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Why?



Precision Tests : Flavor

It led to “New Physics” (NP) !

?
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J.Iliopoulos @ The Rise of Particle Physics

https://agenda.infn.it/event/41258

https://agenda.infn.it/event/41258


Flavor violation in SM in charged weak-current <—> VCKM

—>  Flavor Changing Neutral Currents (FCNCs) ONLY @ one loop

( ρ , η )  apex  of  Vub Vud + Vcb Vcd + Vtb Vtd = 0* * *- -

  

CKM matrix described by 4 params (3 angles + CP phase)
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Flavor Metrology :



Unitarity Triangle (UT)
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arXiv: 2212.03894 — Rend.Lincei Sci.Fis.Nat. 34 (2023) 37-57



see, e.g., Les Houches Lect.Notes 108 (2020) - L.Silvestrini

The Power of Redundancy

Marco Ciuchini Page 29 KEK-FF 2013 

 ρ = 0.145 ± 0.014  η = 0.349 ± 0.010   

Consistence on an 
over constrained fit 

of the CKM parameters 

CKM matrix is the dominant source of flavour mixing and CP violation 

In the 
hadronic 
sector,  the 
SM CKM  
pattern 
represents 
the 
principal 
part of the 
flavor 
structure 
and of  CP 
violation  

 α = (88.2 ±  0.1 )0  
sin2β = 0.699 ± 0.068 
β = (22.3  ±  0.66 )0  
γ = (65.8 ±  2.2)0  
A = 0.825 ± 0.012

 λ = 0.22502 ± 0.00053 
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Winter 2018 results  

Other Quantities used in the  
 UT Analysis  

sin 2β cos 2β α sin (2β + γ) 

B→J/Ψ K0 B→J/Ψ K*0 B→ππ,ρρ B→D(*)π,Dρ 

γ 

B→D(*)K 
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: Bayes aficionados

@ https://xkcd.com/1132
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Observables <—> constraints in the fit

<—>  CKM pair to be inferred

Parameters we can marginalize over
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UTA : Unitarity Triangle Analysis 
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Standard Model Fit result

ρ̄ = 0.160 ± 0.009
η̄ = 0.345 ± 0.011

Zoomed-in UnitarityTriangle
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Standard Model Fit result

ρ̄ = 0.160 ± 0.009
η̄ = 0.345 ± 0.011

@ 95% prob
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Experimental progress so impressive that we can fit 
the hadronic matrix elements (in the SM) 

Old-Fashioned SM UTA

UTA in infancy

few % determination = decades of tremendous EXP + TH progress!
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⌘̄ = 0.347± 0.025 ⇠ 7%
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Standard Model Fit result

ρ̄ = 0.160 ± 0.009
η̄ = 0.345 ± 0.011

@ 95% prob



Tensions in the fit

We find only a mild tension in the determination  
of Vcb from exclusive modes (< 3σ).

Compatibility plots 
graphical pull of observables

+   <—>  measurement  
x   <—>  exclusive  
     <—>  inclusive*



UT Highlights: | ΔF | = 1 
UT now includes both indirect 
and direct CP from     K → ππ

to RBC/UKQCD Coll.
PRD 102 (2020) 5, 054509

BR(s) in agreement w/ EXP data
—> disfavoring NP for B anomalies

PRD 107 (2023) 5, 055036



B ANOMALIES : A GLIMPSE
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FIG. 2. Left panel: Posterior p.d.f. for the NP coe�cient CNP
9,µ . Right panel: Posterior p.d.f. for the SMEFT Wilson coe�cient

CLQ
2223. For both panels, we show the p.d.f. in green and orange on the basis of the hadronic approach adopted in the global

analysis (see the text for more details).
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2223 and CQe

2322. For both panels, we show 68% and 95% probability regions in green and orange on the basis of the
hadronic approach adopted in the global analysis (see the text for more details).

driven approach against what we denote instead as model
dependent treatment of hadronic uncertainties, in which
we assume that the contributions generated by the dia-
grams in Fig. 1 (b) (or (c)) are negligible and that the
correlator in eq. (4) is well described by the approach of
refs. [43–48], yielding a subleading e↵ect to the hadronic
e↵ects computable in QCD factorization. [See again the
Appendix for further details regarding also the hadronic
parameterization employed in the model dependent ap-
proach.]

In both approaches to QCD long-distance e↵ects, we
obtain a sample of the posterior joint probability den-
sity function (p.d.f.) of SM parameters, including form
factors, and, in the data driven scenario, h� parameters,

together with NP Wilson coe�cients. From each pos-
terior p.d.f. we compute the highest probability density
intervals (HPDIs), which represent our best knowledge of
the model parameters after the new measurements. We
also perform model comparison using the information cri-
terion [109], defined as:

IC ⌘ �2log L + 4�2
logL , (8)

where the first and second terms are the mean and vari-
ance of the log-likelihood posterior distribution. The first
term measures the quality of the fit, while the second one
is related to the e↵ective degrees of freedom involved, pe-
nalizing more complicated models. Models with smaller
IC should then be preferred [110]. While the posterior

PRD 107 (2023) 5
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TODAY RUN 3 HL-LHC

Fig. 23: Present (left) and future (center: phase 1, right: phase 2) constraints in the (⇢̄, ⌘̄) plane (UTfit
collaboration).

Table 10: Relative uncertainties on the predictions of UT parameters and angles, using current and
extrapolated input values for measurements and theoretical parameters (UTfit collaboration).

� ⇢̄ ⌘̄ A sin 2� � ↵ �s

Current 0.12% 9% 3% 1.5% 4.5% 3% 2.5% 3%
Phase 1 0.12% 2% 0.8% 0.6% 0.9% 0.9% 0.7% 0.8%
Phase 2 0.12% 1% 0.6% 0.5% 0.6% 0.8% 0.4% 0.5%

amplitudes, where its virtual effects compete with loop-level SM amplitudes, we can still use the mea-
surements of |Vud|, |Vus|, |Vcb|, |Vub|, � and ↵ (allowing for NP contributions in penguins, but barring
order-of-magnitude enhancements of electroweak penguins) to obtain the “tree-level” determination of
the UT. This allows us to obtain the SM prediction for K, Bd and Bs mixing amplitudes. Comparing
them with the experimental results we can extract C"K

= "K/"SM

K and

CBq
e
i�B

q =
hBq|H

SM+NP|B̄qi
hBq|H

SM|B̄qi
. (21)

The SM point is Ci = 1, �i = 0. Using semileptonic asymmetries it is possible to break the degeneracy
for � $ � + 180

� present in the tree-level determination of the CKM matrix [199], getting rid of the
solution in the third quadrant. We then obtain the results in Table 11 for the projected errors on CKM
parameters and on the NP parameters. Note that at present the NP contribution that are about an order of
magnitude smaller than the SM are still perfectly allowed. At the end of Phase 2 we will be able to probe
amplitudes that are another factor of 4 smaller than possible at present (corresponding to about a factor
of 2 higher reach in the NP scale for dimension 6 NP operators). The corresponding two-dimensional
distributions for Bd and Bs mixing are shown in Fig. 24.

Combining the results of the generalized UT analysis with the constraints on CP violation in D
mixing from Sec. 3.7.5, we can consider the most general �F = 2 effective Hamiltonian and place
bounds on its coefficients (barring accidental cancellations). The most general effective Hamiltonians
for �F = 2 processes beyond the SM have the following form [200] (with q1q2 = sd, uc, bq for
M = K, D, Bq)

HM�M̄

e↵
=

5X

i=1

Ci Q
q1q2
i

+

3X

i=1

C̃i Q̃
q1q2
i

, (22)
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Fig. 23: Present (left) and future (center: phase 1, right: phase 2) constraints in the (⇢̄, ⌘̄) plane (UTfit
collaboration).

