
01.02.2010

Mainzer MarkenzeichenMainzer Markenzeichen

TRIGA Ionenfallen MAMI LHC IceCube

ultrakalte
Neutronen

Antiprotonen Hadronen-
struktur

Higgs, SUSY,
Extra-Dimensionen

Neutrinos

Energie [GeV]
101410410010-1310-18

� Anwendung komplementärer Methoden, Ansätze und
Experimente zur Verfolgung gemeinsamer Ziele

� Methodische Vielfalt

� Breiter Bereich der physikalischen Skalen;
„von den niedrigsten zu den höchsten Energien“

ERC Advanced Grant (EFT4LHC) 
An Effective Field Theory Assault on the 
Zeptometer Scale: Exploring the Origins of 
Flavor and Electroweak Symmetry Breaking

                                                Cluster of Excellence 
Precision Physics, Fundamental Interactions and Structure of Matter

Matthias Neubert 
Mainz Institute for Theoretical Physics

Johannes Gutenberg University


!
11th ICFA Seminar  
Institute of High-Energy Physics 
Beijing, China, 27-30 October 2014

Heavy Flavor Physics    
Theory Perspectives



Introductory remarks

The extensive experimental and theoretical explorations of flavor-
changing processes in the past decades have taught us a great deal  
about the structure of the fundamental interactions and the properties of 
elementary particles at and beyond the electroweak scale.


While the discovery of the massive electroweak gauge bosons W and Z 
(1983), of the last missing third-generation fermions t and ντ (1995 and 
2000), and of the Higgs boson (2012) have confirmed the particle content 
of the Standard Model (SM), precision measurements of couplings (in 
particular the Yukawa couplings) have confirmed the deeper structure of 
the SM as the correct (effective) quantum theory of the weak scale.


Today, and even more so in the coming decades, flavor physics and 
precision collider physics (LHC, ILC and beyond) provide complementary 
and competitive tools to probe for physics beyond the SM.
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Flavor physics in the Standard Model



Flavor physics in the Standard Model

The SM description of flavor and CP violation originating only from the 
weak charged-current interactions and described by the Cabibbo-
Kobayashi-Maskawa (CKM) quark-mixing matrix has been spectacularly 
confirmed by the B-factory program (ARGUS, CLEO, BaBar, Belle, CDF, 
D0, LHCb, ATLAS, CMS):

!
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Flavor physics in the Standard Model

The SM description of flavor and CP violation originating only from the 
weak charged-current interactions and described by the Cabibbo-
Kobayashi-Maskawa (CKM) quark-mixing matrix has been spectacularly 
confirmed by the B-factory program (ARGUS, CLEO, BaBar, Belle, CDF, 
D0, LHCb, ATLAS, CMS):
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Flavor physics in the Standard Model

The CKM mechanism explains all flavor phenomena studied so far, often 
with incredible precision.


A few ~3σ “anomalies” exist and should be studied seriously; often such 
anomalies have disappeared with more data and improved theoretical 
analyses.


!

!
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Flavor physics in the Standard Model

The CKM paradigm does not explain:

• the hierarchies of fermion masses and mixing angles

• the origin of fermion generations 
• the mechanism of baryogenesis 
• the matter-antimatter asymmetry in the Universe


We do not understand the SM before we have an answer to these 
questions, which call for a deeper theory of flavor. 

The flavor puzzle is one of the few robust reasons (besides the existence 
of dark matter) for why we need to keep searching for new physics!


!
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Flavor physics in the Standard Model

But we have learned much more!


The minimal model of electroweak symmetry breaking via the vacuum 
expectation value of a single scalar doublet φ predicts the absence of 
tree-level flavor-changing neutral currents (FCNCs), since the 
couplings of the neutral bosons Z and H (and, more trivially, of γ and g) 
are automatically flavor diagonal!


FCNCs in the SM are small due to their loop and GIM suppression — a 
wonderful protection mechanism!


!
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Flavor physics in the Standard Model

Extensions of the SM such as two-Higgs doublet models, SUSY models, 
extended gauge models (Z’), … tend to predict large FCNCs and can thus 
give rise to visible effects in many observables:


!

!

This is a huge constraint on BSM model building!


In fact, flavor data and the existence of dark matter are the most robust 
constraints we have on model building (the role of “naturalness” is 
currenty being questioned in view of the absence of new colored particles 
at the LHC).


!
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Flavor physics beyond the Standard Model



Flavor structure beyond the SM

FCNCs provide prime tools to probe the SM at the quantum level and 
search for (even minute) hints of new interactions or the existence of new 
virtual particles:


!
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The New Physics Flavor Puzzle

meson mixing observables probe
generic New Physics at very high scales
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Flavor structure beyond the SM

FCNCs provide prime tools to probe the SM at the quantum level and 
search for (even minute) hints of new interactions or the existence of new 
virtual particles:
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Example 1: Rare leptonic decays Bs/d→μ+μ-

Generically, very large deviations from 
the SM predictions for the Bd,s→μ+μ- 
rates are expected in SUSY models, 
unless one imposes some ad hoc flavor 
structure such as MFV to keep these 
corrections small:
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Much smaller corrections are predicted 
in dynamical flavor models such as 
warped extra dimensions (RS models), 
since the RS-GIM mechanism naturally 
suppresses flavor-changing interactions 
of light fermions:

RS model

BRs,SM
  = (3.65 ± 0.23)×10-9 BRs

(exp)  = (2.9 ± 0.7)×10-9

G. Isidori –  Looking for New Physics via the Flavor Window                 ICHEP 2014 - Valencia

Example II:  Bs,d → μμ & SUSY 

Buchmueller et al. [Mastercode]
Mahmoudi et al. [SuperIso]
Roszkowski et al. '12
Haisch & Mahmoudi '12
Althmanshofer et al. '13
…

The possible large effects 
occurring in the MSSM at 
large tanβ are ruled out...

...but more precision on 
this mode can still provide 

very valuable infos

Constrained
MSSM

“Mastercode”
 → talk by de Vries
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Example 2: Split SUSY with PeV-scale sfermions

Generically large SUSY flavor effects can be tamed by raising the mass 
scale of scalar super-partners into the 1000-TeV range (which also helps 
explaining their non-observation at the LHC:-) 


This has several advantages:

• a 125 GeV Higgs can be accommodated                               

effortlessly

• heavy sfermions open up the possibility of                                 

radiatively generating fermion mass hierarchies 

• gaugino masses from anomaly mediation are a                                 

loop factor below the gravitino mass


Such split-SUSY models change the perspective on                                          
flavor physics, too! 
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A “Simply Unnatural” SUSY Spectrum

Hall, Nomura ; Arvanitaki et al. ;
Kane et al. ; Yanagida et al. ; Wells ;

Arkani-Hamed et al. ; ...

LSB ⊃ 1
M2

∗

∫

d4θ(X †X )(Φ†Φ+ HuHd )

−αi bi
4π

m3/2

2 λiλi −
m3/2

2 G̃G̃+

∫

d4θ(HuHd)

! scalar masses of the order
FX/M∗ " FX/MPl ∼ m3/2

! gaugino masses from anomaly mediation,
1-loop factor below the gravitino mass

! 125 GeV Higgs is “effortless”

! heavy sfermions open up possibilities to
generate fermion mass hierarchies
radiatively
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Example 2: Split SUSY with PeV-scale sfermions

Generically large SUSY flavor effects can be tamed by raising the mass 
scale of scalar super-partners into the 1000-TeV range (which also helps 
explaining their non-observation at the LHC:-) 


For TeV-scale sfermions:

• SUSY flavor problem: extensive contributions                                   

to many low-energy observables


For PeV-scale (~1000 TeV) sfermions:

• SUSY flavor opportunities: a large number of                                       

low-energy observables can be sensitive to                                  
sfermion masses far beyond the reach of LHC
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Example 2: Split SUSY with PeV-scale sfermions

Present constraints:


!

