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We found a h(125) !
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Particle Zoo

100 GeV |
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Particle Zoo

t Elementary !

h &~ Composite ?
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Question

Unified description 2?

“Generalized Higgs EFT”
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Difficulty

Spontaneous symmetry breaking

G —- H

SU2)Lx U(l)v U(l)em

What does G look like at vacuum?

Generally speaking, G is non=linearly realized.
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CCWZ method

Coleman-Callen-Wess-Zumino (1969)

o G—-H
~ NGBs, Matters

Callen-Coleman-Wess-Zumino (CCW/Z) method

EFT on G/H

— —

Ryo Nagai (Padova) GHEFT



CCWZ method

Coleman-Callen-Wess-Zumino (1969)

o SUR)L x U(l)y = U(1)em
© NGBs, h(125), ....

Callen-Coleman-Wess-Zumino (CCW/Z) method

EFT for EVWSB

T — —
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NGBs on G/H

- NGB fields E(m) =exp(in”X*) € G/H

Xa : generators for G/H

E(m) = &) = g&(m) b (m, g)
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NGBs on G/H

- NGB fields E(m) =exp(in’X*) € G/H

E(m) = &) = g&(m) b (m, g)

- G nonlinearly acts on NGBs !

1 =1+ O(n?)
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NGBs on G/H

- NGB fields E(m) =exp(in’X*) € G/H

E(m) 5 E(n') = gé(m) b (m, g)

- G nonlinearly acts on NGBs !

- Kinetic term!? (awf)z is NOT invariant under G.

9 5 8(0,€) b + 9 €(0uh ")

Ryo Nagai (Padova) GHEFT



NGBs on G/H

- NGB fields E(m) =exp(in’X*) € G/H

E(m) = &) = g&(m) b (m, g)

+ Maurer-Cartan |-form Xy — —i(j_l(ayg)

* Irreducible decomp

GH: &, = trla,X"| X"
H - K|y = tI':(XySA:SA
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NGBs on G/H

« G-transformation :

» G-invariant building block :

O(p?)  trlayual)]

Op*)  trlaralar,olf]
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NGBs on SU(2).xU(1)y /U(])em

- NGB fields

« MC |-form

* Irreducible decomp

+ Use G/H components
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NGBs on SU(2).xU(1)y /U(])em

. NGB fields (Ew, &y ) = (e

fW _G; gw fW b_l(ﬂ-? gw, gY)

&y 5 gy &y b= (m, gw, 9y

+ MC |-form  awy = —ingrv(aygw) Xyy = —ig;(aygl/)

* Irreducible decomp

GH: « =tr _<(XW _DCY> 1'3] 061 —= tr [(XWTZ}

H : Ocﬁ:tr (wwz-(xy)_(g]
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NGBs on SU(2).xU(1)y /U(])em

» SU2)w * U(1)y transformation

* Building blocks:
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NGBs on SU(2).xU(1)y /U(])em

« SU(2)w x U(l)y invariant Lagrangian up to O(p?)

1
2

2
G(O) o 1 ? 2
ab « — Z U
,U2
YA

* If we introduce U = Swfgﬁ,

_ 0) a _bu
ENGB — Gab OAJ_'LL()&J_

2 2 2

£~ P uutonu) s P v, oot

“Electroweak Chiral Lagrangian”
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EWV gauge sector

« SU(2)w x U(l)y invariant Lagrangian up to O(p?)

1
2

2
G(O) L 1 v 2
ab '_ Z U
22
Z

+ EWV gauge bosons are introduced as:

- (0) a bu
Lnee = G, a7 o

,7_CL

éw — 0uéw — igWWﬁ?€W

3
by — 0uéy — igyBu%fy
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EWV gauge sector

100 GeV
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Higgs EFT (HEFT)

- It is straightforward to add h(125).

1 1
Luprr = 5Gap(h)af 0 + 2 (9.h)(0"h) = V (h)

Gab —

| v F(h)
1 v2 F(h)

vy Fz(h) )

F(h)and F(h) are arbitrary functions.

0
+ hVV coupling %]:Z(h)

h—0
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Higgs EFT (HEFT)

100 GeV

Ryo Nagai (Padova) GHEFT



Beyond HEFT ?

100 GeV |
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Generalized HEFT

- Let us introduce

Neutral Charged

AN

h(125) is here!

* @ is alinear rep. of H = U(I)em ¢ — Pgb(h)¢

- G acts on it non=linearly: o — p(/)(f)(ﬁ, gw QY)) ¢
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Generalized HEFT

* Note that

G

046 % po(0)(Du0) + [0 (0)]6

. (0,0)* is NOT G-invariant ....
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Generalized HEFT

« Covariant derivative

Dp¢ = 09 —ipglay,) ¢
N

| o oy, b’ —ih(9,h")

. Dud = ps(0) (Do)

. G-inv. building blocks: ', Al ¢, Dud'

—
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Generalized HEFT

» GHEFT up to O(p?)

pet!
1
LGEFT = §Gab(¢) Ofiﬂ&bf
+ Gal(¢) OéCJL_,u (DM¢)I

+5G15(0) (D) (D"6)” — V(6)

» G’s transform homogeneously as multiplets of corresponding
representations.