Table 10: Relative uncertainties on the predictions of UT parameters and angles, using current and
extrapolated input values for measurements and theoretical parameters (UTfit collaboration).

� ⇢̄ ⌘̄ A sin 2� � ↵ �s

Current 0.12% 9% 3% 1.5% 4.5% 3% 2.5% 3%
Phase 1 0.12% 2% 0.8% 0.6% 0.9% 0.9% 0.7% 0.8%
Phase 2 0.12% 1% 0.6% 0.5% 0.6% 0.8% 0.4% 0.5%

amplitudes, where its virtual effects compete with loop-level SM amplitudes, we can still use the mea-
surements of |Vud|, |Vus|, |Vcb|, |Vub|, � and ↵ (allowing for NP contributions in penguins, but barring
order-of-magnitude enhancements of electroweak penguins) to obtain the “tree-level” determination of
the UT. This allows us to obtain the SM prediction for K, Bd and Bs mixing amplitudes. Comparing
them with the experimental results we can extract C"K

= "K/"SM

K and
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e
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The SM point is Ci = 1, �i = 0. Using semileptonic asymmetries it is possible to break the degeneracy
for � $ � + 180

� present in the tree-level determination of the CKM matrix [199], getting rid of the
solution in the third quadrant. We then obtain the results in Table 11 for the projected errors on CKM
parameters and on the NP parameters. Note that at present the NP contribution that are about an order of
magnitude smaller than the SM are still perfectly allowed. At the end of Phase 2 we will be able to probe
amplitudes that are another factor of 4 smaller than possible at present (corresponding to about a factor
of 2 higher reach in the NP scale for dimension 6 NP operators). The corresponding two-dimensional
distributions for Bd and Bs mixing are shown in Fig. 24.

Combining the results of the generalized UT analysis with the constraints on CP violation in D
mixing from Sec. 3.7.5, we can consider the most general �F = 2 effective Hamiltonian and place
bounds on its coefficients (barring accidental cancellations). The most general effective Hamiltonians
for �F = 2 processes beyond the SM have the following form [200] (with q1q2 = sd, uc, bq for
M = K, D, Bq)
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Fig. 23: Present (left) and future (center: phase 1, right: phase 2) constraints in the (⇢̄, ⌘̄) plane (UTfit
collaboration).

Table 10: Relative uncertainties on the predictions of UT parameters and angles, using current and
extrapolated input values for measurements and theoretical parameters (UTfit collaboration).

� ⇢̄ ⌘̄ A sin 2� � ↵ �s

Current 0.12% 9% 3% 1.5% 4.5% 3% 2.5% 3%
Phase 1 0.12% 2% 0.8% 0.6% 0.9% 0.9% 0.7% 0.8%
Phase 2 0.12% 1% 0.6% 0.5% 0.6% 0.8% 0.4% 0.5%

amplitudes, where its virtual effects compete with loop-level SM amplitudes, we can still use the mea-
surements of |Vud|, |Vus|, |Vcb|, |Vub|, � and ↵ (allowing for NP contributions in penguins, but barring
order-of-magnitude enhancements of electroweak penguins) to obtain the “tree-level” determination of
the UT. This allows us to obtain the SM prediction for K, Bd and Bs mixing amplitudes. Comparing
them with the experimental results we can extract C"K
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The SM point is Ci = 1, �i = 0. Using semileptonic asymmetries it is possible to break the degeneracy
for � $ � + 180

� present in the tree-level determination of the CKM matrix [199], getting rid of the
solution in the third quadrant. We then obtain the results in Table 11 for the projected errors on CKM
parameters and on the NP parameters. Note that at present the NP contribution that are about an order of
magnitude smaller than the SM are still perfectly allowed. At the end of Phase 2 we will be able to probe
amplitudes that are another factor of 4 smaller than possible at present (corresponding to about a factor
of 2 higher reach in the NP scale for dimension 6 NP operators). The corresponding two-dimensional
distributions for Bd and Bs mixing are shown in Fig. 24.

Combining the results of the generalized UT analysis with the constraints on CP violation in D
mixing from Sec. 3.7.5, we can consider the most general �F = 2 effective Hamiltonian and place
bounds on its coefficients (barring accidental cancellations). The most general effective Hamiltonians
for �F = 2 processes beyond the SM have the following form [200] (with q1q2 = sd, uc, bq for
M = K, D, Bq)
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Ultimate upgrade of LHCb will possibly allow for < 1% in (ρ̄, η̄)
— arXiv:1812.07638 —

THIS IS W/O IMPACT OF BELLE II & RECENT B-PARKING OF CMS …  
HL-LHC EVEN MORE FLAVORFUL!

UT Highlights: HL-LHC



* * *  Assumption: only FCNC amplitudes affected by NP  * * *
NP UT Analysis

C

SM UT Analysis

Solution 
ruled out 
by Aq

SL

NP UT Analysis
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⇢̄ = 0.160± 0.009 ⇠ 6%
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⌘̄ = 0.346± 0.009 ⇠ 3%
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⌘̄ = 0.361± 0.027 ⇠ 7.5%
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Results of BSM analysis: CKM parameters

CKM parameters from BSM analysis

CKM 
parameters 

known (even in 
presence of NP 

effects) with 
similar precision 
of pre-LHC SM 

analysis
2004

ρ̄ = 0.167 ± 0.025
η̄ = 0.361 ± 0.027

ρ̄ = 0.164 ± 0.028
η̄ = 0.340 ± 0.016

2007

Solution 
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SL



Flavour & BSM Physics
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Results of BSM analysis: probing New Physics Scale

NMFV
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Results of BSM analysis: probing New Physics Scale

NMFV

Generic NP = no SM protection, i.e. :   C(Λ) ~ 1/Λ2

O
qiqj
1 = q̄

↵
jL�µq

↵
iL q̄

�
jL�

µ
q
�
iL

<latexit sha1_base64="M3LHyWEo2U17cqu78LSP+pvjtJk="></latexit>

O
qiqj
2 = q̄

↵
jRq

↵
iL q̄

�
jRq

�
iL

<latexit sha1_base64="AI8sAXbLDlXvGf9vLWqU2Rqoevs="></latexit>

O
qiqj
3 = q̄

↵
jRq

�
iL q̄

�
jRq

↵
iL

<latexit sha1_base64="Nr9tSop79pSeRkHiwELm1I+pzhE="></latexit>

O
qiqj
5 = q̄

↵
jRq

�
iL q̄

�
jLq

↵
iR

<latexit sha1_base64="x3M0DGI3xhZmMX+FXd0M7IgEA9o="></latexit>

O
qiqj
4 = q̄

↵
jRq

↵
iL q̄

�
jLq

�
iR

<latexit sha1_base64="rD4DALhh+2oKQUc5pLZnnB4t6v4="></latexit>

<latexit sha1_base64="emANFT+uqEHfAZyQ+hQDa/hPZrk="></latexit>

+ chirally flipped eOqiqj
1,2,3

SM

Extra CP = SM-like protection but new O(1) phases

Λ > 4.7 x 105 TeV 

Λ > 108 TeV 

Generic NP Extra CP
 PoS WIFAI2023 (2024) 007 

Most general | ΔF | = 2 Heff :



Going Beyond the Weak EFT

VCKMNP
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FLAVOR MISALIGNMENT

SMEFT RGE

poorly constrained

 in the SMEFT — Silvestrini & Valli — Phys. Lett. B 799 (2019) 135062|ΔF | = 2

UT ANALYSIS IN THE SMEFT : A LOT OF WORK YET TO BE DONE !



