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What this talk is about  
I am not going to discuss DM (-_-;)... 
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Unitarity EW oblique corrections 

Unitarity vs finiteness of oblique parameters

The SM Higgs boson simultaneously unitarizes the WLWL scattering
amplitudes, and makes the EW oblique correction parameters S, T finite at
one-loop.

It is a natural question to ask what happens in BSMs, especially in a class of
models predicting non-SM hWW and hZZ coupling strengths.

The relation between the unitarity and the finiteness of oblique parameters
may give us hints for BSM. EWPT works very well in the SM. Does this
imply BSM necessary to be perturbative, keeping perturbative unitarity at
1TeV?
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GAUGE AND HIGGS BOSONSGAUGE AND HIGGS BOSONSGAUGE AND HIGGS BOSONSGAUGE AND HIGGS BOSONS

γγγγ I (JPC ) = 0,1(1 −−)

Mass m < 1 × 10−18 eV
Charge q < 1 × 10−35 e

Mean life τ = Stable

gggg

or gluonor gluonor gluonor gluon
I (JP ) = 0(1−)

Mass m = 0 [a]

SU(3) color octet

gravitongravitongravitongraviton J = 2

Mass m < 6 × 10−32 eV

WWWW J = 1

Charge = ±1 e

Mass m = 80.385 ± 0.015 GeV
mZ − mW = 10.4 ± 1.6 GeV
mW + − mW− = −0.2 ± 0.6 GeV
Full width Γ = 2.085 ± 0.042 GeV
〈

Nπ±

〉

= 15.70 ± 0.35
〈

NK±

〉

= 2.20 ± 0.19
〈

Np

〉

= 0.92 ± 0.14
〈

Ncharged
〉

= 19.39 ± 0.08

W− modes are charge conjugates of the modes below.

p

W+ DECAY MODESW+ DECAY MODESW+ DECAY MODESW+ DECAY MODES Fraction (Γi /Γ) Confidence level (MeV/c)

ℓ+ν [b] (10.86± 0.09) % –
e+ ν (10.71± 0.16) % 40192

µ+ ν (10.63± 0.15) % 40192

τ+ ν (11.38± 0.21) % 40173

hadrons (67.41± 0.27) % –
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D±X (12.2 ±1.7 ) % –
D∗(2010)±X [i ] (11.4 ±1.3 ) % –
Ds1(2536)±X ( 3.6 ±0.8 ) × 10−3 –
DsJ (2573)±X ( 5.8 ±2.2 ) × 10−3 –
D∗′(2629)±X searched for –
B+X [j ] ( 6.08 ±0.13 ) % –
B0

s X [j ] ( 1.59 ±0.13 ) % –

B+
c X searched for –

Λ+
c X ( 1.54 ±0.33 ) % –

Ξ0
c X seen –

Ξb X seen –
b -baryon X [j ] ( 1.38 ±0.22 ) % –
anomalous γ+ hadrons [k] < 3.2 × 10−3 CL=95% –
e+ e−γ [k] < 5.2 × 10−4 CL=95% 45594

µ+µ−γ [k] < 5.6 × 10−4 CL=95% 45594

τ+ τ−γ [k] < 7.3 × 10−4 CL=95% 45559

ℓ+ ℓ−γγ [l] < 6.8 × 10−6 CL=95% –
qqγγ [l] < 5.5 × 10−6 CL=95% –
ν ν γγ [l] < 3.1 × 10−6 CL=95% 45594

e±µ∓ LF [i ] < 1.7 × 10−6 CL=95% 45594

e± τ∓ LF [i ] < 9.8 × 10−6 CL=95% 45576

µ± τ∓ LF [i ] < 1.2 × 10−5 CL=95% 45576

pe L,B < 1.8 × 10−6 CL=95% 45589

pµ L,B < 1.8 × 10−6 CL=95% 45589

H0H0H0H0 J = 0

Mass m = 125.7 ± 0.4 GeV

H0 Signal Strengths in Different ChannelsH0 Signal Strengths in Different ChannelsH0 Signal Strengths in Different ChannelsH0 Signal Strengths in Different Channels

Combined Final States = 1.17 ± 0.17 (S = 1.2)
W W ∗ = 0.87+0.24

−0.22

Z Z∗ = 1.11+0.34
−0.28 (S = 1.3)

