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Composite Higgs Models

* Higgs as pNGB
* SM partner as HyperBaryons
* Asymptotically Free Theory



Composite Higgs Models

‘ Guc ‘ (0 ‘ X ‘ Restrictions | —qy/qy | Yy ‘Non Conformal| Model Name
Real Real SU(5)/SO(5) x SU(6)/SO(6)
SO(Nyc) 5x Sy 6xF Ny > 55 |2uet2) | /3 /
SO(Nuc) 5x Ad 6xF Nyg > 15 |2ue=2) | /3 /
SO(Nuc) 5xF 6 x Spin Nuc=79| 2,5 | 1/3 | Nuc=1,9 M1, M2
SO(Nuc) 5 x Spin 6xF Nuc=79| 2,3 2/3 Nuc =17,9 M3, M4
Real Pseudo-Real ~ SU(5)/SO(5) x SU(6)/Sp(6)
Sp(2Nuc) 5x Ad 6xF 2Npe > 12 [2uctl | /3 /
Sp(2Nue) 5% A 6xF 2Npe >4 [2Muc=D | q/3 2Nuc =4 M5
SO(Nuc) 5xF 6 x Spin Nuc=11,13| 2, & | 1/3 /
Real Complex SU(5)/S0(5) x SU(3)%/SU(3)
SU(Nuc) 5x Ag 3 x (F,F) Npyc =4 s 1/3 Npyc =4 M6
SO(Nuc) 5xF 3 x (Spin, Spin) | Nuc = 10,14| 3. 2 | 1/3 Npuc = 10 M7
Pseudo-Real Real SU(4)/Sp(4) x SU(6)/SO(6)
Sp(2Nuc) 4xF 6 x Ay 2Nuc <36 |gmmo—yy| 2/3 2Nuc =4 M8
SO(Nuc) 4 x Spin 6xF Nuc=11,13| 8, 1 | 2/3 Npc =11 M9
Complex Real SU(4)2/SU(4) x SU(6)/SO(6)
SO(Nyc) |4 x (Spin, Spin) 6xF Nuc = 10 8 2/3 Nuc = 10 M10
SU(Nuc)| 4x (F,F) 6 x Ay Nyc =4 2 2/3 Nyc =4 Mi11
Complex Complex SU(4)2/SU(4) x SU(3)2/SU(3)
SU(Nuc) 4 x (F,F) 3 x (Ag, Ay) Nyc >5 m 2/3 Nuc =5 M12
SU(Nuc) 4 x (F,F) 3 x (S2,Ss) Nuc >5 m 2/3 /
SU(Nuc)| 4 x (Ag,As) 3 x (F,F) Nyc =1 4 2/3 /
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Means

Partially unify HC and SM
High scale scalars to break the gauge group

4-F are generated automatically (gauge + scalars)

Goals

Generate 4-F
In a well defined theory
Target at low energy a Composite Higgs scenario

Realistic Flavor structure
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Fermion Content

SU(8)ps SU(2)g
8 1
8 2
70 = Ay 1
1 1
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Higgs Components

Fermion Content

Lisya
w=| &

Iz

Partial Compositness

SU(S)PS SU(Q)R
8 1
D, -
R 8 2
I/R -
- ) 70 = Ay 1
1 1
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4-F . Gauge Mediation

- )
QCD

Leptons

[Quork—Lep’ron mass splitting !]
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Scalar Mediation ?

We add Yukawa couplings:

[ﬁ

Yy — —[LNNN )\@.T‘I’N I,L-—u_n_a )\\p._,\IJ._.
— A@LQ@ Q) — )\@RT@T AATA._. -+ C.cC.
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Scalar Mediation ?

