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The main questions 
In the quest for new physics are:

1. Which new physics? 
  

2. How does it couple to the Standard Model?
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We will discuss our theoretical expectations/assumptions for the 
couplings of new physics to quarks. This is of great importance for 
LHC searches.

Are we missing BSM physics
because of theory bias?
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PLAN OF THIS TALK

1. Review typical expectations on the couplings of new physics to 
quarks, and the Minimal Flavor Violation Ansatz.

2. In MFV new physics couples preferentially to third-generation 
quarks. We will show how a new flavor Ansatz, “Spontaneous Flavor 
Violation”, overcomes this limitation. 

3. We will study the phenomenology of an example SFV theory, a 
theory of extra Higgs bosons that couple strongly to light quarks. 
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Expectations of the couplings 
of new physics to quarks 

and collider search strategies

Murillo, Mujeres en la Ventana
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GAUGE SYMMETRIES AND FAMILY-UNIVERSAL COUPLINGS

Couplings to quarks are fixed by hypercharge, weak, color and other 
gauge charges of the NP field. 

Kinetic/gauge interactions respect an accidental SM flavor symmetry:

As a consequence, in this case it is predicted that NP couples 
universally to the three quark generations.
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1. Gauge symmetries

U(3)Q U(3)ū U(3)d̄
Q 3
ū 3
d̄ 3

The SM quark flavor
group
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GAUGE SYMMETRIES AND FAMILY-UNIVERSAL COUPLINGS
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Figure 9: The 95% CL upper limits on the universal quark coupling g
0
q as a function of resonance

mass for a leptophobic Z0 resonance that only couples to quarks. The observed limits (solid),
expected limits (dashed) and their variation at the 1 and 2 standard deviation levels (shaded
bands) are shown. Dotted horizontal lines show the coupling strength for which the cross
section for dijet production in this model is the same as for a DM mediator.
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7 Conclusion

In summary, a search for new light resonances decaying into pairs of quarks and produced in association
with a high-pT photon or jet is presented. The search is based on 36.1 fb�1 of 13 TeV pp collisions
recorded by the ATLAS detector at the LHC. Resonance candidates are identified as massive large-radius
jets with substructure consistent with a quark pair. The mass spectrum of the candidates is examined for
local excesses above a data-derived estimate of a smoothly falling background. No evidence of anomalous
phenomena is observed in the data, and limits are presented on the cross section and couplings of a
leptophobic axial-vector Z 0 benchmark model. Upper limits at 95% confidence level on production cross
sections times acceptance are 0.50 pb (0.04 pb) for a 100 GeV signal hypothesis, and 0.35 pb (0.03 pb) for
a 220 GeV signal hypothesis in the ISR jet (ISR �) channels. The observed upper limits on the coupling gq
are 0.17 for mZ0 = 100 GeV and 0.21 for mZ0 = 220 GeV, when combining ISR jet and ISR � channels.
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FLAVOR BREAKING AND FAMILY NON-UNIVERSAL COUPLINGS

2. Flavor breaking

Yukawas are responsible for :
1. Breaking of mass degeneracy
2. Family number breaking

�
u
ijQiHūj � �

d†
ij QiH

c
d̄j

�u = V T
CKMY u , �d = Y d

Y u,d =

p
2

v
diag(mu,d,mc,s,mt,b)

t ! s, b ! c...
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For new physics, what should we write for the flavored couplings?

 9

Assumptions need to be made
to study the corresponding BSM phenomenology.

This affects our LHC search strategies!

FLAVOR BREAKING AND FAMILY NON-UNIVERSAL COUPLINGS


d†
ij Qid̄jH

c
2 , ⇠ij

�
d
†
i �̄

µ
dj

�
Z

0
µ



Daniel Egana-Ugrinovic, C.N. Yang Institute, Stony Brook University

Example: Z’ with flavor-changing couplings

For O(1) couplings, limits on           mixing require

Naive flavor assumption generically problematic for BSM physics!

