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|860's Theory of Electromagnetism

2000 Neutrino Masses 1896 Discovery of Radioactivity

1983 Discovery of VWeak Bosons 1897 Discovery of the electron

1973 Discovery of Neutral Currents
1930 Neutrino hypothesis
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1971-72 The SM renormalizable 1934 Theory of B-decay

1960-/0's Discovery of Quarks and QCD 1940's QED

1960's-19/70's  Discovery of matter triplication 1957 Discovery of Parity Violation

|960's The Standard Model 1964 Discovery of CP Violation
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Mechanism of ElectroWeak Symmetry Breaking  SUQ2)L x U(1)y — U(1)em

how matter and weak vector bosons acquire mass !

Origin of the Planck-ElectroVWeak Hierarchy MiiMlpi R

why Mw Is so small compared to the Planck scale Mp/!



BREINFANEOUSLY BROKENSSYIMIMEIRR{RS

Let U be an element of a symmetry group G

that leaves the Hamiltonian ‘H invariant: U'HU =H
Consider two states |A) and |B) such that:
D410y =]4) Pp|0) =|B) Ud U = g
There are two possibllities:
the vacuum is invariant under G: then |A) and | B) are degenerate:

g = o — B
U|0) = |0)
Ea — (A4 — (BHB =



the vacuum Is not invariant:
symmetry G not manifest in the spectrum of energy levels

selection rules still follow from the invariance of the Hamiltonian
5’“J3($) = conserved currents (Noether)
Ud;U" = R, ®; (0]1®;|0) # (0JUR,UT|0) =~ (0]®;]0) + ia*(0|T%:;|0)

(OIT5;10) # 0

Theorem (Goldstone)

there Is a massless state @
vT*/ (0/T;®,)0) #0 (0] Jg |m) # 0

(Nambu-Goldstone boson)



the vacuum Is not invariant:
symmetry G not manifest in the spectrum of energy levels

selection rules still follow from the invariance of the Hamiltonian

O*J%(x) = 0

radial excitations
(massive)

Ud;U" = R;;®;

(OIT5;10) # 0

Theorem (Goldstone)

massless excitations
(NG bosons)

there Is a massless state @
v/ (0T;2,]0) #0 O] Jg|m*) # 0

(Nambu-Goldstone boson)



the vacuum Is not invariant:
symmetry G not manifest in the spectrum of energy levels

selection rules still follow from the invariance of the Hamiltonian

O*J%(x) = 0

radial excitations
(massive)

Ud;U" = R;;®;

(OIT5;10) # 0

Nambu-Goldstone bosons live on the quotient G/H

massless excitations
(NG bosons)

G/H

Oz =0 7 e Al

(0|T5®;10) £0  T* € Alg(G/H)



the vacuum Is not invariant:
symmetry G not manifest in the spectrum of energy levels

selection rules still follow from the invariance of the Hamiltonian

O*J%(x) = 0

radial excitations
(massive)

Ud;U" = R;;®;

(OIT5;10) # 0

fificekem (Hizss)

massless excitations
(NG bosons)

I the symmetry is gauged the NG bosons are
‘eaten’ to form the longitudinal polarizations
of the gauge field, which becomes massive

P e A%a



ERGINIAINEOUSLY BROKEN ELEC TROVYEAK SYMIMISIRENS

Interactions invariant under SU(2)L x U( 1)y
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ERGINIAINEOUSLY BROKEN ELEC TROVYEAK SYMIMISIRENS

Interactions invariant under SU(2). x U( )y

1 1
Lo=—75BuB" —

3
a a (v 1 v T, (J) - ' T, (J) - '
; W, W — 2 GG + 3 (Bipu + 0 i pu))

g=1

1
Lonass =My, WIW™H + §M§ 7"7Z,

9 ) 1

=S {aP M@ + dPMgdD + 6 Mged) + v My + e |
0]

Mass spectrum has a smaller U( | )em Invariance

THE SU(2)L x U(1)y SYMMETRY IS “HIDDEN"”



MAKING THE SUQ2)L X U(1)y SYMMETRY MANIFEST

Reintroduce the NG-boson (and choose a non-unitary gauge):

: g O'a - ; 03
Y, = exp (io%x® /v) D)5 — 5y — ig2— WiX +i% B,

B > Whs, DA% UL(z) = exp(iaf (2)o/2) Uy (z) = exp(iay (x)o°/2)

Lrmass T B (DB DEB) S — > @) d)= ( i ) + h.c.

d 3(3)
vE il
+ 22 T [2tD, 5 0%
8 . @ x B
L& j~\ > I
R My, = Zg2
2 v? 2 2
M7; = —(97 +95)(1+ar)
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[1.] CUSTODIAL SYMMETRY

Experimentally: (o=l = % 5 107>

_ My
- cos Oy |
Predicted: =
s + 3¢
"y [(DMZ)T (Dﬂz)} - —=Y (@ d)z ( Lo
(7)
3 V24 AR
+—v°T Y
8 r p2o] must be SMALL
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(1] CUSTODIAL SYMMETRY

For ar =0, in the limit g;=0, A*= )Y, there
s a larger SU(2)L x SU(2)r global symmetry

> = exp (ic™x* /v) D)3 ) oo z’gz% WS + igy 1:
U2 () &) )\u (4)
AN v (] 1
.- T [(DME) (DHY) ] \f E (@ @)z )\d (3>> + he.