We add Yukawa couplings:

Ly =—unvNN — A TPN — p==2= — Ay ZVE=E
— /\@LQ@ Q) — )\@RTQT — AATA._. -+ C.cC.
1 SM field 0 SM field
Pi (471)—% (473)% (473)—% (571)0 (571)*1 (573)% (573)—% (471)% (473)% (473)—% (571)0 (5’1)*1 (573)% 1
Qe Q (L3lL) (L3qz) - - L°L°)
YOY | (U3v%) | (U3t - - - - - - UiD3)
(DSTR) (D3b%) - - - - - - - -
SUE - - - - - (xDy) - (Ut Dy)
(Uex)
(xn) (nX) (n1)
(x1) (x7)
TA*E EUtVE’%a; (Dpt®) | (Dpby) xU3) | (Dy) | (UG | (U:Dy) | (UF)
UtTc
) | s | s | ods) | Gas) | ) | (e w03 | )
(b%) | (i) | (n7h) ) | (xvk)




Scalar Mediation ?

We add Yukawa couplings:

Ly = —unNN = A TON — === — \y=ZUE
— /\@LQ@ Q) — )\@RTQT — AATA._. -+ C.cC.

1 SM field 0 SM field
Pi (4 < (473)% (473)—% (571)0 (571)*1 (573)% (573)—% (471)% (473)% (473)—% (571)0 (5’1)71 (573)% 1
QO*Q '(L3ZL>) (LBQL) - - - - - _ _ _ (L3L3)
TOY TR | (Uitk) - - - - - - - - (UiD;)
(D37R) | (Dab%) - - - - ; _ i i
SUE |- : - - - - - 0Dy | - | (UDy)
(Ux)
(xn) (nX) (n1)
(x1) (x7)
TA*E EUtV%»,; (DtR) | (Dobg) - xU3) | (Dy) | (UG | (U:Dy) | (UF)
UtTc
) | s | s | ods) | Gas) | ) | (e w03 | )
(170%) (nvg) (n7f) ) | (xvk)




Scalar Mediation ?

We add Yukawa couplings:

Ly = —unNN — A YOPN — p=== — Ay ZVE=E
— /\@LQ@ Q) — )\@RTQT — AATA._. -+ C.cC.
1 SM field 0 SM field
Pi (471)—% (473)% (473)—% (571)0 (571)*1 (573)% (573)—% < (473)% (473)—% (571)0 (5’1)*1 (573)% 1
0070 (L3lL) (L3q1) )] - _ (L3L3)
TOY | (Ujv (Ut5%) - - - — - - (U$D3)
(DSTR) (D3b%) - - - - - - - -
SUE - - - - - (xDy) - (Ut Dy)
(Uex)
(xn) (nX) (n1)
(x1) (x7)
TA*E EUtV%g (Dpt®) | (Dpby) xU3) | (Dy) | (UG | (U:Dy) | (UF)
UtTc
) | s | s | ods) | Gas) | ) | (e w03 | )
(170%) (nvg) (n7f) ) | (xvk)




Scalar Mediation ?

We add Yukawa couplings:

Ly = —unNN = A TON — === — \y=ZUE
— /\@LQ@ Q) — )\@RTQT — AATA._. -+ C.cC.

1 SM field 0 SM field
Pi (471)—% (473)% (473)—% (571)0 (571)*1 (573)% (573)—% (471)% (473)% (473)—% (571)0 (5’1)*1 (573)% 1
2070 | (L) | (Lqr) - - - - - : : i °L°)
TOT ((Ugy;;)) (U3t5,) - - - - - - - - U3 D7)
(D37R)) | (Dab%) - - - - ; _ i
SUE | N (xDy) - (U Dy)
(Ux)
(xn) (nX) (n1)
(x1) (x7)
TA*E EUm%i (DotR) | (Dobf) - xU3) | (Dy) | (UG | (U:Dy) | (UF)
UtTc
) | s | ) | oes) | (s | s | Gus) D3 | U
(70%) (nvg) (n7f) ) | (xvk)




Scalar Mediation ?