!

!

!

!

!
Observations:


• PeV-scale squarks are probed in kaon mixing (εK )

• charm mixing and neutron EDM reach up to 100 TeV

• EDMs are particularly interesting, enhanced by                                     

mτ/me (de) or mt/mu (dn)
11

Current Constraints in a Slice of Parameter Space
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Example 2: Split SUSY with PeV-scale sfermions

Future constraints:


!

!

!

!

!

!
Observations:


• neutron EDM will probe 1000 TeV squarks

• electron EDM and μ→e conversion will be sensitive                               

to slepton masses above 100 TeV
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! µ → e conv. : factor 104
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Expected improvements:

Altmannshofer, Harnik, Zupan (2013)



Flavor structure beyond the SM

Flavor violation is a generic feature of any BSM physics, since a priori 
there is no reason why the flavor orientation of the couplings of some 
new particle(s) should be aligned with the CKM matrix!


The concept of minimal flavor violation (MFV) is often invoked to tame 
flavor effects in BSM models.


Without an underlying theory based on flavor symmetries and their 
dynamical breaking, MFV is a only paradigm but not a well motivated 
model.
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Flavor structure beyond the SM

Simple example:

!

!

!

!

!
with:


!

!

This gives rise to flavor-changing Higgs couplings and top-quark FCNCs, 
unless the matrix λij is by chance aligned with the SM Yukawa matrix yij!
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Agashe, Contino (2009)

Azatov, Toharia, Zhu (2009)



Flavor structure beyond the SM

In the SM, FCNC decays of the top-quark are strongly loop, CKM and 
GIM suppressed:

!

!

!

!

!
!

Observing these decays would be a clear signal of new physics, 
presumably of TeV-scale origin.
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Flavor structure beyond the SM

Concrete models offering a compelling approach to the flavor problem 
(Froggatt-Nielsen, warped extra dimensions, partial compositeness, …) 
typically predict some departures from the MFV paradigm due to 
additional sources of flavor and CP violation not encoded in the SM 
Yukawa couplings!


It is important to probe as many flavor observables as possible, without 
assuming model-dependent correlations!


!

!
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Flavor structure beyond the SM

16

Randall-Sundrum (RS) models as an example:


!

!

The localization of fermions along the extra dimension depends exponen-
tially on O(1) parameters related to the 5D masses. As a result, the overlap 
integrals with the Higgs profile are exponentially small for light quarks.

warped extra dimension

AdS5 geometry
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Randall-Sundrum (RS) models with a warped extra dimension address 
the hierarchy problem and the flavor puzzle by means of the same 
geometrical mechanism Randall, Sundrum (1999)

Higgs sector

Randall, Sundrum (1999)

Grossman, MN (1999); Ghergetta, Pomarol (2000)



Flavor structure beyond the SM
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This mechanism suffices to suppress most  
of the dangerous FCNC couplings! 17

Tree-level quark FCNCs are induced by the virtual exchange of Kaluza-
Klein (KK) resonances (including gluons).


The resulting FCNC couplings depend on the same exponentially small 
overlap integrals F(QL), F(qR) that generate the fermion masses.


As a result, FCNCs involving light quarks are strongly suppressed:       
RS-GIM mechanism                                    

Huber (2003); Burdman (2003)

Agashe et al. (2004); Casagrande et al. (2008)

Agashe et al. (2004)



Flavor structure beyond the SM

Predictions for top-quark FCNCs in the RS model with custodial 
protection:


!

!
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Figure 4: Branching ratio of the rare decays t → cZ (left) and t → ch (right) as
functions of MKK in the RS model with extended custodial protection cT1i

= cT2i
. The

red band in the left panel is excluded at 95% CL by the CDF search for t → u(c)Z.
The red dotted and dashed lines in the left (right) plot indicate the expected discovery
and exclusion sensitivities of ATLAS (LHC) for 100 fb−1 integrated luminosity. All
scatter points reproduce the correct quark masses, mixing angles, and the CKM phase.
See text for details.

δU = 1/2ΦU with ΦU introduced in (150) and

δu =
1

2
xu U †

u diag

[

1

1 − 2cQi

(

1

F 2(cQi
)

[

1 − 1 − 2cQi

F 2(−cQi
)

]

− 1 +
F 2(cQi

)

3 + 2cQi

)]

Uu xu . (160)

Notice that, compared to the ZMA result in the minimal RS model [21], the mixing matrix
δu contains a additional term involving the zero-mode profile F (−cQi

).
Inserting the quantum numbers of the representation (58) into (101), we see that the

leading contribution to (gu
L)23 is enhanced by a factor

ωuL

Z =
2c2

w

1 − 4
3s

2
w

≈ 2.2 . (161)

In contrast to the minimal model [21], the right-handed coupling does not receive an L-
enhanced contribution, because ωuR

Z = 0. Moreover, the contribution inversely proportional to
F 2(cQi

) in δu is highly suppressed if cQi
< 1/2, since F 2(−cQi

) ≈ 1− 2cQi
in such a case. The

leading corrections to the Zui
Rūj

R vertices due to quark mixing are therefore protected by the
custodial symmetry. While these features remove a possible source of large effects associated
with the composite nature of the right-handed top quark, they imply that the chirality of
the Ztc interactions in the model under consideration is predicted not to be right-handed,
as argued in [38], but left-handed. Of course, other choices of the quantum numbers of the

45

Casagrande et al. (2010)



Hints of new physics?



Anomalies:                      angular distributions

A few “anomalies” exist in the LHCb data on FCNC processes of the type                   
a                and in the global unitarity-triangle fit. Their status is currently 
under intense debate. New data will help, but also some theory questions 
need to be addressed.
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B ! K⇤l+l�
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FIG. 3: B ! K`` rate for high E ⌘ p
q2 just above the  (3770)-resonance up to the kinematic endpoint. The 40 LHCb bins [1, 13] are

shown with grey crosses. The solid blue line corresponds to our SM prediction using FA (the non-factorisable corrections are discussed in
chapter V). The cyan band is the theory error band. The mismatch between FA and the data is apparent to the eye.

b) Prefactor of hc(q2), (18 = 2⌘B,⌘c + 16

res

fit parameters, ⌫ = 117 � 18 � 1 = 98)
In addition to the normalisation, we fit for a scale factor ⌘c in front of the factorisable charm-loop hc(q2). More precisely:

HV
= Ce↵

9

(mB + mK)

2mb
f
+

(q2) + Ce↵

7

fT (q2) ,

Ce↵

9

= (C
9

+ ⌘cafac

hc(q
2

) + ...) (15)

where C
9

(µ) ' 4, Ce↵

7

(µ) ' �0.3, a
fac

(µ) ' 0.6 at µ ' mb and hc(q2) is shown in Fig. 1. The dots stand for quark
loops of other flavours.

