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L ecture 2

A Composite Higgs



What type of Composite Higgs ?

‘ | IS the SM cuto! = compositness scale
L —_ A> few TeV ' o
mp = 21 v v! 246GeV isthe electroweak scale
TR
How do we keep —— |

t-—- m, =125 GeV
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41T
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Hadrons

AQCD

The Example of Low Energy QCD

Non-perturbative

! quarks, gluons

o

Perturbative

QCD couplings becomes large in the IR
This leads to

1.ConbPnement

2. Spontaneous Chiral Symmetry Breaking



Chiral Symmetry of QCD

1

. . At ~ m, O
Loco = (D! M)Q! 2 ﬁ!Gau' Q_(d> M= 0 my

Locp = @i | + BRIl r! @G MQr+h.c. ! ZG2 G

—> In the massless quark limit mymg ! O ﬁQCD is invariant under the global symmetry

Qp — et ¢fr a=1,23
'R and 'Lr are real constants

= I a

il et A" ,
Qr! €' R € F Qr t  are the generators of SU(2)

ﬁ LQCD is invariant under the  SU(2). ! SU@2)r! U1)r xU@)r  global symmetry



Conserved Currents

SU(2), and SU(2)r currents it =Qry"t'Qr  JjH = QrYMt"Qr

U@). and U(1)r  currents =@ '"QL k= GRr'MQR

We can debne the vector and axial-vector currents as
s ag _ ; ap : VRN U - U :
Jv JR +J Jv = IR T JL j\?“:@!“taQ au_®|u|5tQ
ap __ .ap o -ap M — K M i : -
Ja =Jr —JL Ja = lr " JL | = @ FI:0

Vector currents Axlal currents

E.Q. J \L/l IS the current associated to the conservation of baryon number



Spontaneous Chiral Symmetry Breaking

Non zero expectation value of the operator
(QQ) = (QrQ) + h.c.

spontaneously breaks chiral symmetry at some scale A,z ~ 1 GeV

U(2) X U(2)g = J(2)y, = 3 Nambu Goldstone Bosons " i, "0

M. # 0 since chiral symmetry is explicitly broken by my, # 0

= They are pseudo-NGBs

But still M- << Agg = describe a low energy theory of the pNGBs below A ¢y,



The Low Energy Theory

|s a theory describing the interactions of the pNGBs.

How do we write the theory ?

1. It should be invariant under SJ(2), X SJ(2)g transformations

2. The pNGBs should transform with the broken generators. l.e. the generators of SU(2)x
since they rotate the ground state continuously through the degenerate vacua!

Remembering the U(1) example

reached by rotation from the GS |




The Low Energy Theory

Debne the beld2(X) transforming under the chiral symmetry SU(2), X SU(2)i as

>(X) > L Z(X) R"
with | = ei#ﬁ " and R =™

The Ground State (or vacuum) is written as

. 1 O
] = H 0 where f IS an energy scale

0 1

We can check that 2, is indeed invariant under the unbroken group SJ(2),,

For this, we set #E — #S = | = K so that



The Low Energy Theory

On the other hand, acting on the vacuum with the broken generators @% — —a%

G a
! Lol LT oL = eZI' b 0 e.g. vacuum not invariant under SJ(2),

To reach the pNGB states we just rotate the vacuum substituting them for the #™'s

Z'Wa(m)t& 2.7‘-&(:8)15&
e~ 7 20 = fe' T
Finally, we allow for a Buctuation of the vacuum. l.e. f I f + | (x)

‘ Wa(a?) td

L (X) = (f + o(x)) e 7
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The Low Energy Theory

Under SU(2),,we have L = R (#7 = #5). So

" b
Y(x)! L X(x) L = (A+ 1! *t*+ a4R(1+ 2i f(x)tb+ aap(l! il rt°+ aa)

So the pions transform linearly under SJ(2),:

18 (x) = Mgp! P(x)  with Mgy = f I fach

On the other hand, under the broken SU(Z)A we have L = R’ (#a = — #R) leading to
a’ . a wbeb '
Z('ZE)%L Z(x) L]L : R (X) = (X) T f i NGBs shift by a constant

This Is shift symmetry = o O
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The Lagrangian of the Low Energy Theory

1 ! 1l m2 ! il " ! ||2
- Crrr om0 MR o T
=2 4 16

s invariant under the SU(2), x SU(2) giventhat ! (X)! L ! (X) R

. v () t&

sig 1 (x) = (f + o(x) €

"We can see that M. = ()
"In terms of the belds $(X) and " 4(X) the & is now

2 ‘ a
L — %! u"! IJ,II ! m2|| 2 ! #fll 3 ! le 4 + (f + !4-(X)) Tr IlueZ| I f(X)ta ) I.,le_2| | bf(X)tb