γγ = 1.58+0.27
−0.23

bb = 1.1 ± 0.5
τ+ τ− = 0.4 ± 0.6
Z γ < 9.5, CL = 95%
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(Not yet included in PDG2014) 
Diphoton-Excess :  > 2σ	
  à 1σ	
  
Discrepancy of Mh in ZZ & γγ :  2.5 σ	
  à within 2σ	
  
Fermionic decay channels (ττ & bb) :  2σ	
  à > 4σ	
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Figure 1: The measured signal strengths for a Higgs boson of mass mH =125.5 GeV, normalised to the
SM expectations, for the individual final states and various combinations. The best-fit values are shown
by the solid vertical lines. The total ±1� uncertainties are indicated by green shaded bands, with the
individual contributions from the statistical uncertainty (top), the total (experimental and theoretical)
systematic uncertainty (middle), and the theory uncertainty (bottom) on the signal strength (from QCD
scale, PDF, and branching ratios) shown as superimposed error bars. The measurements are based on
Refs. [3, 5, 6], with the changes mentioned in the text.

Section 2. In the H ! ⌧⌧ channel, the ratio µVBF+VH/µggF+ttH has an infinite 1� upper bound, because
the signal is almost only observed in the VBF mode, hence the ggF denominator can be arbitrarily small.

To test the sensitivity to VBF production alone, the data are also fitted with the ratio µVBF/µggF+ttH .
In order not to influence the VBF measurement through the VH categories, the parameter µVH/µggF+ttH
is treated independently and profiled. A value of

µVBF/µggF+ttH = 1.4+0.5
�0.4 (stat) +0.4

�0.3 (sys)

is obtained from the combination of the four channels (Fig. 4). This result provides evidence at the 4.1�
level that a fraction of Higgs boson production occurs through VBF.

6

Combined signal strength
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iv.b Combining Coupling measurements

Combined signal strength results for µ and µVBF+VH/µggF+ttH:
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Figure 1: The measured signal strengths for a Higgs boson of mass mH =125.5 GeV, normalised to the
SM expectations, for the individual final states and various combinations. The best-fit values are shown
by the solid vertical lines. The total ±1� uncertainties are indicated by green shaded bands, with the
individual contributions from the statistical uncertainty (top), the total (experimental and theoretical)
systematic uncertainty (middle), and the theory uncertainty (bottom) on the signal strength (from QCD
scale, PDF, and branching ratios) shown as superimposed error bars. The measurements are based on
Refs. [3, 5, 6], with the changes mentioned in the text.

Section 2. In the H � �� channel, the ratio µVBF+VH/µggF+ttH has an infinite 1� upper bound, because
the signal is almost only observed in the VBF mode, hence the ggF denominator can be arbitrarily small.

To test the sensitivity to VBF production alone, the data are also fitted with the ratio µVBF/µggF+ttH .
In order not to influence the VBF measurement through the VH categories, the parameter µVH/µggF+ttH
is treated independently and profiled. A value of
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Figure 3: Measurements of the µVBF+VH/µggF+ttH ratios for the individual final states and their combi-
nation, for a Higgs boson mass mH =125.5 GeV. The best-fit values are represented by the solid vertical
lines, with the total ±1� and ±2� uncertainties indicated by the green and yellow shaded bands, re-
spectively, and the statistical uncertainties by the superimposed horizontal error bars. The numbers in
the second column specify the contributions of the statistical uncertainty (top), the total (experimental
and theoretical) systematic uncertainty (middle), and the theoretical uncertainty (bottom) on the signal
cross section (from QCD scale, PDF, and branching ratios) alone. For a more complete illustration, the
likelihood curves from which the total uncertainties are extracted are overlaid. The measurements are
based on Refs. [3, 6], with the changes mentioned in the text.

means in particular that the observed state is assumed to be a CP-even scalar as in the SM (this
assumption was tested by both the ATLAS [15] and CMS [16] Collaborations).

The LO-motivated coupling scale factors � j are defined in such a way that the cross section � j and
the partial decay width � j associated with the SM particle j scale with the factor �2

j when compared to
the corresponding SM prediction. Details can be found in Refs. [14, 17].