In a next step we probe for non-factorisable corrections by letting the fit residues of the LHCb data take on arbitrary real
(fit-c) and complex (fit-d) numbers. We would like to emphasise that in addition to non-factorisable effects new operators with
JPC

[c̄�c] = 1

��, other than the vector current, can also lead to such effects. More discussion can be found later on.
For the charm vacuum polarisation the discontinuity Disc[hc] is necessarily positive Eq. (8,2) and its relation to physical

quantities is given (5). Hence we can test for physics beyond SM FA by the following replacement

|
X

r

T r!f
(s)|2 ! (

X

r

⇢rT
r!f

(s))(
X

r

T r!f
(s))⇤ . (16)

The scale factor ⇢r roughly corresponds to A(B ! K )/fB!K
+

(q2) and replaces A( ! ``) in (5).
For the fits c) and d) we are not going to put any background model to the LHCb-fit since with the current precision of the

LHCb data it seems difficult to crosscheck for the correctness of any model. The background is essentially zero at the ¯DD-
threshold and is expected to raise smoothly with kinks at the thresholds of various D ¯D-thresholds (with the two D’s being any
of D, D⇤, Ds, D⇤, D

1

, . . . ) into the region where perturbation theory becomes accurate. In fact this is the essence behind the
model ansatz (4). The branching fraction has just got the opposite behaviour to the background and this is the reason why it
seems difficult to extract the background from the data. More data could, of course, improve the situation.

c) Variable residues ⇢r 2 R, (22 = 1⌘B + 5⇢r + 16

res

fit parameters, ⌫ = 117 � 32 � 1 = 94)
We choose to keep ⌘B ⌘ 1 and parameterise ⇢

 (2S)

instead which is an equivalent procedure. The five parameters ⇢r are
constrained to be real.

d) Variable residues ⇢r 2 C, (27 = 1⌘B + 10⇢r + 16

res

fit parameters, ⌫ = 117 � 27 � 1 = 89)
Idem but with ⇢r 2 C allowing for dynamical phases, therefore introducing 5 new fit parameters.

b ! s l+l�

3.7σ

B ! K⇤l+l�

Quark-hadron duality violations

Matias, Mescia, Ramon, Virto (2012)

Descotes-Genon, Matias, Ramon, Virto (2012)

Lyon, Zwicky (2014)
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Anomalies: Lepton non-universality in
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A few “anomalies” exist in the LHCb data on FCNC processes of the type                   
a                and in the global unitarity-triangle fit. Their status is currently 
under intense debate. New data will help, but also some theory questions 
need to be addressed.
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Anomalies: Tension in global UT fit (εK vs. sin2β) 
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|εK|/|εK
SM|

SM fit,  no εK 

N.B.: There is a (weak) evidence of a 
(positive) non-standard contribution to εK

|Vub|

Complementary role of 

Belle-II [→ |Vub| from B → πlν 

and B → τν ]

and LHCb [ → γ]

G. Isidori –  Looking for New Physics via the Flavor Window                 ICHEP 2014 - Valencia

Example I:  ΔF=2 observables in Split-family” (or “Natural”) SUSY 
  with U(2)3 flavor symmetry 

In order to clarify the picture we need a 
more clean determination of |Vub| & γ

ΔMBd

ΔMBd

SM

N.B.: a positive contribution to εK is a general feature 

of MFV-like SUSY models  [light stops and/or charged H]  

• Errors from lattice QCD ?

• Problems in the determination 

of |Vub| ?

UT fit without εK

A few “anomalies” exist in the LHCb data on FCNC processes of the type                   
a                and in the global unitarity-triangle fit. Their status is currently 
under intense debate. New data will help, but also some theory questions 
need to be addressed.
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The path to new physics



Exploring terra incognita … the tedious way

In the absence of new-physics signals                                                              
in the form of light (i.e. TeV-scale) new                                                          
particles, BSM effects can be parame-                                                                 
terized model independently in terms                                                                 
of higher-dimensional operators                                                               
composed of the known (SM) fields:


• 59 dimension-6 operators for one fermion generation

• 2499 operators for three generations


Flavor observables are crucial in order to explore this enormous 
parameter space! 

The lepton sector plays a special role, because any signal of lepton flavor 
violation (such as neutrino oscillations) is an effect of BSM physics!
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Exploring terra incognita … the tedious way

The effective Lagrangian encoding BSM effects up to operator dimension 
d=6 reads:
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1 Introduction

The Standard Model (SM) of strong and electroweak interactions has been successfully tested
to a great precision [1]. Nevertheless, it is commonly accepted that it constitutes merely an
effective theory which is applicable up to energies not exceeding a certain scale Λ. A field
theory valid above that scale should satisfy the following requirements:

(i) its gauge group should contain SU(3)C × SU(2)L × U(1)Y of the SM,

(ii) all the SM degrees of freedom should be incorporated either as fundamental or composite
fields,

(iii) at low-energies, it should reduce to the SM, provided no undiscovered but weakly coupled
light particles exist, like axions or sterile neutrinos.

In most of beyond-SM theories that have been considered to date, reduction to the SM at
low energies proceeds via decoupling of heavy particles with masses of order Λ or larger. Such
a decoupling at the perturbative level is described by the Appelquist-Carazzone theorem [2].
This inevitably leads to appearance of higher-dimensional operators in the SM Lagrangian that
are suppressed by powers of Λ

LSM = L(4)
SM +

1

Λ

∑

k

C(5)
k Q(5)

k +
1

Λ2

∑

k

C(6)
k Q(6)

k +O

(
1

Λ3

)
, (1.1)

where L(4)
SM is the usual “renormalizable” part of the SM Lagrangian. It contains dimension-two

and -four operators only.1 In the remaining terms, Q(n)
k denote dimension-n operators, and

C(n)
k stand for the corresponding dimensionless coupling constants (Wilson coefficients). Once

the underlying high-energy theory is specified, all the coefficients C(n)
k can be determined by

integrating out the heavy fields.
Our goal in this paper is to find a complete set of independent operators of dimension 5 and 6

that are built out of the SM fields and are consistent with the SM gauge symmetries. We do not
rely on the original analysis of such operators by Buchmüller and Wyler [3] but rather perform
the full classification once again from the outset. One of the reasons for repeating the analysis
is the fact that many linear combinations of operators listed in Ref. [3] vanish by the Equations
Of Motion (EOMs). Such operators are redundant, i.e. they give no contribution to on-shell
matrix elements, both in perturbation theory (to all orders) and beyond [4–9]. Although the
presence of several EOM-vanishing combinations in Ref. [3] has been already pointed out in
the literature [10–13], no updated complete list has been published to date. Our final operator
basis differs from Ref. [3] also in the four-fermion sector where the EOMs play no role.

The article is organized as follows. Our notation and conventions are specified in Sec. 2. The
complete operator list is presented in Sec. 3. Comparison with Ref. [3] is outlined in Sec. 4.
Details of establishing operator bases in the zero-, two- and four-fermion sectors are described
in Secs. 5, 6 and 7, respectively. We conclude in Sec. 8.

1 Canonical dimensions of operators are determined from the field contents alone, excluding possible dimen-

sionful coupling constants. The only dimension-two operator in L(4)
SM is ϕ†ϕ in the Higgs mass term.

1

unique operator (neutrino masses):

X3 ϕ6 and ϕ4D2 ψ2ϕ3

QG fABCGAν
µ GBρ

ν GCµ
ρ Qϕ (ϕ†ϕ)3 Qeϕ (ϕ†ϕ)(l̄perϕ)

QG̃ fABCG̃Aν
µ GBρ

ν GCµ
ρ Qϕ! (ϕ†ϕ)!(ϕ†ϕ) Quϕ (ϕ†ϕ)(q̄purϕ̃)

QW εIJKW Iν
µ W Jρ

ν WKµ
ρ QϕD

(
ϕ†Dµϕ

)⋆ (
ϕ†Dµϕ

)
Qdϕ (ϕ†ϕ)(q̄pdrϕ)

QW̃ εIJKW̃ Iν
µ W Jρ

ν WKµ
ρ

X2ϕ2 ψ2Xϕ ψ2ϕ2D

QϕG ϕ†ϕGA
µνG

Aµν QeW (l̄pσµνer)τ IϕW I
µν Q(1)

ϕl (ϕ†i
↔

Dµ ϕ)(l̄pγµlr)