The vacuum () =1 breaks SU(2)xSU(2)r=SU2)v

3 = U]

=& Basons x  transform as a

triplet under the custodial SU(2)v ' Wiy = il ifele v =0,
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Al = I DEINCE FOR A LIGHT HIGGES 5@ @I

Add an SU(2)L x SU(2)r scalar singlet h

2

2
LEwsB :%Tr [DMZTDHZ] <1 % @% Sl )

!

£d) mi?ﬁlﬂ;z (1 @ Yril+ fh.c. + V(h) i

3, b, ¢ are free parameters

Log(mn) dependence through loop effects
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New dynamics needed at large energy: Theory not unritary or strongly coupled

Most easily seen using the Wt
Equivalence Theorem:

Perturbative unitarity violated at E>>Mw

in the scattering of two NG bosons:

AlxTxs — g

(s +1)



A scalar h can restore perturbative unitarity:

e s
X X
h + . — A 1 2
AXTXT = XX = 5 [8— = +(S<—>t)]
X X unitarity for: a=|
_|_
L h

A(ctx™ — hh) = (b — )

: &
e - h o \ A unitarity for: a?=b

. / r
\ AXTx™ — ) ~ ;fz (1 —ac)

¥ unrtarity for: a=c



a=b=c=1| defines the Higgs model, whose Lagrangian
can be rewritten in terms of the SU(2). doublet H:

= (2

Unitarity of the model follows from its renormalizability

There Is an unbroken custodial symmetry SO(3):
He(tin)  HE= > (w)

V(HTH) is SO(4)~SU(2)L x SU(2)r invariant

ETVIET) = breaks SO(4)= SO(3)~SU(2)v
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A light elementary scalar is highly unnatural
[ER 0 =gice ofi a symmetry protection 1 NG .
' 2 2 3 2 2 A2
Higgs mass naturally of order ~ A bmp, = |6y — 7 (395 +97) — 64 g
s

The larger A the less natural a light Higgs s

Not an accident: ~ No elementary scalar has been found so far !

The cutoff A might be low: the Higgs model should be perhaps regarded as a
parametrization rather than a mechanism of EVWSB



[t I1s possible that a light Higgs-like scalar arises as a THE COMRPOS INEHIEE

bound state from a strongly interacting EVVSB sector

[ Georgi & Kaplan, 80 ]

Motivations:

strong
sector

o

* A composite Higgs solves the

hierarchy problem Y
G = (G
e A light Higgs Is preferred by the EWV fit 5
A light composite Higgs can naturally arise
as a (pseudo) Nambu-Goldstone boson:
oo
enlarge the global symmetry of the strong sector l A
to have a full SU(2)L doublet Mh
et @0 5@ My

[ Agashe, RC, Pomarol, NPB 719 (2005) 165 ]



Composite Higgs lishter than the other

resonances required by LEP precision tests
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decoupling limit

All p's become heavy and
one reobtains the SM
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Shifts in the Higgs couplings at O(&)

Given the o-model Lagrangian a, b are predicted in terms of £ :

=Gt @5 5O (<) a.— =& b= (1-2¢)
+ -
o -t X X
h 1 Pr ;
N MW
X X o T @ l
composite Higgs partially other resonances

unrtarizes WW scattering can be heavier



The parameter a controls the size of the IR contribution s >

to the LEP precision observables €7 3 ’\NC@\MA/\@\N\J

M2 : m;
€13 = C1,3 log (—2Z) — c13a° log (m—2h> —c13(1 —a?)log (;) + finite terms
p p p

o 3 a(Mz) 0.0 v
1672 cos? Oy ; M mp =120 GeV |
€2 =€ |
1 a(My) 0.009: 2,0
C3 = — ; I
127 4sin® Oy, |
0.008]
0.007]
61,3:—61,3(1—a)10g 0T €1 0.006¢
0.005]
0.004]
Gl iy © L |
0.8 S < 1.6 99% C 0.003
© 0.0030.0040.0050.006 0.007 0.008
see: Barbieri et al. PRD 76 (2007) 115008 €3




Composite Higgs vs LEP data Exi SQOS = @G

[ Agashe, RC, Pomarol, NPB 719 (2005) 165 ]

3 gyv
mp_87r\/§ =

Isocurves of constant m P

adding an extra
Ap=+2x107°




BE@@ = ROTENTIAL FORTHE PSEUBDC NG EEE

Only loops of elementary fields
generate a potential

Higgs couplings switch off at

large momenta — finiteness LR
Form Factors

periodic function (H € G/G")

S e Sezle o s
V(h) = 2 e f dynamically generated




A QIR ANAEGICH i = (2N

Elementary photon %

composite sector (QCD)

Photon loops generate a potential for
the pion w/o breaking U( | )em

V(m) ~ 3;:;7’ sin? (}T) /0 dQ? T r(Q?) /
Form Factor I r(Q?)




