) (Zsyiole
e = ( uH)(Usyt o' ls)

> Focus again on third-gen. couplings

gt o,n 2 g

> Modify the Z77 coupling

How do Z decays compare to collider and flavor data?
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SMEFT RGE

Example: Semileptonic Interactions in Z Decays

E
Ane 4@
NP 0q
mz + "
tq

DESY. | Exploring the

[LA, Cornella, Isidori, Stefanek 2311.0002q

> Anp=2TeV —at u=my

1 myz 3
~ 16?2]\7&/? log rw[céq)]szs?,(ANP)

=~ *0-1[0552)]3333(ANP)

> Depends on the precision!

(Anp) [C)33(m )
3.
%.
>
(m2)C)(m)
at Colli | Lukas Allwit |

Flavor

/\

EW «<—— Collider

SLAC, 02/23/2026

m EW  m Collider

TeV

6

W Flavor (up)

3)[3333
cea
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https://arxiv.org/abs/2311.00020

What Do We Need?

Towards Consistent BSM Analyses

Flavor

BSM analyses / \
EW «<—— Collider
Flavor assumptions
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Flavor assumptions

Some guidance from the Standard Model
> Need to address the flavor structure of NP

> SM gauge sector:
UB)P=UB)yxUB)e xU(3)y x U(3)a x U(3)e

> Yukawas:

Approximate (accidental) U(2)> symmetry!

> What if New Physics follows the same structure?
> Starting point to address the SM flavour puzzle

SLAC, 02/23/2026 Page 33
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U(2) in SMEFT

Taming flavor constraints

> U(2) imposes flavor conservation for New Physics:

_ U@, _
Ty —— aGsVpds + b Y Gyt
=1

. , . o Y =ys < """ e >
> But it is already broken at dimension-four (y < 10~?) 011
— flavor-changing processes follow CKM-like (GIM) suppression

We can impose a U(2)° symmetry on the SMEFT and study the implications

> Combine flavor, collider, and EW observables Flavor

/\

EW <«<— Collider
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SMEFT Fits to U(2) Operators

10
[HD|Yuk. Hiy

TeV

o
B}
fackie)

2
(SR

m Flavor (down)

Dip.

M Flavor (up)

lq
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m EW

a9

[LA, Cornella, Isidori, Stefanek 2311.0002q

A=3TeV,

W Collider

o

ledq

individual fits
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SMEFT Fits to U(2) Operators

W Flavor (down) M Flavor (up)

10 I
P]D Yuk. |Hy Dip.

« Complementarity between sectors
« Flavor: O(10) TeV bounds (CKM)
» Can we do better?

OF

lq

m EW

a9

[LA, Cornella, Isidori, Stefanek 2311.0002q

A = 3 TeV, individual fits

W Collider

o

gi
1672

Eloop =

ledq
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New Physics in the Third Generaglon'?
?e?mlversal

- TeV 10 TeV
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New Physics in the Third Generation? @

> If New Physics couples to the third gen. — accidental U(2) symmetry
— take e.g. a 7’

> U(2) naturally singles out the third generation

2
U@, _
GVpgj ——> aG37ud3 + b Givudi
=1

0 0
Lz D9Z, (1 @ @)Y (0 0
0 0
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New Physics in the Third Generation? @

~
P N
@ l q172 ;
A .
~

> If New Physics couples to the third gen. — accidental U(2) symmetry
— take e.g. a 7’

> U(2) naturally singles out the third generation

2
U@, _
GVpgj ——> aG37ud3 + b Givudi
=1

0 00 Q1
Ly 29Z, (@ @ @) [0 0 0] [
0 01 qs

> How much do we need to suppress the light generations?

5 000\ [q
LzD9Z, (@ @ @)Y 0 5 0|
0 0 1 q3
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[LA, Cornella, Isidori, Stefanek 2311.0002q

New Physics in the Third Generation?
> Suppress operators with light fermion indices @

M Flavor m EW m Collider

~E 1
0% vk (e Dip.  |tg a y /. \/Q =
e
o -
° J; -
€loop = Lz
167
EQ =0.16
= ! e, = 0.40
& 3rd gen. collider searches en =0.31
ep =0.15
Page 38
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https://arxiv.org/abs/2311.00020

[LA, Cornella, Isidori, Stefanek 2311.0002q

New Physics in the Third Generation?
> Suppress operators with light fermion indices @

M Flavor m EW m Collider

~E 1
0% vk o Dip.  |ig aq o ledq \,Cg -<
’ N
Cd12 )
Mo _
8 Yi o
Eloop = W
£Q = 0.16
6r e = 0.40
E ey =0.31
4+ ep =0.15
A np still compatible with ~ TeV under non-tuned conditions
oLl Jl
2
5
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https://arxiv.org/abs/2311.00020

What Have We Learned?