In some of the fits the e�ective scale factors �� and �g for the processes H � �� and gg � H, which
are loop-induced in the SM, are treated as a function of the more fundamental coupling scale factors �t,
�b, �W, and similarly for all other particles that contribute to these SM loop processes. In these cases
the scaled fundamental couplings are propagated through the loop calculations, including all interference
e�ects, using the functional form derived from the SM. Similarly the scaling of the VBF cross section

8

Overall signal production strength: µ = 1.30+0.18
�0.17

Evidence for VBF+VH: µVBF+VH/µggF+ttH = 1.4+0.7
�0.5

10 / 21

µVBF+VH/µttH+ggF  
= 1.4+0.7-0.5Combined µ = 1.30 +0.18-0.17

3.7σ

4.1σ

ATLAS-CONF-2014-009Signal strength 

@CMSexperiment @ICHEP2014 a.david@cern.ch 

51 

!  Grouped by dominant 
decay: 
! χ2/dof = 0.9/5 
! p-value = 0.97 

(asymptotic) 

[CMS-PAS-HIG-14-009] 
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Relation between μ and Higgs Couplings 

Note : fermionic (& gluonic via Yukawa) decay dominate (~75%) 

Scaling Factors 

V

V

h

F

F

h
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Relation between μ and Higgs Couplings 

V

V

h

F

F

h

Scaling Factors 
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Production Decay LO SM 
VH Hàbb ~(KV

2xKF
2)/KF

2 ~KV
2 

ttH Hàbb ~(KF
2xKF

2)/KF
2 ~KF

2 

VBF/VH Hàττ ~(KV
2xKF

2)/KF
2 ~KV

2 

ggH Hàττ ~(KF
2xKF

2)/KF
2 ~KF

2 

ggH HàZZ ~(KF
2xKV

2)/KF
2 ~KV

2 

ggH HàWW ~(KF
2xKV

2)/KF
2 ~KV

2 

VBF/VH HàWW ~(KV
2xKV

2)/KF
2 ~KV

4/KF
2 

ggH Hàγγ ~KF
2(8.6KV-1.8KF)2/KF

2 ~KV
2 

VBF Hàγγ ~KV
2(8.6KV-1.8KF)2/KF

2 ~KV
4/KF

2 
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Higgs Coupling @ LHC 

V

V

h

F

F

h
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Couplings to vector bosons and fermions

8

Couplings to vector bosons and fermions
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? 
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Do we arbitrary choose Higgs coupling? 
Ad hoc deviations may violate theory consistency ? 



Role of Higgs boson(s) 
l Unitarization of Amplitudes 
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Ex)%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%sca[ering%in%the%SM%�

Role%of%the%SM%Higgs%boson%(%�%)�

Let%us%consider%the%high9energy%behavior%of%VLVL%sca[ering%amplitudes�

The%SM%higgs%boson%(%%%%%%%%%%%%%%%%%%%%%%%)%%unitalizes%the%amplitude�

Ryo%Nagai%(Nagoya%U.) 

Ex)%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%sca[ering%in%the%SM%�

Role%of%the%SM%Higgs%boson%(%�%)�

Let%us%consider%the%high9energy%behavior%of%VLVL%sca[ering%amplitudes�

The%SM%higgs%boson%(%%%%%%%%%%%%%%%%%%%%%%%)%%unitalizes%the%amplitude�

If the Higgs boson is absent 

+ crossed. 

Gauge Sym. 

Amplitude violates perturbative unitarity at high  energy (>1TeV) 

cancel E4 behavior  
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Let%us%consider%the%high9energy%behavior%of%VLVL%sca[ering%amplitudes�
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KW
2=1 is required to cancel E2 behavior  
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Role of Higgs boson(s) 
l Stabilization of Quantum Corrections 
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If the Higgs boson is absent 

Role of Higgs (Finiteness of oblique corrections)

If Higgs were absent

W W

W

Z

+

W W

W

one-loop corrections to electroweak oblique parameters (Peskin-Takeuchi
parameters) S, T diverge:

S =
1

12π
lnΛ2

αT = −3

4

g2Y
(4π)2

lnΛ2

We are not able to perform EW precision tests in a reliable manner.
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Electroweak Oblique Parameters ( Peskin-Takeuchi parameters ) diverge 

without Higgs boson(s), we cannot perform EW precision study 
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Role of Higgs boson(s) 
l Stabilization of Quantum Corrections 
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If the Higgs boson exists 

Role of Higgs (Finiteness of oblique corrections)

If Higgs were absent

W W

W

Z

+

W W

W

one-loop corrections to electroweak oblique parameters (Peskin-Takeuchi
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Electroweak Oblique Parameters ( Peskin-Takeuchi parameters ) diverge 

Role of Higgs (Finiteness of oblique corrections)

Higgs boson loop cancels the UV divergences of S and T parameters in the
standard model:

W W

W

Z

+

W W

W

+ W W

h

W

hWW and hZZ coupling needs to be determined to ensure the cancellation of
UV divegences in S and T parameters.