THE MOST NAIVE ASSUMPTION: FLAVOR ANARCHY
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Z ′

d

s̄

s

d̄

ξ12 ξ12

mZ0 � 104 TeV

Mixing of           mesonsK � K̄

K � K̄

⇠12
�
d†1�̄

µd2
�
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We must give up on new physics at the EW scale,
or  we need to work on our flavor assumptions.
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The simplest assumption: 
Minimal Flavor Violation
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FCNC’S ARE STRONGLY SUPPRESSED IN THE SM

Example: mixing of B-mesons in the Standard Model
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⌦
Bd|H�F=2|B̄d

↵
⇠ y

2
t (V

⇤
33V31)

2 + y
2
cV

⇤
33V31V

⇤
23V21 + ...

Strongly suppressed by Yukawas and CKM elements

b b̄

d̄ b

W W

t, c, u

t, c, u
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FCNC SUPPRESSION DUE TO PATTERN OF FLAVOR BREAKING

Such suppression can be easily seen from symmetries
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Yukawa, GIM and CKM suppression of FCNCs!

d

b̄

b

d̄

d1 (�u�†
u)12 d

†
2 = d1 (V TY 2

u V
⇤ )12 d

†
2

= d1
�
y2t V31V ⇤

32 + y2cV21V ⇤
22 + ...

�
d†2

di (�u�
†
u)ij d

†
j

(di cij d
†
j)

2 i = 1, j = 3



Daniel Egana-Ugrinovic, C.N. Yang Institute, Stony Brook University

 15

MFV: assume that NP couples to quarks
via the SM Yukawa matrices.

Thus, Yukawa, GIM and CKM suppression of 
FCNCs are all retained.

This allows for new physics at the electroweak
scale consistent with bounds from FCNCs
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MFV INTRODUCES STRONG LIMITATIONS ON BSM PHYSICS

MFV new physics couples preferentially to 3rd generation quarks. 

Example: a second Higgs doublet

Is such expectation generic? Most (if not all) reasonable existing 
models of new flavored physics, couple only to third generation 
quarks. 
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Examples: the MSSM, 2HDM types I-IV, 
U(2) theories and NMFV, flavored Z-prime models,

leptoquarks, composite models…

⇠ yu H2uū+ yc H2cc̄+ yt H2tt̄
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Could new physics couple instead
to the light quark generations preferentially?
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New physics with generation  
specific couplings: 

Flavor alignment
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FLAVOR ALIGNMENT

A different, and much broader approach is to require flavor 
alignment

Let’s illustrate flavor alignment with a 2HDM
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Flavor alignment: 
the only source of  

Flavor mixing is the  
CKM matrix

�u = V T
CKMY u = V T

CKMdiag(yu, yc, yt)

�d = diag(yd, ys, yb)

d = diag(d,s,b)

�
u
ijQiHūj � �

d†
ij QiH

c
d̄j � 

d†
ij QiH

c
2 d̄j
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ALIGNMENT SUPPRESSES FCNC’S

Moreover, in such a theory there would be no tree-level FCNCs 

However, in such a theory, strong and preferential couplings to light 
quarks are allowed.
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Copious production
of extra Higgses at LHC!

H2

d

s̄

s

d̄

κ12 κ12

∝ κ2
12 = 0

d

d̄

H2

κd
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BSM PHYSICS COUPLING PREFERENTIALLY TO LIGHT QUARKS

Why should the Yukawa of the second doublet be aligned with the 
SM Yukawa? 

No symmetry reason to suppress the off-diagonal elements of such 
Yukawa, since the quark family symmetry is already broken!
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�u
ij =

0

@
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Flavor alignment leads to interesting pheno in the 
first and second generations, but requires either

strong tuning… or a UV completion

Flavor alignment

Philippe Petit crossing the Twin Towers, 1974

Officer t’Hooft
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Spontaneous flavor violation: 
a UV realization of flavor alignment
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SPONTANEOUS FLAVOR VIOLATION (SFV)
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CP/family number 
breaking sector

Flavor preserving SM 
and BSM sector

CP/family number breaking communicated through
renormalization of RH up-quarks (or RH down-quarks)

ū†

ū

φ1

φn

Zu
ij ū

†
i �̄

µDµūj

Zd
ij d̄

†
i �̄

µDµd̄j

or
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AN EXAMPLE UP-TYPE SFV LAGRANGIAN
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Let’s go back to our two-Higgs doublet model example

