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WE’RE ALL USED TO SEEING PLOTS LIKE THIS 10+ 
YEARS LATER
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THERE’S ALWAYS GOING TO BE A BIT OF A SM BIAS IN THE WAY WE 
THINK ABOUT IT IF WE JUST THINK ABOUT IT AS ANOTHER “COUPLING”



ONE ANSWER COULD SIMPLY BE IT’S PREDICTED SO LET’S 
MEASURE IT!
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THE PROBLEM IS IT’S REALLY HARD BECAUSE THE HIGGS IS 
DIFFERENT

All major Branching Fractions are ≳ 𝒪(1%)
The same Higgs Branching Fractions  

span 8 to 20 ORDERS OF MAGNITUDE 
or more!



NEVERTHELESS WE CAN BRUTE FORCE IT AND 
ASK HOW FAR WE CAN GET EXPERIMENTALLY
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PRODUCTION, TAGGING, KINEMATICS ETC.



THIS CAN’T BE DONE IN ISOLATION EVEN IN A “BRUTE 
FORCE” MANNER
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INCREASE κqi

SUPPRESS BF 
FOR OTHER 

MODES

LHC HAS MEASURED MANY PRODUCTION/DECAY MODES 
VERY WELL



CURRENT(ISH) CONSTRAINTS ON κc
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also be recast trivially for a ωu only modification as well. However, charm tagging of the

Higgs or other associated final states cannot be recast for ωu. One can also tag or look

for exclusive mesonic decays into the first generation, and in some cases we note where an

experiment has performed this study and interpretation. However, the projected bounds

on ωu are weaker than existing flavor and direct constraints and therefore not relevant at

the LHC or HL-LHC for this class of models.

Experiment Reference L(fb→1
) Constraints Comments

ATLAS [23] 139 |ωc| < 2.91 Normalization

CMS [26] 138 |ωc| < 2.92 Normalization

ATLAS [29] 139
ωc → (↑2.27, 2.27)

ωc → (↑8.6, 17.3)

(pT measurement,

Shape & Normalization)

pT measurement, Shape only

CMS [30] 138 ωc → (↑6, 5.4) h + ε associated production

CMS [24] 138 1.1 < |ωc| < 5.5 c-tagging

ATLAS [31] 140 |ωc| < 4.2 c-tagging

CMS [88] 138 |ωc| < 3.5 tt̄h c-tagging

CMS [32] 138 |ωc| < 38.1 h + c associated production

ATLAS [22] 139 ωc/ωω → (↑153, 175) h ↓ J/ϑε decays

CMS [33] 138 ωc → (↑7.5 ↔ 103
, 7.7 ↔ 103) h ↓ J/ϑZ decays

Table 3: Table of Higgs precision results, note that the results quoted in this table corre-

spond to 95 % C.L. and are recast as bounds on the charm quark coupling modifier. In cases

where the experimental result does not include an interpretation in terms of ωc we mark

with an asterisk and refer to the text. Using the normalization measurements we can place

similar bounds for the up quark as well. Note also that in reference [30] there is an explicit

translation of their results into coupling modifier language, getting ωu → [↑3, 3]↔103 at 95

% C.L. For the case of [23, 26], in order to translate the signal modifier constraint µ
ωω to

the charm coupling modifier presented in this table, we assume that the only modification

to the SM couplings is the one for the charm Yukawa and that the production cross section

does not get modified. For both cases we center the measurements at the SM prediction

namely µ
ωω = 1. Finally, for the case of [33], we use the expression in [87] to extract the

constraint presented on the table. Notice that ATLAS has also recently studied associated

production of charm and Higgs inclusively, providing a bound with no ωc-tagging [34].

In panels (a) and (b) of figure 6 we present the results of the flavor and direct searches

from the previous sections overlaid with the constraints from the single-Higgs precision

results given in table 3 for an alignment parameter of cos(ϖ ↑ ϱ) = 0.1. In panel (a)

of figure 6, the results for how charming the SM Higgs can be are shown. Note that there is

strong complementarity between the flavor, direct collider search, and precision single-Higgs

results. In particular, for mH ↭ 300 GeV and mH ↫ 1.2 TeV, the Higgs signal strength

– 18 –



THERE MUST BE NEW PHYSICS THAT 
GENERATES LARGE SHIFTS IN THE COUPLINGS
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CURRENT  LIMITS OF A FACTOR OF A FEW 

(NOT A SMALL MODIFICATION)


 NEEDED TO BE CHARM LIKE

κc

κu,d ∼ 𝒪(103)

yij
u QiHūj +

Cij
Qu

Λ2
QiHūj(H†H)