S =
1

12π
lnΛ2 − 1

12π
ln

Λ2

M2
h

αT = −3

4

g2Y
(4π)2

lnΛ2 +
3

4

g2Y
(4π)2

ln
Λ2

M2
h

M. Tanabashi (Nagoya) Unitarity and EW Precision Tests December 27, 2014 7 / 23

KZ
2=1 is required to cancel lnΛ2 
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Oblique Parameters 

Koji Tsumura (Kyoto U.) 

!  Of the six (infinite) parameters, three linear 
combinations are absorbed into the three input 
parameters α, GF, and MZ and are unobservable.  

!  Three remaining (finite) parameters can be taken to be: 

 
 
 
 
 
 
 
 
 
 
 
 
 

€ 

αS = 4s2c2 # Π ZZ (0)−
c2 − s2

sc
# Π Zγ (0)− # Π γγ (0)

' 

( 
) 

* 

+ 
, 

αT =
ΠWW (0)
MW
2 −

ΠZZ (0)
MZ
2

αU = 4s2 # Π WW (0)− c
2 # Π ZZ (0)− 2sc # Π Zγ (0)− s

2 # Π γγ (0)[ ]

Tatsu Takeuchi�

!  The scale of new physics is large compared to the 

electroweak scale 

 

  

€ 

ΠWW (p
2 ) =ΠWW (0)+ p

2 # Π WW (0)+

  

€ 

ΠZZ (p
2 ) =ΠZZ (0)+ p

2 # Π ZZ (0)+

  

€ 

ΠZγ (p
2 ) = p2 $ Π Zγ (0)+

  

€ 

Πγγ (p
2 ) = p2 $ Π γγ (0)+

Tatsu Takeuchi�

Finite combinations (S, T, U)  
after the renormalization of  

EW parameters, e.g., αEM, MZ, GF 

Peskin-Takeuchi 90 

Mass Renormalizations 
à ρ parameter 

Wave Function Renormalizations 
2015/6/9-11 CosKASI 7 



Success of Oblique Parameters 
l T (~ρ) [ 0.1% precision ] 

 
 

l S 
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5
!"#$%&$'()*

t, b 
W, Z 

SM is tested at loop level !!	


Predict Mt Predict Mh 

W, Z 

h 

0

1

2

3

4

5

6

10040 200
mH [GeV]

∆
χ2

LEP
excluded

LHC
excluded

∆αhad =∆α(5)

0.02750±0.00033
0.02749±0.00010
incl. low Q2 data

Theory uncertainty
March 2012 mLimit = 152 GeV

Kill the techni-color models, 5th generations, … 
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Unitarity vs Oblique Parameters 
l  hSM (KV=1) unitarizes VLVL scattering, and  

 stabilize oblique corrections, simultaneously. 
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? 
	


Unitarity Finiteness of  
oblique parameters 

What relation in more general framework of the Higgs couplings 

Unitarity vs finiteness of oblique parameters

The SM Higgs boson simultaneously unitarizes the WLWL scattering
amplitudes, and makes the EW oblique correction parameters S, T finite at
one-loop.

It is a natural question to ask what happens in BSMs, especially in a class of
models predicting non-SM hWW and hZZ coupling strengths.

The relation between the unitarity and the finiteness of oblique parameters
may give us hints for BSM. EWPT works very well in the SM. Does this
imply BSM necessary to be perturbative, keeping perturbative unitarity at
1TeV?
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Mass-Coupling Relations 
l  EWSB and Mass generation 

 à Mass-Coupling relation is required 
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mass (GeV)
1 2 3 4 5 10 20 100 200

1/
2

 o
r (

g/
2v

)
λ

-210

-110

1
W Z

t

b
τ

68% CL
95% CL
68% CL
95% CL

CMS
Preliminary

 (7 TeV)-1 (8 TeV) +  5.1 fb-119.7 fb

Sources of (possible) coupling deviations :  
ü  Higgs mixing (universal shift) 
ü  VEV mixing (many variations) 

Coupling deviation = 2nd Higgs 
New d.o.f. is required for the theory consistency 
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Custodial Symmetry 

before going to the unitarity and oblique corrections 



What is Custodial Symmetry? 

