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Introduction

O 2012: Higgs discovery

O 2012: Gauge coupling

a

—_——— = v |

|, O

No doubt for existence of at least one Higgs doublet

" Establish the Standard Model for Particle Physics!
& N\ . #,ff’r ﬁhﬁ“wuh

O 2018: b and t Yukawa
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Is this the END of the story?

Of course, NO!!

-+ otherwise, we may loose the job.



BSM: Phenomena

O Neutrino oscillation

* Massless v in the SM

Matter: 5%
O Dark matter/energy

' Dark Matter : 27%

* No neutral, stable and

O Baryon asymmetry massive particle in the SM

@ — o * Not enough CPV in the SM
1

1,000,000,001 1,000,000,000
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BSM: Unification

G
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BSM: Unification

@
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Force Force



BSM: Unification

EW sym. Higgs 0(100) GeV
breaking Discovery
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BSM: Unification
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What is the BSM?
Which scale does the BSM appear?



Higgs Physics “lights” the way to BSM

BSM

Standard Model
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Nature of the Higgs — BSM

m
I - 22 I > Energy

100 GeV 1019 GeV

2
(125 GeV)? ~ (m})* + S m; {:} w
h——L h
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Nature of the Higgs — BSM

BSM (No A2)
my
I I 22 I > Energy
100 GeV 103-4 GeV 101° GeV
2 -\ g
(125 GeV)? ~ (m})* + n m; {:} v
h—==M— _ _ h

— Scalar boson (Supersymmetry) : Chiral Symmetry

Higgs is —= Fermion (Compositeness) : Chiral Symmetry

— Gauge boson (Gauge-Higgs Unification): Gauge Symmetry 5/19



Nature of the Higgs — BSM

Extended Higgs Sector

BSM (No A2)
my
I I 22 I > Energy
100 GeV 1034 GeV 101° GeV
2 -\ “
(125 GeV)? ~ (m})? + o m;, {:} "
h—==M— _ _ h

— Scalar boson (Supersymmetry) : Chiral Symmetry

Higgs is —= Fermion (Compositeness) : Chiral Symmetry

— Gauge boson (Gauge-Higgs Unification): Gauge Symmetry 5/19



Plan of Talk

I. Introduction
II. Higgs is a key to open the BSM (Bottom-up)
- Precise calculation of the Higgs properties

III. Higgs is a key to open the BSM (Top-down)

- SUSY VS Compositeness

IV. Summary



Higgs Precision Physics is Important

HL-LHC, ILC, --- Loop level calc.

4 \ / N

Precise measurements/calculations of h(125) properties

\(couplings, width, BRs, cross sections, ---)

When deviations are found ‘

4 )
We can extract

2"d Higgs scale and Higgs structure!!

"No-Loose Theorem” of the Higgs Physics
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H-COUP

Kanemura, Kikuchi, Sakurai, KY, Comp. Phys. Comm. 233, 134-144 (2018)

H-COUP is a calculation tool composed of a set of Fortran codes to compute the renormalized Higgs boson couplings with radiative corrections in various non-minimal Higgs models, such as the Higgs singlet
madel, four types of two Higgs doublet models and the inert doublet model. The impolved on-shell renormalization scheme is adopted, where the gauge depdence is eliminated.

Authors: Shinya Kanemura, Mariko Kikuchi, Kodai Sakurai and Kei Yagyu

The manual for H-COUP version 1.0 can be taken on arXiv:1710.04603 [hep-ph].

Downloads
* H-COUP version 1.0 : [HCOUP-1.0.zip] [The manual is here]

~et mnigygs singieu Modaucel ZOADNIS (4 LypeS did mneru modaeil)
O Models
Kanemura, Kikuchi, KY, NPB907 (2016) Kanemura, Kikuchi, KY, PLB731 (2014)
Kanemura, Kikuchi, KY, NPB917 (2017) Kanemura, Kikuchi, KY, NPB896 (2015)

Kanemura, Kikuchi , Sakurai, PRD
7/19



AR(h - bb) vs AR(h - 17)

- Color plots : predictions at the

1-loop level for each model

- A contrast of color : values of
mass of extra Higgs bosons

- Black line : predictions at the
tree level (tanf = 1,3).