Go to the canonically normalized basis

ū !
p
Zu

�1
ū

Zu
ij ū

†
i �̄

µDµūj

All Yukawas are real diagonal by definition of SFV

+
⇥
Ỹ

u
ijQiHūj � Y

d
ijQiHd̄j � 

d
ijQiH2d̄j

⇤
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CKM MATRIX FROM WAVE-FUNCTION RENORMALIZATION
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Remain real-diagonal and aligned

ū†
i �̄

µDµūi

Y d , d

+
⇥
Y

u
ijQiHūj � Y

d
ijQiHd̄j � 

d
ijQiH2d̄j

⇤

Ỹ u ! Ỹ u
p
Z

�1
= �u = V T

CKMY u

A new type of 2HDM: the up-type SFV 2HDM
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THE LIMITATION OF SFV:  ONE-SECTOR ALIGNMENT

Assume we also introduce a generic Yukawa for the up-sector

After WF renormalization, large misalignment is introduced
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Zu
ij ū

†
i �̄

µDµūj

+
⇥
Ỹ

u
ijQiHūj � Y

d
ijQiHd̄j + 

u
ijQiH2ūj � 

d
ijQiH2d̄j

⇤

Real-diagonal

Not simultaneously
diagonalizable, unless 

Ỹ u ! Ỹ u
p
Z

�1
= �u = V T

CKMY u

u ! u
p
Z

�1

u / Ỹ u
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The smoking gun signature of SFV
is aligned couplings in the up or down quark sector,

and MFV-like couplings in the opposite sector

To the best of my knowledge, 
SFV is the only mechanism that ensures

alignment in generic BSM theories.
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Such a setup is easily realized by mixing right-handed up quark with 
heavy vector-like quarks

This is nothing else than a Nelson-Barr model. In fact the strong CP 
problem is automatically solved in all SFV realizations.

AN EXAMPLE UV COMPLETION OF SFV
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⇠ Zu
ij ū

†
i �̄

µDµūj

MAB > 100TeVMABUAŪB + ⇣SiAUAūi
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Phenomenology of Higgs bosons with  
large Couplings to light quarks 
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FLAVOR CONSTRAINTS ON THE UP TYPE SFV 2HDM

FCNCs do not arise at tree level, but at one-loop level we must be 
careful.
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c c̄

ū u

H± H±

d

d

∼ κdV21
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HIGGSES WITH LARGE COUPLINGS TO PROTONS!

A second Higgs doublet contains three Higgs bosons: 
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H,A,H
±

d

d̄

H,A

κd

u

d̄

V ∗
11κd

H±

�ggF
hSM = 49pb

Typical production cross sections are 
much larger than for the SM Higgs
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LIMITS FROM DIJET SEARCHES

Up-type SFV Higgses are copiously produced and decay to dijets

 33

108 new Higgses at 100 GeV hiding at LHC!
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ENHANCEMENT OF THE SM HIGGS YUKAWAS
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|cu| |cd| |cs| |cc|
Perturbation < 1.1× 105 < 5.1× 104 < 2600 < 190
ΓH < 1.7 GeV ! 4.9× 104 ! 2.4× 104 ! 1200 ! 88

Ref. [18] ! 6.2
Ref. [19] 2100− 2800 930− 1400 35− 70

TABLE I: 95% CL upper limits of scaling factors |cf |,
due to Higgs boson width direct measurement; in
comparison with those by requiring the theory
perturbative, and those by Ref. [18] and Ref. [19]. In
the Standard Model, cf = 1.

In the remainder of this study we explore constraints
on cf from the production of the Higgs boson, which de-
cays into a pair of Z bosons. In the standard model,
the production of the Higgs boson is dominated by gluon
fusion with t and b loops (Fig. 1(a)). The dominant con-
tinuum background is the quark-initiated ZZ production
(Fig. 1(b)), accompanied by gluon-initiated ZZ produc-
tion (Fig. 1(c)). The subdominant production mecha-
nism of the Higgs boson is vector boson fusion (VBF,
Fig. 1(d)), which contributes about 7% to the Higgs bo-
son production in the resonance region, and about 10%
in the mZZ > 2mZ region.

t, b

(a)(a)(a) (b)

(c)

W, Z

(d)

FIG. 1: LO contributions to the main ZZ production
processes: (a) Higgs-mediated gg production; (b)
quark-initiated background production; (c)
gluon-initiated background production; and (d)
Higgs-mediated VBF production.