" aa%' a

From here 580/ +derivative interactions of pions

0
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Validity of the Low Energy Theory

The low energy theory of the hadrons " *," ¥ and » breaks down at some cuto! scale A

How to estimate the cuto! scale /A NDA for —

1 % . K J d*k p*k?* 1
| ~ f2 % p_ ~ p_ \/>< (2")* 4 k¢
: 1 f4 f2 Ve - p—Kk 2 A2 2
f+ 16"2 2

Low energy Theory stops being valid when loops are of the same size of tree level:

= when A~ Ar f
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Validity of the Low Energy Theory

E & In QCD
§ f | New UV Theory (QCD)
A f oo 100 Moy
i Other heavy resonances
' A ~1GeV
f $(X)
| m; ~ 800 MeV ~ A
= & large
Ly 120y M3
S (X), " (%), " "(X) [y ~ Mg

m ~ 140 MeV <« A

In QCD a is broad/strongly coupled. OLivesO at the cuto! of the LET. But pPNGBs remain light.
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First Attempt at a Composite Higgs: Technicolor

Scale up QCD:
f— v ~246 GeV

$(X) = h(x)

UV completion: above A ~ few TeV, techni-QCD (techni-quarks, techni-gluons, etc.)

Many (fatal) problems. But one obvious one: it predicts
"Avery large m, ~ A X
" A strongly coupled electroweak sector. E.g. X

WWE — WW™  has a growing cross section (absence of Higgs !)

"Violates constraints from Electroweak Precision Observables (LEP and beyond) X

"Violates Ravor constraints X
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Composite Higgs Models

How to account for
TNhH . SM

Make the Higgs like the " (X) in low energy QCD =» h(X) is a (pseudo) Nambu Goldstone Boson

In the case of low energy QCD we had the spontaneous breaking of a global symmetry

SU(2)L x SU(2)r—=SU(2)y = 3NGBs"*,""

p

Here we need SSB of a global symmetry G - H = 4 NGBs h', h?, h’, h*

where the NGBs are the real scalar belds composing the SU(2), Higgs doublet
1 [ h'+ih?
#= 05 (o)
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Composite Higgs Models

UV completion

Adf 4 A>10TeV

Vector and Fermion resonances

f | f~ O(1) TeV

M, = 0O in the limit of unbroken global G symmetry. Is a NGB.
But G is explicitly broken by the gauging of SU(2), X U(1)y C G and by Yukawas

f
1y, generated by loops from SM and resonances — m, =~ F

17



The Minimal Composite Higgs Mode|

G
G —> H SSBof global symmetry = 4 NGBs
H EW = SU(2), X U(1)y Is a gauged subgroup of G and H
@ EW induces explicit breaking of G => m, # 0
556 -1 44 -1
Take G = SO(5), H = SO4)  JO(5) has ( ) =10 304) has ( 5 ) = 6 generators

So JO(5) —» JO(4) SSB at the scale T = 4 NGBs to make up the Higgs doublet
O4) ~ SJ(2) x SU(2) from which we gauge SU(2), x U(1)y
Contains the global SU(2). : custodial symmetry of the SM. Necessary to keep = =~ |

Minimal breaking pattern that has {Custodlal Ssymmetry

4 NGBs (and only 4)
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The Minimal Composite Higgs Mode|

1 2
The SO(5) invariant Lagrangian & = —@O/;T@CVZ — g—* (ZTZ_fZ) 2
2 3
0 O OY/
0 NP : 0
> (Z) =)= 8% and E(x) = e : é
f f+1(x)

with & = 1,2,3,4 and t? the broken generators.

Replace 0,, by the SU(2), X U(1)y covariant derivatives D, = explicit SO(5) breaking generates V(H™H)

— EW Symmetry Breaking (h’) # 0
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Phenomenology of the Minimal Composite Higgs

ht i
. ¥ h2 Y
We can rewrite  X(x) = SIn(h/f ). h3 ? where h= \/ hah?
n # h? cé
hcot(h/f)
g*f* ., (h) 1 M2
A sin? —  WH W7+ ZoZ " ="' = W =1
Mol =4 f{ 2 cos” (w u ; M2 cos? (\y v

h
And we see that sin( 2) _ So (h) # v =246 GeV
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Phenomenology of the Minimal Composite Higgs