Slide by Kodai Sakurai (talk at 29t Nov.)

8/10
I'(h - XX) gy
AR(h - XX) = —=l
I'Ch - XX)gum
[S. Kanemura, M. Kikuchi, K. Mawatari, KS, K. Yagyu,] cos(B-a)<0
60 = g ——
D = Type Il
<N I
40 u Ve | w
N ani
Q -
o) 2000
8 ol | 1500
f HSM
=
T on[HL- ‘
< 20| / ¢
Typel N
-40 - ’ 4 "
60 - | | Typfe )1$z¢ 540069\(
-60 -40 -20 0 20 40 60

AR(h—>tt) [%]

— by the directions of deviations, 4 types of THDMs are discriminated.
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Plan of Talk

I. Introduction
II. Higgs is a key to open the BSM (Bottom-up)
- Precise calculation of the Higgs properties

III. Higgs is a key to open the BSM (Top-down)

- SUSY VS Compositeness

IV. Summary



Nature of the Higgs — BSM

Extended Higgs Sec.

BSM (No A2?)
I T I 22 I > Energy
100 GeV W 1019 GeV
Top-Down
2 -\k
(125 GeV)? ~ (’m,g)2 + 162 mfzz {:} v )
ho -l

— Scalar boson (Supersymmetry) : Chiral Symmetry

Higgs is —= [ Fermion (Compositeness) : Chiral Symmetry J

— Gauge boson (Gauge-Higgs Unification): Gauge Symmetry 9/19



Pion and Composite Higgs

Georgi, Kaplan (1984)

Energy
A
: QCD (no scalar)
A=4nf 4 1Gev G =SU(2) x SU(2)g
p

Non-pert. effects

n
f == 0.1GeVv
H = SU(2),

Non-linear Z model
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Pion and Composite Higgs

Georgi, Kaplan (1984)

Energy
N ra x1000 B
H: QCD (no scalar)
A=4nf == 1 GeV
)

n
f == 0.1Gev
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Pion and Composite Higgs

Georgi, Kaplan (1984)

Energy Energy
N s~  x1000 = N
H : QCD (no scalar) QCD-like Th.
A=4nf —4— 1 GeV 1 TeV == A=4nf

P G w’, 2’2

n h
f —= 0.1GeV Non-pert. effects 0.1 TeV == f

H
Non-linear Z model
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Pion and Composite Higgs

Georgi, Kaplan (1984)

Energy Energy
N s~  x1000 = N
H : QCD (no scalar) QCD-like Th.

A=4nf == 1 GeV 1 TeV == A=4nf
o e
n h

f —= 0.1GeV Non-pert. effects 0.1 TeV == f
H
) No discovery,
Non-linear 2 model
Exc. by EWPT
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Pion and Composite Higgs

Georgi, Kaplan (1984)

Energy Energy
N £ x10000 = N
H : QCD (no scalar) QCD-like Th.
A=4nf —4— 1 GeV 10 TeV == A=4nf
o e
- 0.1 GeV Non-pert. effects 1 TeVv f
H ®
. Heavy enough
Non-linear Z model Too heavy
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Pion and Composite Higgs

Georgi, Kaplan (1984)

Energy Energy
N ra x 10000 B N
H : QCD (no scalar) QCD-like Th.
A=4nf —4— 1 GeV 10 TeV == A=4nf
P f G W, 22 \
n h
f == 0.1 GeVv Non-pert. effects 1 Tev == f
Vacuum
H Misalignment
Q)n-linear > model 01Tev —4— V© f/4)




Higgs Potential

O Due to the shift symmetry of the NGB, the Higgs potential is 0 at any

order of perturbation. — Higgs boson is massless.

O We need to introduce an explicit breaking of G.

— Higgs becomes pseudo-NGB with a finite mass.
Kaplan, PLB365, 259 (1991)
O Explicit breaking can be introduced via partial compositeness mechanism.