As the Yukawa couplings change with cf , additional
contributions from the Higgs-mediated quark annihila-
tion (Fig. 2(a, b)) and gluon fusion with light quark loops
(Fig. 2(c)) are taken into account in this study. While we
understand that a large |cf | could make a difference in
the VBF type diagram, by having Higgs boson in place of
the weak bosons (Fig. 2(d)), we neglect its contribution
in this study because of its distinct kinematic characteris-
tics, particularly the angular correlation between the two
jets, which will allow suppression (See, e.g., Ref. [22]).
For a typical process with the Higgs boson created in

the s-channel, the cross section in the resonance and off-

b

(a)

u, d, s, c

(b)

u, d, s, c

(c)

H

(d)

FIG. 2: Additional LO contributions to the ZZ
production due to b and light quarks: (a)
Higgs-mediated bb̄ annihilation; (b) Higgs-mediated
light-quark annihilation; (c) Higgs-mediated gg
production; and (d) H → ZZ production via Higgs
boson fusion.

shell region behaves as

σresonance
A→H→B ∼

g2AH g2HB

ΓH
and σoff-shell

A→H∗→B ∼ g2AH g2HB,

(4)
respectively, where gAH (gHB) is the Higgs boson cou-
pling to the initial (final) state. The resonance and off-
shell regions offer two distinct sources of information on
the Yukawa couplings. In the resonance region, the gluon
fusion is always the dominant mechanism of Higgs bo-
son production, even at large scaling factors |cf |, as a
result of the large gluon-gluon luminosity. While each
scaled Yukawa coupling makes its contribution in the
gg → H closed quark loop, its contribution to the Higgs
boson width affects the production overwhelmingly at
large |cf |, reducing the cross section to near zero. This
feature can be used to constrain cf by requiring |cf | being
small enough to allow consistency with experimental ob-
servations. In the off-shell region, the production cross
section of the Higgs boson, which decays into ZZ, re-
ceives enhancement at mZZ " 2mZ, where the invariant
mass of the Higgs boson allows both Z bosons become
on-shell [23, 24]. In addition, the parton luminosities of
qq̄, particularly uū and dd̄, are less dominated by that of
gg (See, e.g., Ref. [22]). As a result, the production of the
Higgs boson becomes dominated by the qq̄ annihilation
(Fig. 2(b)) at large |cf |, and the cross section increases
with |cf |2. Therefore the measured off-shell cross section
may be used to further constrain cf .

We now calculate the cross section of ZZ production
with four-lepton (4ℓ, ℓ = e, µ) final states in proton-
proton collisions at centre-of-mass energy

√
s = 7TeV

and 8TeV, as a function of each individual cf , and com-
pare to the signal strength µggH reported by CMS in
Ref. [5, 25], which is based on integrated luminosities of
5.1 fb−1 at

√
s = 7TeV and 19.7 fb−1 at 8TeV. The
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qq̄, particularly uū and dd̄, are less dominated by that of
gg (See, e.g., Ref. [22]). As a result, the production of the
Higgs boson becomes dominated by the qq̄ annihilation
(Fig. 2(b)) at large |cf |, and the cross section increases
with |cf |2. Therefore the measured off-shell cross section
may be used to further constrain cf .

We now calculate the cross section of ZZ production
with four-lepton (4ℓ, ℓ = e, µ) final states in proton-
proton collisions at centre-of-mass energy

√
s = 7TeV

and 8TeV, as a function of each individual cf , and com-
pare to the signal strength µggH reported by CMS in
Ref. [5, 25], which is based on integrated luminosities of
5.1 fb−1 at

√
s = 7TeV and 19.7 fb−1 at 8TeV. The

SFV  may
lead to dramatic
enhancements

of the SM Higgs 
Yukawas
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CONCLUSIONS

Usual assumptions on the couplings severely limit the 
phenomenology of BSM models to third-generation physics.

A new flavor Ansatz, Spontaneous Flavor Violation, overcomes this 
limitation.

