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The main question for the LHC:
What is the Nature of EWSB ?




The main question for the LHC:
What is the Nature of EWSB ?

The answers from LEP:
@ If strong-sector, S must be tuned

@ Higgs model is fine for a light Higgs

® Not light enough though, SUSY in trouble

(need for more complicated/tuned versions)




One possible interpretation:

EWPT Hierarchy Problem

s
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The Higgs exists, but it is Composite




The PNGB Higgs
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__| Strong Sector
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Constraints (fromp=1) onG/H:
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TS0 so) 1 e
O(6) SO(4) x SO(2) 8 4i0+4 2 =2x(2,2)

CTHDM

Sp(6) Sp(4) x SU(2) 8  (4,2)=2x(2,2),(2,2)+2x (2,1)
U(G) SUM4) x U(1) 8 4 5+4,5=2x%(2,2)

Georgi-Kaplan —eeepSU(5) SO(5) 14 14 = (3,3) +(2,2) + (1,1)




The PNGB Higgs

G/H
Strong Sector

9p> My
Adopt the simplest description of the Strong Sector:

One Coupling: g, Large-N: 9p ~ Am/V N
Y
One Mass: m, Explicit Realization:  Hd




The PNGB Higgs

G/H
Strong Sector

e
One Coupling: g, 9y 2
i Tuning = 72 <1
One Mass: my P
m,=-—=v




The PNGB Higgs

G/H
__| Strong Sector

Elementary Fields

gp7 mp

SM fermions and gauge fields are elementary d.o.f.

Not the tRr, it might be totally composite




The PNGB Higgs

Elementary Fields

YL, Yr

gsm - VYo - O =

G/H
Strong Sector

gp7 mp

Elementary-Composite Couplings:

gA,J"

Y. RfL.ROL.R

We adopt partial compositeness for fermions




The PNGB Higgs

YL, Yr G/ H
Elementary Fields Strong Sector
9,49 Gpr M,

We also assume gsn is the only Qj source

9 — 93
V(1) = 167r2 (Z g5 P (IL/f) + 167‘(‘2 Z 950 - Fp, (IT/ f) + higher loops>
n=1

(00Yx1/g, W

gsm gsz\i|_gszvf gSM_l_ gSM/‘\gSM
gsu gsm
gsm gsm U




The PNGB Higgs

YL YR G/ H
Elementary Fields Strong Sector
9,9 Gpr M,

We also assume gsn is the only Qj source

167r2 (Z gSM o Fin(IL/f) + 167‘(‘2 Z gSM - Fp, (IT/ f) + higher loops>
n=1

Spurion power-counting will fix the F's:

Higgs potential strongly constrained




Tree-Level contribution to S :
2 7 1
m

~ m 2
— ~ o S——SO-Olg
2 gp f2 f2 P

S ~
Best case: O = (2,2)3/3, Op = (1,1)3/3

ogp Y7 N N.yj
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Extra pressure fromogy:
yr, ~ Yy

Y: >~ yryr/9, i~ g
P




L — R

Avoided by P; r symmetry: b b
L — 0L

brilpbr, + b 0L+ 0r R+ dx X by,
Pr.r plus unbroken sym. == 0;, =0p=0x =0

Do we really need another symmetry !




NO, P; r is accidental !
Use the SO(4)/SO(3) symmetry:
(yr)aar O1 =Qa Of

V; = QAU;L; N = QAU:M
O = zﬁ&“(@u + 5M>¢ Oy = 775”“3#77
O3 = iotnDyy, [ Oy = 152'5“%77@6%]

/

Can this term emerge with the full symmetry ?




NO, F; R is accidental !
Use now the full SO(5)/S0(4)

Wlth OL — 52/3:
i = QaUy, n=QaUj:

cannot use the € tensor !

Reduction of 0 gy / gy allows larger yr ~ /Y19,




Two Composite Higgses

Two guidelines for model-building:

® Custodial SO(3). can be broken by the VEVs

®Second Higgs is a possible new source of FCNC




Two Composite Higgses




Two Composite Higgses

Three ways to control 1

(¢17 ¢27 ¢37 ¢4) — (_¢17 ¢27 _¢37 ¢4)
(1€ 50(4) :

(or, H — H*)




Two Composite Higgses

Three ways to control 1

(¢17 ¢27 ¢37 ¢4) — (_¢17 ¢27 _¢37 §b4)
(1€ 50(4) :

(or, H — H*)

Acts like (U, also on the EVV bosons

(' is broken by fermions, we impose C{ P=CP




Two Composite Higgses

Three ways to control 1

Hr . Pl
b? — — P2
Cy = Ps in SO(6)/50(4) x SO(2)

Accidental (s in 2-der. o-model

If unbroken, (5 leads to Inert Higgs




Two Composite Higgses

Three ways to control 1

®; — LO:R!
Extended Custodial: ;
SO(3).is preserved by the VEV

Mechanism at work in the ren. THDM

Realized in Sp(6)/SU(2) x Sp(4)




Two Composite Higgses

Higgs-Mediated FCINC:

Renormalizable effects:
qr (Y{"Hy + Y3 Ho)ug + @ (Y{*Hy + Y5 Hs)dr

Solution is restore MFV by:

type ur dr egR
I + o+
i) Symmetry: (5 ===l I
Y

+

+ o+

_|_

ii) Ansatz: (uv-motivated) Y* oc Y, Y oc Y

(type-lll)