 
l MW and MZ are nearly degenerate 

 à Underlying symmetry? 

l  g’à 0 limit : 

l  Define the measure of the (custodial) symmetry  
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ρ=1 is guaranteed by this symmetry 
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Chiral Sym. Breaking 
l  Consider ２ component fermions 
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L is invariant under SU(2)L x SU(2)R 

SU(2)L SU(2)R 

Different view : SU(2)V x SU(2)A 

Parallel  Opposite 

Φ : 2 x 2 matrix 

As the global symmetries, they are equivalent.  
In the SM, only the SU(2)L is gauged. 
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Chiral Sym. Breaking 
l  Consider ２ component fermions 
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VEV breaks both SU(2)L and SU(2)R 

Φ : 2 x 2 matrix 

12’ 



Chiral Sym. Breaking 
l  Consider ２ component fermions 
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To keep “Parallel” symmetry : SU(2)V 

SU(2)V remains SU(2)A is broken 

This is automatically realized in the SM EWSB. 

Parallel  Opposite 

Φ : 2 x 2 matrix 

Caution : This is the specialty of the SU(2)L doublet 
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Chiral Sym. Breaking 
l  Consider ２ component fermions 
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To keep “Parallel” symmetry : SU(2)V 

SU(2)V remains 

This is automatically realized in the SM EWSB. 

Parallel  

Φ : 2 x 2 matrix 

Caution : This is the specialty of the SU(2)L doublet 

Fields are classified by remaining sym. 
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Why                 in the SM 
l  Higgs pot. is invariant under SU(2)L x SU(2)R 
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Embed ４components (a complex doublet) 

Usual notation : 

Correspondence  

EWSB 
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Why                 in the SM 
l  BEH mechanism  
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Kinetic terms of Higgs (& NGB) 

SU(2)V triplet after EWSB 

Quartic int of Higgs(NGB)-VV Higgs(NGB) derivative int 

 (1x1) term gets VEV → BEH mech. 

Weak bosons are the triplet under the custodial symmetry 
  

Caution : This is the specialty of the SU(2)L doublet 
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Why                 in the SM 
l  Yukawa interations 
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Forbid 
Yukawa int. breaks the custodial symmetry 

Let us symmetrize it 

Mt = Mb is the consequence of the sym. 

5
!"#$%&$'()*

t, b 
W, Z 

The breaking effect appears in ρ parameter 
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Why                 in the SM 
l  U(1)Y also breaks the custodial symmetry 
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We define the ρ parameter by caring this point 

However, the breaking effect appears at 1-loop level 

0

1

2

3

4

5

6

10040 200
mH [GeV]

∆
χ2

LEP
excluded

LHC
excluded

∆αhad =∆α(5)

0.02750±0.00033
0.02749±0.00010
incl. low Q2 data

Theory uncertainty
March 2012 mLimit = 152 GeV

W, Z 

h 
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What happen if we begin with Unitarity ? 



The Model (EW chiral Lagrangian w/ Higgs bosons) 
l  A non-linear realization of SU(2)L x U(1)Y à U(1)EM 
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Appelquist-Bernard 1980, 1981 

Pion (NGBs) absorbed by W, Z 

Unitarity Gauge (U=1) 
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The Model (EW chiral Lagrangian w/ Higgs bosons) 
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Unitarity Gauge (U=1) 

ρ parameter ( at tree-level ) 

(ρ0 is kept arbitrary unlike the SM; ρ0(SM)=1) 

  l  A non-linear realization of SU(2)L x U(1)Y à U(1)EM 
Appelquist-Bernard 1980, 1981 
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The Model (EW chiral Lagrangian w/ Higgs bosons) 
l  Higgs boson(s) as matter 
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Appelquist-Bernard 1980, 1981 

arbitrary number (N), arbitrary coupling (KW and KZ are independent) of scalar bosons 

This treatment is more general than the SM with arbitrary multiplets of Higgs fields,  
such like additional singlet(s), doublet(s) , triplet(s), …, septet(s), …. 

K is defined relative to the SM Higgs coupling, i.e., K1=1, Kn=0 (n≥2) 

Unitarity Gauge (U=1) 
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The Model (EW chiral Lagrangian w/ Higgs bosons) 
l  Higgs boson(s) as matter 

2015/6/9-11 CosKASI Koji Tsumura (Kyoto U.) 