SFV can be applied to pretty much any BSM physics, allowing for 
large couplings to light quarks while reducing flavor constraints,
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The MSSM, the Standard Model EFT, two Higgs 
doublet models, Z’ models, leptoquarks, vector-like 

quarks, pseudo-Goldstones (axions), colored 
scalars…
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SFV strongly motivates
developing searches for each specific

quark generation, which require jet taggers 
for each single quark of the Standard Model.
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SFV in the Standard Model EFT
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SFV CAN BE APPLIED TO ANY BSM MODEL

The SFV flavor Ansatz can be applied to any of your favorite BSM 
models, or even to the Standard Model EFT. 

The results is a strong suppression of flavor bounds. 

It can be shown that in the SFV Ansatz, all FCNCs are CKM and 
Yukawa suppressed. 
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SFV is not stable under RGE below the scale ⇤BC, but
RGE corrections are suppressed by both loop and CKM
factors in any new physics model, as in [10, 23–25].

FLAVOR BOUNDS IN AN EXAMPLE SFV
THEORY

As an application of the SFV Ansatz, consider extend-
ing the SM flavor spurion content with only one new
down-type Yukawa spurion 

d. In up-type SFV, d is
guaranteed to be flavor aligned, and in the flavor basis
used in the previous section it is also real-diagonal,


d† = K

d
⌘ diag(d,s,b) , f 2 R . (12)

where d,s,b are arbitrary Yukawa couplings. Such a spu-
rion may for instance couple a second Higgs doublet [26],
vector-like quarks [27] or Z-prime bosons [27–30] to SM
quarks.

To assess how e↵ective the SFV Ansatz is in suppress-
ing FCNCs for a generic new physics theory, we make
use of an EFT approach and explore constraints on di-
mension six operators. In such an EFT the Wilson co-
e�cients are controlled by products of SM Yukawas and

d, as illustrated in Table I. From Table I we see that

all FCNCs are suppressed by CKM factors, as expected
from any flavor aligned theory, and all down-type FCNCs
come with factors of (V T

Y
2
u V

⇤) as previously stated.
In table II we present bounds on the scale of the di-

mension six SFV operators. For comparison, we also
show bounds on dimension-six MFV and flavor anar-
chic operators. Since MFV operators are also allowed
by definition in an SFV theory, values of d,s,b leading
to ⇤SFV

NP  ⇤MFV
NP requires us to take the MFV limits in-

stead. Bounds on SFV operators are much weaker than
on generic flavor-anarchic new physics. Importantly, the
scale at which new SFV physics may be found consistent
with flavor bounds is generation specific, since it depends
on the three new Yukawas d,s,b independently. As an ex-
ample, consider a scenario in which new physics is mostly
coupled to first generation quarks. For concreteness, take
s,b = 0, and d ⇠ 105 ySMd (⇠ 0.1). From Table II we see
that new physics with such non-universal couplings to
first generation quarks may be close to the TeV scale.

Operator SFV factor

(Q†
1�̄

µ
Q2)

2 C
1
D = (V ⇤

K
2
dV

T )212
C

1
K = (V T

Y
2
u V

⇤ )212

(Q1d̄2)(Q
†
2 d̄

†
1)

h
(V T

Y
2
u V

⇤
K

d)12

(V T
Y

2
u V

⇤
K

d)⇤21
i

Q2H
c
�
µ⌫

d̄3 Fµ⌫

⇥
(V T

Y
2
u V

⇤)Kd
⇤
23

TABLE I. Selection of dimension-six FCNC operators with
their SFV coe�cients.

Operator ⇤anarchic
NP [TeV] ⇤SFV

NP [TeV] ⇤MFV
NP [TeV]

(Q†
1�̄

µ
Q2)

2 1.5⇥ 104(Im) 262.7 |2
d � 

2
s| 5.1

(Q1d̄3)(Q
†
3d̄

†
1) 2.1⇥ 103(Abs) 19.3

p
|db| �

(Q1d̄2)(Q
†
2d̄

†
1) 2.4⇥ 105(Im) 72.7

p
|ds| �

2eH�
µ⌫

Q2 d̄3 Fµ⌫ 276.3(Re) 54.3
p

|b| 7.0

2eH�
µ⌫

Q3 d̄2 Fµ⌫ 276.3(Re) 54.3
p

|s| 7.0

2eH�
µ⌫

Q3 d̄1 Fµ⌫ 140.5(Abs) 13.2
p

|d| 7.0

TABLE II. 95% CL bounds on the new physics scale ⇤NP,
for anarchic, SFV and MFV operator coe�cients (from [1, 31–
33]). Subscripts on the anarchic operator limits indicates that
the limit is on the real, imaginary or absolute value of the
operator coe�cient.