Fits with U(2)5 flavour symmetry: 2-Fermion
Limits for WC at the scale ⇤UV = 1 TeV
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Fits with U(2)5 flavour symmetry: 2-Fermion
Limits for WC at the scale ⇤UV = 1 TeV
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Fits with U(2)5 flavour symmetry: 2-Fermion
Limits for WC at the scale ⇤UV = 1 TeV
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New physics constraints via a global

fit of electroweak, Higgs, top, and

flavor observables

Higgs and Effective Field Theory 2024

Bologna, 14th June 2024

Víctor Miralles
In collaboration with:

Jorge de Blas, Angelica Goncalves, Laura Reina,
Luca Silvestrini and Mauro Valli

Fitting tools

Open source written in C++

Based on the Bayesian Analysis
Toolkit [A. Caldwell, D. Kollar, K.

Kröninger, 0808.2552]

Sampling likelihoods with
MCMC

Supports SM, implemented NP
extensions, and the SMEFT HEPfit webpage [J. de Blas et al., 1910.14012]

Other frameworks for SMEFT global fits: [SMEFiT, 2105.00006, 2302.06660, 2404.12809],

[Fitmaker, 2012.02779], [Aebischer et al., 1810.07698], [Allwicher et al., 2311.00020],

[Cirigliano et al., 2311.00021], [Bartocci et al., 2311.04963], [Garosi et al., 2310.00047],. . .
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New physics constraints via a global

fit of electroweak, Higgs, top, and

flavor observables

Higgs and Effective Field Theory 2024

Bologna, 14th June 2024

Víctor Miralles
In collaboration with:

Jorge de Blas, Angelica Goncalves, Laura Reina,
Luca Silvestrini and Mauro Valli

SMEFT vs Precision.  Picture further constrained by Flavor … 
[with J.de Blas, A.Goncalves, V.Miralles, L.Reina, L.Silvestrini] 



Lessons from Precision

NP UT :

SM UT :  Towards % precision … overall remarkable consistency !

N
AT

U
R

AL

“CLEVER”, NOT SIMPLE

COLLIDER
UT <—> PRECISION

ΛNP  

C  

(ψ  Γ ψ)  
Λ 2
C

NP

2

A Theory of Flavor is either VERY CLEVER or “JUST” UNNATURAL

—> in the HL-LHC era we might aim at a permil test



How To Be Clever …
SEIBERGOLOGY: Yukawa are spurions breaking the flavor group 

<latexit sha1_base64="q4ZJbsHmOQHJ/6YUqStwHBlVq9E=">AAACCnicbVDLSgNBEJz1GeMrKnjxMhiECCHsmqAeg148RjAPSWLonbQ6ZPbBTK8Q1vyBX+FVT97Eqz/hwX9xN+ag0ToVVd10dbmhkoZs+8OamZ2bX1jMLGWXV1bX1nMbmw0TRFpgXQQq0C0XDCrpY50kKWyFGsFzFTbdwWnqN+9QGxn4FzQMsevBjS+vpQBKpF5u+/KqzztGerxQLnZc0HF5VHT2e7m8XbLH4H+JMyF5NkGtl/vs9AMReeiTUGBM27FD6sagSQqFo2wnMhiCGMANthPqg4emG4/zj/heZIACHqLmUvGxiD83YvCMGXpuMukB3ZppLxX/89oRXR93Y+mHEaEv0kMkFY4PGaFlUgzyvtRIBGly5NLnAjQQoZYchEjEKGkqm/ThTH//lzQOSs5hqXJeyVdPJs1k2A7bZQXmsCNWZWesxupMsHv2yJ7Ys/VgvViv1tv36Iw12dliv2C9fwEvn5je</latexit>

Y d ⇠ (3, 3̄, 1)
<latexit sha1_base64="sIx8D5JghxavSSZAKR8VtBw4onM=">AAACCnicbVDLSgNBEJyNrxhfUcGLl8EgKEjYNaIeg148RjBRycbQO3bikNkHM72CrPkDv8KrnryJV3/Cg//ibtyDGutUVHXT1eVFShqy7Q+rMDE5NT1TnC3NzS8sLpWXV1omjLXApghVqC88MKhkgE2SpPAi0gi+p/DcGxxn/vktaiPD4IzuIuz40A9kTwqgVOqW1y6vYu4a6fOt2o6z43qgk9pwu1uu2FV7BD5OnJxUWI5Gt/zpXoci9jEgocCYtmNH1ElAkxQKhyU3NhiBGEAf2ykNwEfTSUb5h3wzNkAhj1BzqfhIxJ8bCfjG3PleOukD3Zi/Xib+57Vj6h12EhlEMWEgskMkFY4OGaFlWgzya6mRCLLkyGXABWggQi05CJGKcdpUKe3D+fv9OGntVp396t7pXqV+lDdTZOtsg20xhx2wOjthDdZkgt2zR/bEnq0H68V6td6+RwtWvrPKfsF6/wJIeZjv</latexit>

Y u ⇠ (3, 1, 3̄)

E.g.:

under
<latexit sha1_base64="3VmJHe59YFEvTyYRL9KE2pR7djI=">AAACGXicbVA9TwJBEN3DL8SvU0ubjYQEG3KnRC2JNpYQPSABQvaWATfs7V1250wI4Rf4E/wVtlrZGVsrC/+Lx0Eh6KvevJnJm3l+JIVBx/myMiura+sb2c3c1vbO7p69f1A3Yaw5eDyUoW76zIAUCjwUKKEZaWCBL6HhD6+n/cYDaCNCdYejCDoBGyjRF5xhInXtwq1XPDvp1mgbRQCGzsreYhl37bxTclLQv8SdkzyZo9q1v9u9kMcBKOSSGdNynQg7Y6ZRcAmTXDs2EDE+ZANoJVSxxKwzTt+Z0EJsGIY0Ak2FpKkIvzfGLDBmFPjJZMDw3iz3puJ/vVaM/cvOWKgoRlB8aoRCQmpkuBZJTkB7QgMim14OVCjKmWaIoAVlnCdinASXS/Jwl7//S+qnJfe8VK6V85WreTJZckSOSZG45IJUyA2pEo9w8kieyQt5tZ6sN+vd+piNZqz5ziFZgPX5A91znfI=</latexit>

SU(3)Q ⇥ SU(3)d ⇥ SU(3)u

<latexit sha1_base64="Rs3nEUqSA/cKMLVf4/DYotvRg+w=">AAACT3icbVC7TgJBFJ3FF+ALtbSZSEywIbuKj8aEaGNhAdEFEkAyO1xwwuwjM3dNyIaP8xMsLaxttbIz7pI1EfBW53FnzsxxAik0muarkVlaXlldy+by6xubW9uFnd2G9kPFwea+9FXLYRqk8MBGgRJagQLmOhKazug68ZtPoLTwvXscB9B12dATA8EZxlKv0LZLJ0cPp/SS3iWoV6cdFC7olPZnaThLb2cp/FK7ZCV39gpFs2xOhy4CKwVFkk6tV3jr9H0euuAhl0zrtmUG2I2YQsElTPKdUEPA+IgNoR1Dj8Vh3WhawoQehpqhTwNQVEg6FeHviYi5Wo9dJ950GT7qeS8R//PaIQ4uupHwghDB40kQCgnTIM2ViNsF2hcKEFnycqDCo5wphghKUMZ5LIZx3fm4D2v+94ugcVy2zsqVeqVYvUqbyZJ9ckBKxCLnpEpuSI3YhJNn8k4+yKfxYnwZ35l0NWOkYI/MTCb3A5TbrYQ=</latexit>