» @ > Linear mixing
Elementary sector (SM particles) Strong sector particles
Potential = + + .. Vacuum misalignment

can be realized!! 11/19



Basic Rules for the Construction

O The structure of the Higgs sector is determined by the coset G/H.
O H should contain the custodial SO(4) = SU(2), xSU(2)g symmetry.
O The number of NGBs (dimG-dimH) must be 4 or lager.

O Explicit breaking of G must be introduced.  Mrazek et al, NPB 853 (2011) 1-48
e N
G G [dim] H [dim] Higgs sector
.': Agashe, Contino, Pomarol (2005)
SO(5) [10] SO(4) [6] )]
¥ SO(6) [15]  SO(5) [10] O+ S
G. S0(6) [15]  SO(4)xSO(2) [7]
SU(5) [24] SU(4)xU(1) [16] ® + o’
v Sp(6) [21]  Sp(4)xSU(2) [13]
EM SU(5)[24] .............. SO(5)[10] .......... q>+A+5
L etc  J12/19




SUSY ?

ex. MSSM

J

N\

or

-

\_

Composite (pNGB) ?

ex. SO(6) = S0O(4) x SO(2)

N

’

[ Q. When the 2HDM is realized as EFT---J

[ Properties of the 2HDM tell us the direction! ]
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Composite 2HDM (C2HDM)

De Curtis, Delle Rose, Moretti, KY, arXiv: 1803.01865 [hep-ph] (PLB)

O G—H: SO(6) = SO(4)xS0(2)

O SO(6) generators (15): T4 = {T¢ 5, T, T2,} (A=1-152=1-3, a=1-4)

6 SO(4) 1S0O(2) 8 Broken

0 0 0

, ) . 0 0 0

O NGB Mat.: U = expv2i Tf"%-l-Tf% :eXp_?z 8 8 8
—¢y —9¢7 —&]
—¢; —¢;3 —o3

2 Higgs Doublets
O 15-plet: Y} = UZUUT

%o = iv2Ts = (0‘“‘4 0.4“)
, _1 O2xq 2072
X =gXg

g
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Structure of the C2HDM

L = Eelem _l_ ‘cstr _l_ ‘Cmix
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Structure of the C2HDM

L = Leolem + Lstr + Lmix

Elementary Sector Strong Sector
 SO(6)xU(L)x ) /50(6)xu(1)xa N
A - - Mixing
A, 4q1, 1R SO(4)xS0(2)xU(1)y
15-plet 6-plet Partial Compositeness A

P v, 2

2 Of\ 15-plet 6-plet 15-plet
SU@)k |\ Y,

S S

~

[ SU(2),xU(1),

\\W;a dr s tR)/
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Structure of the C2HDM

L = Eelem _l_ ‘cstr _l_ ‘Cmix

Elementary Sector

/~ S0(6)xU(1)y )

Mixing

Strong Sector

/50(6)><U(1)X -

A
A”, ; QE 3 tTR
15-plet 6-plet
4 )
SU(2) xU(1)y

\\W;, dr tR)/

Partial Compositeness

4

Integrate

p and g

A
P

15-plet

o

v,

6-plet

SO(4)xS0O(2)xU(1)y

2

15-plet

~

/

SU(2)xU(1) inv. effective Lagrangian (SM fields + form factors with )

15/19



Structure of the C2HDM

| T ‘l‘ ‘Cmix

Strong Sector

t.l'_ . 2 P . P tF;'
%
Vr i ﬁ0(6)><U(1)x N N
l X
Aﬁa qr, tH > b3
15-plet 6-plet “\,,‘ ’,-"'}
[ su@uoxut),
. W AAAANBNANANANAANANANANBNANANAN, W
e 920 T p /

SU(2)xU(1) inv. effective Lagrangian (SM fields + form factors with )
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Structure of the C2HDM

L = Eelem _l_ ‘cstr _l_ ‘Cmix

Elementary Sector

/~ S0(6)xU(1)y )

Mixing

Strong Sector

/50(6)><U(1)X -

A
A”, v qr, tg
15-plet 6-plet

[ su@)xU(1)y )

\\W;, dr tR)/

Partial Compositeness

4

Integrate

p and g

pﬁa v,

15-plet 6-plet

o

SO(4)xS0O(2)xU(1)y

2

15-plet

~

/

SU(2)xU(1) inv. effective Lagrangian (SM fields + form factors with )

-

Higgs potential (Coleman-Weinberg mechanism)
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Structure of the C2HDM

L = . _ L+ . L[ ..