Appelquist-Bernard 1980, 1981 

arbitrary number (N), arbitrary coupling (KW and KZ are independent) of scalar bosons 

Most general interactions up to mass dimension 4 ; 
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Implication of Unitarity 
WL WL scattering : 
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Unitarity%sum%rules�

Ryo%Nagai%(Nagoya%U.) 

The%high%energy%behavior%of%the%sca[ering%amplitude%is%given%by�

sca[ering%:�

The%cancella8on%of%the%unitarity%viola8ng%high%energy%sca[ering%amplitudes%of%longitudinal%EW%%
gauge%bosons%requires%a%set%of%condi8ons%among%Higgs%couplings%(%“Unitarity%sum%rules”%).%%�

Gunion9Haber9Wudka%1991�
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Unitarity%sum%rules�

Ryo%Nagai%(Nagoya%U.) 

The%high%energy%behavior%of%the%sca[ering%amplitude%is%given%by�

sca[ering%:�

The%cancella8on%of%the%unitarity%viola8ng%high%energy%sca[ering%amplitudes%of%longitudinal%EW%%
gauge%bosons%requires%a%set%of%condi8ons%among%Higgs%couplings%(%“Unitarity%sum%rules”%).%%�

Gunion9Haber9Wudka%1991�

Absence of perturbative unitarity violation 
at ( very ) high energy 

A “unitarity” sum-rule among Higgs couplings is found!!	
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Implication of Unitarity 
A set of “unitarity sum-rules” 

2015/6/9-11 CosKASI Koji Tsumura (Kyoto U.) 

Minimal conditions for Higgs couplings from Unitarity 
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Implication of Unitarity 
Simplified conditions : ( Neutral Higgs bosons only ) 
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Charged Higgs boson(s) are required in order to have CP odd Higgs boson 

Custodial Sym. is NOT imposed !! 
ρ0=1	
  is known as a consequence of the custodial symmetry 

(at least, many textbooks say so)	
  	


à KV ≤ 1       ( KV ≥ 1 is possible if we introduce H++) 

Gauge Sym. is NOT imposed for Higgs int. 
(Relations between 3- and 4 vertices) 
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Models without Custodial symmetry 



ρ = 1 as a guiding principle 

2015/6/9-11 CosKASI Koji Tsumura (Kyoto U.) 

l  Mass of weak bosons 

l  Let ρ=1 as a guiding principle 

SM : J=1/2, Y=1/2 

Pure Triplet Model : J=1, Y=1 

Higgs Triplet Model (Sum) : 

Redefine to make them integers 

17 



Pell’s Equation (in Number Theory) 

²  Trivial Solution : (x, y)=(1,0) for arbitrary n 

²  Fundamental Sol. : (x1, y1)=(2,1) for n=3 

² General Sol. : 

 

à Next Minimal Sol.: (x2,y2)=(7,4) 

à  Next to Next Minimal Sol. : 26plet w/ Y=15/2 

SM singlet : (j,Y)=(0,0) 

SM doublet : (j,Y)=(½,½) 

 Bhaskara II (1150) 

Septet with Y=2 

2015/6/9-11 CosKASI Koji Tsumura (Kyoto U.) 18 



ρ = 1 without the Custodial Sym. 

-  Minimal sol. / SM Higgs doublet with Y=½ 
-  Next to …   / Higgs septet with Y=2   

2015/6/9-11 CosKASI Koji Tsumura (Kyoto U.) 

(η-, H0, H+, H++, H+++, H++++, H+++++) 

ρ0=1 and its quantum stability, KW=KZ are no longer  
the consequence of the Custodial Symmetry. 

We want to know what is really needed!!	
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What happen if we begin  
         with Oblique Corrections ? 



Implication of Finiteness 
Oblique Corrections : 

2015/6/9-11 CosKASI Koji Tsumura (Kyoto U.) 

Absence of divergence in the S parameter  
( S [and U] is finite even if ρ0≠1 unlike T ) 

A condition among Higgs couplings is found!!	
  	


Role of Higgs (Finiteness of oblique corrections)

If Higgs were absent

W W

W

Z

+

W W

W

one-loop corrections to electroweak oblique parameters (Peskin-Takeuchi
parameters) S, T diverge:

S =
1

12π
lnΛ2

αT = −3

4

g2Y
(4π)2

lnΛ2

We are not able to perform EW precision tests in a reliable manner.
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Role of Higgs (Finiteness of oblique corrections)

Higgs boson loop cancels the UV divergences of S and T parameters in the
standard model:

W W

W

Z

+

W W

W

+ W W

h

W

hWW and hZZ coupling needs to be determined to ensure the cancellation of
UV divegences in S and T parameters.