U(3)5 = SU(3)Q ⇥ SU(3)d ⇥ SU(3)u ⇥ SU(3)L ⇥ SU(3)e ⇥ U(1)5

<latexit sha1_base64="5NtbiKQb2k3LHGxozl3tBgbIXK0=">AAACPXicbVDJTgJBEO3BDXFDPXrpSEzwQmYMLhcTghdNPEAiiwEkPU2BHXqWdNeYkAnf5Cf4FR48qCdvxqtXZ4ADi3V69V5VXtWzfSk0muabkVhaXlldS66nNja3tnfSu3tV7QWKQ4V70lN1m2mQwoUKCpRQ9xUwx5ZQs/tXsV57AqWF597hwIeWw3qu6ArOMKLa6ZtK1jp+OKWXNAbtIm2icECPu9vp5n5GCkvl4QwB7XTGzJmjoovAmoAMmVSpnX5vdjweOOAil0zrhmX62AqZQsElDFPNQIPPeJ/1oBFBl0VerXD08pAeBZqhR31QVEg6ImF6I2SO1gPHjiYdho96XovJ/7RGgN2LVihcP0BweWyEQsLISHMloiyBdoQCRBZfDlS4lDPFEEEJyjiPyCAKNxXlYc1/vwiqJznrLJcv5zOF4iSZJDkghyRLLHJOCuSalEiFcPJMXskH+TRejC/j2/gZjyaMyc4+mSnj9w+APanF</latexit>

U(1)5 = U(1)B ⇥ U(1)L ⇥ U(1)Y ⇥ U(1)PQ ⇥ U(1)e

ASSUMPTION: only spurions that break flavor are SM Yukawas

—> MINIMAL FLAVOR VIOLATION  [ Nucl.Phys.B 645 (2002) 155 ]

<latexit sha1_base64="X+ERFRdU7i3rmVd25NMa6ffOSeQ="></latexit>

�LSM � Y
d
ij QiHdj + Y

u
ij Qi

eHuj + h.c.



MFV is an Ansatz
MFV allows to push a full-fledged theory of flavor to very high energies.

ΛNP flavor ≫ ΛBSM ≳ vEW

“Minimal” for the # of spurions. Actually, Maximal Flavor Conservation.
arXiv:2402.09503 — A. Glioti et al.

In models with gauge-mediated 
SUSY breaking, the sfermion sector 
becomes flavorful under SM RGE. 

The theory of Flavor is decoupled

from the SUSY messenger sector.

Example: GAUGE MEDIATION

FLAVOR BOUNDS GREATLY RELAXED UNDER THE MFV ANSATZ . 



MFV + SMEFT leaves room x New Physics just above a few TeV .

 Can we avoid large FCNCs  
and have BSM with 

radically different flavor

MFV  < — >

Phys. Lett. B 799 (2019) 135062



Alignment, a kind-of FCNC killer

Consider the SM Lagrangian in the up-quark diag basis:
<latexit sha1_base64="+od0Y4GEm+Z7qsSE+R+VLowfsw8="></latexit>

�LSM � (V y
d)ij QiHdj + y

u
ij Qi

eHuj + h.c.

with 
<latexit sha1_base64="MtOuaU+kiQczLkEDxLdbJWgYZR4=">AAACEXicbVDLSgNBEJz1bXxFPYowGIQIEnZF1IsgevEYwTwgiUvvpI2Dsw9meoVlyclP8Cu86smbePULPPgvTmIOGi0YKKq66akKEiUNue6HMzE5NT0zOzdfWFhcWl4prq7VTZxqgTURq1g3AzCoZIQ1kqSwmWiEMFDYCG7PBn7jDrWRcXRJWYKdEHqRvJYCyEp+cTO76vJjnrd1yLsSev1y5nd3M9/YF+z4xZJbcYfgf4k3IiU2QtUvfra7sUhDjEgoMKbluQl1ctAkhcJ+oZ0aTEDcQg9blkYQounkwxh9vp0aoJgnqLlUfCjiz40cQmOyMLCTIdCNGfcG4n9eK6Xro04uoyQljMTgEEmFw0NGaGn7QRteIxEMfo5cRlyABiLUkoMQVkxtYQXbhzee/i+p71W8g8r+xX7p5HTUzBzbYFuszDx2yE7YOauyGhPsnj2yJ/bsPDgvzqvz9j064Yx21tkvOO9fiPacZQ==</latexit>

yd = diag(yd, ys, yb)
<latexit sha1_base64="VJasQzp1ITm/7Z2fQHgm0A9O5Mg=">AAACEXicbVDLSgNBEJz1bXxFPYowGAQFCbsi6kUIevEYwaiQxKV3bOOQ2QczPcKy5OQn+BVe9eRNvPoFHvwXJzEHXwUDRVU3PVVRpqQh33/3RkbHxicmp6ZLM7Nz8wvlxaUzk1otsCFSleqLCAwqmWCDJCm8yDRCHCk8j7pHff/8FrWRaXJKeYbtGDqJvJYCyElheTW/tPyAFy0d8ysJnd5GHtqtPBTu0WZYrvhVfwD+lwRDUmFD1MPyR+sqFTbGhIQCY5qBn1G7AE1SKOyVWtZgBqILHWw6mkCMpl0MYvT4ujVAKc9Qc6n4QMTvGwXExuRx5CZjoBvz2+uL/3lNS9f77UImmSVMRP8QSYWDQ0Zo6fpBF14jEfR/jlwmXIAGItSSgxBOtK6wkusj+J3+Lznbrga71Z2TnUrtcNjMFFtha2yDBWyP1dgxq7MGE+yOPbBH9uTde8/ei/f6NTriDXeW2Q94b5/DJ5yJ</latexit>

yu = diag(yu, yc, yt)and 

ASSUMPTION: new flavorful interactions aligned with 
<latexit sha1_base64="yfB+wfxOpSjlrZ2F9t5LgNhxXAI=">AAAB9XicbVC7TsNAEDyHVwivACXNiQiJKrJRBJQRNJRBkIeUmOh82YRTzmfrbg8URfkEWqjoEC3fQ8G/YBsXkDDVaGZXOztBLIVB1/10CkvLK6trxfXSxubW9k55d69lIqs5NHkkI90JmAEpFDRRoIROrIGFgYR2ML5M/fYDaCMidYuTGPyQjZQYCs4wkW4md7ZfrrhVNwNdJF5OKiRHo1/+6g0ibkNQyCUzpuu5MfpTplFwCbNSzxqIGR+zEXQTqlgIxp9mUWf0yBqGEY1BUyFpJsLvjSkLjZmEQTIZMrw3814q/ud1LQ7P/alQsUVQPD2EQkJ2yHAtkg6ADoQGRJYmByoU5UwzRNCCMs4T0SallJI+vPnvF0nrpOqdVmvXtUr9Im+mSA7IITkmHjkjdXJFGqRJOBmRJ/JMXpxH59V5c95/RgtOvrNP/sD5+AYfMZJy</latexit>

yu

E.g.:
<latexit sha1_base64="8T8mEnfl4SANibZToxgUoCL7+Tc="></latexit>

LBSM � �
u
ijQiH2uj

HOW TO FORMALLY JUSTIFY SUCH ASSUMPTION FOR BSM?