> U(2)° is a good symmetry: @
— suppress flavor-violating NP effects fC_? X 1
— single out the third generation Cqe )

> Flavor, collider and EW data conspire in constraining the parameter space
> We are only now starting to explore the TeV scale

— third-generation New Physics
> Itis not a model

— EFT parametrizes classes of models with specific features

Given our framework with comparably weak constraints, how will improvements in
experimental precision impact the results?
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. . [Table from FCC FSR 2505.002793
The Future Circular Collider C FCC

Working point Z pole WW thresh. ZH tt
V5 (GeV) 88,91, 94 157,163 240 340-350 365
Lumi/IP (103 cm—25~1) 140 20 75 1.8 1.4
Lumi/year (ab=1) 68 9.6 36 083 067
Run time (year) 4 2 3 1 4
Integrated lumi. (ab—1) 205 19.2 10.8 0.42 2.70
2.2 x 105 ZH 2 x 108t
Number of events 6x1012Z 24 x 108 WW + + 370k ZH
65k WW —H +92k WW — H
EWPOs Flavor Higgs
> Focus on Z-and W-pole > Large number of bb and
obs. 7+7~ pairs from Z decays > Yukawas, hV'V couplings
> Constrain > Constrain flavour-violating > Self-coupling
flavour-conserving NP NP

— overall great potential for cornering NP indirectly
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Electroweak Precision Observables

> Measure Z- and W boson couplings to fermions through partial decay widths
> Current measurements largely from LEP, O(1%o) precision

[Table from FCC FSR 2505.00279

> Expect an improvement by 10-100 at FCC-ee

Observable present FCC-ce FCC-ce Comment and
value =+ uncertainty Stat. Syst. leading uncertainty
my (keV) 91187600 £ 2000 4 100 From Z line shape scan
Beam energy calibration
it Tz (keV) 2495500 = 2300 4 12 From Z line shape scan
Observable Definition Beam eormy ontieaton
I Z/ Z — ff) sin? 6507 (x10°) 231,480 + 160 12 12 From Al at Z peak

B librati
Jor [{(Zset e ) Z0) eam energy calibration
Ohad mg T 1/aqen(m3) (x10%) 128952 + 14 39 small From A} off peak
08 e From A} on peak
Ry (f = e p,7,c,b) F(éﬁff) QED&EW wuncert Hominate
Z-pole f TS 6 =, T(Z—4d) z
4 F RY (x10%) 20767 + 25 005 005  Ratio of hadrons to leptons
A (f = e,p1,7,5,¢,b) P(Z—fLfL)-T(Z—frfR) Acceptance for leptons
T(Z=17) as(m3) (x10%) 1196 = 30 01 1 Combined R}, TZ, o, fit
AO 0 (/ =e. 7_) 344 Z & had

11y gt ol (x10°) (nb) 414802 = 325 003 08  Peak hadronic cross section
AFB (g =c.b) 34, Ay Luminosity measurement
4 - 4 N,(x10%) 29963 + 74 009 012 Z peak cross sections
mw Luminosity measurement
W-nole Tw 2 TV = fifo) R, (x10°) 216200 + 660 025 03 Ratio of bb to hadrons
P Br(W — tv) ({ = e, p,T) Apy (x10%) 92 + 16 004  0.04 b-quark asymmetry at Z pole
From jet charge
AR (x10%) 1498 + 49 007 02  polarisation asymmetry
7 decay physics
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Electroweak Precision Observables

> Measure Z- and W boson couplings to fermions through partial decay widths
> Current measurements largely from LEP, O(1%o) precision

> Expect an improvement by 10-100 at FCC-ee

[Table from FCC FSR 2505.00279

Observable \ Definition
Iz Sy T(Z = ff)
o 12x D(Z—=et e )I(Z—49)
had mz %,
_ T(Z—[f)
Z-pole Rf (f =e,p,7,¢,0b) qu“(;aqq)
_ L(Z=fLf)-T(Z=frfRr)
Af ({[* € 1, T, S, Cy b) W
Apg (€ =e,p,7) %AcA[
AR (g=c,b) 34,4,
mw
Tw Y hp TW = fifz)
W-pol fi.f2
PO Br (W = 1) (0 = e, 1, 7)

