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We found a h(125) ! 

Symmetry and Geometry of Generalized Higgs Sectors

• The 125GeV Higgs boson was discovered at the LHC.
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• Higgs coupling measurements
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h(125) = hSM ?
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~10% deviation from κV, F = 1 is still allowed.

ATLAS-CONF-2017-047
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• Higgs coupling measurements

h(125) = hSM ?
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~1% precise measurement is expected to be realized.

• Higgs coupling measurements

h(125) = hSM ?

Symmetry and Geometry of Generalized Higgs Sectors

LHC
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WLWL → WLWL

What if κV ≠ 1 ?

Longitudinal

Longitudinal Longitudinal

Longitudinal
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WLWL → WLWL

What if κV ≠ 1 ?

Energy

Energy Energy

Energy
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Unitarity is violated ?
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What if κV ≠ 1 ?

Gauge boson Higgs boson
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WLWL → WLWL

MWLWL!WLWL ⇠ E2

M2 (1 � k2
V)

What if κV ≠ 1 ?

• The SM higgs boson ( κV =1 ) keeps the theory perturbatively 
    unitary.
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• If κV ≠ 1, perturbative unitarity in WLWL scattering seems to 
be violated at certain energy scale.

What if κV ≠ 1 ?

Perturbative
unitarity violation
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ff → ff

What if κV ≠ 1 ?

S ' 1
12
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ln
L2

M2
h

h

• Electroweak Precision Tests (EWPTs) at LEP : 

S = 0.03 ± 0.10 Global fitting by Gfitter Group 
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What if κV ≠ 1 ?

Perturbative
unitarity violation

• κV ≠ 1 causes not only perturbative unitarity violation 
but also inconsistency with EWPTs.

EWPTs
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What if κV ≠ 1 ?
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Higgs Sector

h125
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What if κV ≠ 1 ?
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Higgs Sector

π125 
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Composite ?



What if κV ≠ 1 ?
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Higgs Sector

h125

Elementary.  But mixed state ?

Ryo Nagai (Tohoku U)

a H±
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Higgs EFT

• SU(2)W doublet filed :   4 = 3(NGBs) + 1(higgs) 

Q.   How can we formulate the Higgs sector ?

F =
1p
2

✓
i(f1 + if2)

f0 � if3

◆
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Higgs EFT

Q.   How can we formulate the Higgs sector ?

125GeV higgsNGBs

F =
1p
2

exp
✓

i
v

pata
◆✓

0
v + h

◆
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• SU(2)W doublet filed :   4 = 3(NGBs) + 1(higgs) 



Higgs EFT

Q.   How can we formulate the Higgs sector ?

F =
1p
2
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• Examples : 

LSM = (DµF)†(DµF) + · · ·
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• What if                              e.g.  Composite Higgs models h(125)�2 F ?
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• SU(2)W doublet filed :   4 = 3(NGBs) + 1(higgs) 

LSMEFT = (DµF)†(DµF) +
C

L2 F†F (DµF)†(DµF) + · · ·
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CCWZ method

• Systematic way for constructing model with G → H

Coleman-Wess-Zumino (1969) 
Coleman-Callen-Wess-Zumino (1969) 

• General Lagrangian for NGBs arising through EWSB :

DµU = ∂µU � igUWµ + igYBµU

• NGB fields :

• Gauge bosons :  

U = e
i
v pata
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* We here assume “custodial symmetry” for simplicity.

Ryo Nagai (Tohoku U)



• General Lagrangian for NGBs and singlet scalar(s)

Symmetry and Geometry of Generalized Higgs Sectors

CCWZ method

L =
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4
Tr[DµU†DµU]
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• Examples:
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Nagai-Tanabashi-Tsumura (2016)
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CCWZ method
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• NGBs and Higgs field(s) define coordinates on a scalar manifold.

• General Lagrangian for NGBs and singlet scalar(s)
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Generalized Higgs sector

• The EW sector in general extended Higgs scenarios can be 
expressed by the following form:

fi = (pa, h, h0, · · · )
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NGBs Higgses

• The interaction between π (~ WL/ZL) and Higgs bosons is 
determined by the structure of gij (Φ) Alonso-Jenkins-Manohar (2016)
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L =
1
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gij(f) ∂µfi ∂µfj
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Perturbative Unitarity

• The EW sector in general extended Higgs scenarios can be 
expressed by the following form:

fi = (pa, h, h0, · · · )
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NGBs Higgses

• The interaction between π (~ WL/ZL) and Higgs bosons is 
determined by the structure of gij (Φ) Alonso-Jenkins-Manohar (2016)

• Perturbative Unitarity / EWPTs  →  gij (Φ) ??