with 
<latexit sha1_base64="TfTBi+lZ/n2n/aOtL6idz3AeVhU=">AAACLHicbVDLSgNBEJz1bXxFPXoZDEIECbsSNBch6MWjgomBJIbeSRsHZx/M9Ihhya/4CX6FVz15EcnV73ATV/FVp6Kqmu4uP1bSkOu+OBOTU9Mzs3PzuYXFpeWV/Opa3URWC6yJSEW64YNBJUOskSSFjVgjBL7Cc//6aOSf36A2MgrPqB9jO4BeKC+lAEqlTr7SUmm4CxeWH/AW4S3pIOlK6A2KmdOxO59MfDHa7uQLbskdg/8lXkYKLMNJJz9sdSNhAwxJKDCm6bkxtRPQJIXCQa5lDcYgrqGHzZSGEKBpJ+MPB3zLGqCIx6i5VHws4veJBAJj+oGfJgOgK/PbG4n/eU1Ll5V2IsPYEoZitIikwvEiI7RMq0PelRqJYHQ5chlyARqIUEsOQqSiTbvMpX14v7//S+q7JW+vVD4tF6qHWTNzbINtsiLz2D6rsmN2wmpMsDv2wB7Zk3PvPDuvzvAjOuFkM+vsB5y3dxlPqEw=</latexit>

�u = diag(�u,�c,�t)



Another Way to Be Clever: Alignment!

— ANSATZ FOR ALIGNMENT IN THE UP-QUARK SECTOR —

SPONTANEOUS FLAVOR VIOLATION  [ Phys.Rev.Lett. 123 (2019) 3 ]

 NO breaking of the family number  and of   

other than the wave-function renormalization  of 

U(1)3
f CP

Zd d

 NO fields / spurions transforming under  but  & U(3)d d Zd

<latexit sha1_base64="4zVBYR1RIRhwkFqAo7pBdXzk3OY=">AAACA3icbVC7TsNAEDyHVwiPGChpTkRIVJGNIqCMoKEMEnlISYjWl4055fzQ3RopslLyFbRQ0SFaPoSCf8ExKSBhqtHMrnZ2vFhJQ47zaRVWVtfWN4qbpa3tnd2yvbffMlGiBTZFpCLd8cCgkiE2SZLCTqwRAk9h2xtfzfz2A2ojo/CWJjH2A/BDOZICKJMGdrnngU6H07veEHwf9cCuOFUnB18m7pxU2ByNgf3VG0YiCTAkocCYruvE1E9BkxQKp6VeYjAGMQYfuxkNIUDTT/PgU36cGKCIx6i5VDwX8fdGCoExk8DLJgOge7PozcT/vG5Co4t+KsM4IQzF7BBJhfkhI7TMGkE+lBqJYJYcuQy5AA1EqCUHITIxySoqZX24i98vk9Zp1T2r1m5qlfrlvJkiO2RH7IS57JzV2TVrsCYTLGFP7Jm9WI/Wq/Vmvf+MFqz5zgH7A+vjG+ytl+A=</latexit>

d̄†

<latexit sha1_base64="gqpc6v6YcTrM58QJPKjEG1huw/I=">AAAB83icbVC7TsNAEDyHVwivACXNiQiJKrJRBJQRNJSJRB5SYkXnyyaccj5bd3tIkZUvoIWKDtHyQRT8C7ZxAQlTjWZ2tbMTxFIYdN1Pp7S2vrG5Vd6u7Ozu7R9UD4+6JrKaQ4dHMtL9gBmQQkEHBUroxxpYGEjoBbPbzO89gjYiUvc4j8EP2VSJieAMU6k9HlVrbt3NQVeJV5AaKdAaVb+G44jbEBRyyYwZeG6MfsI0Ci5hURlaAzHjMzaFQUoVC8H4SR50Qc+sYRjRGDQVkuYi/N5IWGjMPAzSyZDhg1n2MvE/b2Bxcu0nQsUWQfHsEAoJ+SHDtUgbADoWGhBZlhyoUJQzzRBBC8o4T0WbVlJJ+/CWv18l3Yu6d1lvtBu15k3RTJmckFNyTjxyRZrkjrRIh3AC5Ik8kxfHOq/Om/P+M1pyip1j8gfOxzdqS5F2</latexit>

d

Mixing with  
Spontaneously  
Broken Flavor  

Vacuum
Canonical kinetic term implies:  

The up-quark sector remains aligned. 
New spurions allowed: 

(Zd)− 1
2 ∼ V yd

λu = diag(λu, λc, λt)

<latexit sha1_base64="IFWMF7iY20NKyf41zIhFtpDco+E="></latexit>

L � iZd
ij d̄

†
i �̄

µdj + iū †
i �̄

µui + iQ̄ †
i �̄

µQi
<latexit sha1_base64="7eCL83eCfgEdna4benr1SN2pQCo=">AAACJXicbVDLSgNBEJz1GeMr6tHLYBAEIeyKqEfRi8cIxgfZEHrHThwyM7vM9Cqy5Dv8BL/Cq568ieBB/BUnMQdffZgpqrrprkoyJR2F4VswNj4xOTVdminPzs0vLFaWlk9dmluBDZGq1J4n4FBJgw2SpPA8swg6UXiW9A4H+tk1WidTc0K3GbY0dI3sSAHkqXYlKmKr+WbML/Ie3ACPOaHVzv+glH87Cq5T68GlhG5qQPXblWpYC4fF/4JoBKpsVPV25T2+TEWu0ZBQ4FwzCjNqFWBJCoX9cpw7zED0oItNDw1odK1iaK3P13MHlPIMLZeKD0n8PlGAdu5WJ75TA12539qA/E9r5tTZaxXSZDmhEYNFJBUOFzlhpc8MvWeLRDC4HLk0XIAF8vlIDkJ4Mvchln0e0W/3f8HpVi3aqW0fb1f3D0bJlNgqW2MbLGK7bJ8dsTprMMHu2AN7ZE/BffAcvASvX61jwWhmhf2o4OMTXk6kLA==</latexit>

+ Yukawa terms all flavor diagonal

U 
V
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SFV 2HDM
SFV physics may have generic family non-universal couplings to SM.

CP-odd one, H
0
1 and H

0
2 the fields mixing into the CP-even light and heavy neutral Higgs:

h = H
0
1 sin (� � ↵) + H

0
2 cos (� � ↵) ,

H = H
0
1 cos (� � ↵) � H

0
2 sin (� � ↵) ,

(2.2)

where cos (� � ↵) is the alignment parameter. According to what was reported above, in

what follows we shall identify h with the 125 GeV Higgs resonance observed at the LHC.

The Higgs sector of the Lagrangian of the models considered in this work is given by:

|DµHa|2�V (H1, H2)�
⇣
Yu

aijQLiHaURj + Yd

aijQLiH
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aDRj + Y`

aijLLiH
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a`Rj + h.c.

⌘
, (2.3)

where we denote with Yf

aij
the Yukawa matrices of our model, with f = u, d, ` denoting

up-type, down-type quarks and leptons respectively. The index a = 1, 2 runs over the two

distinct Higgs doublets. The potential V (H1, H2) in the Higgs basis reads as:
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The alignment angle related to the physical Higgs states can be expressed via the param-

eters appearing in Eq. (2.4), namely:

tan [2 (� � ↵)] =
2�6v

2

�1v
2 �

�
m

2
2 + 1

2 (�3 + �4 + �5) v2
� . (2.5)

In the limit cos (� � ↵) ! 0, the SM Higgs field h resides entirely in one of the two Higgs

doublets. This regime is called the aligned limit of the theory. We can tune the parameters

of our theory such that the model is in this regime by setting in Eq. (2.5) m2 ! 1
(decoupling limit) or �6 ! 0 (alignment without decoupling).