+ G’s and V depend on the UV completion.
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Generalized HEFT

. g) RN-Tanabashi-Tsumura-Uchida (2019)
GHEFT up to O(P ) Alonso-Jenkins-Manohar (2016)

1

LGHEFT = §gij(§b)au§bia'u¢j — V(o)

¢=(m!, m 1, h H.., HH, ....)
NGB Higgs(es)

» The scalar manifold and V depend on the UV completion.
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Examples

_ i(¢* +i¢°)
The Standard Model *=75 ( o — i )

Lom = 3, DT D = - (0,6)(0"0)

Rijki=0 R4
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Examples

_ i(¢* +ig’)
MSSM (Two Higgs Doublet Model) P = ﬁ( ¢! —ig?* )

LMSSM = ByCID]LaP‘CDl -+ 8MCI>§8”<I>2

Rijki=0 RS
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Examples

Minimal Composite Higgs Model ( SO(5)/SO(4) )

Agache-Contino-Pomarol (2004)

1 4f2 ’ ) JTY)
Lso(s)/s0(4) = 5 <4f2 n (bj(bj) (0,0°)(0" ")

f

112 N 1 ot il
f%m=<: ):ﬁw*wﬂﬂﬂw% G4

7+ g
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Examples

MSSM MCSM

Flat Curved
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Scattering amplitude

* Let us look at @; ®; = Py D, scattering.

1 -
L= Qgij(Gb)abelany] —V(¢)

- Expand around vacuum ¢ = ¢ + @

_ 1
9i5(P) = gij + gij,ksﬁk T ggz’j,kl@k@l T
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Scattering amplitude

* Let us look at @; ®; = Py D, scattering.

* (Scattering amp) ~ (CM energy)?

S — — f — — U — -
Magi—spug ~ 3 (Rintj + Ring) + 3 (Rijix + Raje) + 3 (Rijia + Rijt) +V iy

* Perturbative unitarity is violated at certain energy scale.
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Scattering amplitude

* Let us look at @; ®; = Py D, scattering.

* (Scattering amp) ~ (CM energy)?

S — — f — — U — -
Magispug ~ 3 (Ringj + Rig) + 3 (Rijix + Rigje) + 3 (Rijia + Rijt) Vi

N ] /

Riemann curvature tensor
(evaluated at vacuum)
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Scattering amplitude

S = - t  — _ U . — _
Mepidi—dnd ™~ §(Riklj + Rik;) + §(Rz’jlk + Riijk) + g(Rz’jkl + Rik1)

On-shell condition: S+1+u= mf + m? + mi + ml2

S - _ _ _ U, - _ _ _
= g(Rz’klj + Rikj — Rijie — Rijr) + g(Rijkl + Rikji — Rijie — Rujr)

Properties of R: Rijri = —Rijik
Rijki + Ririj + Rijr = 0

= s(Riki;) + u(Rijki)
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Scattering amplitude

* Let us look at @; ®; = Py D, scattering.

* (Scattering amp) ~ (CM energy)?

Mg —de ~ S(Rikij) + w(Rijkt) + Vg
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Breaking PU

* Perturbative unitarity breaking scale ~ (Curvature)-!/2

e.g. SO(5)/SO(4) ~ S* Composite Higgs Model

Non perturbative effect at E ~ 411f
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Scalar manifold and UV

Perturbative Non-Perturbative

Flat Curved

+  What does the experimental results tell us on the manifold?
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Electroweak Precision Tests

et U+...

BSM particles can contribute radiatively.
The BSM corrections should be tiny.

Constraint on the scalar manifold ?
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EVV corrections

EW corrections relate with the symmetry of the scalar manifold.

1 . |
L= -8ij(¢)Dup' D¢/ =V (¢)

Dy’ = 0u¢" + Wiwi () + Buy' (¢)

7 N
SU(2) Killing vector U(I) Killing vector
di .
WO interaction: \:Q\,\,\, Wa X (w;)]
i -
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EWV oblique corrections

S-parameter at one-loop

A2

(@)

Reminder: S ~ [T3v- 130 = T3y
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EWV oblique corrections

S-parameter at one-loop

S ~ (w5);(y);iln —

Alonso-Jenkins-Manohar (2016)

SUQR)wxU(l)y sym. Wy, Wp| = —€pcWe
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EWV oblique corrections

S-parameter at one-loop
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Non-zero only for
NGB direction
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EWV oblique corrections

Perturbative Non-Perturbative

Flat Curved

S ~ 0 is possible in a curved theory 12
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Summary

Gauge-scalar sector can be parametrized by

» Geometry of the scalar manifold 9ij ()
- Higgs potential V(o)

PM’e Non-Perturbative

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