QϕG̃ ϕ†ϕ G̃A
µνG

Aµν QeB (l̄pσµνer)ϕBµν Q(3)
ϕl (ϕ†i

↔

D I
µ ϕ)(l̄pτ

Iγµlr)

QϕW ϕ†ϕW I
µνW

Iµν QuG (q̄pσµνTAur)ϕ̃GA
µν Qϕe (ϕ†i

↔

Dµ ϕ)(ēpγµer)

Q
ϕW̃

ϕ†ϕ W̃ I
µνW

Iµν QuW (q̄pσµνur)τ I ϕ̃W I
µν Q(1)

ϕq (ϕ†i
↔

Dµ ϕ)(q̄pγµqr)

QϕB ϕ†ϕBµνBµν QuB (q̄pσµνur)ϕ̃Bµν Q(3)
ϕq (ϕ†i

↔

D I
µ ϕ)(q̄pτ

Iγµqr)

QϕB̃ ϕ†ϕ B̃µνBµν QdG (q̄pσµνTAdr)ϕGA
µν Qϕu (ϕ†i

↔

Dµ ϕ)(ūpγµur)

QϕWB ϕ†τ IϕW I
µνB

µν QdW (q̄pσµνdr)τ IϕW I
µν Qϕd (ϕ†i

↔

Dµ ϕ)(d̄pγµdr)

QϕW̃B ϕ†τ Iϕ W̃ I
µνB

µν QdB (q̄pσµνdr)ϕBµν Qϕud i(ϕ̃†Dµϕ)(ūpγµdr)

Table 2: Dimension-six operators other than the four-fermion ones.

3 The complete set of dimension-five and -six operators

This Section is devoted to presenting our final results (derived in Secs. 5, 6 and 7) for the basis

of independent operators Q(5)
n and Q(6)

n . Their independence means that no linear combination
of them and their Hermitian conjugates is EOM-vanishing up to total derivatives.

Imposing the SM gauge symmetry constraints on Q(5)
n leaves out just a single operator [20],

up to Hermitian conjugation and flavour assignments. It reads

Qνν = εjkεmnϕ
jϕm(lkp)

TClnr ≡ (ϕ̃†lp)
TC(ϕ̃†lr), (3.1)

where C is the charge conjugation matrix.2 Qνν violates the lepton number L. After the
electroweak symmetry breaking, it generates neutrino masses and mixings. Neither L(4)

SM nor
the dimension-six terms can do the job. Thus, consistency of the SM (as defined by Eq. (1.1)
and Tab. 1) with observations crucially depends on this dimension-five term.

All the independent dimension-six operators that are allowed by the SM gauge symmetries
are listed in Tabs. 2 and 3. Their names in the left column of each block should be supplemented
with generation indices of the fermion fields whenever necessary, e.g., Q(1)

lq → Q(1)prst
lq . Dirac

indices are always contracted within the brackets, and not displayed. The same is true for the

2 In the Dirac representation C = iγ2γ0, with Bjorken and Drell [21] phase conventions.

3

X3 ϕ6 and ϕ4D2 ψ2ϕ3

QG fABCGAν
µ GBρ

ν GCµ
ρ Qϕ (ϕ†ϕ)3 Qeϕ (ϕ†ϕ)(l̄perϕ)

QG̃ fABCG̃Aν
µ GBρ

ν GCµ
ρ Qϕ! (ϕ†ϕ)!(ϕ†ϕ) Quϕ (ϕ†ϕ)(q̄purϕ̃)

QW εIJKW Iν
µ W Jρ

ν WKµ
ρ QϕD

(
ϕ†Dµϕ

)⋆ (
ϕ†Dµϕ

)
Qdϕ (ϕ†ϕ)(q̄pdrϕ)

QW̃ εIJKW̃ Iν
µ W Jρ

ν WKµ
ρ

X2ϕ2 ψ2Xϕ ψ2ϕ2D

QϕG ϕ†ϕGA
µνG

Aµν QeW (l̄pσµνer)τ IϕW I
µν Q(1)

ϕl (ϕ†i
↔

Dµ ϕ)(l̄pγµlr)

QϕG̃ ϕ†ϕ G̃A
µνG

Aµν QeB (l̄pσµνer)ϕBµν Q(3)
ϕl (ϕ†i

↔

D I
µ ϕ)(l̄pτ

Iγµlr)

QϕW ϕ†ϕW I
µνW

Iµν QuG (q̄pσµνTAur)ϕ̃GA
µν Qϕe (ϕ†i

↔

Dµ ϕ)(ēpγµer)

Q
ϕW̃

ϕ†ϕ W̃ I
µνW

Iµν QuW (q̄pσµνur)τ I ϕ̃W I
µν Q(1)

ϕq (ϕ†i
↔

Dµ ϕ)(q̄pγµqr)

QϕB ϕ†ϕBµνBµν QuB (q̄pσµνur)ϕ̃Bµν Q(3)
ϕq (ϕ†i

↔

D I
µ ϕ)(q̄pτ

Iγµqr)

QϕB̃ ϕ†ϕ B̃µνBµν QdG (q̄pσµνTAdr)ϕGA
µν Qϕu (ϕ†i

↔

Dµ ϕ)(ūpγµur)

QϕWB ϕ†τ IϕW I
µνB

µν QdW (q̄pσµνdr)τ IϕW I
µν Qϕd (ϕ†i

↔

Dµ ϕ)(d̄pγµdr)

QϕW̃B ϕ†τ Iϕ W̃ I
µνB

µν QdB (q̄pσµνdr)ϕBµν Qϕud i(ϕ̃†Dµϕ)(ūpγµdr)

Table 2: Dimension-six operators other than the four-fermion ones.

3 The complete set of dimension-five and -six operators

This Section is devoted to presenting our final results (derived in Secs. 5, 6 and 7) for the basis

of independent operators Q(5)
n and Q(6)

n . Their independence means that no linear combination
of them and their Hermitian conjugates is EOM-vanishing up to total derivatives.

Imposing the SM gauge symmetry constraints on Q(5)
n leaves out just a single operator [20],

up to Hermitian conjugation and flavour assignments. It reads

Qνν = εjkεmnϕ
jϕm(lkp)

TClnr ≡ (ϕ̃†lp)
TC(ϕ̃†lr), (3.1)

where C is the charge conjugation matrix.2 Qνν violates the lepton number L. After the
electroweak symmetry breaking, it generates neutrino masses and mixings. Neither L(4)

SM nor
the dimension-six terms can do the job. Thus, consistency of the SM (as defined by Eq. (1.1)
and Tab. 1) with observations crucially depends on this dimension-five term.

All the independent dimension-six operators that are allowed by the SM gauge symmetries
are listed in Tabs. 2 and 3. Their names in the left column of each block should be supplemented
with generation indices of the fermion fields whenever necessary, e.g., Q(1)

lq → Q(1)prst
lq . Dirac

indices are always contracted within the brackets, and not displayed. The same is true for the

2 In the Dirac representation C = iγ2γ0, with Bjorken and Drell [21] phase conventions.

3

Weinberg (1979)



Exploring terra incognita … the tedious way

The effective Lagrangian encoding BSM effects up to operator dimension 
d=6 reads:
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1 Introduction

The Standard Model (SM) of strong and electroweak interactions has been successfully tested
to a great precision [1]. Nevertheless, it is commonly accepted that it constitutes merely an
effective theory which is applicable up to energies not exceeding a certain scale Λ. A field
theory valid above that scale should satisfy the following requirements:

(i) its gauge group should contain SU(3)C × SU(2)L × U(1)Y of the SM,

(ii) all the SM degrees of freedom should be incorporated either as fundamental or composite
fields,

(iii) at low-energies, it should reduce to the SM, provided no undiscovered but weakly coupled
light particles exist, like axions or sterile neutrinos.