DESY. | Exploring the atC

| Lukas Allwit |

SLAC, 02/23/2026

Observable present FCC-ee FCC-ce Comment and
value  + uncertainty Stat.  Syst. leading uncertainty
mz (keV) 91187600 =+ 2000 4 100 From Z line shape scan
Beam energy calibration
Tz (keV) 2495500 + 2300 4 12 From Z line shape scan
Beam energy calibration
sin? 65)f (x10°) 231480 = 160 12 12 From Al at Z peak
Beam energy calibration
1/aqen(m3) (x10%) 128952 + 14 39  small From Al off peak
08 the From A% on peak
ED&EW uncert. dominate
RY (x10%) 20767 + 25 005 005 Ratio of hadrons to leptons
Acceptance for leptons
as(m3) (x10%) 1196 = 30 0.1 1 Combined Ry, Iy, 0 fit
0, (x10%) (nb) 414802 + 325 003 08  Peak hadronic cross section
Luminosity measurement
No(x10%) 29963 + 74 009 012 Z peak cross sections
Luminosity
1
Ry, (x10°) 216290 + 660 025 03 Ratio of bb to hadrons |
Ay (x10%) 992 + 16 004  0.04 b-quark asymmetry at Z pole
From jet charge
ARy (x10%) 1498 = 49 007 02 7 polarisation asymmetry

7 decay physics
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P ros pe cts from EWPOS [LA, Cornella, Isidori, Stefanek 2311.0002q
Tree-level effects

> From current O(few)TeV to 30 TeV range at FCC-ee

@ N T LT LT LI LI LT L T L L L L L L L L L L Y
HE
el N C C C U C C U U NN
HE
clil A T T LTI LT T T T T T T L L
He
@l I AL L L L L L N A A A Y
Hq
CHD [ i I I I I T ITITTTTTTTTTTT I Naaaaae

C[[;m] B -« \ % nhiiiiiiaaaaaaiaaaaiIIIaaIIaaAIIIIIILILIIIILIIILLILILL LI L L L L Y
3)(33
c;{z[ ] | S N NEEEEENENNNNSNNNNNNS
CI33] P — t A AT I I G G G RRR R RGN GGSSY m Collider
Ht
Pl e N S S SO

155 N EW (FCCee)

O3] b A A A A A A A A
m EW

m Flavor (Up)

m Flavor (Down)
JZ /W-pole (tree-level) ‘
30 40 50

TeV
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Pros pe cts from EWPOS [LA, Cornella, Isidori, Stefanek 2311.0002
One-loop (RGE) effects
> (O(10) TeV constraints for four-fermion operators (3" gen. quarks)

33
Cir
C;(l) [#i33]

AIIIIIIIAILIAIALILIALIA LAY L  N N N N N NL Y Z/W-pole (RGE)
AalTlTILLIILLILLLLLLLLLGLLOGLGLGOGLOGGOGGY

q
C;;)[m.ifi]

(3)[i433]
cy [#i33]

cpil R, m Collider
cliss e e N EW (FCCee)
clyess . u EW
ciis
(333 m Flavor (Up)

CEEé)[Km] m Flavor (Down)
cle
s
i
cg::m:l]
il

TeV
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From EFT to Models

[Figure by M. McCullough]

> The operator basis is arbitrary

— physics in independent of the choice of basis \ [
> Explicit models will correlate different coefficients “ “‘

— only some directions get populated ‘
SMEFT & 1o
Plausible

> Go beyond the EFT “Swamp”

How will explicit models be probed by EWPOs at FCC-ee?

DESY. | Exploring the at Colli | Lukas Allwi | i SLAC, 02/23/2026 Page 45




Linear Extensions of the SM

Ysm Ysm H S H

Phsm hsm H- “H

> Finite number of representations — Granada dictionary
> Everything that matches onto dimension-six SMEFT
> E.g. for scalars

Name S S1 Sy 7] = =1 (CH O3
Trrep  (1,1), 1,1), 1,1, (1,2); 1,3) (1,3, (L4 (1,4 [1711.10391]

Name wy wy wy 1 17 ¢
Irep  (3,1)_; (1): G-y (2); (32); 33)y

—3

Name [ Qs Q4 T [
mep  (61), (6.1); 6.1 (63, 2

1 1
3 2

Table 1. New scalar bosons contributing to the dimension-six SMEFT at tree level.
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() — special choice of couplings to avoid tree-level EWPO

Prospects from EWPOs

BSM scalars g Universal couplings M Third-gen. only M Flavourless couplings M Antisymm. couplings

T tree-level one-loo
= . 60 - one-loop (LL RGE) imatchi)lll)p;
= no running ; !