SFV UV COMPLETION

We now present one example UV completion for the
up-type SFV Ansatz. A UV completion for the down-
type SFV Ansatz can be trivially obtained with the ap-
propriate up-down replacements. We add to the SM
vector-like right handed up-type quarks UA, ŪA, A =
1..3, where Ū has the same gauge quantum numbers as
the SM quark ū, and scalar gauge singlets SiA. We intro-
duce interactions between the singlets, vector-like quarks
and up-type right-handed SM quarks. Our Lagrangian is

L � MABUAŪB + ⇠SiAūiUA

�
⇥
⌘
u
ij QiHūj � ⌘

d
ijQiH

c
d̄j + h.c.

⇤
+ LBSM (13)

where we omit canonical kinetic terms for all fields and
other SM interactions without quarks that are not rel-
evant for our discussion. Additional renormalizable in-
teractions to the ones appearing explicitly in Eq. (13)
coupling the vector-like quarks to SM fields may be for-
bidden by a Z2 symmetry. Without loss of generality,
we work in a basis where the vector-like quark mass ma-
trix is diagonal MAB = �ABMA. LBSM represents any
other interactions involving arbitrary new physics fields
and SM fields, with the only constraint that no addi-
tional spurions or fields transforming under the SM flavor
group factor U(3)ū appear at the renormalizable level.
Next, we impose that CP and SM quark family num-
bers U(1)3f are good symmetries in the UV. There exists
then a flavor basis in which all spurions transforming
under the SM flavor group, including the SM Yukawa
interactions, are real-diagonal 3 ⇥ 3 matrices or tensor
products of such matrices. In what follows we commit
to this real-diagonal flavor basis. The Yukawas remain
real-diagonal under renormalization from the UV, pro-
tected by the U(1)3f ⇥CP symmetries. Finally, we break

U(1)3f ⇥CP softly via a VEV for the singlets. Note that
in this theory the strong-CP problem is solved via the
Nelson-Barr mechanism since CP violation is introduced
only via mixing with vector-like quarks [11–14].
To understand the e↵ect of the VEV in the infrared,

Example: 
A theory with any BSM

field and only one
new flavor breaking spurion



Daniel Egana-Ugrinovic, C.N. Yang Institute, Stony Brook University

SFV STRONGLY SUPPRESSES FCNCS

Even if you allow for any imaginable FCNC operator, new physics 
close to the EW scale may preferentially couple to light quarks 
without being excluded by flavor bounds
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SFV is not stable under RGE below the scale ⇤BC, but
RGE corrections are suppressed by both loop and CKM
factors in any new physics model, as in [10, 23–25].

FLAVOR BOUNDS IN AN EXAMPLE SFV
THEORY

As an application of the SFV Ansatz, consider extend-
ing the SM flavor spurion content with only one new
down-type Yukawa spurion 

d. In up-type SFV, d is
guaranteed to be flavor aligned, and in the flavor basis
used in the previous section it is also real-diagonal,


d† = K

d
⌘ diag(d,s,b) , f 2 R . (12)

where d,s,b are arbitrary Yukawa couplings. Such a spu-
rion may for instance couple a second Higgs doublet [26],
vector-like quarks [27] or Z-prime bosons [27–30] to SM
quarks.

