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“the” = Higgs boson (h) in the SM 

v  Minima for the Higgs boson 
²  The vacuum expectation value [VEV] (                  ) of                     

the Higgs boson triggers electroweak symmetry breaking [EWSB] 
à generate weak gauge boson masses 

²  Fermion masses are generated via Yukawa interaction 
 

²  “Mass” and “Coupling” relation 
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Scaling factors 

Higgs couplings can be deviated from the SM one 
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SM prediction 

Best Fit 

Shaded regions are indicated  
  by each Higgs decay channel. 
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The deviations  
can be regarded as a consequence of 

 the Beyond the Standard Model 
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The deviations  
= 

Today’s Goal: the sign of the 2nd Higgs boson 
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ATLAS 
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WLWL scattering 
(Lessons from the SM) 
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WL WL à WL WL scattering 
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εL(Longitudinal polarizations) diverges for higher energy  

Scattering amplitudes also diverge  
 
 
 

 à perturbation theory may be broken !? 
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WL WL à WL WL scattering 

5 

WLWL 散乱のユニタリティー

WLWL散乱のユニタリティー

簡単のため、gY = 0 とする。(Z = W 3)

この散乱に効くゲージ相互作用のダイアグラムは 2種類

iMgauge(ab → cd) =

a

b

c

d

+ W

a

b

c

d

+ crossed.

4W バーテックスの寄与 (δabδcd に比例する項)

gWWWW
E 4

M4
W

{
−(1 + cos θ)[3 − cos θ − 2

M2
W

E 2
]

−(1 − cos θ)[3 + cos θ − 2
M2

W

E 2
]

}

棚橋誠治 (名大) LHC でヒッグス以外見えないとき何をすべきか 2013/05/25 8 / 19

Quartic gauge interaction, contact int. 

More precisely  
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Quartic gauge interaction, contact int. 

Gauge boson exchange, t (u) channel 

More precisely  
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Quartic gauge interaction, contact int. 

Gauge boson exchange, t (u) channel 

Gauge sym.: 

 divergence 

More precisely  
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where 
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WL WL à WL WL scattering 
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Moreover, Higgs exchange diagram 
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where 

WLWL 散乱のユニタリティー

WLWL散乱のユニタリティー
E 4の項がキャンセルして

Mgauge(ab → cd) = δabδcdg2
W

E 2

M2
W

+ · · ·

となる。E 2 = s/4, M2
W = g2

W v2/4 を使うと、

Mgauge(ab → cd) =
s

v2
δabδcd +

t

v2
δacδbd +

u

v2
δadδbc + · · · .

さらに、ヒッグス交換ダイアグラム

iMHiggs(ab → cd) = h

a

b

c

d

+ crossed.

MHiggs(ab → cd) = g2
hWW

s2

M4
W

1

M2
h − s

δabδcd + · · · .

を足す。
棚橋誠治 (名大) LHC でヒッグス以外見えないとき何をすべきか 2013/05/25 10 / 19
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SM： 

WL WL scattering amplitude is unitarized (cancel E2/mW
2 divergence) 

where 

WLWL 散乱のユニタリティー
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Lesson from the SM 

 

Unitarity bound on mh 
 
 

7 

for high energy 

Too large mh (again) leads divergence of amp. 

Mass bound: Lee, Quigg, Thacker (1977)	
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     If                        
cancellation mech. doesn’t work 
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Sum-rule (with one more neutral Higgs) 
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H 

-Singlet mixing: 
-2HDM: 

J.F.Gunion et al (1991)	
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Unitarity bound on mH 
 
 

for high energy 

Too large mH (again) leads divergence of amp. 

Kang, Park (2013) [case for additional singlet] 
Nagai, Tanabashi, KT (2013)	

9 
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Unitarity bound on mH 
 
 

for high energy 

Too large mH (again) leads divergence of amp. 

Mass bound: 

Δκ=10% ≈ 2TeV 

Δκ=1% ≈ 10TeV 

Unitarity violation 

mH[TeV]	

Kang, Park (2013) [case for additional singlet] 
Nagai, Tanabashi, KT (2013)	

9 

 “Δκ < 0” = Additional neutral Higgs 
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If                     
Does the sum-rule break? 
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WLWL 散乱のユニタリティー
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φ0 
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Modified Sum-rule (with H++) 
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φ±± 

J.F.Gunion et al (1991)	
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Unitarity bound on mH
±± 

 
 

11 

for high energy 

Too large mH±± (again) leads divergence of amp. 
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Unitarity bound on mH
±± 

 
 

Mass bound: 

11 

for high energy 

Too large mH±± (again) leads divergence of amp. 