Symmetry and Geometry of Generalized Higgs SectorsRyo Nagai (Tohoku U)
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1
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gij(f) ∂µfi ∂µfj
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Perturbative Unitarity

• High-energy behavior of  WL/ZL  ~ π.  (Equivalence Theorem).

• NGBs/Higgses  scattering amplitudes can be expressed in terms 
of geometry of the scalar manifold.

VL VL

VLVL

π π

ππ

~
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• Tree-level scattering amplitude:

Riemann curvature tensor

Perturbative Unitarity
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Φi Φj → Φk Φl

• Tree-level scattering amplitude:

• Perturbative unitarity condition: Rijkl = 0

Perturbative Unitarity
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EWPTs

• The EW sector in general extended Higgs scenarios can be 
expressed by the following form:

fi = (pa, h, h0, · · · )
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NGBs Higgses

• The interaction between π (~ WL/ZL) and Higgs bosons is 
determined by the structure of gij (Φ) Alonso-Jenkins-Manohar (2016)

• Perturbative Unitarity / EWPTs  →  gij (Φ) ??
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EW corrections

• EW oblique corrections depend on not only geometry but also 
symmetry of the scalar manifold.

• The scalar manifold respects SU(2)W × U(1)Y gauge sym.

4 Killing vectors
wi

a yi(a=1,2,3)

SU(2)W symmetry U(1)Y symmetry

For examples:
wb

a =
v
2

dab �
1
2

eabcpc +O(p2)
<latexit sha1_base64="L8tNPsD8Ntl/UC99U38FR2aG0eU="></latexit><latexit sha1_base64="L8tNPsD8Ntl/UC99U38FR2aG0eU="></latexit><latexit sha1_base64="L8tNPsD8Ntl/UC99U38FR2aG0eU="></latexit><latexit sha1_base64="L8tNPsD8Ntl/UC99U38FR2aG0eU="></latexit>

yb = �
v
2

d3b �
1
2

e3bcpc +O(p2)
<latexit sha1_base64="rvsWVi0jXQD2kI3xok3heGTsnpQ="></latexit><latexit sha1_base64="rvsWVi0jXQD2kI3xok3heGTsnpQ="></latexit><latexit sha1_base64="rvsWVi0jXQD2kI3xok3heGTsnpQ="></latexit><latexit sha1_base64="rvsWVi0jXQD2kI3xok3heGTsnpQ="></latexit>

Symmetry and Geometry of Generalized Higgs SectorsRyo Nagai (Tohoku U)



Slog µ (w̄j
3);i(ȳi);j

EW corrections

S-parameter at one-loop

• UV divergence:

Alonso-Jenkins-Manohar (2016)

(wi
a);j =

∂

∂fj wi
a + Gi

kjw
k
a

(yi);j =
∂

∂fj yi + Gi
kjy

k
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EW corrections

S-parameter at one-loop

• UV divergence:

[wa, wb] = �eabcwc
<latexit sha1_base64="kratI5Y/1lkgi4woC0SMGw38Lc4="></latexit><latexit sha1_base64="kratI5Y/1lkgi4woC0SMGw38Lc4="></latexit><latexit sha1_base64="kratI5Y/1lkgi4woC0SMGw38Lc4="></latexit><latexit sha1_base64="kratI5Y/1lkgi4woC0SMGw38Lc4="></latexit>

Alonso-Jenkins-Manohar (2016)

[wa, y] = 0
<latexit sha1_base64="t/aX0a7CEL94umVpoy6aV4RwNHg="></latexit><latexit sha1_base64="t/aX0a7CEL94umVpoy6aV4RwNHg="></latexit><latexit sha1_base64="t/aX0a7CEL94umVpoy6aV4RwNHg="></latexit><latexit sha1_base64="t/aX0a7CEL94umVpoy6aV4RwNHg="></latexit>

vi;j;k = Rl
kjivl
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(v = wa, y)
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SU(2)W×U(1)Y sym.

Slog µ e3bcRi
jc3(w̄

j
b);i + e3bcRi

jbc(ȳ
j);i

<latexit sha1_base64="0ZW1zFWeJgzPPX0uj7eGnFoveN8="></latexit><latexit sha1_base64="0ZW1zFWeJgzPPX0uj7eGnFoveN8="></latexit><latexit sha1_base64="0ZW1zFWeJgzPPX0uj7eGnFoveN8="></latexit><latexit sha1_base64="0ZW1zFWeJgzPPX0uj7eGnFoveN8="></latexit>