THERE MUST BE NEW PHYSICS THAT 
GENERATES LARGE SHIFTS IN THE COUPLINGS
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THERE MUST BE NEW PHYSICS THAT 
GENERATES LARGE SHIFTS IN THE COUPLINGS
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CURRENT  LIMITS OF A FACTOR OF A FEW 

(NOT A SMALL MODIFICATION)


 NEEDED TO BE CHARM LIKE

κc

κu,d ∼ 𝒪(103)

yij
u QiHūj +

Cij
Qu

Λ2
QiHūj(H†H)

MATRICES IN FLAVOR



FLAVOR PHYSICS IS HIGGS PHYSICS
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NO YUKAWA COUPLINGS 
= NO CKM MATRIX

 AREN’T 
SIMULTANEOUSLY  

DIAGONAL IN GAUGE 
BASIS

yij
u , yij

d

ENLARGED GLOBAL 
 SYMMETRYU(3)5



OPPORTUNITY AND CURSE

Thermal 
History of 
Universe

Higgs 
Physics

Origin of 
EWSB? Higgs Portal 

to Hidden Sectors?

Stability of Universe

CPV and 
Baryogenesis

Origin of masses?

Origin of Flavor?

Is it unique?

Fundamental 
or Composite?

Naturalness

Thermal History of 
Universe

Origin of EWSB?
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Snowmass EF Higgs Topical Report
S. Dawson, PM, I. Ojalvo, C. Vernieri et al

2209.07510



ASKING ANY QUESTIONS ABOUT SHIFTING YUKAWA 
COUPLINGS IMMEDIATELY REQUIRES TALKING ABOUT FLAVOR
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yij
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Qu
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uNO REASON FOR

NO LONGER CAN DESCRIBE FLAVOR SOLELY 
THROUGH CKM



LET’S MAKE A SIMPLE ESTIMATE
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WITHOUT ANY FLAVOR ASSUMPTIONS
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 MIXING IMPLIES MAXIMUM YUKAWA 
COUPLING SHIFTS ARE BOUNDED FROM ABOVE

D − D̄

 AND κu ≲ 102 κc ≲ 1.1

WELL BELOW WHAT IS MEASURABLE AT THE LHC



WE’RE VERY FAMILIAR WITH FLAVOR SETTING 
STRINGENT BOUNDS ON NEW PHYSICS, SO IS THERE 

ANY POINT TO TALK ABOUT LIGHT YUKAWAS?
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WHAT ABOUT A FLAVOR ANSATZ LIKE MFV?

SOLELY AN ASSUMPTION AND USELESS FOR LIGHT 
YUKAWAS SINCE YOU’RE ALREADY CONSTRAINED 

FROM HEAVY YUKAWAS

ASSUME ONLY SPURIONS THAT BREAK  ARE SM 
YUKAWAS

U(3)5



WHAT ABOUT ALIGNMENT?

INTRODUCING ONLY DIAGONAL Cij

Qu, Cij
Qd
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NOT SUFFICIENT GENERICALLY SINCE YOU CAN’T  KEEP IT ALIGNED VIA 
SYMMETRY - ONLY A  REPARAMETRIZATION AT LOW ENERGY AND 

CKM IS CHARGED UNDER IT
U(1)5

IS ALL LOST FOR LIGHT YUKAWAS AT THE LHC?



NO! SPONTANEOUS FLAVOR VIOLATION (SFV)
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D. Egaña-Ugrinovic, S. Homiller, PM 1811.0017

BUG ME ABOUT THE DETAILS IF YOU WANT, BUT FOR OUR 
PURPOSES IT’S A SYMMETRY BASED AUTO-ALIGNMENT 

MECHANISM IN THE RH DOWN TYPE QUARKS OR UP TYPE 
QUARKS W/ A NEW SPURION

KU ≡ diag(Ku, Kc, Kt) KD ≡ diag(Kd, Ks, Kb)OR

DOESN’T HAVE TO RESPECT SM YUKAWA HIERARCHIES - 
COULD JUST HAVE A LARGE COUPLING TO CHARM QUARKS



HOW TO CONNECT TO LIGHT YUKAWAS?
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TO MAXIMIZE THE SIZE WE NEED A PARTICLE 
INTEGRATED OUT AT TREE-LEVEL
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ONLY TWO OPTIONS: 2HDM OR VLQ 
VLQ:Eredlyi, Gröber, Selimovíc 2410.08272