S =
1

12π
lnΛ2 − 1

12π
ln

Λ2

M2
h

αT = −3

4

g2Y
(4π)2

lnΛ2 +
3

4

g2Y
(4π)2

ln
Λ2

M2
h

M. Tanabashi (Nagoya) Unitarity and EW Precision Tests December 27, 2014 7 / 23

20 



Implication of Finiteness 
A set of conditions ( for ρ0=1 ) 
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Minimal conditions for Higgs couplings from Finiteness  
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Implication of Finiteness 
Simplified conditions : ( for ρ0=1 ) 

2015/6/9-11 CosKASI Koji Tsumura (Kyoto U.) 

Charged Higgs boson(s) are required in order to have CP odd Higgs boson 

The same condition from unitarity is found !! 
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Implication of Finiteness 
Simplified conditions : ( for ρ0=1 ) 
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Custodial Sym. is NOT imposed !! 
ρ0=1	
  is known as a consequence of the custodial symmetry 

à KV ≤ 1       ( KV ≥ 1 is possible if we introduce H++) 

Weaker conditions as compared to  
unitarity sum-rules are obtained 

Gauge Sym. is NOT imposed for Higgs int. 
(Relations between 3- and 4 vertices) 
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Unitarity vs Oblique Parameters 
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Unitarity Finiteness of  
oblique parameters 

Unitarity vs finiteness of oblique parameters

The SM Higgs boson simultaneously unitarizes the WLWL scattering
amplitudes, and makes the EW oblique correction parameters S, T finite at
one-loop.

It is a natural question to ask what happens in BSMs, especially in a class of
models predicting non-SM hWW and hZZ coupling strengths.

The relation between the unitarity and the finiteness of oblique parameters
may give us hints for BSM. EWPT works very well in the SM. Does this
imply BSM necessary to be perturbative, keeping perturbative unitarity at
1TeV?

WL

WL WL

WL

W W
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Summation inside loops makes conditions weaker 

Models with only neutral Higgs boson(s) 

guarantee 

&  ρ0	
  = 1 
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Equivalence ? 
l Renormalizability predicts Unitarity 
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Unitarity 

Renormalizability  
 + SSB 

Unitarity vs finiteness of oblique parameters

The SM Higgs boson simultaneously unitarizes the WLWL scattering
amplitudes, and makes the EW oblique correction parameters S, T finite at
one-loop.

It is a natural question to ask what happens in BSMs, especially in a class of
models predicting non-SM hWW and hZZ coupling strengths.

The relation between the unitarity and the finiteness of oblique parameters
may give us hints for BSM. EWPT works very well in the SM. Does this
imply BSM necessary to be perturbative, keeping perturbative unitarity at
1TeV?

WL

WL WL

WL

W W
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ω

ωω

ω

w：NGB absorbed by W 
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Unitarity vs Oblique Parameters 
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Unitarity Finiteness of  
oblique parameters 

Unitarity vs finiteness of oblique parameters
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models predicting non-SM hWW and hZZ coupling strengths.

The relation between the unitarity and the finiteness of oblique parameters
may give us hints for BSM. EWPT works very well in the SM. Does this
imply BSM necessary to be perturbative, keeping perturbative unitarity at
1TeV?

WL

WL WL

WL

W W

M. Tanabashi (Nagoya) Unitarity and EW Precision Tests December 27, 2014 8 / 23

Unitarity vs finiteness of oblique parameters

The SM Higgs boson simultaneously unitarizes the WLWL scattering
amplitudes, and makes the EW oblique correction parameters S, T finite at
one-loop.

It is a natural question to ask what happens in BSMs, especially in a class of
models predicting non-SM hWW and hZZ coupling strengths.

The relation between the unitarity and the finiteness of oblique parameters
may give us hints for BSM. EWPT works very well in the SM. Does this
imply BSM necessary to be perturbative, keeping perturbative unitarity at
1TeV?