. @ d%b N
h, T, X

i:i let 6-plet 15-plet

/

factors with %)

-

Higgs potential (Coleman-Weinberg mechanism) 15/19



Structure of the C2HDM

-~

V(®1,82) = m28]®, + m2®id, — {mgqf{% n h.c.}

+2(21®1)2 + 22(®LD2)2 +23(8]81)(®18,) + \a(B]B,)(3]8:)

+25(®]@2)? + Ag(®]81)(B] ) + Ar(®]8,) (2] 1) + hic.

¥J IJICL Al 4 Al

"

s ™\ pp b ‘F‘ b,
SU(2) xU(1)y

\\W;a dr tR)/

Integrate

4

p and g

15-plet 6-plet 15-plet

\ + O(Po) /

3

SU(2)xU(1) inv. effective Lagrangian (SM fields + form factors with )

-

Higgs potential (Coleman-Weinberg mechanism)
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Typical Prediction of Mass Spectrum

E
W, p, — *xf > oo All extra Higgses are decoupled
f v ToV —— - (elementary) SM limit
- 2
Hy H AL ara f
1672
2, 2
m
h~125GeV —  m2 ~ N I
1672
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Correlation b/w f and m,

De Curtis, Delle Rose, Moretti, KY, arXiv: 1803.01865 [hep-ph]

1400 |- éf ____________________ é ___________________________ é ___________________________ é ___________________________ é ___________________________ é _________ - o]
1200} é ___________________________ é ___________________________ é ___________________________ ;mmmtjf?ﬁﬁﬁ _______ fmmm; __________

000 800 1000 1200 1400 1600 1800 2000
f [GeV]
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Correlation b/w m, and ky (= g,w/9mn"M)

De Curtis, Delle Rose, Moretti, KY, arXiv: 1803.01865 [hep-ph]

MSSM: FeynHiggs v2.14.1
1.02 - i

1.00

0.98

= R
v 0.96

0.94 |+

ky = | 1 — § cosf, &= USu
2 " - f?
0.90 ¢ |

200 400 600 800 1000 1200 1400 1600

Ma [GEV]

0.92 |4
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Summary

O Higgs Physics is a “light” to show the scale and direction of the BSM.,

- Particular structure of the Higgs sector appears from the BSM as the LE EFT.

O Bottom-up: precise calculations of the Higgs property (coupling, BRs, ---) in various

us the scale of the 2nd boson and the

55 can be~distingui ' e 2HDM properties,

the C2HDM is much slower than the MSSM.
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Effective Potential

O The Higgs potential can be calculated as
HOa 1_[1

GO R LT

(+ LL-term + RR-term)

N
) (v [ T et Dt — ZNC/ Indet D5’
2 (271')4 (271')4
[ SlIl —J [N £12 sin? ? cos? é |
k? f f
‘ masmz——ﬁsmz—cos ? v_ s (o) B«
I f f 23
2 32 - a? B
h = g S ? i 80—~ (125 GeV)? x (0.20)

16



Little Higgs & (Holographic) CH

Review: Brando, Csaba, Javi, arXiv: 1401.2457 [hep-ph]

f: Composite scale ~TeV

. 2 A2 h4 . h?
V(h) = S (_ah2 U bw) = gou (—a,h2 T bﬁ) (A = 4nf: NDA)

[ ) (246 GeV)’ =0” = %fz (125 GeV)? = m? = 4bg,v? ]

4 Little Higgs Models : a ~ (1/16n2), b ~ O(1) h
Natural VEV,
v~ f/4n, my ~ 2vgg, but tuning is needed for m,,
\§ J
~

4 (Holographic) Composite Higgs Models : a, b ~ O(1/16n2)

