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Higgs as a (composite)
PNGB
Idea:

Strong dunamics al TeV scale or so

- provide a natural cut—ott fo the

‘theOVl{r \l/

General expeclalion:
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( Higgs as a (comgoéﬁe)
PNGB
How to keep The Higgs light:

Higg_s as a
seudo Goldstone Boson

G 3 H he G/H + explicit breaking

(exactly massless it True NGB)

giving h mass @ loop level
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The (PNGB) Higgs program

. Pick G conTaining SU(2)xV (1)

. Pick H so that 4/H contains (at least) one
(2,2) ot sU(2) xSU(2),

Once the cosel is assigned,

the qgauge secfor is fixed




‘ The (PNGB) Higgs program

Fermionic sector:

PARTIAL COMPOSITENESS paradigm
L= wSM)\iJ\PJ — ‘PSM‘I%
Higgs inTeractions:
_ .,C C SM SM
' L=vyv;YHVE — VY HUS

|

Integrale out

composife termions
D e —— =
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Minimal example

G H Ng NGBs rep.[H| = rep.[SU(2) x SU(2)]
— 50(5) SO(4) 4 4=(2,2)

SO(6) SO(5) 5 5=1(1.1)+(2,2)
SO(6) SO(4) x SO(2) 8 4d,.0+4 45 =2x(2,2)
SO(7) SO(6) § 6 =2x(1.1)+(2.2)
SO(7) Go 7 =(1,3)+(2,2)
SO(7) SO(5) x SO(2) 10 100 = (3,1) + (1.3) + (2.2)
SO(7) (SO(3))? 12 (2,2,3) =3 x(2,2)
Sp(6)  Sp(4) x SU(2) &  (4.2)=2x(2,2),(2.2) +2x (2.1)
SU(5) SU(4) x U(1) 8 4 5 +4.5=2x(2,2)
SU(5) SO(5) 14 14 = (3,3) + (2,2) + (1.1)

Agashe, Contino, Pomarol 05
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G H Ng NGBs rep.[H| = rep.[SU(2) x SU(2)]
SO(5) SO(4) 4 4=(2,2)
— 50(6) SO(5) 5 5=1(1.1)+(2,2)
SO(6) SO(4) x SO(2) 8 4d,.0+4 45 =2x(2,2)
SO(7) SO(6) § 6 =2x(1.1)+(2.2)
SO(7) Go 7 =(1,3)+(2,2)
SO(7) SO(5) x SO(2) 10 100 = (3,1) + (1.3) + (2.2)
SO(7) (SO(3))? 12 (2,2,3) =3 x(2,2)
Sp(6)  Sp(4) x SU(2) &  (4.2)=2x(2,2),(2.2) +2x (2.1)
SU(5) SU(4) x U(1) 8 4 5 +4.5=2x(2,2)
SU(5) SO(5) 14 14 = (3,3) + (2,2) + (1.1)

Gripaios, Pomarol, Riva, Serra 09




. and beyona
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SO(4) = SO(2)
SO(6)

Ga
SO(5) % SO(2)
503
Sp(4) x SU(2)
SU(4) x U(1)
SO(5)

4 4 {2,2}

5 5=(1.1) + (2,2)

8 4,.0+4 o =2x1(2,2)

6 6 =2x(1.1)+(2.2)

7 =(1,3)+(2,2)

10 100 = (3,1) 4+ (1.3) + (2, 2)

12 (2,2,3) =3 % (2,2)

8 (4,2)=2x(2,2),(2.2)+2x(2.1)
8 4_5+4,.5=2x(2,2)

14 14 = (3.3) + (2,2) + (1,1)

Mrazek, Pomarol, Rattazai,
Redi, Serra, Wulzer 11




M= —
. and beyona

G H Ng NGBs rep.[H| = rep.[SU(2) x SU(2)]

SO(5) SO(4) 4 4=(2,2)

SO(6) SO(5) 5 5=(1,1)+(2,2)

SO(6) SO(4) x SO(2) 8 4.0+4_5=2x(2,2)

SO(T) SO(6) 6 6=2x(1,1)+(2.2)

SO(T) Go 7 =(1,3)+(2,2)

SO(7) SO(5) x SO(2) 10 100 = (3,1) + (1,3) + (2,2)

SO(7) (SO(3))? 12 (2,2,3) =3 x(2,2)

Sp(6)  Sp(4) x SU(2) 8 (4.2)=2x(2,2),(2.2)+2x(2.1)
— SU(5) SU(4) x(U(1)) 8 4 5+4.5=2x(22)

SU(5) "-}D( ) 14 14 = (3.3) +(2,2) +(1,1)
—>S0(9) S0(s) g 8 = (2,2), + (2,2)_

Berfuzzo, De Sandes, Ray, Savoy 12
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( C2HDMs TSSUES
.« At tree level AT # 0 —

. Higgs mediated FCNC More on this lafer
- 2bb coupling \j
All termions with same
guantum numbers coupled

to only one Higgs doublet
' qr < (27 2)2/3

Agashe, Contino, Da Rold,
Pomarol os

Glashow, Weinberg 77
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( A defour: how To write
a non linear lagrangian

TwWO Ways:

. CCWZ procedure Callan, Co\gmam,
Wess, Zumino &9

. Using a_vector fo ‘linearly” realize the
l s%mmefq




Second method

Paramelrize the breaking as

G%Hl XHQ, Ho :@,U(l),SU(Q)

Detine a matrix:
u = e/ Ty

/

NGB malrix

B, De Sandes, Ray, Savoy 12

N

Nxp matrix,
N=dim(fundamental 6),
p=1 tor @, L(1),

p=2 Tor SO(2), SU(2)
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Second_method
ProperTies:
U — guhg
Possible invariants (with Tfwo derivatives):
trout 0"u = truld,UT0"Uug
tru' O, udtulu = trugU‘L@MUuouga“UTUuo




Second method

Strategy: To construct the invariant
lagrangian, combine the Two invariands
so To obtain the CCWZ lagrangian:

L = tr@uuT OHu + mtru‘Lé’Mu OFulu

/

Depends on the group considered




( Extended cosels
-S0(6) /S0(4)%x50(2)

L =tr (QuuT OHu — ut 0, u 8“quu,)
5p(e) /sp(4)xsp(2)

L =tr (c?}ufufr OHu — d,ulu uch?”u)
SU(5)/SU(4)IxV(1)]

L =tr ((%uT oHu — [%} u'd,u 8“/&%)

eS0(4)/S0(s8)
L = (%uT OHu

N e = T




W e e — E— e
Back 1o the T—problem
L = tr (Qujz,fr OHtu — lﬁquf@Mu 8“u7u)

Mass ot gauge bosons:

2
Map — uH{TA TP Y — ku'TAuu TPy

/ \

SM—like Breaking of
custodial symmeftry

dgAdB




( Back 1o the T—problem

«SO(6)/S0(4)xS0(72)
L =tr (9,u’ OHu—u' dudrutu) K

Sp(6)/Sp(4)xSp(2)

L =tr (9,u’ o'u — d,uluutoru) ?
SU(5)/SU(4)IxV(1)]

L = tr (9,u’ Ou — [%} uld,u P utu) XK
50(4) /S0(%)

L = (%uT oty \/
N e - e
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Back 1o the T—problem
Why is Sp(s)/Sp(4)xSp(2) special?

Sp(4) x Sp(2) D SU(2)°

\

Can align the
vacuum for both

The doublets

- model 0k

m——




| FCNC: how they arise

-Glashow—Weinberg theorem violated

Multiple ways To embed the SM termions

in a 6 multiplet
Aqgashe, Contino 09

|
- Need fo assign SM termions To 6

representalions
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+(5,1)+(1,1)

+(10,1)+(1,3)

I

(2,2)+(2,2)

two ditferent ways fo
embed LH doublet ———> FCNC

E——————
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S0(4): fermions

How fo embed 0(4),,
SO(@

SO(V) \ SO0(5)xS0(3)
\&\\\\\50(4 ) %SO (4) SO (s) XSO(z
\
SO(b) /

SO(4)%xS0(3) 80(4 xU (1)




S0(4): fermions

SO0(q) SO(¢g) SO(4)xV(1)

(vec) 1 g +1 (2,2)_+(2,2) +(1,1),

(SPM) 16 g T (2/7—)++(2/2)_
(1,3) +(3,1) +




( S0(4q): fermions

SO(4) H1 H2
. e
q (2,2)_+(2,2),
16 %L—>(2,2)+
(1,3),
TR, bR —

| TYPE I 2HDM (Glashow—Weinberg 0K)
V(1) avoids mulfiple embeddings

Z2bb protected

N e = T




Conclusions

- 125 GeV Higgs — what's keeping it light?
Composifeness + PNGB a possibility

. Assuming extended Higgs sector: T—
problem, flavor problem, Zbb

e Sp(b)/Sp(4)%xSp(2) and S0(4)/S0(g) are
T—sate (coset properties)

. S0(9)/S0(g) is also flavor sate + Zbb
profected




Back up




CCWZ procedure
Detine U-mafrix containing NGBs
Transformafion: U — gUAT

Usefu\ a‘,uavﬁfiw: (Maurer—Cartan 1—torm)
i UT9,U =diT* + E4T*

' [

Broken Unbroken

generafors generalors
\\_—————“ — e N S,




CCWZ procedure

Transtormation properties:
¢ 0 T
dy, — hdh
T 4 T
LY — hEG R —thd,h
Building blocks Tor the lagrangian:
_ f? ga ga
L= didj




Alfernafive way (SO(5)/S0(4))

. «Detine a vector u(o) fo paramefrize
. S0(5)->50(4) breaking:

u(o) = (o0,0,0,0,1)7

*Dress the vector with U fo obfain a
| linear vealization ot 6: & = Uu(0)

e Invariant lagrangian: L = f;@M@T@M(I)




(A\Tevmaﬂve way (S0(5)/S0(4

Equivalence with CCWZ procedure:
L (%(I)T@M(I)
x  u(0)'9,UT0,Uu(0)
o u(0)" (dy + Epu)*u(0)
G b T | pa b
< dyd) u(0) {T A }u(())

& 76
X dﬂdﬂ

N e = T




( Alfernafive way (SO(5)/S0(4))

Advantage:
the compufation ot P = eiH/fu(())

is simplitied by the projection on the
u(o) vector —» much easier To resum The
serles
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