We add Yukawa couplings:

Ly = —puyNN — AgTON — === — \yEUE
— /\@LQ@ Q) — )\@RTQT — AATA._. -+ C.cC.
1 SM field 0 SM field
i | (41) 1| (43)2 | (43)_s | (5,1)0 | (5,1)-1 | (5,3)z | (5;3)_1 | (4, 1)1 | (4,3)2 | (4,3)_5 | (5,1)0 | (5,1)-1 | (5,3)2 1
Q0" Q (L3lL) L3q1) : : 3 | - : (L°L7)
YOY | (U3v%) | (U3t - - - - - ( - ) - - UiD3)
(DSTR) (D3b%) - - - - - - - -
SUE } ; - - - - - SN—""1 (xD») (U:Dy)
(UX)
(xn) (nX) (n1)
(x1) (x7)
TA*E EUtV%g (Dot%) | (Dyb%) xU3) | (Dy) | (UG | (U:Dy) | (UF)
UtTc
) | s | s | ods) | Gas) | ) | (e w03 | )
(170%) (nvg) (n7f) ) | (xvk)




Scalar Mediation ?

We add Yukawa couplings:

Ly = —unNN — A YOPN — p=== — Ay ZVE=E
— /\@LQ@ Q) — )\@RTQT — AATA._. -+ C.cC.
1 SM field 0 SM field
Pi (471)—% (473)% (473)—% (571)0 (571)*1 (573)% (573)—% (471)% (473)% (473)—% (571)0 (5’1)*1 (573)% 1
06 0 (L3lL) (L%q1) - - (L3L3)
YOY | (U3v%) | (U3t - - - - - - UiD3)
(DSTR) (D3b%) - - - - - - - -
SUE - - - - - (xDy) - (Ut Dy)
(Ux)
(xn) (nX) (n1)
(x1) (x7)
TA*E Egigi (DotR) | (Dobf) /.\ - xU3) | (xDy) | (UUY) | (UDg) | (aU3)
%) | (%) | %) [ %) ) (%) | (%) | (tR) (xD3) | (xUD)
Giti) | (i) | i) N/ Grh) | G




Scalar Mediation ?

We add Yukawa couplings:

Ly =—unvNN — A TPN — p==2= — Ay ZVE=E
— /\@LQ@ Q) — )\@RTQT — AATA._. -+ C.cC.
1 SM field 0 SM field
Pi (471)—% (473)% (473)—% (5,1)0 | (5,1)—1 (573)% (573)—% (471)% (473)% (473)—% (5,1)o (5,1)—1 (573)% 1
Qe Q (L3lL) (L3qz) - - L°L°)
YOY | (U3v%) | (U3t - - - - - - UiD3)
(DSTR) (D3b%) - - - - - - - -
SUE - - - - - (xDy) - (Ut Dy)
(Uex)
(xn) (nX) (n1)
(X7) (x7) 7/~ N\
TA*E EUtVE’%a; (Dpt®) | (Dpby) xU3) | Dy) ((WUp)| U:Dy) | (aUg)
UtTc
) | s | s | ods) | Gas) | ) | (e w03 | )
(b%) | (i) | (n7h) (xmr) | (xvg)




Scalar Mediation ?

. AL = =3
We add Yukawa couplings: >y (UT,)(xb%)
P4
Ly = —unNN = A TON — === — \y=ZUE
— /\@LQ@ Q) — )\@RTQT — AATA._. -+ C.cC.
1 SM field 0 SM field
Pi (471)—% (473)% (473)—% (571)0 (571)*1 (573)% (573)—% (471)% (473)% (473) 5 (571)0 (5’1)71 (573)% 1
BERY (L3lL) ) - L°L°)
TOT | (3o | (07) : - - 1 - DY)
(Dirg) | (D3 | - : : : : — : :
ZUZ - - - - - (xDs) - (UDy)
(UX)
(xn) (nX) (nm)
) | () /~N\
TA*E EUtl/E’%a; (DotR) | (Dpbg) - U3 | Dy [((UUD)| (UDy) | (aU3)
UtTc
@) | ) | o) | 0w | i) | @) | ) @03 | )
(110%) (nvg) (nT%) xtg) | (vg)




Scalar Mediation ?