F [1711.10391]

50 - Name S S ) 7 B B E) Y

r Imp (L1, (LD, (LD, (L2, (L3), (13, (L4, (L4,

E Name — w; wy s 1, 7 ¢

40 r Imep (31 GD: G- (2), (G2); (3,

Name pY 2 Q T L 2
Iep  (6.0); 613 6D 6.3, 6.2,

Table 1. New scalar bosons contributing to the dimension-six SMEFT at tree level.

TeV

:i*)s S ¢ I Iz T o @ w Q wy Qo wy U O 6
[LA, Mccullough, Renner 2408.03999
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Prospects from EWPOs

BSM fermions

2= no running

DESY. | Exploring the

50[

at C

40]

10l

M Universal couplings M Third-gen. only M Other

zZ

Name N =

mep (LD, (L), (L2, L2y (3, 1,3,

Name U D Q Qr T T
mep  (3,1); (). (32, G2 G.2; 63, (3.3);

D E N Q

| Lukas Allwi |

Qs

Q7

T

T

SLAC, 02/23/2026

U A

A

tree-level |

Table 2. New vector-like fermions contributing to the dimension-six SMEFT at tree level.

[1711. 10391

one-loop

' (LL RGE)

[LA, Mccullough, Renner 2408.03999
|
i
|
i
|
i

DO ) Qg*) Q(7*) U™

() — special choice of couplings to avoid tree-level EWPO
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() — special choice of couplings to avoid tree-level EWPO

Prospects from EWPOs

BSM vectors W Universal couplings M Third-gen. only M Flavourless couplings
[1711.10391
100 tree-level ' one-loop (LL RGE) "Name B B, W wm g G # Ly
[ ; Imep  (L1)y (L1, (1,3), (1,3), (B1), (81, (83) (1,2)

&= no running Name L3 Uy Us Q (23 X R Vs

e (123 (D3 B GB.2; G2 G3; 62, 62

Table 3. New vector bosons contributing to the dimension-six SMEFT at tree level.

[LA, Mccullough, Renner 2408.03999

B B W W, £, BW B%*)W(*) G G H L3 Q Qs Us Us X D1 Vs
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Prospects from EWPOs () — special choice of couplings to avoid tree-level EWPO

BSM vectors M Universal couplings M Third-gen. only M Flavourless couplings

[1711.10394]
Name B B W W [ G H 2
hrep  (L1), (L1, (1,3), (1,3), 1), (1), (83) (1,2)

100 tree-level ' one-loop (LL RGE)

E4= no running

Name Ly Uz Us Qi Qs X N Vs
e (L2_; BD; GD; G G2y 63 62, 6.2

Table 3. New vector bosons contributing to the dimension-six SMEFT at tree level.
ullough, Renner 2408.03999
Z
=
B Bi WWi L BOBIWY G G H Ly Q QU Us X Vi Vs
DESY. | Exploring the at Colli | Lukas Allwit | i SLAC, 02/23/2026
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Flavor Prospects at FCC-ee

Table 6: Yields of heavy-flavoured particles produced at FCC-ee for 6 x 10'2 Z decays [190].

Particle species B B* B? A, Bf ¢ 1ttt

Yield (x10%) 370 370 90 80 2 720 200 D

HCD

Belle T \ Q\Q

_ Attribute TMA4S) pp Z

> ~ 103 more bb and 77~ w.r.to Belle All hadron species v v
i . High boost v v

> ~ x5 improvement in Anp reach Enormous production cross-section v oW
. Negligible trigger losses v v

> Access to B, and B, - not produced at b factories High geometrical acceptance v v
. Low backgrounds v v

> Great advantage due to clean environment and Flavour-tagging power v v
boosted final states Initial-energy constraint v )

( YFCC
[Kamenik et al. ’25]
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Projections for Flavor Observables