To assess how e↵ective the SFV Ansatz is in suppress-
ing FCNCs for a generic new physics theory, we make
use of an EFT approach and explore constraints on di-
mension six operators. In such an EFT the Wilson co-
e�cients are controlled by products of SM Yukawas and

d, as illustrated in Table I. From Table I we see that

all FCNCs are suppressed by CKM factors, as expected
from any flavor aligned theory, and all down-type FCNCs
come with factors of (V T

Y
2
u V

⇤) as previously stated.
In table II we present bounds on the scale of the di-

mension six SFV operators. For comparison, we also
show bounds on dimension-six MFV and flavor anar-
chic operators. Since MFV operators are also allowed
by definition in an SFV theory, values of d,s,b leading
to ⇤SFV

NP  ⇤MFV
NP requires us to take the MFV limits in-

stead. Bounds on SFV operators are much weaker than
on generic flavor-anarchic new physics. Importantly, the
scale at which new SFV physics may be found consistent
with flavor bounds is generation specific, since it depends
on the three new Yukawas d,s,b independently. As an ex-
ample, consider a scenario in which new physics is mostly
coupled to first generation quarks. For concreteness, take
s,b = 0, and d ⇠ 105 ySMd (⇠ 0.1). From Table II we see
that new physics with such non-universal couplings to
first generation quarks may be close to the TeV scale.

Operator SFV factor
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µ
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TABLE I. Selection of dimension-six FCNC operators with
their SFV coe�cients.

Operator ⇤anarchic
NP [TeV] ⇤SFV

NP [TeV] ⇤MFV
NP [TeV]

(Q†
1�̄

µ
Q2)

2 1.5⇥ 104(Im) 262.7 |2
d � 

2
s| 5.1

(Q1d̄3)(Q
†
3d̄

†
1) 2.1⇥ 103(Abs) 19.3

p
|db| �

(Q1d̄2)(Q
†
2d̄

†
1) 2.4⇥ 105(Im) 72.7

p
|ds| �

2eH�
µ⌫

Q2 d̄3 Fµ⌫ 276.3(Re) 54.3
p

|b| 7.0

2eH�
µ⌫

Q3 d̄2 Fµ⌫ 276.3(Re) 54.3
p

|s| 7.0

2eH�
µ⌫

Q3 d̄1 Fµ⌫ 140.5(Abs) 13.2
p

|d| 7.0

TABLE II. 95% CL bounds on the new physics scale ⇤NP,
for anarchic, SFV and MFV operator coe�cients (from [1, 31–
33]). Subscripts on the anarchic operator limits indicates that
the limit is on the real, imaginary or absolute value of the
operator coe�cient.

SFV UV COMPLETION

We now present one example UV completion for the
up-type SFV Ansatz. A UV completion for the down-
type SFV Ansatz can be trivially obtained with the ap-
propriate up-down replacements. We add to the SM
vector-like right handed up-type quarks UA, ŪA, A =
1..3, where Ū has the same gauge quantum numbers as
the SM quark ū, and scalar gauge singlets SiA. We intro-
duce interactions between the singlets, vector-like quarks
and up-type right-handed SM quarks. Our Lagrangian is

L � MABUAŪB + ⇠SiAūiUA

�
⇥
⌘
u
ij QiHūj � ⌘

d
ijQiH

c
d̄j + h.c.

⇤
+ LBSM (13)

where we omit canonical kinetic terms for all fields and
other SM interactions without quarks that are not rel-
evant for our discussion. Additional renormalizable in-
teractions to the ones appearing explicitly in Eq. (13)
coupling the vector-like quarks to SM fields may be for-
bidden by a Z2 symmetry. Without loss of generality,
we work in a basis where the vector-like quark mass ma-
trix is diagonal MAB = �ABMA. LBSM represents any
other interactions involving arbitrary new physics fields
and SM fields, with the only constraint that no addi-
tional spurions or fields transforming under the SM flavor
group factor U(3)ū appear at the renormalizable level.
Next, we impose that CP and SM quark family num-
bers U(1)3f are good symmetries in the UV. There exists
then a flavor basis in which all spurions transforming
under the SM flavor group, including the SM Yukawa
interactions, are real-diagonal 3 ⇥ 3 matrices or tensor
products of such matrices. In what follows we commit
to this real-diagonal flavor basis. The Yukawas remain
real-diagonal under renormalization from the UV, pro-
tected by the U(1)3f ⇥CP symmetries. Finally, we break

U(1)3f ⇥CP softly via a VEV for the singlets. Note that
in this theory the strong-CP problem is solved via the
Nelson-Barr mechanism since CP violation is introduced
only via mixing with vector-like quarks [11–14].
To understand the e↵ect of the VEV in the infrared,
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RADIATIVELY INDUCED FCNCS
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UV SFV scale
set at 100 TeV