1
Λ2

(chc̄)h2

SFV 2HDM (THERE AREN’T JUST 4 TYPES OF 2HDM)

EXAMPLE: MODIFYING CHARM YUKAWA








I

1 1

mum

What is
a
a

Collider

NEWT
Design nastycostThomas

p

H - 2nd Higgs doublet
λHcc̄

Nothing to do with SM 
strange Yukawa

c








I

1 1

mum

What is
a
a

Collider

NEWT
Design nastycostThomas

p

λ6Hh3

Coupling of 2nd Higgs 
doublet to our Higgs

⟨h⟩ ⟨h⟩c

20



PUT THEM TOGETHER AND IT CAN MODIFY “SM 
HIGGS” CHARM YUKAWA
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SIMPLE PARAMETER SPACE:

 MASS, COUPLING TO QUARKS, MIXING WITH 

HIGGS
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WE CAN NOW PROPERLY CALCULATE FLAVOR 
BOUNDS, HIGGS PROPERTIES AND 

INHERENTLY CORRELATED COLLIDER SIGNALS
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WHAT DOES IT MEAN IN THE 2HDM CASE?
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Figure 6: We present the constraints for the new Yukawa couplings of our 2HDM model

derived using single-Higgs properties as measured at the LHC at 95 % C.L. The combined

constraints from resonant decays of the Higgs from figure 5 are shown in black and overlaid

with the flavor bounds from section 3. Panel (a): Constraints of the new charm Yukawa

coupling. The solid blue line shows the bounds from the Higgs signal modifier for the

µ
�� channel [22] assuming that the central value is the SM i.e. µ

�� = 1. The dotted

red lines correspond to the constraint obtained by c-tagging searches [30]. The dashed

orange line corresponds to constraints using both shape and normalization of c derived

from pt measurements [27]. When compared to the blue normalization line, this shows

that normalization dominates the results. The maroon dotted dashed line corresponds to

constraints from h+ � production [29]. Panel (b): Constraints on the modified up Yukawa

coupling. The combined constraints from resonant decays of the Higgs eigenstates from

figure 5 are shown in black. The solid blue line corresponds to the bounds derived from the

Higgs signal modifier for the µ
�� channel [22]. The maroon dotted dashed line corresponds

to constraints from h� production [29]. Panels (c) and (d) are the same as (a) and (b)

respectively but for cos (� � ↵) = 0.05.

as an upper limit on the branching fraction by CMS. All the normalization bounds can
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HOW CHARMING CAN THE HIGGS BE?

STRONGEST BOUNDS ON CHARM YUKAWA ARE OFTEN FROM DI-HIGGS 
SEARCHES AT THE LHC!

A. Giannakopoulou, PM, M. Valli 
2410.05236
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CAN EXTEND TO OTHER LIGHT FLAVORS
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Figure 6 : We present the constraints for the new Yukawa couplings of our 2HDM model
derived using single-Higgs properties as measured at the LHC at 95 % C.L. The combined
constraints from resonant decays of the Higgs fromÞgure 5are shown in black and overlaid
with the ßavor bounds from section 3. Panel (a): Constraints of the new charm Yukawa
coupling. The solid blue line shows the bounds from the Higgs signal modiÞer for the
µ!! channel [23] assuming that the central value is the SM i.e. µ!! = 1. The dotted
red lines correspond to the constraint obtained by c-tagging searches [31]. The dashed
orange line corresponds to constraints using both shape and normalization of! c derived
from pt measurements [28]. When compared to the blue normalization line, this shows
that normalization dominates the results. The maroon dotted dashed line corresponds to
constraints from h + " production [30]. Panel (b): Constraints on the modiÞed up Yukawa
coupling. The combined constraints from resonant decays of the Higgs eigenstates from
Þgure 5are shown in black. The solid blue line corresponds to the bounds derived from the
Higgs signal modiÞer for theµ!! channel [23]. The maroon dotted dashed line corresponds
to constraints from h" production [30]. Panels (c) and (d) are the same as (a) and (b)
respectively but for cos (# ! $) = 0 .05.

as an upper limit on the branching fraction by CMS. All the normalization bounds can
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Figure 9 : Collider searches for the 2HDM model with couplings to down-type quarks,
overlaid with the ßavor bounds for ! = 0. The couplings of the second doublet to the up-
type quarks are set to zero i.e.! = 0 and the alignment parameters is set to cos (" ! #) =
0.025. The vertical axis on the right hand side shows the enhancement of the coupling
of h to the down quarks with respect to the Standard Model Yukawa. The ßavor bounds
combined are presented in light red. We present the bounds of resonant production of the
heavy Higgs H, decaying to di! erent channels. The bounds from decays to a pair of Z
bosons [78] are in red and to a pair of 125 GeV Higgs [79Ð81] are in blue. In orange, we
present the bounds from resonant production of the CP odd A decaying to a Z boson and
a 125 GeV Higgs boson [83]. Finally, in black we present the bound that we obtain from
the Higgs signal modiÞer [23, 26].