Δκ=10% ≈ 2TeV 

Δκ=1% ≈ 10TeV 

Unitarity violation 

mH
±±[TeV]	

Nagai, Tanabashi, KT (2013)	

 “Δκ > 0” = Additional charged Higgs 
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J.F.Gunion et al (1991)	

Assumption: Massive vector boson + Arbitrary Higgs bosons 
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Beyond the tree level 
J.F.Gunion et al (1991)	

Assumption: Massive vector boson + Arbitrary Higgs bosons 

Gauge inv. is NOT manifest (key point for loop calc.) 
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Gauge covariant extension 

12 

J.F.Gunion et al (1991)	

Assumption: massive vector boson + arbitrary Higgs bosons 
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Gauge covariant extension 

12 

J.F.Gunion et al (1991)	

Assumption: massive vector boson + arbitrary Higgs bosons 

Nagai, Tanabashi, KT (2013)	

Manifestly gauge cov. Ext. 
Covariant derivative 

NG bosons 

$
“The$electroweak$chiral$Lagrangian”�

RN,%M.Tanabashi%and%K.Tsumura%(2013)�
Here,%we%consider�

Our%framework%

Unitary$gauge�

KEKJPH2013� Ryo%NAGAI%(Nagoya.Univ��

To make EWCh Lagrangian 
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Gauge covariant extension 

12 

J.F.Gunion et al (1991)	

Assumption: massive vector boson + arbitrary Higgs bosons 

Nagai, Tanabashi, KT (2013)	
To make EWCh Lagrangian 
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Thanks to Gauge covariance 

Equivalence theorem 

13 

VL VL scattering amp. NGB scattering amp. 

We successfully reproduce all unitarity sum-rules by much simpler calc. with NGBs 
(We extend these sum-rules without ρ≠1) 

Nagai, Tanabashi, KT (2013)	

WL

WLWL

WL ω

ωω

ω
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ρ parameter (tree) 

14 

The ratio between the charged and neutral current int. 
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ρ parameter (1-loop) 

14 

W, Z 

h 



Koji TSUMURA (Nagoya U.) LCWS 2013, Nov. 11-15 

 

ρ parameter (1-loop) 

14 

W, Z 

h 

ρ is measured very precisely!! 
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Ex. 2 neutral Higgs bosons (h,H) 

15 

W, Z 

h, H 

Nagai, Tanabashi, KT (2013)	
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Ex. 2 neutral Higgs bosons (h,H) 

15 

W, Z 

h, H 

and	

Unitariry sum-rules for (VLVLàφφ) 

Nagai, Tanabashi, KT (2013)	
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Ex. 2 neutral Higgs bosons (h,H) 
[Unitariry sum-rules (VVàφφ) are also assumed] 
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W, Z 

h, H 

Nagai, Tanabashi, KT (2013)	
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Ex. 2 neutral Higgs bosons (h,H) 
[Unitariry sum-rules (VVàφφ) are also assumed] 

15 

W, Z 

h, H 

Divergences appear unless C=0 and D=0 
[New sum-rules]	

Nagai, Tanabashi, KT (2013)	

Nagai, Tanabashi, KT (2013)	
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Ex. 2 neutral Higgs bosons (h,H) 
[Unitariry sum-rules (VVàφφ) are also assumed] 

16 

W, Z 

h, H 

Nagai, Tanabashi, KT (2013)	

Let’s evaluate exp. constraint on finite term E 
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Ex. 2 neutral Higgs bosons (h,H) 

16 

Nagai, Tanabashi, KT (2013)	

Excluded region by 

mH[TeV]	

W, Z 

h, H 

Allowed 
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Ex. 2 neutral Higgs bosons (h,H) 

16 

Nagai, Tanabashi, KT (2013)	

Excluded region by 

mH[TeV]	

W, Z 

h, H 

Allowed 

Stronger bound would be obtained if we combine S, T, U constraints simultaneously. 

Caution: absence of other  
new particles are assumed 
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Summary 
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Summary 

ü  WLWL scattering Unitarity and Δρ are evaluated using EWCh Lagrangian 
ü  Deviation(s) of Higgs coupling = the sign of the 2nd Higgs boson 

Fin. 

Nagai, Tanabashi, KT (2013)	

mH[TeV]	

Allowed 

W, Z 

h, H 

WL

WLWL

WL
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Summary 

ü  WLWL scattering Unitarity and Dr are evaluated using EWCh Lagrangian 
ü  Deviation(s) of Higgs coupling = the sign of the 2nd Higgs boson 

Fin. 

Nagai, Tanabashi, KT (2013)	

mH[TeV]	

Allowed 

W, Z 

h, H 

Stronger bound would be obtained if we combine S, T, U constraints simultaneously. Precision measurement of Δκ ≠ 0 
= Determine New Higgs scales 

WL

WLWL

WL