In our study we work with cos (� � ↵) 6= 0, i.e. assuming both terms are present in

each line of Eq. (2.2). Indeed, when the alignment parameter is non-zero, deviations from

the SM predictions for the Higgs couplings are expected and can be interestingly probed

by current measurements [57]. In this work, we are interested in exploring the small but

non-zero cos (� � ↵), such that we remain relatively close to the SM. Additionally, for

simplicity, we assume that the new Higgs eigenstates are degenerate, i.e., �4, �5 ! 0,

such that mH = mH± = mA. We will maintain this assumption of degenerate masses

throughout the rest of this analysis. Under these conditions, we can write the following

expansion for the alignment parameter [58, 59]:

cos (� � ↵) = � |�6|
v

2

m
2
H

+ O
✓

v
4

m
4
H

◆
, (2.6)

where �6 is given in equation (2.4). Assuming a small but non-zero mixing between the

two Higgs doublets, we can use Eq. (2.6) to estimate the range of masses, mH , for which
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A simple framework: SFV Two Higgs Doublet Models (2HDM).
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where cos (� � ↵) is the alignment parameter. According to what was reported above, in

what follows we shall identify h with the 125 GeV Higgs resonance observed at the LHC.

The Higgs sector of the Lagrangian of the models considered in this work is given by:
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where we denote with Yf

aij
the Yukawa matrices of our model, with f = u, d, ` denoting

up-type, down-type quarks and leptons respectively. The index a = 1, 2 runs over the two

distinct Higgs doublets. The potential V (H1, H2) in the Higgs basis reads as:
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The alignment angle related to the physical Higgs states can be expressed via the param-

eters appearing in Eq. (2.4), namely:
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In the limit cos (� � ↵) ! 0, the SM Higgs field h resides entirely in one of the two Higgs

doublets. This regime is called the aligned limit of the theory. We can tune the parameters

of our theory such that the model is in this regime by setting in Eq. (2.5) m2 ! 1
(decoupling limit) or �6 ! 0 (alignment without decoupling).

In our study we work with cos (� � ↵) 6= 0, i.e. assuming both terms are present in

each line of Eq. (2.2). Indeed, when the alignment parameter is non-zero, deviations from

the SM predictions for the Higgs couplings are expected and can be interestingly probed

by current measurements [57]. In this work, we are interested in exploring the small but

non-zero cos (� � ↵), such that we remain relatively close to the SM. Additionally, for

simplicity, we assume that the new Higgs eigenstates are degenerate, i.e., �4, �5 ! 0,

such that mH = mH± = mA. We will maintain this assumption of degenerate masses

throughout the rest of this analysis. Under these conditions, we can write the following

expansion for the alignment parameter [58, 59]:
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where �6 is given in equation (2.4). Assuming a small but non-zero mixing between the

two Higgs doublets, we can use Eq. (2.6) to estimate the range of masses, mH , for which
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where cos (� � ↵) is the alignment parameter. According to what was reported above, in

what follows we shall identify h with the 125 GeV Higgs resonance observed at the LHC.

The Higgs sector of the Lagrangian of the models considered in this work is given by:
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The alignment angle related to the physical Higgs states can be expressed via the param-

eters appearing in Eq. (2.4), namely:
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In the limit cos (� � ↵) ! 0, the SM Higgs field h resides entirely in one of the two Higgs

doublets. This regime is called the aligned limit of the theory. We can tune the parameters

of our theory such that the model is in this regime by setting in Eq. (2.5) m2 ! 1
(decoupling limit) or �6 ! 0 (alignment without decoupling).

In our study we work with cos (� � ↵) 6= 0, i.e. assuming both terms are present in

each line of Eq. (2.2). Indeed, when the alignment parameter is non-zero, deviations from

the SM predictions for the Higgs couplings are expected and can be interestingly probed

by current measurements [57]. In this work, we are interested in exploring the small but

non-zero cos (� � ↵), such that we remain relatively close to the SM. Additionally, for

simplicity, we assume that the new Higgs eigenstates are degenerate, i.e., �4, �5 ! 0,

such that mH = mH± = mA. We will maintain this assumption of degenerate masses

throughout the rest of this analysis. Under these conditions, we can write the following

expansion for the alignment parameter [58, 59]:
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where �6 is given in equation (2.4). Assuming a small but non-zero mixing between the

two Higgs doublets, we can use Eq. (2.6) to estimate the range of masses, mH , for which
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DOWN-TYPE SFV ANSATZ ON 2HDM
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(a = 1, 2 ; i, j = 1, 2, 3)

 interesting!cos(β − α) ≠ 0



generalized to the case of NP [76], where only tree-level flavor changing processes are

assumed to be SM-like, while FCNC amplitudes are modified 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 in figure 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 from Bd and Bs

oscillations coming merely from the di↵erent CKM elements appearing in the expression

for the �F = 2 matching. The bounds in figure 4 correspond to the processes providing a

constraint which limits the available parameter space in a visible manner in the plot.

3.3 Summary of flavor 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 the b ! s�

decays and the dotted magenta lines to the ones from b ! 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 from D meson mixing are not

constraining enough to limit the available parameter space in a significant 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 3.1 and section 3.2 we 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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Figure 3: Example diagrams for K � K mixing. On the left we show the contribution

mediated by the new charged Higgs eigenstates, next to the W -boson box diagram of the

SM on the right. For the other �F = 2 processes examined one obtains the relevant

diagrams by properly changing the quark flavors of the initial and final states.

3.2 Bounds from neutral meson mixing

Meson-antimeson mixing o↵ers the most stringent bounds on baryon- and lepton-

number conserving NP [5, 6]. Continuing our analysis, we will now consider the constraints

on the new Yukawas from the bounds on the Wilson coe�cients of the �F = 2 e↵ective

operators responsible of those FCNC processes.

The relevant Feynman diagrams are at the one-loop level, mediated by charged Higgs

eigenstates or charged EW bosons, see the examples in figure 3. Then, the �F = 2 e↵ective

weak Hamiltonian describing neutral meson mixing reads in full generality [1]:

H�F=2
eff

=
5X

i=1

CiOi +
3X

j=1

C
0
jO 0

j + h.c. , (3.6)

where, e.g., in the case of K � K mixing, the e↵ective operators are:

O1 = (s↵�µPLd↵) (s��
µ
PLd�) ,

O2 = (s↵PLd↵) (s�PLd�) ,

O3 = (s↵PLd�) (s�PLd↵) ,

O4 = (s↵PLd↵) (s�PRd�) ,

O5 = (s↵PLd�) (s�PRd↵) ,

O 0
1 = (s↵�µPRd↵) (s��

µ
PRd�) ,

O 0
2 = (s↵PRd↵) (s�PRd�) ,

O 0
3 = (s↵PRd�) (s�PRd↵) ,

(3.7)

with PL,R = 1
2(1 ⌥ �5) and ↵, � are color indices. Notice that for D � D and Bd,s � Bd,s

meson mixing, the four-fermion operators of the corresponding �F = 2 weak e↵ective

Hamiltonian need the appropriate change in the field flavor content in Eq. (3.7).