C Couplings in down-type SFV

In table 4 we show the physical couplings of the Higgs eigenstates to the fermions derived
from Eq. (2.3) for the down-type SFV case. In order to keep the notation as clear as
possible, in the table we denote by bar the right handed Þelds. We denote byY q with
q = u, d, $ the Standard Model Yukawa matrices for up, down-type quarks and leptons re-
spectively. " u = diag ( %u, %c, %t ) is the diagonal matrix containing the three new couplings
introduced in the down-type SFV 2HDM. Couplings are deÞned with a negative sign in
the Lagrangian, i.e. L " ! %hf f hf f .
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and the scale of new physics, JHEP 03 (2008) 049, [arXiv:0707.0636 ].
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CONCLUSIONS

• If you care about measuring light Yukawa couplings at the LHC or beyond 
you have to care about flavor


• There are effectively two models at tree-level 2HDM and VLQs


• You still need a flavor mechanism e.g. Spontaneous Flavor Violation


• There is motivated/allowed parameter space but other observables come 
in as well and the LHC might be the best machine even after Higgs 
factories depending on the coupling - so make sure to do your best with 
HL-LHC data!
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BACKUP
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RESONANCE SEARCHES IN MORE DETAIL

28
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Figure 5 : Collider searches for the 2HDM model with couplings to charm in panel (a) and
up in quarks panel (b), overlaid with the appropriate ßavor bounds derived in section 3.
The couplings of the second doublet to the down-type quarks are set to zero i.e.! = 0 and
the alignment parameter is set to cos(" ! #) = 0 .1. The vertical axis on the right-hand
side of each panel shows the coupling modiÞer of the charm and up quarks respectively.
The combined ßavor bounds are presented in purple. We present the bounds of resonant
production of the heavy Higgs H, decaying to di! erent channels. The bounds from decays
to a pair of Z bosons [77] are in red and to a pair of 125 GeV Higgs [78Ð80] are in blue. In
orange, we present the bounds from resonant production of the CP odd A decaying to a
Z boson and a 125 GeV Higgs boson [82]. Panels (c) and (d) are the same as (a) and (b)
with cos (" ! #) = 0 .05.

Therefore it is important to correlate with the precision measurements of the SM Higgs
couplings to understand how complementary these measurements are.

A common approach for single-Higgs precision at the LHC is based on exclusive Þnal
states that are correlated with a production mechanism for the Higgs and reported as signal
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FLAVOR BOUNDS IN MORE DETAIL

29

generalized to the case of NP [77], where only tree-level ßavor changing processes are
assumed to be SM-like, while FCNC amplitudes are modiÞed to account for generic NP
e! ects. We use the up-to-date bounds on the" F = 2 Wilson coe# cients recently presented
in [16]. We apply the constraints on the Wilson coe# cients directly at a matching scale
close to the EW one following the strategy in [5] (see their Table 1), barring accidental
cancellations among di! erent contributions from " F = 2 operators.

We present the results for each generation separately by allowing only one new coupling
to be non-zero for each panel presented inÞgure 4. Notice that the parameter ! does not
a! ect the strongest bounds we get from" F = 2: unless we move far away from the
! ! 0 regime, the e! ect on the resulting constraints is minor. On the other hand, there
is no dependence on the value of cos(" " #) due to NP contributions involving charged
Higgs states. We observe a small di! erence between the resulting bounds fromBd and Bs

oscillations coming merely from the di! erent CKM elements appearing in the expression
for the " F = 2 matching. The bounds in Þgure 4correspond to the processes providing a
constraint which limits the available parameter space in a visible manner in the plot.

3.3 Summary of ßavor bounds
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Figure 4 : Bounds from FCNCs. Left Panel: Bounds on$u vs. mH parameter space,
setting ! = 0 and $c = $t = 0. Middle Panel: Bounds on $c vs. mH parameter space,
setting ! = 0 and $u = $t = 0. Right Panel: Bounds on $t vs. mH parameter space,
setting $u = $c = 0. These results can be sensitive to the choice of the proportionality
constant ! but are independent from di! erent choices in the value of cos(" " #). In the
panels above, the dashed orange lines correspond to the constraints coming from theb # s%
decays and the dotted magenta lines to the ones fromb # sµ+ µ! processes. For neutral
meson mixing, we only display the processes that yield a constraint for values up to|$q| ! 1.
We observe that for the down-type SFV 2HDM the bounds fromD meson mixing are not
constraining enough to limit the available parameter space in a signiÞcant way. Also, notice
that " B = 2 constraints are bounds on the absolute value of the Wilson coe# cients.