In most of beyond-SM theories that have been considered to date, reduction to the SM at
low energies proceeds via decoupling of heavy particles with masses of order Λ or larger. Such
a decoupling at the perturbative level is described by the Appelquist-Carazzone theorem [2].
This inevitably leads to appearance of higher-dimensional operators in the SM Lagrangian that
are suppressed by powers of Λ

LSM = L(4)
SM +

1

Λ

∑

k

C(5)
k Q(5)

k +
1

Λ2

∑

k

C(6)
k Q(6)

k +O

(
1

Λ3

)
, (1.1)

where L(4)
SM is the usual “renormalizable” part of the SM Lagrangian. It contains dimension-two

and -four operators only.1 In the remaining terms, Q(n)
k denote dimension-n operators, and

C(n)
k stand for the corresponding dimensionless coupling constants (Wilson coefficients). Once

the underlying high-energy theory is specified, all the coefficients C(n)
k can be determined by

integrating out the heavy fields.
Our goal in this paper is to find a complete set of independent operators of dimension 5 and 6

that are built out of the SM fields and are consistent with the SM gauge symmetries. We do not
rely on the original analysis of such operators by Buchmüller and Wyler [3] but rather perform
the full classification once again from the outset. One of the reasons for repeating the analysis
is the fact that many linear combinations of operators listed in Ref. [3] vanish by the Equations
Of Motion (EOMs). Such operators are redundant, i.e. they give no contribution to on-shell
matrix elements, both in perturbation theory (to all orders) and beyond [4–9]. Although the
presence of several EOM-vanishing combinations in Ref. [3] has been already pointed out in
the literature [10–13], no updated complete list has been published to date. Our final operator
basis differs from Ref. [3] also in the four-fermion sector where the EOMs play no role.

The article is organized as follows. Our notation and conventions are specified in Sec. 2. The
complete operator list is presented in Sec. 3. Comparison with Ref. [3] is outlined in Sec. 4.
Details of establishing operator bases in the zero-, two- and four-fermion sectors are described
in Secs. 5, 6 and 7, respectively. We conclude in Sec. 8.

1 Canonical dimensions of operators are determined from the field contents alone, excluding possible dimen-

sionful coupling constants. The only dimension-two operator in L(4)
SM is ϕ†ϕ in the Higgs mass term.

1

59 operator (× flavor quantum numbers)
X3 ϕ6 and ϕ4D2 ψ2ϕ3

QG fABCGAν
µ GBρ

ν GCµ
ρ Qϕ (ϕ†ϕ)3 Qeϕ (ϕ†ϕ)(l̄perϕ)

QG̃ fABCG̃Aν
µ GBρ

ν GCµ
ρ Qϕ! (ϕ†ϕ)!(ϕ†ϕ) Quϕ (ϕ†ϕ)(q̄purϕ̃)

QW εIJKW Iν
µ W Jρ

ν WKµ
ρ QϕD

(
ϕ†Dµϕ

)⋆ (
ϕ†Dµϕ

)
Qdϕ (ϕ†ϕ)(q̄pdrϕ)

QW̃ εIJKW̃ Iν
µ W Jρ

ν WKµ
ρ

X2ϕ2 ψ2Xϕ ψ2ϕ2D

QϕG ϕ†ϕGA
µνG

Aµν QeW (l̄pσµνer)τ IϕW I
µν Q(1)

ϕl (ϕ†i
↔

Dµ ϕ)(l̄pγµlr)

QϕG̃ ϕ†ϕ G̃A
µνG

Aµν QeB (l̄pσµνer)ϕBµν Q(3)
ϕl (ϕ†i

↔

D I
µ ϕ)(l̄pτ

Iγµlr)

QϕW ϕ†ϕW I
µνW

Iµν QuG (q̄pσµνTAur)ϕ̃GA
µν Qϕe (ϕ†i

↔

Dµ ϕ)(ēpγµer)

Q
ϕW̃

ϕ†ϕ W̃ I
µνW

Iµν QuW (q̄pσµνur)τ I ϕ̃W I
µν Q(1)

ϕq (ϕ†i
↔

Dµ ϕ)(q̄pγµqr)

QϕB ϕ†ϕBµνBµν QuB (q̄pσµνur)ϕ̃Bµν Q(3)
ϕq (ϕ†i

↔

D I
µ ϕ)(q̄pτ

Iγµqr)

QϕB̃ ϕ†ϕ B̃µνBµν QdG (q̄pσµνTAdr)ϕGA
µν Qϕu (ϕ†i

↔

Dµ ϕ)(ūpγµur)

QϕWB ϕ†τ IϕW I
µνB

µν QdW (q̄pσµνdr)τ IϕW I
µν Qϕd (ϕ†i

↔

Dµ ϕ)(d̄pγµdr)

QϕW̃B ϕ†τ Iϕ W̃ I
µνB

µν QdB (q̄pσµνdr)ϕBµν Qϕud i(ϕ̃†Dµϕ)(ūpγµdr)

Table 2: Dimension-six operators other than the four-fermion ones.

3 The complete set of dimension-five and -six operators

This Section is devoted to presenting our final results (derived in Secs. 5, 6 and 7) for the basis

of independent operators Q(5)
n and Q(6)

n . Their independence means that no linear combination
of them and their Hermitian conjugates is EOM-vanishing up to total derivatives.

Imposing the SM gauge symmetry constraints on Q(5)
n leaves out just a single operator [20],

up to Hermitian conjugation and flavour assignments. It reads

Qνν = εjkεmnϕ
jϕm(lkp)

TClnr ≡ (ϕ̃†lp)
TC(ϕ̃†lr), (3.1)

where C is the charge conjugation matrix.2 Qνν violates the lepton number L. After the
electroweak symmetry breaking, it generates neutrino masses and mixings. Neither L(4)

SM nor
the dimension-six terms can do the job. Thus, consistency of the SM (as defined by Eq. (1.1)
and Tab. 1) with observations crucially depends on this dimension-five term.

All the independent dimension-six operators that are allowed by the SM gauge symmetries
are listed in Tabs. 2 and 3. Their names in the left column of each block should be supplemented
with generation indices of the fermion fields whenever necessary, e.g., Q(1)

lq → Q(1)prst
lq . Dirac

indices are always contracted within the brackets, and not displayed. The same is true for the

2 In the Dirac representation C = iγ2γ0, with Bjorken and Drell [21] phase conventions.

3

Buchmüller, Wyler (1986)

Hagiwara et al. (1987 & 1993)


Grzadkowski, Iskrzynski, Misiak, Rosiek (2010)

Operators other than four-fermion operators



Exploring terra incognita … the tedious way

The effective Lagrangian encoding BSM effects up to operator dimension 
d=6 reads:
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1 Introduction

The Standard Model (SM) of strong and electroweak interactions has been successfully tested
to a great precision [1]. Nevertheless, it is commonly accepted that it constitutes merely an
effective theory which is applicable up to energies not exceeding a certain scale Λ. A field
theory valid above that scale should satisfy the following requirements:

(i) its gauge group should contain SU(3)C × SU(2)L × U(1)Y of the SM,

(ii) all the SM degrees of freedom should be incorporated either as fundamental or composite
fields,

(iii) at low-energies, it should reduce to the SM, provided no undiscovered but weakly coupled
light particles exist, like axions or sterile neutrinos.