Natural m,
v~f,m,~ vg,/2n '

but tuning is needed for v




Explicit Model

Based on the 4DCHM, De Curtis, Redi, Tesi, JHEPO4 (2012) 042

Loem = —gWE W £ G ilD qp + il t

Elementary Sector Strong Sector
4 ) o 4 SO(6)xU(1)y A
SU(2) xU(1)y Mixing — SO(4)x SO(2)xU(1)y
a
WM ’ qLa tR Partial Compositeness pf}, \IJG, E

\_ J - J




Explicit Model

Based on the 4DCHM, De Curtis, Redi, Tesi, JHEPO4 (2012) 042

Loem = —gWE W £ G ilD qp + il t

Elementary Sector Strong Sector
4 ) o 4 SO(6)xU(1)y A
SU(2), xU(1)y Mixing — S0(4)x SO(2)xU(1),
a
WM V) qL ) tR Partial Compositeness pA ° \IJG, E
- Y, " Y,
e )

Loy = V(D — my)P° — U8 (V12 + Y2X2) P8, + hee.

2
_% trpf}upA”" 4 %(pA)”(pA)“‘ + (=-p) interactions

- J




Explicit Model

Based on the 4DCHM, De Curtis, Redi, Tesi, JHEPO4 (2012) 042

g C. oymmetry U653, 83) — CaU(64, 92)Ca = U6, —3) A
\(to avoid FCNCs) i:_} 5:;02 2= deg(LLLLLD
Elementary Sector Strong Sector
4 h 4 SO(6)xU(1)y A
SU(2), xU(1)y Mixing 5 S0(4)x SO(2)xU(1),
WS s 9Ly TR | partial compositeness pd, ¥b, ¥
\ Y " Y
e )
Lo =TI — my) W8 — T8 (V13 + Y252) 06, + b,
_ — gzt P + ” (pM) u(p?)*  + (Z-p) interactions ,




Explicit Model

Based on the 4DCHM, De Curtis, Redi, Tesi, JHEPO4 (2012) 042

4 N
Embeddings into SO(6) multiplets :
6 6
WeeWws qp€qp tr€lg
\§ J
Elementary Sector Strong Sector
4 A o 4 SO(6)xU(1)y A
SU(2) xU(1)y Mixing — S0(4)x SO(2)xU(1)y
a
W,u, » 4L, tR Partial Compositeness pA, \:[16, 3
N Y, " Y,

Liix = (f29p9w )W o + (ALgy ¥, + ARt} ¥Y +hec)




2-site model: Gauge sector

De Curtis, Redi, Tesi, JHEPO4 (2012) 042

Elementary Sector Strong Sector +
Ui — QI@R

SO(5)xU(1)y

122

SO(4)xU(1)y

SO(5)xU(1
(5)xU(1)x SO(5), xSO(5)r = SO(5)y

dip — g@
~3,

SO(5) — SO(4)

2 2
Ez site — P_Q'AA AA”' {%tr‘DﬂUl‘z}{épﬁupApy + %‘Dﬂzﬂi

- = [}
) = 2(fF+f3)
11

m

™ b2

DU, =0,U; - zAATA U; + zUlpATA —> z(Af} — pﬁ)TA

ApA &
D,¥s = (0, — ip, T )Egm—wu



Fermion Sector: 5-plet (MCHMz:)

De Curtis, Redi, Tesi, JHEPO4 (2012) 042

O SO(5)xU(1)y invariant Lagrangian:

Lo site :[Eli—(jiiﬂ qi + Elgf%iﬂi tﬁR] Elementary Sector
[+(ﬁ£§EU1‘I"'R + AL U ¥1 + hee.) ] Mixing

[+ $Lip W — (BLME W, + Y B (S,50) 8, + he)| Strong Sector

O Left-Right structure: One of the solutions to get div. free potential

We! We? tg° 2 flavour case (I, J=1,2)
3 — Minimal choice for
U, 2 UV di .
U iv. free potential.
1
21 __ 21 _ A2 _ A1l __
qs ol g Y* =M = Al = AL =0