[LA, Isidori, PeSut 2503.17019

‘ Observable SM Current value [14] Pre-FCC projection FCC-ee expected ‘
19-/94 1 1.0009 + 0.0014 - +0.0001 [15]
|9+/9e] 1 1.0027 + 0.0014 - +0.0001 [15]

corr. 0.51
B(T — pip) 0 <21x1078 <0.37 x 1078 [¥] [16] | < 1.5 x 10~ [*] [15]
Rp 0.298 + 0.004 0.342 + 0.026 [17] +3.0% [16]
Rpx 0.254 + 0.005 0.287 £ 0.012 [17] +1.8% [16]
corr. -0.39
B(B. —77) | (1.95+0.09) x 10~2 < 0.3 (68%C.L.) - +1.6% [8]
B(B — Kvp) | (4.44£0.30) x 1076 (1.3+0.4) x 1075 +14% [16] +3% [7]
B(B— K*vb) | (9.8+1.4)x1075 | <1.2x 1075 (68%C.L.) +33% [16] +3% [7]
B(B — K77) | (1.4240.14) x 1077 | < 1.5 x 1073 (68%C.L.) <27x107* +20% [*¥] [18]
B(B — K*77) | (1.64 £0.06) x 1077 | < 2.1 x 1073 (68%C.L.) | < 6.5 x 10~* [*] [16] +20% [**] [18]
B(Bs — 77) | (7.454£0.26) x 1077 | < 3.4 x 1073 (68%C.L.) | < 4.0 x 107 [*] [16] +10% [**] [18]
AMg,/AMM 1 +7.6% +3.3% [19] +1.5% [19]
B(B — Kt[) 0 < 1.0 x 1076 [¥] [20]
B(Bs — i) 0 < 1.0 x 1076 [*] [20]

> Subset of observables, relevant for our example study
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Projections for Flavor Observables

[LA, Isidori, PeSut 2503.17019

‘ Observable SM Current value [14] Pre-FCC projection FCC-ee expected ‘
[9-/9u] 1 1.0009 + 0.0014 - +0.0001 [15]
|9-/ge| 1 1.0027 + 0.0014 - +0.0001 [15]

COIT. 0.51
B(T — pip) 0 <21x1078 <0.37 x 1078 [¥] [16] | < 1.5 x 10~ [*] [15]
Rp 0.298 + 0.004 0.342 + 0.026 [17] +3.0% [16]
Rpx 0.254 £ 0.005 0.287 +0.012 [17] +1.8% [16]
corr. -0.39
B(B. — 77) | (1.95+0.09) x 10~2 < 0.3 (68%C.L.) - +1.6% [8]
B(B — Kv) | (4.4440.30) x 1076 (1.3+£0.4) x 107° +14% [16] +3% [7]
B(B— K*vp) | (98+1.4)x107% | <1.2x 1075 (68%C.L.) +33% [16] +3% [7]
B(B — K77) | (1.4240.14) x 1077 | < 1.5 x 1073 (68%C.L.) <27x107* +20% [*¥] [18]
B(B — K*7) | (1.64 £0.06) x 1077 | < 2.1 x 1073 (68%C.L.) | < 6.5 x 107* [*] [16] +20% [**] [18]
B(Bs — 77) | (7.454£0.26) x 1077 | < 3.4 x 1073 (68%C.L.) | < 4.0 x 107 [*] [16] +10% [**] [18]
AMg,/AMM 1 +7.6% +3.3% [19] +1.5% [19]
B(B — Kt[) 0 < 1.0 x 1076 [¥] [20]
B(B; — Ti) 0 < 1.0 x 1076 [*] [20]

> Subset of observables, relevant for our example study
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Projections for Flavor Observables

[LA, Isidori, PeSut 2503.17019

‘ Observable SM Current value [14] Pre-FCC projection FCC-ee expected ‘
[9-/9u] 1 1.0009 + 0.0014 - +0.0001 [15]
|9-/ge| 1 1.0027 + 0.0014 - +0.0001 [15]