We summarize here the bounds in the plane$q vs. mH for the SFV down-type
2HDM. In section 3.1and section 3.2we present the details for the constraints we derived
using the analysis of dimension-six e! ective operators contributing to rare B decays and
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CONCRETE/CUTE EXAMPLE HOW STRANGE IS 
THE STRANGE YUKAWA?

(a) Z ! ! ø! channel

(b) Z ! "ø" channel
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Figure 22: CLs upper limit plots for the Higgs-strange coupling strength modiÞer, ! s, obtained from
Þtting the yields in the Z ! " ø" and Z ! #ø# signal regions shown in Fig.21. The combination Þt using
both channels is also shown. The crossing of the black and red lines indicates the 95% conÞdence level.
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THAT’S NOT THE ONLY SIGNAL!
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Figure 23: 95% CL bounds on the CP-even Higgs-strange Yukawa coupling! Hs øs as well as on 125 GeV
SM Higgs-strange Yukawa coupling! hs øs/ ! SM

hs øs (i.e., " s) for the SFV 2HDM described in Refs. [23, 24]. The
limits are shown as a function of the mass of the CP-even Higgs,mH . The model assumes the CP-even
Higgs H , the CP-odd Higgs A, and the charged HiggsH ± are all degenerate (i.e.,mH = mA = mH ± )
Ð additionally, an alignment parameter of cos(# ! $) = 0 .1 is used for theh Ð H mixing. The green
line shows the bounds obtained fromD Ð øD mixing as described in Ref. [23]; the purple lines show
the bounds obtained by requiring the inclusive gluon-gluon fusion cross section to be consistent with
combination measurements from ATLAS [79]; the blue lines show the bounds obtainedH " hh and
A " Zh measurements from ATLAS and CMS [80, 81, 82]; and the pink line shows the bounds obtained
from the h " søs analysis presented in this paper. The dashed lines correspond to bounds expected from
the HL-LHC. Also shown are bounds from charged Higgs searches performed at LEP [83]. Drawn as
dotted lines are the contours for the 2HDMÕs quartic coupling! 6: L # (! 6H  

1H1H  
1H2 + h.c.).

6 Proposal for an alternative detector layout

We have made a preliminary investigation of a possible Ring Imaging Cerenkov system (RICH) detector
capable of %/ K separation up to 25 GeV at the SiD or ILD detectors. It has been discussed many
times that a gaseous RICH detector is the only way to reach%/ K separation up to 30Ð40 GeV Ð see
Appendix E.

6.1 Overall concept

The detector concept is shown in Fig.24. The initial choice for the RICH detector thickness was
25 cm active length; however, we also looked at a 10 cm active length to minimise the magnetic Þeld
smearing e! ect.15 The RICH detector is designed using spherical mirrors and Silicon Photomultipliers
(SiPMs Ð also referred to as SiPMTs) as photon detectors.16 Fig. 24 resembles the gaseous RICH
detector of the SLAC Large DetectorÕs (SLDÕs) Cherenkov Ring Imaging Detector (CRID) [84]; however,

15 The Cherenkov ring is smeared in the focal plane due to the helical motion of the particle in a large magnetic Þeld Ð
see Section6.2.4 for more details.

16 The present design with SiPM detectors requires that the total neutron dose at RICHÕs location is less than ! 5 "
1010 neq /10 years, for which the SiPM damage is expected to be low.
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CAN EXTEND TO FUTURE COLLIDERS AS WELL
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FIG. 5. Sensitivity to a 2HDM [37, 40Ð42] which can gen-
erate appreciable changes to strange quark Yukawa coupling.
The reach is shown in the plane of the mixing between the
2nd Higgs doublet and the SM Higgs, tan( ! ! " ), and the
coupling of the heavy Higgs to the strange quark, YH 2

søs . Lines
of constant modiÞcation to strange Yukawa coupling, #s are
shown as dashed lines. Present LHC Higgs measurements ex-
clude the green shaded region, future prospects for di! erent
colliders from Higgs or direct searches (in case of muon col-
lider, µC ) are shown as solid lines.