The corresponding one-loop Wilson coe�cients are presented below in terms of the

relevant masses, mixing angles and Yukawa couplings. The loop functions D0 and D2
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b s,d

H
±

Z

` `

Figure 2: Example of penguin diagram for SFV 2HDM contributing to the short-distance

physics of b ! s, µ
+
µ

�. Notice that the loop function of these contributions features an

important suppression in the limit of very light quarks in the loop [75].

where I1(zi) is a loop function given in Appendix B and zq = m
2
q/m

2
H

with q = u, c, t.

Notably, such a function vanishes in the limit of massless quarks, implying the relevance

of the top quark running in the loop for the Bs ! µ
+
µ

� in our model-building scenarios.

Using the bounds from rare B decays, we can map the allowed parameter space for the

new Yukawa couplings of the second Higgs doublet. The results are presented in figure 4.

The bounds are shown in terms of the mass of the heavy Higgs and the relevant new

Yukawa coupling. For each panel, we chose to allow only one of the up-type Yukawas of

the second Higgs doublet to be non-zero. This particular slicing of the parameter space is

chosen in order to make the presentation of the results clear and highlight the role of these

bounds for each of the three up-quark flavors.

The shape of the constraints depends on the couplings of the second Higgs doublet

to the fermions. Modifying the proportionality constant ⇠ that relates the new down-

type Yukawa matrix to the SM one, leads to di↵erent results for the bounds presented in

figure 4. In that figure, we have chosen to set ⇠ = 0 for the sake of simplicity, bearing

in mind that YH
�

= �(⇠V ⇤
Y

d) 6= 0 would result in more Wilson coe�cients becoming

relevant. Furthermore, notice that the CKM insertions and quark masses multiplying the

loop functions in the matching expression for the dipole operators are di↵erent when we

choose to have a non-zero charm or top new Yukawa coupling. In this regard, for the case

of the up-quark Yukawa, the loop functions in combination with the CKM elements that

will appear in the expressions lead to a large suppression of the overall Wilson coe�cient

which consequently does not lead to interesting constraints on the parameter space.

For the case of the semi-leptonic operators entering in the e↵ective Hamiltonian for

b ! sµ
+
µ

�, Eq. (3.5), there is no term /
⇣
YH

+YH
�
⌘
. As a result, there is no dependence

on ⇠ for the bound from Bs ! µ
+
µ

�. Finally, notice also that since it is the charged

Higgs eigenstate H
± which mediates these FCNC processes, meaning that the result will

be independent of the alignment parameter cos(� � ↵), as evident from what reported in

Appendix C.
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Observable Constraint 95% probability range Ref.

b ! s�
C7

C
0
7

[�0.062, 0.040]

[�0.30, 0.30]
[60, 61]

b ! d�
C7

C
0
7

[�0.11, 0.20]

[�0.41, 0.41]
[62, 63]

b ! s µ
+
µ

�
C10 [�0.15, 0.62] [64]

K � K
Re(C1)

Im(C1)

[�6.8, 7.7] ⇥ 10�13 GeV�2

[�1.2, 2.4] ⇥ 10�15 GeV�2 [5, 16]

Bs � Bs |C1| < 1.9 ⇥ 10�11 GeV�2 [5, 16]

Bd � Bd |C1| < 9.5 ⇥ 10�13 GeV�2 [5, 16]

D � D
Re(C1)

Im(C1)

[�2.5, 3.1] ⇥ 10�13 GeV�2

[�9.4, 8.9] ⇥ 10�15 GeV�2 [5, 16]

Table 1: Most important constraints in our analysis from indirect searches. We list the

available limits on the Wilson coe�cients at a matching scale close to the EW one. Notice

that C
0
7 and D � D bounds are relevant only for up-type SFV studied in the Appendix A.

b s,d

H
±

�

Figure 1: Example of penguin diagram for SFV 2HDM contributing to inclusive radiative

B decays. Notice that non-negligible e↵ects from the fermion in the loop can arise a priori

from any up-type quark on the basis of the size of the new Yukawa couplings of the theory.

calculated for our model [66] using the couplings in Appendix C. They are presented below

as functions of the relevant SM and BSM parameters:

C7 =
v

2

VtbV
⇤
ts

X

j=u,c,t

 
1

mb

YH
+⇤

sj YH�
jb

C0
7,XY

(zj)

mj

+ YH
+⇤

sj YH
+

bj

C0
7,Y Y

(zj)

m
2
j

!
, (3.3)

where zj ⌘ m
2
j
/m

2
H

and the loop functions are reported for convenience in Appendix B.

We can obtain the expressions for the Wilson coe�cients of O8 by replacing the loop

functions in Eq. (3.3) by C0
8,XY

and C0
8,Y Y

, also reported in the same appendix. Eventually,

the same loop functions also characterize the matching expression for the dipole operators

– 7 –

FLAVOR PROTECTION IN DOWN-TYPE SFV ALLOWS NEW HIGGSES 
@ TEV TO COUPLE TO UP-TYPE QUARKS WITH ~0.1 STRENGTH.

Same outcome also for the up-type SFV 2HDM.



101

�
c

200 300 400 600 800 1000 1500 2000

mH (GeV)

0.002

0.005

0.01

0.02

0.05

0.1

0.2

0.5

�
c A ! Zh (139fb

�1)

H ! hh (139fb
�1)

H ! ZZ (139fb
�1)

Flavor Bounds

⇠ = 0
cos(� � ↵) = 0.1

(a)

102

103

104

�
u

200 300 400 600 800 1000 1500 2000

mH (GeV)

0.002

0.005

0.01

0.02

0.05

0.1

0.2

0.5

�
u

A ! Zh (139fb
�1)

H ! hh (139fb
�1)

H ! ZZ (139fb
�1)

Flavor Bounds

⇠ = 0
cos(� � ↵) = 0.1

(b)

101

�
c

200 300 400 600 800 1000 1500 2000

mH (GeV)

0.002

0.005

0.01

0.02

0.05

0.1

0.2

0.5

�
c

A ! Zh (139fb
�1)

H ! hh (139fb
�1)

H ! ZZ (139fb
�1)

Flavor Bounds

⇠ = 0
cos(� � ↵) = 0.05

(c)

102

103

�
u

200 300 400 600 800 1000 1500 2000

mH (GeV)

0.002

0.005

0.01

0.02

0.05

0.1

0.2

0.5

�
u

A ! Zh (139fb
�1)

H ! hh (139fb
�1)

H ! ZZ (139fb
�1)

Flavor Bounds

⇠ = 0
cos(� � ↵) = 0.05

(d)

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 flavor 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 modifier of the charm and up quarks respectively.

The combined flavor 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 [78–80] 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 final

states that are correlated with a production mechanism for the Higgs and reported as signal
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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 flavor 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 modifier of the charm and up quarks respectively.

The combined flavor 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 [78–80] 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 final

states that are correlated with a production mechanism for the Higgs and reported as signal
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Di-Higgs production is a very  
sensitive probe of enhanced Higgs  

couplings to light quarks

arXiv:2101.04119

DOMINANT COLLIDER 
BOUNDS FROM SEARCH 

FOR NEW HIGGSES

Mainly from quark fusion, due  
to possibly large Yukawa

Mostly into di-boson & di-Higgs 
due to non-zero mixing angle

κu,c ≡ yu,c /ySM
u,c is the Yukawa modifier

OBS.



LHC probing Charm Yukawa !

The advent of Deep Learning has been a game changer for  
ATLAS & CMS sensitivity to Yukawa coupling measurements.