COIT. 0.51
B(T — pip) 0 <2.1x1078 <0.37 x 1078 [*] [16] | < 1.5 x 10711 [¥] [15]
Rp 0.298 + 0.004 0.342 +0.026 [17] +3.0% [16]
Rpx 0.254 £ 0.005 0.287 +0.012 [17] +1.8% [16]
corr. -0.39
| B(B.—7p) | (1.954+0.09)x1072|  <0.3 (68%C.L) | - | +1.6% 8] |
B(B — Kvp) | (4.44£0.30) x 107° (1.3+04) x 107 +14% [16] +3% [7]
B(B— K*vp) | (98+1.4)x107% | <1.2x 1075 (68%C.L.) +33% [16] +3% [7]
B(B — K77) | (1.4240.14) x 1077 | < 1.5 x 1073 (68%C.L.) <27x107* +20% [*¥] [18]
B(B — K*7) | (1.64 £0.06) x 1077 | < 2.1 x 1073 (68%C.L.) | < 6.5 x 107* [*] [16] +20% [**] [18]
B(Bs — 77) | (7.45+0.26) x 1077 | < 3.4 x 1073 (68%C.L.) | <4.0 x 10~* [*] [16] +10% [**] [18]
AMg,/AMM 1 +7.6% +3.3% [19] +1.5% [19]
B(B — Ktj) 0 < 1.0 x 1076 [*] [20]
B(B; — Ti) 0 < 1.0 x 107 [¥] [20]

> Subset of observables, relevant for our example study
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Projections for Flavor Observables

[LA, Isidori, PeSut 2503.17019

‘ Observable SM Current value [14] Pre-FCC projection FCC-ee expected ‘
[9-/9u] 1 1.0009 + 0.0014 - +0.0001 [15]
|9+/ge| 1 1.0027 + 0.0014 - +0.0001 [15)

COIT. 0.51
B(T — pip) 0 <2.1x1078 <0.37 x 1078 [*] [16] | < 1.5 x 10711 [¥] [15]
Rp 0.298 + 0.004 0.342 +0.026 [17] +3.0% [16]
Rp+ 0.254 + 0.005 0.287 +0.012 [17] +1.8% [16]
corr. -0.39
| B(B:—7p) [(1.95+0.09)x107% |  <0.3 (68%CL) | - \ +1.6% [8] |
B(B — Kvp) | (4.44£0.30) x 10~° (1.3+£0.4) x 107 +14% [16] +3% [7]
B(B—> K*vp) | (9841.4) x107% | <1.2 x 1075 (68%C.L.) +33% [16] +3% [7]
B(B — K77) | (1.4240.14) x 1077 | < 1.5 x 1073 (68%C.L.) <27x107* +20% [*¥] [18]
B(B — K*7) | (1.64 £0.06) x 1077 | < 2.1 x 1073 (68%C.L.) | < 6.5 x 107* [*] [16] +20% [**] [18]
B(Bs — 77) | (7.45+0.26) x 1077 | < 3.4 x 1073 (68%C.L.) | <4.0x 10~ [*] [16] +10% [**] [18]
AMg,/AMM 1 +7.6% +3.3% [19] +1.5% [19]
B(B — Ktj) 0 < 1.0 x 1076 [*] [20]
B(B; — Ti) 0 < 1.0 x 107 [¥] [20]

> Subset of observables, relevant for our example study
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Third-gen. Semileptonics: Future Prospects

SMEFT Analysis
0.02
3 7 _
> [0 )ass = (Lo s) (@70 gs) o0r

> Flavor-violating effects:

1
> Assume a signal compatible with current -
measurements (gray region), and project for
FCC-ee expected errors —0.02

DESY. | Exploring the Terascale at Colliders | Lukas Allwicher | Seminar, SLAC, 02/23/2026

[LA, Isidori, PeSut 2503.17019

FCC-ee:
« B(B — Kvi)
B(B. — )

o B(B - K7)

g-/9u|
o Combil

ned
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An Explicit (Simplified) Model: S; Scalar Leptoquark
Synergies Between Higgs/EW/Flavour 5~ (3.1.1/3
Ls, D iyrSi (a520263) + yrSi (@*ed) +he. ! (3.1,1/3)

nggs 7000 7000
@ 6000 6000
EW Flavor 2000 5000
3 4000 g 1000
> Third-generation = <
. 3000 3000
couplings only
2000 2000
> Current data
1000 1000
—4 -2 0 2 4 -2 -1 0 1 2
£g yR/;l/L
3 SR ) o
q7, — 47, — €5 Vuqy, LA, Isidori, Pesut 2503. 17014
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An Explicit (Simplified) Model: S; Scalar Leptoquark

Synergies Between Higgs/EW/Flavour ~(3.1.1
Ls, DiyrSi (¢5°0201) + yrS1 (W*eh) + h.c. 51~ (3,1,1/3)

Higgs 7000 7000
@ 6000 6000
u 5000 5000
EW Flavor B ?
3 4000 E 4000
> Third_generation < IR T e =
. 3000 3000
couplings only
2000 2000
> Current data |
> H — 71 (10/0) 1000 1000 |
—4 -2 0 2 4 -2 -1 0 1 2
gs yr/YL
3 53 —eoVidt o
qr, q7, — €s V4, [LA, Isidori, Pesut 2503.17019
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An Explicit (Simplified) Model: S; Scalar Leptoquark