between Higgses in the Higgs basis,! 6, and therefore
the scale of the operator is! 2 ! M 2

H 2
/

!
YH 2

søs ! 6

"
. There

are many di" erent ways to slice the three dimensional
parameter space: in Fig. 5, we choose to plot the new
Yukawa versus the mixing angle between the Higgs to
make a decoupling limit manifest. In this Þgure, lines of
constant modiÞcation to SM strange Yukawa coupling,
" s = ys/y SM

s , are shown as dashed lines. Large modiÞca-
tions to SM Yukawa couplings induce shifts to all branch-
ing ratios, and thus the best measured single-Higgs sig-
nal strength sets the strongest indirect bound. This is
shown for current LHC data as the shaded green region,
HL-LHC projection as the solid green line, FCC-ee as
the blue line, and the 10 TeV MuC as the curved red
line. Direct strange tagging measurements are possible
at e+ e! colliders shown as the purple ILC line [43]. The
direct reach for the muon collider comes from search-
ing for the charged Higgs state in the 2HDM which we
make the conservative assumption that can probe up to
4.5 TeV mass. This is very powerful because it only de-
pends on the mass,M H 2 , and not any other model pa-
rameters since it is pair produced via its gauge quantum

numbers alone. However, in overlaying the direct search
constraints in the parameter space of Fig. 5 one has to
Þx a maximal value of ! 6 to interpret the direct search
as tan(# " $) ! M H 2 / ! 6. The direct search constraint
is then a vertical line on the plot, and to illustrate dif-
ferent choices in the criteria for perturbativity we show
two di" erent values of ! 6 in Fig. 5. The muon collider
direct search bound is the simplest to put on this plane,
but direct search bounds at the LHC exist as well and
are shown in [37]. As illustrated in Fig. 5, the direct
search bounds from a muon collider far surpass all in-
direct bounds and the ÒdirectÓ coupling measurement
except for in regions of very large coupling. Presum-
ably similar considerations could hold for high-energypp
colliders; however, there is no detailed study done for
charged Higgs limits at future pp colliders (which should
be a priority study). This example again illustrates how
SimpliÞed Models are the crucial tool for understanding
collider capabilities, letting us compare precision mea-
surements and direct searches in the same framework and
while maximizing the implications for designing search
regions.

LESSONS LEARNED

In this note, we have investigated the interplay of di-
rect and indirect searches for new physics using SimpliÞed
Models. The beneÞt of using SimpliÞed Models is that
the underlying assumptions are very clear. In particular,
assessing the region of validity for the model is straight-
forward, since it can be simply phrased as a statement
about the size of the couplings that appear. This is in
contrast with using SMEFT as the signal model, in which
case questions of validity are often front and center to the
discussion, seee.g. [7, 10Ð12].

Of course, one should consider each future collider sce-
nario in detail. We also emphasize that one can always
Þnd counter examples to broad statements. However,
from general physical arguments, backed up by the ex-
amples presented here, we can make the following general
statements

¥ When the mass of the new physics is low compared
to the collider energy, one must use SimpliÞed Mod-
els since direct production is the dominant e" ect.

¥ As the mass of the new physics increases, the Sim-
pliÞed Model will often approach a SMEFT-like
limit, in the sense that its prediction can be cap-
tured using contact operators. However, there are
notable exceptions to this statement, such as theZ "

model presented above, where we showed that the
Þnite width e" ects cannot be neglected depending
on the search.

¥ In all three examples shown here, we saw that di-

WE SEE COLLIDER 
ENERGY CAN JUMP 
BEYOND PRECISION 

FACTORIES
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FCNCs beyond CKM suppression in BSM theories, and
postpone discussing the UV completion to a later section.

We deÞne an SFV theory by the following two condi-
tions at the boundary scale! BC :

1. the only renormalizable interaction in the theory
breaking the individual quark family number times
CP symmetry U(1)3

f ! CP is wave-function renor-
malization of either the right-handed up (øu) or
down-type ( ød) SM quarks and

2. the theory contains no ßavor breaking spurions or
Þelds appearing in renormalizable interactions that
transform under U(3)øu or U(3) ød correspondingly,
besides the SM ones and the wave-function matrix
above.

We refer to theories satisfying the conditions 1. and 2.
as up- or down-type SFV depending on the quark being
renormalized, regardless of the particular UV completion
leading to the Þrst condition. We dedicate the rest of this
section to show that in up(down)-type SFV, all the new
ßavor spurions are aligned, all down(up)-type FCNCs
are suppressed by factors of SM Yukawas entering in the
combinations V T Y 2

u V ! (V ! Y 2
d V T ), and in addition, new

SFV physics may have generic family non-universal cou-
plings to SM quarks. Imposing that only wave-function
renormalization breaks CP is not required for alignment,
but ensures that any UV completion leading to the SFV
Ansatz solves the strong-CP problem [15].