. AL = =3
We add Yukawa couplings: >y (UT,)(xb%)
P4
Ly = —punyNN — A YON — === — Ay ZUE
— /\@LQ@ Q) — )\@RTQT — AATA._. -+ C.cC.
1 SM field 0 SM field
Pi (471)—% (473)% (473)—% (571)0 (571)*1 (573)% (573)—% (471)% (473)% (473) 5 (571)0 (5’1)71 (573)% 1
0670 (L3lL) (L3qr) - °L7)
TOT | (3o | (07) : - - 1 - DY)
(Dirg) | (D3 | - : : : : — : :
SUE - - - - - (xDs) - (UDy)
(UeX)
(xn) (nX) (n1)
(x1) (x7)
TA*E EUtV%g; (DotR) | (Dpbg) U3 | xDy) | (GU3) | (UD3) | (7U3)
UtTc
) | o) | e | o (e )| G | s @0 | (U
(170%) (nvg) (nT%) ) | (xvk)




Scalar Mediation ?

. AL = =3
We add Yukawa couplings: >y (UT,)(xb%)
Pa
Ly = —unNN — AgTON — === — \yEUE
— /\@LQ@ Q) — )\@RTQT — AATA._. -+ C.cC.
1 SM field 0 SM field
Pi (471)—% (473)% (473)—% (571)0 (571)*1 (573)% (573)—% (471)% (473)% (473) 5 (571)0 (5’1)71 (573)% 1
SERY (L3lL) ) 5 L°L°)
TOY | (Ujv (Ut5%) : - : - - - (U$D3)
(Dirg) | (D3 | - — : : : : : :
SUE - - - - - (xDy) - (Ut Dy)
(Uex)
(xn) (nX) (n1)
xn) | (x9) —\
TA*E EUtl/E”z; (Dpt®) | (Dpby) xU3) | Dy | Uy |(((U:D)Y| (1Ug)
UtTc
Gty | g | o) | oas) | Gas) | o) | s w0 | G
(b%) | (i) | (n7h) (xmr) | (xvg)




Scalar Mediation ?

We add Yukawa couplings:
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We add Yukawa couplings: M2 cs (T T) (%)
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Scalar Mediation ?

We add Yukawa couplings: 4 AA 7T
p g . 5 C4 (U t U d)(
P4
Ly = —unNN - AgTON —pzZ= —Agzvz | | 7 2
— Xor00"Q — AorTOT — AATAE + c.c. 72 6 (UeDy)(
\ ¥5

1 SM field 0 SM field




We add Yukawa couplings:

Ey = —p,NNN )\@T‘I’N /J,_.__,

Scalar Mediation ?

Ag=V= AQA
— /\@LQ@ Q) — )\@RTQT AATA._. -+ C.cC.
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Scalar Mediation ?

* We can have top-bottom mass splitting !

* Masses and mixing of the scalars — complete study

* Size of the Yukawa couplings —

of the potential ---

constraints from HF masses
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HyperfFermion Masses

e Relevant for HyperColor Dynamics, low energy symmetry breaking pattern
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HyperfFermion Masses

e Relevant for HyperColor Dynamics, low energy symmetry breaking pattern
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HyperfFermion Masses

e Relevant for HyperColor Dynamics, low energy symmetry breaking pattern

Ao TOPN D )\@U%SV%N
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Fermion Masses

* Quark-Lepton — masses of HF / massive gauge bosons
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Fermion Masses

* Quark-Lepton — masses of HF / massive gauge bosons
* Top—Bottom — Different running 4F-Operator / Scalar Mediation

* What about neutrinos ?
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Fermion Masses

* Quark-Lepton — masses of HF / massive gauge bosons
* Top—Bottom — Different running 4F-Operator / Scalar Mediation

 Neutrinos — Inverse seesaw mechanism
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So far so good

* UV completed the 4F (with scalars and gauge bosons)
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So far so good

UV completed the 4F (with scalars and gauge bosons)
Generate mass for the entire family
Mass Hierarchy between the fermions

Large window to get Conformal Dynamics

[How can we generalize that for the 3 families ? }
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Fermion Content