Synergies Between Higgs/EW/Flavour

Ls, DiyrSi (q73026}) + yrSi (@ed,

Higgs 7000
@ 6000
[\
EW Flavor o000
=
i 4000
> Third-generation s — T ———
) 3000
couplings only
2000
> Current data
> H — 77 (1%) 1
~ —4 —4 -2 0 2 4
> Ar (~107%) N

@ = ¢ —esVudh

DESY. | Exploring the Terascale at Colliders | Lukas Allwicher | Seminar, SLAC, 02/23/2026

Mg [GeV]

Sy~ (3,1,1/3)

)+ h.c.
7000
6000
5000
4000
3000
¥
2000 5
|
1000 |
!
-2 -1 0
Yr/YL

[LA, Isidori, PeSut 2503.17019
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An Explicit (Simplified) Model: S; Scalar Leptoquark

Synergies Between Higgs/EW/Flavour

Higgs

Flavor

> Third-generation
couplings only

> Current data

> H — 17 (1%)

> A (~107%)

> B — Kvv (3%)

Ms [GeV]

Ls, DiyrSi (35°0203) + yrS: (

7000

6000

5000

4000

3000

2000

1000

ﬂ3ce%

Sy~ (3,1,1/3)

) +h.c.

7000

6000

5000
=
D 4
3 000
w
<
= 3000
FCC-ce:
« B(B — Kvi) 2000 1C-ee:
N\ A B(B,. — 777) ® B(H —» 17
\(| o B(H = 77) .
| g-/9,| 1000
| o Combined o Combined
\| |
—4 -2 0 2 4 -2 -1 0 2
£s Yr/YL

@ = ¢ —esVudh

DESY. | Exploring the Terascale at Colliders | Lukas Allwicher | Seminar, SLAC, 02/23/2026

[LA, Isidori, PeSut 2503.17019

Page 53



https://arxiv.org/abs/2503.17019

An Explicit (Simplified) Model: S; Scalar Leptoquark
Synergies Between Higgs/EW/Flavour Sy ~ (3 1 1/3)
Ls, D iyrSi (7530263) + yrSh (@e}) +h.c. o

Higgs
' 7000 7000
@ 6000 6000
S _
EW Flavor 5000 5000
. . g 4000 g 4000
> Third-generation = =
< <
i = 3000 .
couplings only Combined analyses are key!
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The Higgs Trilinear at FCC-ee

> Higgs potential unprobed beyond the mass term

V(h) = mj, + ks ASVR? + kg APMRY +
> At (circular) eTe™, A3 enters at one-loop in Zh production
> Ifonly k3 is aIIowed to vary, expect ~ 20% precision

> Many New Physics effects can modify the cross-sectioqutena s, Dawson, Giardino, Szafron 2409.11466]
Tree-level

One-loop
(Osel (Ofpla: (Ol Os: (Ol
Oup, Ong, OHWB7 Onw, Ous, [Quli [qulu [OHqL“ [Ouw 15, [0 UB]“’Q[)OUH]337
[Onch, [O H,]u + [(9(3>} Ow, O(g[oeu]lliizs)[oqe}iilh (Owliis [0}, 114
[0 111iis 1012233, [Oedlitii, [Owdliri
[Orel11iis [Ouliijgs [Ouluiit, [Oeeliijs, [Oeelriin

Will we be able to disentangle the different effects?
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Trilinear v. Electron-top Interactions

[Olq)]n:zs (Lyul)(@37"g3) »
On = (H H)3 [0 T1133 = (hyuo"h) @7 o as)

[Ogelssnn = (@37"q3)(E17pe1)

[OrJi1ss = (liyuli) (Wsy"us) ,

[Ocul1133 = (E17pe1) (U37"u3)
> (g and eett interactions enter at the same order in ete™ — Zh

> Can we independently constrain eett operators?
What'’s the impact on the trilinear?
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Trilinear v. electron-top interactions

LA, Grojean, Tabatt 2512.06916
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7 Marginalized over all other Coefficients
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Trilinear v. electron-top interactions p .
LA, Grojean, Tabatt 2512.06916 b
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4 m Current EWPOs
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z Marginalized over all other Coefficients
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Trilinear v. electron-top interactions
LA, Grojean, Tabatt 2512.06916
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Trilinear v. electron-top interactions
LA, Grojean, Tabatt 2512.06916