In most of beyond-SM theories that have been considered to date, reduction to the SM at
low energies proceeds via decoupling of heavy particles with masses of order Λ or larger. Such
a decoupling at the perturbative level is described by the Appelquist-Carazzone theorem [2].
This inevitably leads to appearance of higher-dimensional operators in the SM Lagrangian that
are suppressed by powers of Λ

LSM = L(4)
SM +

1

Λ

∑

k

C(5)
k Q(5)

k +
1

Λ2

∑

k

C(6)
k Q(6)

k +O

(
1

Λ3

)
, (1.1)

where L(4)
SM is the usual “renormalizable” part of the SM Lagrangian. It contains dimension-two

and -four operators only.1 In the remaining terms, Q(n)
k denote dimension-n operators, and

C(n)
k stand for the corresponding dimensionless coupling constants (Wilson coefficients). Once

the underlying high-energy theory is specified, all the coefficients C(n)
k can be determined by

integrating out the heavy fields.
Our goal in this paper is to find a complete set of independent operators of dimension 5 and 6

that are built out of the SM fields and are consistent with the SM gauge symmetries. We do not
rely on the original analysis of such operators by Buchmüller and Wyler [3] but rather perform
the full classification once again from the outset. One of the reasons for repeating the analysis
is the fact that many linear combinations of operators listed in Ref. [3] vanish by the Equations
Of Motion (EOMs). Such operators are redundant, i.e. they give no contribution to on-shell
matrix elements, both in perturbation theory (to all orders) and beyond [4–9]. Although the
presence of several EOM-vanishing combinations in Ref. [3] has been already pointed out in
the literature [10–13], no updated complete list has been published to date. Our final operator
basis differs from Ref. [3] also in the four-fermion sector where the EOMs play no role.

The article is organized as follows. Our notation and conventions are specified in Sec. 2. The
complete operator list is presented in Sec. 3. Comparison with Ref. [3] is outlined in Sec. 4.
Details of establishing operator bases in the zero-, two- and four-fermion sectors are described
in Secs. 5, 6 and 7, respectively. We conclude in Sec. 8.

1 Canonical dimensions of operators are determined from the field contents alone, excluding possible dimen-

sionful coupling constants. The only dimension-two operator in L(4)
SM is ϕ†ϕ in the Higgs mass term.

1

59 operator (× flavor quantum numbers)
(L̄L)(L̄L) (R̄R)(R̄R) (L̄L)(R̄R)

Qll (l̄pγµlr)(l̄sγµlt) Qee (ēpγµer)(ēsγµet) Qle (l̄pγµlr)(ēsγµet)

Q(1)
qq (q̄pγµqr)(q̄sγµqt) Quu (ūpγµur)(ūsγµut) Qlu (l̄pγµlr)(ūsγµut)

Q(3)
qq (q̄pγµτ Iqr)(q̄sγµτ Iqt) Qdd (d̄pγµdr)(d̄sγµdt) Qld (l̄pγµlr)(d̄sγµdt)

Q(1)
lq (l̄pγµlr)(q̄sγµqt) Qeu (ēpγµer)(ūsγµut) Qqe (q̄pγµqr)(ēsγµet)

Q(3)
lq (l̄pγµτ I lr)(q̄sγµτ Iqt) Qed (ēpγµer)(d̄sγµdt) Q(1)

qu (q̄pγµqr)(ūsγµut)

Q(1)
ud (ūpγµur)(d̄sγµdt) Q(8)

qu (q̄pγµTAqr)(ūsγµTAut)

Q(8)
ud (ūpγµTAur)(d̄sγµTAdt) Q(1)

qd (q̄pγµqr)(d̄sγµdt)

Q(8)
qd (q̄pγµTAqr)(d̄sγµTAdt)

(L̄R)(R̄L) and (L̄R)(L̄R) B-violating

Qledq (l̄jper)(d̄sq
j
t ) Qduq εαβγεjk

[
(dαp )

TCuβr
] [
(qγjs )TClkt

]

Q(1)
quqd (q̄jpur)εjk(q̄ksdt) Qqqu εαβγεjk

[
(qαjp )TCqβkr

] [
(uγs )

TCet
]

Q(8)
quqd (q̄jpT

Aur)εjk(q̄ksT
Adt) Q(1)

qqq εαβγεjkεmn

[
(qαjp )TCqβkr

] [
(qγms )TClnt

]

Q(1)
lequ (l̄jper)εjk(q̄

k
sut) Q(3)

qqq εαβγ(τ Iε)jk(τ Iε)mn

[
(qαjp )TCqβkr

] [
(qγms )TClnt

]

Q(3)
lequ (l̄jpσµνer)εjk(q̄

k
sσ

µνut) Qduu εαβγ
[
(dαp )

TCuβr
] [
(uγs )

TCet
]

Table 3: Four-fermion operators.

isospin and colour indices in the upper part of Tab. 3. In the lower-left block of that table,
colour indices are still contracted within the brackets, while the isospin ones are made explicit.
Colour indices are displayed only for operators that violate the baryon number B (lower-right
block of Tab. 3). All the other operators in Tabs. 2 and 3 conserve both B and L.

The bosonic operators (classes X3, X2ϕ2, ϕ6 and ϕ4D2) are all Hermitian. Those containing
X̃µν are CP-odd, while the remaining ones are CP-even. For the operators containing fermions,
Hermitian conjugation is equivalent to transposition of generation indices in each of the fermionic
currents in classes (L̄L)(L̄L), (R̄R)(R̄R), (L̄L)(R̄R), and ψ2ϕ2D2 (except for Qϕud). For the
remaining operators with fermions, Hermitian conjugates are not listed explicitly.

If CP is defined in the weak eigenstate basis then Q−
(+)

Q† are CP-odd (-even) for all the
fermionic operators. It follows that CP-violation by any of those operators requires a non-
vanishing imaginary part of the corresponding Wilson coefficient. However, one should remem-
ber that such a CP is not equivalent to the usual (“experimental”) one defined in the mass
eigenstate basis, just because the two bases are related by a complex unitary transformation.

Counting the entries in Tabs. 2 and 3, we find 15 bosonic operators, 19 single-fermionic-
current ones, and 25 B-conserving four-fermion ones. In total, there are 15+19+25=59 inde-
pendent dimension-six operators, so long as B-conservation is imposed.

4

Buchmüller, Wyler (1986)

Hagiwara et al. (1987 & 1993)


Grzadkowski, Iskrzynski, Misiak, Rosiek (2010)

Four-fermion operators



Global fits of Wilson coefficients in 
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b ! s�, sl+l�

Flavor observables are crucial in order to explore the enormous 
parameter space of the effective BSM Lagrangian!


A global analysis of the experimental data on                                    and   
d                        decay distributions provides information about various 
operator coefficients (all defined to vanish in the SM): 

B ! Xs�C7 - C′
7 plane

O(′)
7 ∝ (s̄σµνPR(L)b)Fµν

WA, Straub 1308.1501

! new physics in C7 and C′
7

strongly constrained by data on
B → Xsγ and B → K ∗γ

! best fit values

CNP
7 = −0.06± 0.04

C′
7 = −0.1± 0.1

improve the tension only slightly

(see also: Descotes-Genon, Matias, Virto 1307.5683 and Beaujean, Bobeth, van Dyk 1310.2478
Hurth, Mahmoudi 1312.5267)

Wolfgang Altmannshofer (PI) Flavor and BSM January 21, 2014 15 / 25
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WA, Straub 1308.1501

! NP contribution to C′
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5 (∼ S5)

! would worsen a small tension in FL

! strong constraints from Bs → µ+µ−

and B → Kµ+µ−

→ no improvement compared to SM
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! NP contribution to CNP
9 ≃ −1.5 would

give the best fit to P′
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(compare CSM
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, B ! K⇤�,
B ! K(⇤)µ+µ�

Altmannshofer, Straub (2013)
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A first hint?



Exploring terra incognita … the pleasant way

In the fortunate case of the discovery                                                                
of any new particle, this will directly 	 	 	 	 	 	 	 	 	 	
open up a new territory for flavor 	 	 	 	 	 	 	 	 	 	
physics!