Boosted topologies allow to disentangle rare signals from 
very large background (H->cc 20x smaller than H -> bb)

See also search in CMS-HIG-21-008
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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.

mass regime it still provides constraints beyond the direct collider searches. Therefore
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2

10

5

arXiv:2410.05236

it mean? Who will help us in our hour of need? The answer is: the Higgs
boson.

The Higgs Boson

In 2012 particle physicists announced the discovery of the Higgs boson to
great international fanfare. Almost nobody understood what the Higgs boson
was, but lots of people got very excited. The New York Times wrote that it
“represents the very best of what the process of science can offer to modern
civilization.” That’s right, the Higgs boson is apparently better than
computers, flushing toilets, and reality TV.35

So what is the Higgs boson? Here’s a quiz to test your knowledge. Take it
now and then again after you read this chapter. We hope that at the very least
your score will not decrease.

Charming Higgs @ LHC

LHC c tagging turns out to be a remarkable probe of SFV ansatz



Program of precision with flavor is still very rich,  
but naively points to very high scales for NP.

In absence of evidence for NP, the main direction 
we pursued for BSM may need a paradigm shift. 

Theory + EXP progress can lead to new targets. 

No clear tension emerging from flavor data

E.g.: MFV hypothesis  —>  SFV ansatz

[ See 2410.05236 and also 2410.08272 ]

Higgs Yukawa measurements insightful!



BACKUP



(a) (b)

Figure 1: The FF F1(w) entering in the semileptonic B ! D⇤`⌫` decays, com-
puted by studying separately the FNAL/MILC (triangles), HPQCD (circles) and
JLQCD (squares) datasets (left panel) or by developing directly a joint analysis
through an IS procedure (right panel).

them in a joint analysis, as done in Ref. [18]. In Figure 1 the reader can see
the results of the application of these two strategies to one of the relevant FFs,
namely F1(w). Let us highlight here that, since the unitary filters become more
and more selective by increasing the number of input data, it is mandatory to
use an Importance Sampling (IS) procedure to complete the joint analysis, i.e.
by following the procedure explained in Ref. [19].

These two sets of bands of the FFs can be used to compute fully-theoretical
values of the LFU ratio R(D⇤) and of the polarization observables. In the former
case, our final value reads R(D⇤) = 0.262(9), obtained through an average of the
three R(D⇤) estimates coming from the analysis of each lattice dataset separately
(a PDG scale factor of 1.8 has been taken into account). Had we used the DMIS

bands to do this computation, we would have obtained R(D⇤) = 0.259(5), in
perfect agreement with the previous value. This exercise can be repeated for
every physical quantity of interest for phenomenology. To be more specific, we
have done it for the ⌧ -polarization P⌧ (D⇤), for the longitudinal D⇤-polarization
fraction with heavy and light charged leptons, FL,⌧ and FL,` (` = e, µ) respectively,
and for the forward-backward asymmetry AFB,`. To summarize our findings, no
significative di↵erence can be found among theory and measurements for any of
these quantities with the only exception of FL,`. This discrepancy can thus point
towards the existence of possible NP e↵ects coupled to the light generations of
leptons, as already investigated in Ref. [14].

For what concerns |Vcb|, our proposal is to consider each measurement as a
determination of |Vcb| per se, as done for semileptonic B ! D decay. As an ex-
plicit example, in Figure 2 we show the |Vcb| distribution in the recoil variable by
using as input the JLQCD lattice data (left panel) or by adopting the FFs as ex-
trapolated through the DMIS method. While in the former case the distribution
is completely flat, in the latter one |Vcb| seems to increase at high recoil. Since
this behaviour is not possible in the SM, this is a potential signal that either
some systematic e↵ects are still present in theoretical/experimental data or some

4
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LQCD on (semi)leptonic decays : Beyond % precision —> control of  & QEDΔI

0+ —> 0+ transitions “better” than neutron decay, but  cleanest thoughπ+ → π0e+ν

Misha Gorshteyn @ CKM 23

See , e.g., Phys.Rev.D 105 (2022) 11, 114507

InterePIONEER — arXiv:2203.01981Interesting proposal: PIONEER — arXiv:2203.01981

A  L      k  @ 1st row



UT NP Analysis — Wiki How

Parametrize generic NP effects in | ΔF | = 2 transitions :

Fit simultaneously CKM & NP  —>  bound on NP scale

Include an extended list of observables to study also NP : 

O(10) new parameters

18 Marcella Bona

 Unitarity Triangle update

fit simultaneously for the CKM and
the NP parameters (generalized UT fit)

 add most general loop NP to all sectors
 use all available experimental info  
 find out NP contributions to %F=2 transitions

Bd and Bs mixing amplitudes
(2+2 real parameters):

Aq=CBq
e
2i

Bq Aq

SM
e
2i

q

SM

=1
A
q

NP

Aq

SM
e
2i

q

NP−
q

SMAq

SM
e
2i

q

SM

m
q /K=CBq / mK

m
q /K SM 

K
=C K

SM

ACP

Bd J /K S=sin2 B
d

 ACP

Bs J /~sin2 − sB
s



ASL

q =Im 12

q /Aq  q/mq=Re 12

q /Aq 

 UT analysis including new physics 

Charm 23 Di Palma Roberto PageCharm 23 PageEPS-HEP 2023 Roberto Di Palma

Charm mixing parameters

FIT RESULTS 
‰ 
‰

x12 = (4.28 ± 0.32)
y12 = (6.24 ± 0.23)
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22 Marcella Bona

 Unitarity Triangle update

HFLAV from Cleo, BaBar, 
Belle, D0 and LHCb

semileptonic asymmetries in B0 and Bs:
sensitive to NP effects in both size and phase. .

same-side dilepton charge asymmetry:
admixture of Bs and Bd so sensitive to
NP effects in both. -7.9 ±  2.0

D0 arXiv:1106.6308

lifetime tFS in flavour-specific final states:
average lifetime is a function to the
width and the width difference

angular analysis as a function of proper time
and b-tagging

fs=2s vs DΓs from Bs®J/ψf

tFS(Bs) = 1.527 ± 0.011 ps  HFLAV

 new-physics-specific constraints 

fs = -0.039 ± 0.016 rad
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arXiv:2409.06449 New D mixing fit
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IN GENERAL, TWO CLASSES OF SFV: UP-TYPE AND DOWN-TYPE

Samuel Homiller — shomiller@g.harvard.edu Flavor and Multi-Higgs [arXiv:2101.04119]

More Details on the UV Completion

UA

ūj

SjA

ūi

S⇤
iA

U(3)U U(3)Ū U(3)ū U(1)B Z2

U 3 1/3 �1
Ū 3 �1/3 �1
S 3̄ 3̄ �1

Introduce mixing between up-quark 
and heavy VLQs in a flavor breaking 
vacuum

Integrating out heavy quarks leads 
to wave-function renormalization of 
the SM up-quarks

No additional spurions/fields 
transforming under U(3)ū

�
⇥
⌘
u
ij Qi H ūj � ⌘

d
ij Qi H

c
d̄j + h.c.

⇤
+ LBSM

The source of all flavor-breaking! 
CKM matrix arises from returning to 

canonical basisZu
ij = �ij +

⇠⇤⇠

M⇤
AMA

S⇤
iASjA

<latexit sha1_base64="uatQzQBfg2rJRjO+NBNHAS6WBrY="></latexit>

L � MABUAŪB + ⇠SiAūiUA

20

           :  Vector-like quark

S.Homiller@PPC2021