The couplings of the Higgs to gauge bosons are given by

*

/ 1 f2 h
a4 in? () { 2VV0J/:)VV§ -+ Ao% >+ BB — ZA&B*}

Lo, )P+
) c12)24S f

(

V2

Replacing h(X) by h(X) + v and debning + = ) we can expand

n(X
f2 sin? (f ) > v+ 2V2\/1 — +h(X) + (1 + 29 h*(X) + ---
SM
=4/1—*
v 1 vvh Higgs couplings to gauge bosons modibed

—

Ovynn = (1 + 2+) g\s/\%h Modibcations depend on the CHM chosen
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Phenomenology of the MCHM: Fermions

Higgs boson is composite. How are Yukawa couplings generated ?

"Elementary fermion mix with the composite sector linearly. For instance, for the top quark

{ !tL |
- - !dL!5/2q-OL+! R|5/2?h0R

with O and Or  fermionic composite operators of dimensions 0, and .

"At energies ~ T mixings of fermions with composite sector is smaller if 0, , dy > 5/2.

*Fermions mix with fermionic resonances V', and V' with mass ~ M. = Q. |
and the quantum numbers of O, and (U,

g b g [ P
L ’ QL &L R ‘ R
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Phenomenology of the MCHM: Fermions

Us L Ngﬁ_ &Rg _&L&R
P O« O O+

PN

"Yukawa hierarchies can be accommodated easily just by choosing the &Os to be < ¢ for the light fermions

"For the top quark, d;,dg ~ 5/2.y; ~ 1 = the top quark is signibcantly composite.

"FCNC are avoided since they are generated by 4 (light) fermion operators involving 4 factors of small &'s

_|_
"Finally % — | — — coming exclusively from the Higgs compositeness

M
VP
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Experimental Bounds on the MCHM

Bounds depend heavily on choice of the A. Banerjee et al., 1712.07494

fermion representations to embed in JO(5)

f > 780 GeV
for the embedding in the 5's of SO(5)

f > 640 GeV

for embeddings Iin higher representations.
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Phenomenoloqgy of the MCHM

The hierarchy problem: vector and fermion resonances are the partners that cancel UV sensitivity of 11,

LR L,
+ h - ] HT: — g" 5 MI% In —2 + -
CT T T T T T T 16 ( Mg)
2
~ — J A% +
16" 2

And similarly, with the fermion loops. The vector and fermion resonances tame the A?> = InA .

Vg = g 1 .
But since The cancellation is e#cientif 0§« << 4

A ~4" f
S0(5) x SO(5) — SO(5)y, => 10 NGBs

This is an example of collective breaking: \/
gauge J(12), x VU(2)x = 4 NGBs, 6 resonances
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The Twin Higgs Model

We startwith H | a 4 of SUJ(4) global. The potential
V(H H)= ! m?(H H)+! (H H)? causes |H" = f

= SSB SUJ(4) —» SUJ(3) resulting in 7 NGBs

Ha

We gauge SUJ(2), X SU(2)g C SU4) H = Hg

and arrange ! H " so that H, remains massless at tree level. The gauge loops cause UV sensitivity in V(H H)

<y 2 (G AHAHA + GBI AHgHo)

If we impose an A < Bsymmetry[ dh=U =0 ] V(H H) | 9 2124 H
l.e. a £, symmetry Ap=Ng=A = ( ) 64l 2 g

26
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The Twin Higgs Model

9
| 2| 7 : : : : : 9
But V(H H) E g°! “H H is SU(4)invariant! = no contribution to N
o
Since, In terms of the NGBs, we have H - ei! i ¢ 8@
f

Once 3 of the NGBs are Oeaten" byWé—L, /y the remaining 4 are the SM Higgs doublet H,.

Mirror Twin Higgs: duplicate all the SM interactions as in SVl X SVi5
U(B)a X U (2)a X U(1)a X UB)gx U(2)g x U(1)g

Plus the Yukawas Ly = | L, @aHata + 1, @ Hgtg +h.C

Nec

N
ol G AHAHA + "8 EHgHe) Zo! V(H H)"# o5 0% 2H H

V(H H) ! a2
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Phenomenology of the Twin Higgs Models
" All Higgs couplings to SM particles suppressed by

cos( = COS = Bounds on T from measurements of Higgs couplings

(4/2f)

"Invisible Higgs width: Higgs decays to Twin sector (B) particles

. f
Combination =
- > 3.5

" Di#cult to see even at the HL-LHC . No SM color particles (only carry B color)

"But Iinteresting playground for Dark Matter model building/ Cosmology.
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