In the past years, we have performed 		 	 	 	 	 	 	 	 	
extensive searches for flavor-changing 	 	 	 	 	 	 	 	 	  
Z-boson couplings and probed the 	 	 	 	 	 	 	 	 	 	
flavor-changing top-quark couplings 	 	 	 	 	 	 	 	 	 	
with great accuracy.


After the Higgs discovery, the study of flavor-changing Higgs 
couplings is of great importance — this includes lepton-flavor violating 
modes!


The discovery of new particles                               would open the door to 
new flavor and CP-violating phenomena! 
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Z 0, t̃, �±, H±, . . .

Drey, Efrati, Hochberg, Nir (2013)



Exploring terra incognita … the pleasant way

A first promising study of the lepton-flavor violating H→τμ decay has 
recently been reported by CMS:

), %τµ→95% CL Limit on Br(h
0 2 4 6 8 10
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Expected
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 = 8 TeVs, -119.7 fbCMS preliminary

 Daniel Troendle – University of Hamburg 13

Results

Limit on BR(h → μτ ) = 1.57% (0.75 expected)!

~2.5σ excess? 
Assume to be Signal:

Best-Fit: 
BR(h → μτ) ~ 0.9 ±0.40 |   

τµ
|Y
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|  
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Complementarity



Complementary ways of probing new physics …

In the 1990s and even well into the era of the B-factories, flavor physics 
and physics at the energy frontier were too often seen as different 
branches of particle physics.


Fortunately, this is no longer the case. Now flavor physics is (and should 
remain) a crucial component of a comprehensive high-energy program!


Flavor observables provide complementary and often competitive 
indirect probes of BSM effects, which complement precision studies at 
the energy frontier.


Examples:

• generic probes

• triple gauge-boson couplings (TGCs)

• ttZ vertex

• EDMs

27



Complementary ways of probing new physics …
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Complementary ways of probing new physics …
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µHiggs = 1.1± 0.1
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Even in the most pessimistic scenario, the sensitivity to the NP scale in 
flavor physics at LHCb is comparable to that of the Higgs-couplings 
measurements by ATLAS and CMS.



Precision measurements of Z-boson couplings
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C b̄LZ/ sL

Z

bL sL bL

b̄L

Z C b̄LZ/ bL

+O(M2
Z)

�C = �0.04± 0.26�C = (�0.16± 0.53)

⇥ (�2.15± 0.08)

In many NP models (MFV, SUSY, partial compositeness, …), flavor-
changing and flavor-conserving Z-penguin effects are closely related:


!

!

!

!

!

!

Pre LHC, flavor constraints were often not competitive with EWP data.
Bobeth et al. (2005)


Haisch, Weiler (2007)



Precision measurements of Z-boson couplings
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C b̄LZ/ sL

Z

bL sL bL

b̄L

Z C b̄LZ/ bL

+O(M2
Z)

In many NP models (MFV, SUSY, partial compositeness, …), flavor-
changing and flavor-conserving Z-penguin effects are closely related:


!

!

!

!

!

!

Today, flavor data often provide stronger constraints!

�C = 0.28± 0.30�C = �0.11± 0.11

Haisch, Weiler (2007)

Guadagnoli, Isidori (2013)

Freitas (2012)



Triple gauge-boson couplings
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Modifications of the non-abelian gauge vertices (coupling 3 or 4 bosons) 
from d=6 operators such as                                    could provide subtle 
hints about NP:


!

!

!

!

!

!

These couplings can be probed “indirectly” in flavor physics and 
“directly” in di-boson production at colliders.
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Triple gauge-boson couplings
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Anomalous TGCs contribute to FCNC processes such as                            
d                                            and             :   B ! Xs�,

B ! K⇤µ+µ�,
Bs ! µ+µ�, ✏0/✏, Z ! bb̄

Bobeth, Haisch (priv. com.)



Triple gauge-boson couplings
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Direct searches for anomalous TGCs have been performed at Tevatron 
and LHC (WW, WZ, Wγ, Zγ, … production and H→ZZ, …):  

3

Figure 1: The 95% C.L. allowed regions (2 d.o.f.) on the plane

∆κγ⊗∆gZ1 from the analysis of the Higgs data from the LHC

and Tevatron (filled region) together with the relevant bounds

from different TGC studies from collider experiments as la-

beled in the figure. We also show the estimated constraints

obtainable by combining these bounds (hatched region).

for λγ = λZ = 0). Notice that the limits on the WWZ
vertex from the WZ channel [20] were obtained by a two
parameter analysis in terms of ∆κZ and ∆gZ1 and we
expressed these bounds in terms of ∆κγ and ∆gZ1 using
Eq. (6). Results on Wγ searches from both ATLAS and
CMS [21, 23] are only sensitive to WWγ, i.e. to ∆κγ and
λγ , leading thus to horizontal bands in Fig. 1. However
they are still weaker than the bounds shown from WW
and WZ productions. All LHC bounds in Fig. 1 were
obtained without use of form factors.

We now turn our attention to TGC bounds from
Higgs data. In Ref. [4] an analysis of the latest
Higgs data from the LHC and Tevatron collaborations
has been recently updated in this framework to con-
strain the relevant dimension-six operators in Eq. (2):
fg, fWW , fBB, fΦ,2, fW , fB, fbot, and fτ . There, it is
shown that the inclusion of the fermionic operators,
fbot and fτ , has a negligible effect on the constraints on
fW and fB. Thus, for simplicity we show here the results
when the fermionic interactions are set to the SM values,
and then the analysis is made over the six dimensional
space spanned by fg, fWW , fBB, fΦ,2, fW , and fB. In the
analysis, Eq. (5) allows us to translate the constraints on
fW and fB from this analysis to bounds on ∆κγ , ∆κZ

and ∆gZ1 of which only two are independent. We show
the results of the fitting to the Higgs data only in Fig. 1
where we plot the 95% C.L. allowed region in the plane
∆κγ ⊗ ∆gZ1 after marginalizing over the other four pa-
rameters on the Higgs analysis, fg, fWW , fBB and fΦ,2.

In other words, we define

∆χ2
H(∆κγ ,∆gZ1 ) = (7)

minfg ,fWW ,fBB ,fΦ,2
∆χ2

H(fg, fWW , fBB, fΦ,2, fB, fW ) .

So we are not making any additional assumption about
the coefficients of the six operators which contribute to
the Higgs analysis. Notice also that these bounds ob-
tained from the Higgs data are independent of the value
of λγ = λZ . We define the two-dimensional 95% C.L. al-
lowed region from the condition∆χ2

H(∆κγ ,∆gZ1 ) ≤ 5.99.
Clearly the present Higgs physics bounds on ∆κγ ⊗

∆gZ1 in Fig. 1 exhibit a non-negligible correlation. This
stems from the strong correlation imposed on the high
values of fW and fB from their tree level contribution to
Zγ data, a correlation which is indubitably translated to
the ∆κγ ⊗ ∆gZ1 plane. The 90% C.L. 1 d.o.f. allowed
ranges read

− 0.047 ≤ ∆gZ1 ≤ 0.089 , −0.19 ≤ ∆κγ ≤ 0.099 (8)

which imply −0.019 ≤ ∆κZ ≤ 0.083

Figure 1 also shows that the present constraints on
∆κγ ⊗ ∆gZ1 from the analysis of Higgs data exhibit a
correlation which is different from the correlation in the
bounds from direct TGC studies at colliders. Neverthe-
less, what is most important is that this figure illustrates
the complementarity of the bounds on NP effects origi-
nating from the analysis of Higgs signals and from studies
of the gauge–boson couplings. To estimate the potential
of this complementarity we combine the present bounds
derived from Higgs data with those from the TGC anal-
ysis from LEP, Tevatron and LHC shown in Fig. 1. In
order to do so we reconstruct an approximate Gaussian
χ2
i (∆κγ ,∆gZ1 ) which reproduces each of the 95% C.L.

regions for the TGC analysis in the figure (i =LEP, D0,
ATLAS WW, ATLAS WZ), i.e. we obtain the best fit
point and two-dimensional covariance matrix which bet-
ter reproduce the curve from the condition χ2

i = 5.99. So
we write

χ2
comb = χ2

H(∆κγ ,∆gZ1 ) +
∑

i

χ2
i (∆κγ ,∆gZ1 ) . (9)

The combined 95% C.L. region in Fig. 1 is obtained with
the condition ∆χ2

comb ≤ 5.99. The combined 90% C.L.
1 d.o.f. allowed ranges read

− 0.005 ≤ ∆gZ1 ≤ 0.040, −0.058 ≤ ∆κγ ≤ 0.047 (10)

which imply −0.004 ≤ ∆κZ ≤ 0.040 .