SU(8)ps

Ly g

qr 8

lp

L .
U, D,
da”  ug? R
e%p l/fzp 3

X P cs) 70 = Ay
X p 7 w

NP 1

SU(2)r
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Rank of the Mass Matrix
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Rank of the Mass Matrix

e Each species of fermion, t, b, 7, v, getsits own mass matrix :
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Rank of the Mass Matrix %)

e Each species of fermion, t, b, 7, v, getsits own mass matrix :

(Or10r1) (Opr10r2) (Ogr10pr3)
(Or20r1) (Ogr20r2) (Ogr20rs3)
(Or3Or1) (Ogr3Or2) (Ogrs3Ors)

e 3 families if rank 3 !

OLa, — yL,aOL ORa — yR,aOR — rank 1

? ?

e We need different Baryonic Operators. How can we generate them ?
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3 Flavors

* Gauge mediation
* Scalar mediation

« New O , scalar mediation
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3 Flavors

Gauge mediation
Scalar mediation
New © . scalar mediation

New A7 , or Loops induced

+1
+ 0
+1

+1
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So far so good

UV completed the 4F (with scalars and gauge bosons)
Generate mass for the entire family
Mass Hierarchy between the fermions

Large window to get a Conformal Dynamic
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So far so good

UV completed the 4F (with scalars and gauge bosons)
Generate mass for the entire family

Mass Hierarchy between the fermions

Large window to get a Conformal Dynamic

Enough ingredients for a Flavor Structure

24



What is next ?

* Study of the complete potential
* Lafttice input

* Well running of the gauge coupling
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Alternatives ?



A-F=Scalars, scalars, scalars...
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Naturalness ?

e Push the scalar mass close to the Planck scale

* Make use of the Large N
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Naturalness ?

3 %az{ll
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B

Naturalness ?

F(a)

2
™~/ | |
N

(87 i

Strong coupling regime

12
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A-F=Scalars, scalars, scalars...

-
* Use of a scalar to generate 4-F

* Or gauge mediation, which requires scalars the breaking...

J

\ '
Only possibility ??

* Tumbling Theories :

* Composite Mediator ?

G—HCG, (Vp,¥p,)#0
R{ ® Ry is only H invariant

24



Thank you |



Set-Up 2

Low energy farget M8 — Global Symmetry Pattern SU (4) /Sp(4)

Fundamental : 4 ¥
AntiSymmetric : 6 X

Y | SU@2)L |UQ)y

L[ 2 0
@® -(Lv) = (LD) vl 1/2

D| 1 | -1/2

17



Strong Dynamics 9

Y Fundamental : Ug, Dy, Uy, Dg, L, 7, 1,
4 + 2 + 6 = 12 HyperFermions

o How many are light ( < Ao )?
%[G—SU(TL), n < 12] L + 2neutral

~

X AntiSymmetric: X, X =6 HyperFermions

[ Need Lattice Input !!]
Analytic tools : (PS & SD) —

20



4-F . Gauge Mediation

Step Breaking Pattern
2
\
PS SU(S)pSXSU(Q)R—)SU(7)EHOXU(1)E E,LL . M% — gPS (/U]\;%HC)Q
\ 4
2
EHC SU(N gre — SU@)cre x SU3)e x U(1) x , 2o  9ps, w d \2
‘ Cu = Mg = e (vEHC + UpS)
CHC SU(4)CHC’ X U(l)X X U(l)E — Sp(4)HC X U(l)y

/7 N\

2 _ _ _ 1 1 - ~ -
Lxinetic D — 2B ([350qy, — 75,61 D3 — b5 U3) ( 5X0,Ur — 5Dy, — 15, + X0l
2M, 2 2
g%’S EB—,LLZ —C —uDS — —MU?) 1—— ~ 1—— ~
_2M(27 ( 0"l —VrrO" V), —TRO d) —§X<7u77 — 5770;0(

[Quark—Lep’ron mass splitting !]

)
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HyperfFermion Masses

My 5y =Myo < Ape
My, p < Amnc
M, < Amc
My < O(10)Agc

This is possible !

l

(only Aa can be large)

27
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