50¢
‘ m
10t g
g s g | m Current EWPOs
é 7 . g | & + Drell-Yan (HL-LHC)
% ” L 2 i
;?é ?? L é gé ?é B + EWPOs (FCC-ee)
N 7 727 Z 7 200 | =+ R R R R andcte — Zh (FCCoco)
1 A R RE
s B i % 7% 77/ Ik
[Cfg)] 1133 [sz] 1133 [Cru)i133 [600]3311 [Ceuli1s . . .
“ E 7 Marginalized over all other Coefficients
e b,t
Ceett
e b,t

DESY. | Exploring the Terascale at Colliders | Lukas Allwicher | Seminar, SLAC, 02/23/2026

Page 56



https://arxiv.org/abs/2512.06916

Trilinear v. electron-top interactions

LA, Grojean, Tabatt 2512.06916

No issues in measuring
the Higgs self-coupling

4 m Current EWPOs
| & + Drell-Yan (HL-LHC)

= 4+ EWPOs (FCC-ee)

1 m+ Ry, R, Re, Ry and ete™ — Zh (FCC-ce)

7 Marginalized over all other Coefficients

Z
17
[C[(ql)] 1133 [Cru)i133 [cqn]3311 [Ceuli133

0.1
z
=)

0af | N 1l

03—

DESY. | Exploring the Terascale at Colliders | Lukas Allwicher | Seminar, SLAC, 02/23/2026

6k3e,ony = 0-17

Page 56



https://arxiv.org/abs/2512.06916

Conclusion



Summary

i) The TeV scale is a very interesting and motivated place to look for New Physics

- Hierarchy problem, flavor puzzle
- Compatible with current data (3" gen. New Physics)
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Summary

i) The TeV scale is a very interesting and motivated place to look for New Physics

- Hierarchy problem, flavor puzzle
- Compatible with current data (3" gen. New Physics)

ii) Combining information from different energy scales/sectors is essential

- Complementarities between high-pr and flavor
- Connection between scales through renormalization effects (EFT)

DESY. | Exploring the at Colli | Lukas Allwi | i SLAC, 02/23/2026 Page 58



Summary

i) The TeV scale is a very interesting and motivated place to look for New Physics
- Hierarchy problem, flavor puzzle
- Compatible with current data (3" gen. New Physics)
ii) Combining information from different energy scales/sectors is essential
- Complementarities between high-pr and flavor
- Connection between scales through renormalization effects (EFT)
iii) Precision physics plays a crucial role, both now and in the future

- FCC-ee as a machine for unprecedented precision in Electroweak, Flavor, and Higgs
physics

- Indirect reach way into the 10 TeV range

- Just the beginning...
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Outlook

(High-p,:

e HL-LHC will push the high-energy frontier
¢ Not only Drell-Yan, but also 4-quark opera-
tors, pp — missing E, direct searches...

e Improvements in the Higgs sector

(trilinear to 25%)

\.
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Outlook

(High-p; : [EW & Co. (FCC):

e HL-LHC will push the high-energy frontier
* Not only Drell-Yan, but also 4-quark opera- ||« What about theory uncertainties?

tors, pp — missing E, direct searches... « Are we using the right observables?

e Improvements in the Higgs sector « What else can we learn?

(trilinear to 25%) » 240-365 GeV unexplored range for ete~
Flavor:

* Many improvements expected also before

FCC
e Run 3, HL-LHC (LHCb, CMS), Belle-Il

 Interesting to follow developments

\ J
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Outlook

(High-p,:

e HL-LHC will push the high-energy frontier
¢ Not only Drell-Yan, but also 4-quark opera-
tors, pp — missing E, direct searches...

e Improvements in the Higgs sector

(trilinear to 25%)

\.

[EW & Co. (FCC):

« What about theory uncertainties?

» Are we using the right observables?

* What else can we learn?

» 240-365 GeV unexplored range for ete™

\.

Flavor:

e Many improvements expected also before
FCC
e Run 3, HL-LHC (LHCb, CMS), Belle-lI

 Interesting to follow developments

\

7

Other:

« More tools available: matching, RGE, ...
e HighPT 2.0: include flavor, EW, Higgs ob-

servables
« Towards consistent SMEFT likelihoods

* More model building

J

\.

J
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Thank you!

lukas.allwicher@desy.de
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