12



Explicit Realization: 2-site model

De Curtis, Redi, Tesi, JHEPO4 (2012) 042

Elementary Strong G, : Global SO(5)xU(1)

N
[ U —9g,U; 9,7

Gl ) X GZ X G3 2, 032,
Gauging diagonal part
U,(10=6 + 4) 25(4)
H[SO(4)xU(1
GV Y mixed [50(4) (1)]
4, + 4,

6 + 4, - p¥ 4, (pPNGB Higgs doublet)

6 + 4 NGBs are absorbed into the longitudinal components

of gauge bosons of adj[SO(6)].



S, T parameter

Panico, Wulzer, arXiv:1506.01961

O Contribution from modified Higgs couplings (1-loop)

\! h
W T\ B W, 7 N B
NN N\ AN N
‘;2 E{SJ
3 g° m% - 1n—3 Here, A= m_. =3 TeV
AS = ——-8log| —5 | =14 x107°¢ ' P
1927 mi;

£ = v2/f2

~ 3q'° m2 ]
AT = — .g ¢ log (p) ~—38x1073¢

§ < 0.05 @20 (0.08 @30) f<1.1TeV @20 (870 GeV @30)



S, T parameter

Panico, Wulzer, arXiv:1506.01961

O Contribution from heavy resonances

y. = A /f, m : lightest fermion partner mass




Direct search constraint

ATL-PHYS-PROC-2017-114

E‘ 10 | I | L | L | UL | L | L | | I I O | I L I 1T 171 I Ié

Q. -

E ATLAS Prelimin::'ury1 95% C.L. exclusion limits J

= (s=13TeV,36.1 0" . HYTodelBges

0 1E . — Observed =

> - oo e Expected =

u e 4QQQq N

— - lvqq _
> llgq

T 10 wqq =

3 - ,

g — —

© 102 —

107° = E

:I I L1 1 1 | L1 1 1 | | | | L1 1 1 | I | | L1 1 1 I |*‘l-| 1 I | I [ I 111 1 I I;

0.5 1 1.5 2 25 3 35 4 45 5
my, [TeV




Numerical Analysis

fa gpa le ) YQ y ALa ARa A/I\Ifa A/I&IQ

1

[ Tadpole conditions: T, =T, =0 ]

1

[165 GeV < m, < 175 GeV ]

1

[ 120 GeV < my, < 130 GeV ]

[Input parameters (to be scanned): ]




f VS tanf3

De Curtis, Delle Rose, Moretti, KY, arXiv: 1803.01865 [hep-ph]

T, ~ cg(m? — M?s% + \;v?
B 1 I;

2 2.2 /002
e W Tz ~ s@(mz — M CB —|— Ai’v )

-
.-
b
L)
- - .
4¥
. s @ .
s . '
’ - - - ™ » -
. » . . -
.' . - . - -
' Ay " .. .. .
-~ ~ .
% " . - A - g .
) - ~ s
s ] v 1 | 4
v e ' .
s g k]
«- 0% . » .
ol * - 2

‘.. N Y IO N
AR

3;:.,., \.ﬁ "-

B » .
M- - A N.© i Y
o 85 5NN, A ep t,
\ RS » - g o, o0 .J o %

+ Q!.cl."x‘ % : Y. . d - - 4
"‘\_ - . - P - . . o A - * v n,
f-l.c-..‘-, f-‘.;' t-.(....“x-_‘ s e ,l\ ok o vt




Correlation b/w m, and mass differences

= = NN W
o OO O © O O

200 400 600 800 1000 1200
my [GeV]

My, — My [GeV]

100

o)
o

|
o)
o

-100
-180
-200

my — my [GeV]

200 400 600 800 1000 1200



Masses of heavy top partners

De Curtis, Delle Rose, Moretti, KY, arXiv: 1803.01865 [hep-ph]

C2HDM MSSM

108

2 : 1000 :
122 123 124 125 126 127 128 122 123 124 125 126 127 128

my, [GeV] my, [GeV]