Two Composite Higgses

Higgs-Mediated FCINC:

Effects of compositeness: (for | or 2 Higgses)
g (Y'H + Y3 HHYH/f* + .. ug

Solution is again MFV: (Agashe-contino)

g (Y HE,(HTH/ f2))ur

Enforced by (7 selection rules




Two Composite Higgses

Higgs-Mediated FCINC:
Lmix = (fL) ( ) L OIfL + (fR)(yR)IfR OIfR

U = (fr)a(yr™) Ve /g, VRV = (fR)(YR)R /9,

UTW transforms as in H.
SO(5)/S0(4), {5,5} =—p 2—1=1

SO(6)/SO(4) x SO(2 {20 1}  =—p 1
SO(6)/S0(4) x SO(2), {6,6} = 3 — 1 —j—il




Explicit Models

SO(6)/S0(4) x SO(2)

Two doublets: ¢ = {P*, P2}
[ Ogxq | P @2
1 :
P ) e
1 V2 Y O2x2




Explicit Models

4
v M Z 1 LR TP
1672 (gg)nL—l—nR - ) nrp,MR

np,nNr

The potential terms are H-invariants made of Y.




Explicit Models

Model A : {ro, rr} = {20/, 1)

200 = (9,1)® (4,2)® (1,2) ® (1,1)
® we impose (7 P to align the VEVs
® unique generalized Yukawa

® multiple g1 embedding (pick one)




Explicit Models

Model A : {ro, rr} = {20/, 1)

200 = (9,1)® (4,2)® (1,2) ® (1,1)

Intrinsic || Residual

accidental symmetries !

Parity SO(4)
Cy | C1P

— 20/
YL | T} = daydps(Ty )7
20/- -----------------------------------------------------------------
T =eaydp(Xp ) = — X
I} = eardiy(T )8 || — | — X




Model A : {ro, rr} = {20/, 1}

-

N\

® accidental C; and SO(4)in the potential
® accidental 5 in the top Yukawa

® broken (C, in the other Yukawas

~

\

Almost Inert Higgs




Explicit Models

Model A : {ro, rr} = {20/, 1)

Operator | 7V | 72 | T From the “explicit” potential:
1 5)
o2~ vl _59% v . v
: ® check that it is tunable (—<1)
mi /2 | 1 1 1
may/ f? 0 0 L PY d . .
2 erive constraints on the spectrum
2 11 2
Mo T3 a0 | T3
1 N, YL 3
A2 0 T mi ~ (6 2ngpr ~ (100 GeV)? (1) (N)
1 1
A3 0| 5 | 3
2| 4| 1 N, 2 (3 (0.25
Mo -3 7B | 3 mh, ~ T SSRgR 7 ~ (200 Gev)? (2F) (N) (T
A 0 0 0
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Explicit Models

Model A : {ro, rr} = {20/, 1)

Operator | 7V | 72 | T From the “explicit” potential:
1 5
63X | Vi | —3vi| ui

(V)
U I ® check that it is tunable (—<1)

ma/f* | 0 0

® derive constraints on the spectrum

Moo -2 -= | -2

3 30 3

1 MY — Mire M, 2
A2 0 0 —— 2 = 32 + 3€ ~ &
) 112 My My
s 0| —— | —=
/

20| 4 1 Mg+ —MmAa v g 1 §
Ay —— | -—= | -3 ~ | = — | ~0.03(— ——

3 15 2 mr gauge f Yr, UL 0.25




Explicit Models

Model B : {ro, rr} ={6, 6}

6 =—(4,1)®(1,2)

® we impose (Y
® unique Yukawa because of ()
® unique embedding (again, C5)

® sives the Composite Inert Higgs




Explicit Models

Model B : {ro, rr} ={6, 6}

Peculiarities of the potential:

® not tunable at the LO

® accidental C'| P at NLO

® accidental SO(4) at LO




Explicit Models

Model B : {ro, rr} ={6, 6}

Spectrum:

9p

— y2
mh 167

3
2 2




Explicit Models

Model B : {ro, rr} ={6, 6}

Spectrum:

mg+ — A

LARRN Jy )
NLO (?) %_0.03 3 (0.25

mpg+




Conclusions

Realistic composite THDM are easily constructed

Our examples have peculiar phenomenology,
because of the many accidental symmetries

Some progresses on the general understanding
of the scenario, better use of symmetries




Two Composite Higgses

Higgs-Mediated FCINC:

Effects of compositeness: (for | or 2 Higgses)
g (Y'H + Y3 HHYH/f* + .. ug

These operators are generated by

Lix = (fL)alyr®) "z Ory, + (fr)(yr)"/r Oty

yr yr N i J N
=220. Y1Z,'73 = IR a,?,3 = gpy_Ly_R X al 3
YR YR Yp 9o 9p




Two Composite Higgses

Higgs-Mediated FCINC:
Effects of compositeness: (for | or 2 Higgses)
CjL(YfLIjI + K),uﬁHTH/fQ + ... )UR

- g,
AS = 2 transitions: GLERGIEGE . f4 (foRfoR>
my,

v.S. resonance effects:

YL YL e o 95

€L€R€L€R (foRfoR)
YR P YR