Slog µ (w̄j
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EW corrections

S-parameter at one-loop

• UV divergence:

pp ! fifj
<latexit sha1_base64="6BMB/HYB/j352MTtBX5CxTfLYyY="></latexit><latexit sha1_base64="6BMB/HYB/j352MTtBX5CxTfLYyY="></latexit><latexit sha1_base64="6BMB/HYB/j352MTtBX5CxTfLYyY="></latexit><latexit sha1_base64="6BMB/HYB/j352MTtBX5CxTfLYyY="></latexit>

f f̄ ! fifj
<latexit sha1_base64="bVXY4Hi8i5LSZlc2KIu9bA5RTjU="></latexit><latexit sha1_base64="bVXY4Hi8i5LSZlc2KIu9bA5RTjU="></latexit><latexit sha1_base64="bVXY4Hi8i5LSZlc2KIu9bA5RTjU="></latexit><latexit sha1_base64="bVXY4Hi8i5LSZlc2KIu9bA5RTjU="></latexit>

Slog µ e3bcRi
jc3(w̄

j
b);i + e3bcRi

jbc(ȳ
j);i

<latexit sha1_base64="0ZW1zFWeJgzPPX0uj7eGnFoveN8="></latexit><latexit sha1_base64="0ZW1zFWeJgzPPX0uj7eGnFoveN8="></latexit><latexit sha1_base64="0ZW1zFWeJgzPPX0uj7eGnFoveN8="></latexit><latexit sha1_base64="0ZW1zFWeJgzPPX0uj7eGnFoveN8="></latexit>

π π

ΦjΦi ΦjΦi
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Ulog µ (w̄j
1);i(w̄i

1);j � (w̄j
3);i(w̄i

3);j

EW corrections

U-parameter at one-loop

• UV divergence:

[wa, wb] = �eabcwc
<latexit sha1_base64="kratI5Y/1lkgi4woC0SMGw38Lc4="></latexit><latexit sha1_base64="kratI5Y/1lkgi4woC0SMGw38Lc4="></latexit><latexit sha1_base64="kratI5Y/1lkgi4woC0SMGw38Lc4="></latexit><latexit sha1_base64="kratI5Y/1lkgi4woC0SMGw38Lc4="></latexit>

[wa, y] = 0
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vi;j;k = Rl
kjivl

<latexit sha1_base64="vqIVZyyGren322gZ4xFo0RLRZE8="></latexit><latexit sha1_base64="vqIVZyyGren322gZ4xFo0RLRZE8="></latexit><latexit sha1_base64="vqIVZyyGren322gZ4xFo0RLRZE8="></latexit><latexit sha1_base64="vqIVZyyGren322gZ4xFo0RLRZE8="></latexit>

(v = wa, y)
<latexit sha1_base64="s/3yChOIGn9KvAZ0lFLmNXrbSow="></latexit><latexit sha1_base64="s/3yChOIGn9KvAZ0lFLmNXrbSow="></latexit><latexit sha1_base64="s/3yChOIGn9KvAZ0lFLmNXrbSow="></latexit><latexit sha1_base64="s/3yChOIGn9KvAZ0lFLmNXrbSow="></latexit>

SU(2)W×U(1)Y sym.

Ulog µ e1bcRi
jbc(w̄

j
1);i � e3bcRi

jbc(w̄
j
3);i
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Symmetry and Geometry of Generalized Higgs SectorsRyo Nagai (Tohoku U)



PU vs. EWPTs

+e3bcRi
jbc(ȳ

j);i
<latexit sha1_base64="DCStqdia+/P0vW0OkGsdH65ZIIs="></latexit><latexit sha1_base64="DCStqdia+/P0vW0OkGsdH65ZIIs="></latexit><latexit sha1_base64="DCStqdia+/P0vW0OkGsdH65ZIIs="></latexit><latexit sha1_base64="DCStqdia+/P0vW0OkGsdH65ZIIs="></latexit>

�e3bcRi
jbc(w̄

j
3);i
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Ulog ⇠ e1bcRi
jbc(w̄

j
1);i
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Slog ⇠ e3bcRi
jc3(w̄

j
b);i
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*
*

*

Mfifj!fkfl |E2
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⇠ Rijkl
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Perturbative Unitarity EW oblique corrections

L =
1
2

gij(f)DµfiDµfj fi = (pa, h, h0, · · · )
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Summary

•  We have discussed extended Higgs scenarios from the view point
of perturbative unitarity and consistency with EWPTs.  

• Physics in extended Higgs scenarios can be understood in terms of
geometry and symmetry of  “the scalar manifold”.  

• Consistency with EWPTs does not imply the complete flatness of the
scalar manifold.

• Precise measurements of the 125GeV Higgs couplings reveal the 
structure of the scalar manifold.   

Flat     →      Perturbative

Curved   →   Non-Perturbative
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