We now demonstrate the features above in up-type
SFV. The proof for down-type SFV is obtained by in-
terchanging the up and down type quarks in what fol-
lows. In up-type SFV, at the scale ! BC , the Lagrangian
contains the interactions

L " iZ u
ij øu 

i ø! µ Dµ øuj + i ød 
i ø! µ Dµ

ødi + i øQ 
i ø! µ Dµ øQi

#
!
" u

ij Qi H øuj # " d
ij Qi H c ødj + h.c.

"
+ L BSM , (6)

where without loss of generality we work in the canonical
kinetic basis for ød and Q and we omit other SM inter-
actions without quarks that are not relevant for our dis-
cussion. The term L BSM represents operators involving
any new physics and SM Þelds, with the deÞning limi-
tation that no new spurions or Þelds transforming un-
der U(3)øu are allowed at the renormalizable level. As a
consequence, all renormalizable interactions involving the
up-type right-handed quarks contain the product " u

ij øuj .
The mass scale! NP of the new physics states with renor-
malizable interactions to the SM may be accessible at
colliders. Such new physics may for instance be part
of a TeV scale sector that solves the hierarchy problem.
Non-renormalizable operators may appear inL BSM but
are suppressed by mass scales related to the SFV UV
completion that are similar to ! BC or heavier, which are
assumed to be inaccessible at current experiments and
are neglected in what follows. Finally and also by deÞ-
nition, in Eq. (6) there is a special ßavor basis that we

commit to, in which Z u
ij has o" -diagonal complex entries

and the matrices " u,d are real-diagonal. Additional al-
lowed spurions in any U(1)B preserving representation
of the U(3)Q ! U(3) ød group that may exist in L BSM , can
be written as tensor products of arbitrary real-diagonal
spurions transforming as the down-type SM Yukawa.

To go to the fully canonical kinetic basis, we deÞne the
square-root matrix

$
Z u by

Z u =
$

Z u
  $

Z u , (7)

and redeÞne the up-type quarks

øu"
i =

#$
Z u

$
ij øuj . (8)

Dropping the primes on the redeÞned quark Þelds, the
renormalized Lagrangian is

L " i øu 
i ø! µ Dµ øui + i ød 

i ø! µ Dµ
ødi + i øQ 

i ø! µ Dµ øQi

#
!
yu

ij Qi H øuj # yd 

ij Qi H c ødj + h.c.
"

+ L BSM , (9)

where the renormalized Yukawas are

yu = " u #$
Z u

$# 1
= V T Y u , (10)

yd  = " d = Y d . (11)

The basis Eqns. (10),(11) corresponds to the ßavor ba-
sis obtained by setting Uøu, ød,Q d

= 1, UQ u = V T in Eq.
(2). Note that the o" -diagonal terms of the CKM ma-
trix are exclusively due to wave-function renormalization.
The SM down-type Yukawa matrix and all the rest of
the spurions appearing in L BSM transforming only un-
der U(3)Q ! U(3) ød are not renormalized, while all SM
and BSM interactions involving the up-type right-handed
quarks end up containing the product yu

ij øuj . As a con-
sequence, in our ßavor basis the allowed spurions are the
up-type SM Yukawa Eq. (10), the real-diagonal down-
type SM Yukawa Eq. (11) and spurions appearing in
L BSM , which can be expressed as tensor products of ar-
bitrary real-diagonal down-type Yukawas. We conclude
that the theory is ßavor aligned. In particular, SFV only
selects the lowest order terms in the alignment expansion,
c.f. Eq. (5). In addition, since all the down-type quark
FCNCs are formed with the bilinears Q 

i Qj , Qi
ødj and

ød 
i

ødj , and since insertions ofyu yu  are required in these
bilinears to obtain down-type FCNCs, all down-type FC-
NCs are suppressed by factors of (V T Y 2

u V ! )ij .
In summary, in the up-type SFV Ansatz all new spuri-

ons transforming underU(3)Q ! U(3) ød in our ßavor basis
Eqns. (10),(11) are arbitrary 3 ! 3 real-diagonal matri-
ces or tensor products of such matrices. No new spurions
transforming under U(3)øu are allowed, so new physics
couplings to the right-handed up-type quarks are either
ßavor blind or formed out of the SM up-type Yukawa.
The down-type SFV prescription is similar, but with up
and down-type right-handed quarks interchanged. The
CKM phase is the only CP violating phase in SFV.