Nalve Dimensional Analysis

\‘*!‘.\‘."' \/(flk pgkg 1 A2p2 ‘\.';. y AQ
‘ )R 16724 SN 16m Y

58



Effective Lagrangian (Fermion)

Kanemura, Kaneta, Machida, Shindou, PRD91 (2014) 115016

Model KV  |CRRVV | Khhh Chhhh Kt Kb |Chhtt |Chhbb
MCHM, T—¢|l—2vI=¢| 1-%¢ ||VT=¢gvI=¢|—-¢]|—¢
MCHMs  |yT—g|1—2¢| L5 [t L) L2 ge) g
o [VT=g]1 2] byt [Epenan] b | ||
MCHMyy |VI—€|1—2¢| H H Fy j,%_if{ Fs |—4¢

MCHMz:.5.10 .-"—1 _{ 1 — EQ b;ii 1—23&;;3_228&'—;3 i,-_lié ,-'—1 _é ——l{ _{
MCHMs 1010 |VT—€|1 - 2¢| 28 | =R R) T—¢|yT—¢| —¢ | —¢
MCHM;5 1410 |v1 = &1 =28 Hy Hy Fy L—¢| Fs | =€
MCHM;0.5 10 T_¢ "y 1 — 2{ iaii 1—?8515‘_228&'—{!3 T—=¢ '2 % _': _4{‘
MCHMio 1410|VI—E|1 - 2¢| H; Ho ==l e s
MCHMu110 |VT=E|1 - 2| 7% | =Rl | e | s | —ag| 4
MCHM;4 510 |vT=€|1—2¢| H; Hs Fy % Fr | —4¢
Fingerprinting is possible among various MCHMs!

15



Effective Lagrangian (Gauge)

Lot D I [IIy(p%) AAAR + 11, (p?) ST A2 AAS)

* P{"w 2)A2 AC 2) 1 177, (n2)] AG Ad
o 5 [Mo(p?) 4547 -I—l[Ho(;D ) + 110, (p )1 A% A3
— Y
_pﬂ 'm2P2 2[};" ( 2 mz)] |
E{‘I‘ QE(PEP—WE.) _T‘|‘ e :;1 7 £ - 2-site model
Le » P21, (p?) + 211, (p?) sin® %]WEWS

2
A a
AM —i»WM

= B_[p211,(0)’ + 111, (0) sin? AIWaW2 + -

1/g2 Vem?
/9 sm Consistent with the NLEM
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Effective Lagrangian (Fermion)

Leg D @3 [Mo(p?) + My (p?)EXT]t3 + h.c.  (+ LL-term + RR-term)

5111 tt' COSs ¢ ~ -~
: qLMl( “)®tR + h.c b — 1P
qLﬁQL \/5 I d’
3, > tp
- Ml (M‘%,l, M\%F’ M12) F(Mé,l,Méz,Mé,z _|_ Y12)
ALAlemgms
2-site model F(mq,mg,m3) = —
(e ) = = ) o7 — ) — o
So)/5 (o) f ALARY '? sin {2 o5 (9
my f f
pz_m \/5 M11M22 :
1—2¢ () S -
p— = f 2 2 : 3 tﬁ'
ghtt/ghtt 1 — £ £ 72 L @ " o " -



Composite 2HDMs

O G/H: SO(6)/S0(4)xS0(2), SU(5)/SU(4)xU(1), Sp(6)/Sp(4)=xSU(2), SO(9)/SO(8)

— 8 NGBs

Mrazek, Pomarol, Rattazi, Redi, Serra, Wulzer NPB 853 (2011) 1-48
- Possible G invariant operators classified by the spurion
O Previous works:  echnique in the SO(6)/S0(4)xSO(2) model.

De Curtis, Delle Rose, Moretti, KY, arXiv: 1803.01865 [hep-ph]

- 2-site model is implemented in the SO(6)/S0(4)xS0O(2) model

- Unbroken (Dark Matter )

_ - Spontaneously broken
O Z,-like symmetry 7 (No FCNC; light extra Higgses)

in the strong sector
g - Hardly broken:

==

(Yukawa Alignment; heavy extra Higgses )
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