WL

WL WL

WL

W W

M. Tanabashi (Nagoya) Unitarity and EW Precision Tests December 27, 2014 8 / 23

Summation inside loops makes conditions weaker 

Models with only neutral Higgs boson(s) 

guarantee 

However, we don’t specify other Higgs Potential 
 à Perfect renormalizability is not imposed  
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Is Unitarity too strong requirement?  
Perturbative Unitarity may restore at the certain scale !!　(Remember 4-Fermi int.) 



A Possibility consistent w/ Higgs data 
Minimal conditions for finiteness : ( for ρ0=1 ) 
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OK : No CP odd Higgs boson is found 

OK : No 4-vertex has been measured 

We only know the relative sign between KW and Kt 

KW ≈ -KZ  can explain all Higgs data 

We want to keep the success of EWPT,  
but, give up the unitarity 

8

Couplings to vector bosons and fermions

9

Custodial symmetry
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Can we test KW ≈ -KZ ? 
l  Violation of the Unitariry sum-rule(s) 
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Unitarity vs finiteness of oblique parameters

The SM Higgs boson simultaneously unitarizes the WLWL scattering
amplitudes, and makes the EW oblique correction parameters S, T finite at
one-loop.

It is a natural question to ask what happens in BSMs, especially in a class of
models predicting non-SM hWW and hZZ coupling strengths.

The relation between the unitarity and the finiteness of oblique parameters
may give us hints for BSM. EWPT works very well in the SM. Does this
imply BSM necessary to be perturbative, keeping perturbative unitarity at
1TeV?

WL

WL WL

WL

W W
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WL WL à ZL ZL	


Strong Vector Boson Scattering Approach and Results Unitarization Models Conclusion

Unitarization of partial waves keeping the low energy behavior.
• K-matrix scheme: aIJ(s) ! 1

Re(1/aIJ (s))�i

We have studied the scenario No Higgs unitarized, which includes only
the LET part and no extra parameters. We intend it as a lower limit for
all kinds of strong SB sector with no resonances around.

• Inverse Amplitude Method: aIJ(s) ! a
(1)
IJ

(s)

1�a
(2)
IJ

(s)/a
(1)
IJ

(s)

We have studied three scenarios of di↵erent chiral parameters including
the one loop part of elastic GB scattering. Widely and succefully used in
pion-pion scattering, predicting resonances.

scenario ↵4 ↵5

IAM A 0.0 0.003
IAM B 0.002 -0.003
IAM D 0.008 0.0

For some values of the chiral coe�cients the
partial amplitudes present poles that can be
dynamically interpreted as resonances.

500 1000 1500 2000 2500
sqrt!s"

0.2

0.4

0.6

0.8

1

1.2

#a00#

One example of KM and IAM
(also shown LET)

Strong vector boson scattering at the LHC Diogo B. Franzosi - p.14

LET 

We can see, in principle, an increasing behavior in MZZ !! 

True Theory 

Challenging… 
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Application to Phenomenology (If I have time) 



Application to Phenomenology 
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Unitarity Finiteness of  
oblique parameters 

Unitarity vs finiteness of oblique parameters
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Summation inside loops makes conditions weaker 

Models with only neutral Higgs boson(s) 

guarantee 

&  ρ0	
  = 1 
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Application to Phenomenology 
l Lesson from the SM 

l A mass bound on the 2nd Higgs boson 
when the (SM-like) Higgs coupling is determined 
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Lee, Quigg, Thacker (1977)	


too large Mh breaks perturbativity 
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Application to Phenomenology 
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Excluded region 

99%C.L. 
95%C.L. 
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Application to Phenomenology 
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Excluded region 

99%C.L. 
95%C.L. 

Once unitarity sum-rules are imposed à Finiteness of EW oblique corrections (S, T) 

EW precision Tests are applicable (New) 
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Conclusion 
l We discuss the requirement from  

-  Perturbative Unitarity  
-  Finiteness of quantum corrections 

l  What does the experiment tell us ? 
-  Custodial Sym. might be too strong requirement 
-  ( Tree level ) Unitarity might also be too strong requirement 
-  [ I want to keep the success of the EWPT ] 
-  An interesting possibility KW ≈ -KZ 

l  Application of Unitarity sum-rules to Phenomenology 
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These conditions may be related each other 

Fin. 



Outlook 
l Our Framework is very restricted situation!! 
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Next Step : inclusion of H+, H++, … 

Sum-rules from Unitarity and Finiteness are changed drastically!! 

Something new conditions would be required 

What do the experimental results really tell us ? 
( weaker than unitarity, custodial sym.,… ) 

Fin. 