WLOG  are real diagonal 
go to canonical kinetic terms

η
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the spurions appearing in L BSM transforming only un-
der U(3)Q ! U(3) ød are not renormalized, while all SM
and BSM interactions involving the up-type right-handed
quarks end up containing the product yu

ij øuj . As a con-
sequence, in our ßavor basis the allowed spurions are the
up-type SM Yukawa Eq. (10), the real-diagonal down-
type SM Yukawa Eq. (11) and spurions appearing in
L BSM , which can be expressed as tensor products of ar-
bitrary real-diagonal down-type Yukawas. We conclude
that the theory is ßavor aligned. In particular, SFV only
selects the lowest order terms in the alignment expansion,
c.f. Eq. (5). In addition, since all the down-type quark
FCNCs are formed with the bilinears Q 

i Qj , Qi
ødj and

ød 
i

ødj , and since insertions ofyu yu  are required in these
bilinears to obtain down-type FCNCs, all down-type FC-
NCs are suppressed by factors of (V T Y 2

u V ! )ij .
In summary, in the up-type SFV Ansatz all new spuri-

ons transforming underU(3)Q ! U(3) ød in our ßavor basis
Eqns. (10),(11) are arbitrary 3 ! 3 real-diagonal matri-
ces or tensor products of such matrices. No new spurions
transforming under U(3)øu are allowed, so new physics
couplings to the right-handed up-type quarks are either
ßavor blind or formed out of the SM up-type Yukawa.
The down-type SFV prescription is similar, but with up
and down-type right-handed quarks interchanged. The
CKM phase is the only CP violating phase in SFV.

3

FCNCs beyond CKM suppression in BSM theories, and
postpone discussing the UV completion to a later section.
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tions at the boundary scale! BC :
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f ! CP is wave-function renor-
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down-type ( ød) SM quarks and
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u V ! (V ! Y 2
d V T ), and in addition, new
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i ø! µ Dµ øuj + i ød 
i ø! µ Dµ

ødi + i øQ 
i ø! µ Dµ øQi

#
!
" u

ij Qi H øuj # " d
ij Qi H c ødj + h.c.

"
+ L BSM , (6)
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Z u
  $

Z u , (7)
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øu"
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Z u

$
ij øuj . (8)
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+ L BSM , (9)
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yd  = " d = Y d . (11)

The basis Eqns. (10),(11) corresponds to the ßavor ba-
sis obtained by setting Uøu, ød,Q d

= 1, UQ u = V T in Eq.
(2). Note that the o" -diagonal terms of the CKM ma-
trix are exclusively due to wave-function renormalization.
The SM down-type Yukawa matrix and all the rest of
the spurions appearing in L BSM transforming only un-
der U(3)Q ! U(3) ød are not renormalized, while all SM
and BSM interactions involving the up-type right-handed
quarks end up containing the product yu

ij øuj . As a con-
sequence, in our ßavor basis the allowed spurions are the
up-type SM Yukawa Eq. (10), the real-diagonal down-
type SM Yukawa Eq. (11) and spurions appearing in
L BSM , which can be expressed as tensor products of ar-
bitrary real-diagonal down-type Yukawas. We conclude
that the theory is ßavor aligned. In particular, SFV only
selects the lowest order terms in the alignment expansion,
c.f. Eq. (5). In addition, since all the down-type quark
FCNCs are formed with the bilinears Q 

i Qj , Qi
ødj and

ød 
i

ødj , and since insertions ofyu yu  are required in these
bilinears to obtain down-type FCNCs, all down-type FC-
NCs are suppressed by factors of (V T Y 2

u V ! )ij .
In summary, in the up-type SFV Ansatz all new spuri-

ons transforming underU(3)Q ! U(3) ød in our ßavor basis
Eqns. (10),(11) are arbitrary 3 ! 3 real-diagonal matri-
ces or tensor products of such matrices. No new spurions
transforming under U(3)øu are allowed, so new physics
couplings to the right-handed up-type quarks are either
ßavor blind or formed out of the SM up-type Yukawa.
The down-type SFV prescription is similar, but with up
and down-type right-handed quarks interchanged. The
CKM phase is the only CP violating phase in SFV.

SIMPLE UV COMPLETIONS!

ASSUME  ONLY BROKEN BY WF 
RENORMALIZATION OF RH UP OR DOWN QUARKS

U(1)3
F × CP