Summarizing, the present data on the Higgs-like parti-
cle are consistent with the assumption that the observed
state belongs to a light electroweak doublet scalar and
that the SU(2)L ⊗ U(1)Y symmetry is linearly realized,
as demonstrated in Ref. [4]. Under this assumptions indi-
rect NP effects associated with the EWSB sector can be
written in terms of an effective Lagrangian whose lowest
order operators are of dimension six. The coefficients of

W

We�, q

e+, q̄
�

�

�
�

�, Z

Z

Z

h

g

g

t

t

t

Corbett, Eboli, Gonzales-Fraile, Gonzales-Garcia (2013)
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Direct searches for anomalous TGCs have been performed at Tevatron 
and LHC (WW, WZ, Wγ, Zγ, … production and H→ZZ, …):  
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stems from the strong correlation imposed on the high
values of fW and fB from their tree level contribution to
Zγ data, a correlation which is indubitably translated to
the ∆κγ ⊗ ∆gZ1 plane. The 90% C.L. 1 d.o.f. allowed
ranges read

− 0.047 ≤ ∆gZ1 ≤ 0.089 , −0.19 ≤ ∆κγ ≤ 0.099 (8)

which imply −0.019 ≤ ∆κZ ≤ 0.083

Figure 1 also shows that the present constraints on
∆κγ ⊗ ∆gZ1 from the analysis of Higgs data exhibit a
correlation which is different from the correlation in the
bounds from direct TGC studies at colliders. Neverthe-
less, what is most important is that this figure illustrates
the complementarity of the bounds on NP effects origi-
nating from the analysis of Higgs signals and from studies
of the gauge–boson couplings. To estimate the potential
of this complementarity we combine the present bounds
derived from Higgs data with those from the TGC anal-
ysis from LEP, Tevatron and LHC shown in Fig. 1. In
order to do so we reconstruct an approximate Gaussian
χ2
i (∆κγ ,∆gZ1 ) which reproduces each of the 95% C.L.

regions for the TGC analysis in the figure (i =LEP, D0,
ATLAS WW, ATLAS WZ), i.e. we obtain the best fit
point and two-dimensional covariance matrix which bet-
ter reproduce the curve from the condition χ2

i = 5.99. So
we write

χ2
comb = χ2

H(∆κγ ,∆gZ1 ) +
∑

i

χ2
i (∆κγ ,∆gZ1 ) . (9)

The combined 95% C.L. region in Fig. 1 is obtained with
the condition ∆χ2

comb ≤ 5.99. The combined 90% C.L.
1 d.o.f. allowed ranges read

− 0.005 ≤ ∆gZ1 ≤ 0.040, −0.058 ≤ ∆κγ ≤ 0.047 (10)

which imply −0.004 ≤ ∆κZ ≤ 0.040 .

Summarizing, the present data on the Higgs-like parti-
cle are consistent with the assumption that the observed
state belongs to a light electroweak doublet scalar and
that the SU(2)L ⊗ U(1)Y symmetry is linearly realized,
as demonstrated in Ref. [4]. Under this assumptions indi-
rect NP effects associated with the EWSB sector can be
written in terms of an effective Lagrangian whose lowest
order operators are of dimension six. The coefficients of
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Searches for anomalous Z-boson couplings to the top-quark can be  
performed using flavor data and EWP tests …  
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Figure 2: The preferred regions at 68% and 95% CL from our combined fit to EWPO and rare
decays are shown as the dark-gray and light-gray ellipses, respectively. The colored bands show
the 68% CL constraints from the individual observables. The star denotes the SM value.

while assumption ii) can be motivated by explicit models [15]. A simple way to deviate
from assumption iii) is to consider models with a large enhancement of the bottom-quark
Yukawa coupling; a generic example is a two Higgs-doublet model with large tan�. The
large bottom-Yukawa coupling will induce flavor o↵-diagonal versions of the operators in
Eq. (2.2) and Eq. (2.5). These o↵-diagonal operators lead to additional contributions to
FCNC top decays and D

0�D

0 mixing. In order to relate these observables to tt̄Z couplings,
we assume MFV. Thus the resulting constraints on anomalous tt̄Z couplings are suppressed
by CKM-matrix elements. As an illustrative example consider an extreme case where the
bottom-Yukawa coupling is much larger than the top-Yukawa coupling. In this case, we
have C

(3)

�q,23

⇠ �

2

C

(3)

�q,33

etc., where � ⌘ |Vus| ⇡ 0.22 is the Wolfenstein parameter. Then

D

0 � D

0 mixing is suppressed by �

10 ⇡ 10�7 and thus completely negligible. Also, the
branching ratio for t ! cZ is

Br(t ! cZ) ' �

4

v

4

⇤4

⇣
C

(3)

�q,33

� C

(1)

�q,33

⌘
2

+ C

2

�u,33

�
. (4.1)

Using the present bound Br(t ! cZ) < 0.05% given by the CMS collaboration [55] we see
that the resulting bounds are not competitive with bounds from EWPO and rare B/K
decays.

Note that the o↵-diagonal operators will also lead to additional contributions to rare
B/K decays and anomalous bb̄Z couplings. The generalization of our assumption ii) can
be used to eliminate such contribution from these o↵-diagonal operators [15].
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Yukawa coupling; a generic example is a two Higgs-doublet model with large tan�. The
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… but also directly in                     production at the LHC:pp ! tt̄+ Z
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Figure 10: Projected constraints on the operators C
(33,3)
�q and C33

�u obtained from the ��`+z `�z
distribution in tt̄Z production at the 13 TeV LHC. The parameter space outside the blue colored
area can be excluded at the 95% C.L. The thin bands are indirect constraints from electroweak
precision data.

data is accumulated. To estimate how limits will improve in such a case, we use the results

presented in Fig. 9 for the luminosities 30, 300, and 3000 fb�1. Recall that these results are

not only based on the total cross section but also on the shapes of the ��`+z `�z
distribution.
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Summary

The past years have taught us some lessons:

• It pays off to explore theoretically well motivated frontiers of high-

energy physics: Higgs (EWSB, unitarity), CKM, dark matter

• But discoveries are not always as easy as predicted by “simple” or 

“natural” extensions of the SM (“weaker” theoretical motivation).

• Thus a broad and complementary program is of utmost 

importance! It must include all aspects of high-energy physics, but 
also low-energy probes and astro-particle physics.


Sometimes, breakthrough discoveries can come out of the blue:

• dark energy (who would have thought?)

• imagine we would discover                   or                               …

35

RK 6= RSM
K Br(H ! ⌧ µ̄) = 1%
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We need to keep turning all stones to 
find the next piece of the puzzle!



Thank you!