Estimate for charged pion mass works:

Pion compositeness means

momentum-dependent couplings:

(Mmpx — My, )| ~ 5.8 MeV

(mﬁi o mﬁo)|EXP ~ 4.6 MeV

Ex: Pion electromagnetic form factor

0 +———T+————————————— o ——_——— "

IF ol

0.8 }

}1 |
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i
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] 0.03 011 ]
o e
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q? (GeV/c)?

[ NA7 Collaboration (1986) ]



Historically : O discovered Iin pi-pi scattering

(predicted by Nambu and Frazer and Fulco)

p+ﬂ_+wo
n+w_+ﬂ+

R —

RELATIVE INTENSITY (arbitrary units)

events with small
transfer momentum

/
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150 -
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501

765

A £ 400 Mev/
104 Events

0O = One Event

m+Pp

Phase Space

[5

- p+m+7°
n+mr+ 7wt

250
2001
150+
100

50

A > 400 Mev/c 765
274 Events
0 = One Event

/

Phase Space
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[ Erwin et al., Phys Rev Lett 6 (1961) 628 ]
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Sars N TING POSSIBILITY: COMPOSITENESS FROM HIGRERIEH SIS IS

Consider a 5-dimensional field theory in a curved background: (Randall-Sundrum)

graviton &
light fermions

.
\

Scales depend on the position:

translation of y < 4D rescaling

AdSs

R EVW/Planck hierarchy from geometry:
brane

R
brane EW scale = redshifted Planck scale

warp factor

A WV o @ 278 iy

ds* x“daz”nw i

0 <" =



Fourier decomposition gives towers of massive 4D fields

<+——— Kaluza-Klein modes

an ) i)

<« 7ero modes

5D - 4D duality

Kaluza-Klein . . Resonances of the
excitations strong sector




q
e
A brane-to-brane propagator between two
sources on the UV boundary probes only d q
up to distances z~1/q, where ¢ Is the 4D
momentum
i R
Eosi e e ten?® for gz > 1 brane
Sy VAR Ll
s Yk brane
& = LO

the Higgs structure along the extra dimension

appears like a form factor

for an observer on the UV brane



s S EOGRAPHIC DESCRIPTION

SM fields live here

Higgs profile

UV brane A Bulk + IR brane &l

l l

i
Elementary ) L)

sector A}1

Composite
sector




CONCLUSIONS

* LHC goal:  Unraveling the mechanism of EVWSB

main question: weak or strong ¢

» Standard Model with an elementary Higgs boson does not explain
the origin of EWSB nor address the Planck/EVWV hierarchy

* Watch out for deviations in Higgs couplings and WWV scattering
as evidence of compositeness and new dynamics



BACK UP SLIDES



M= ORING THE RHIGGS

Ale BR)/(e BR)
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LHC sensitive up to
2 =04

[ Duhrssen ATL-PHYS-2003-030 ]

[ Giudice et al. JHEP 0706:045, 2007 ]



LHC DISCOVERY REACH ON THE
COMPOSITE HIGGS (MCHMS)

. | _ » h - WW - 2[2v}
115 120 125 130 135 140 145 150 150 155 160 165 170 175 180
My [GeV] Mp [GeV]

=h —Z7Z —4e

0 140 160 180 200 120 140 160 180 200
My [GeV] My [GeV]

from: C. Grojean, arXiv:0910.4976



SRR WING s VWEAK EVWSB: HOVY THIE LEICHEE NSNS

>
@ Detecting an excess of events in WW — WW
scattering (determines a )
v Strong “pollution” from transverse polarizations >

v The onset of the strong scattering is delayed

to larger energies Events per 100 fb! in the golden

purely leptonic decay modes

G,o, (WHW*—WHW+) [fb]

PARTON LEVEL
1x107 E signal a =0 SM SM bckg
5 77 15 9 0.7
WTW— 5.8 Il 12
W*Z 3.2 1.2 4.9
WEW* 13 5.6 37
1X1O6§‘
o(WrWp signal) =o(a = 0)
— o (SM mj, = 100 GeV)
1X105|I|||I||||I||||I||||I||||I
500 1000 1500 2000 2500 3000
'\/S [GeV] [ Bagger et al. PRD 52 (1995) 3878 ]




2
e At the ILC one would test e at % level

f2

Barger, Han, Langacker,
McElrath,Zerwas 03

Aguilar-Saavedra et al.
ECFA/DESY LC Physics WG

® Also test deviation from SM in Higgs potential

Coupling

My = 120 GeV

140 GeV

+ 0.020

GHWW + 0.012

9HZZ + 0.012 + 0.013
GH + 0.030 + 0.061
JHb + 0.022 + 0.022
GHece + 0.037 + 0.102
9HTtT + 0.033 + 0.048

GHWW [ 9HZZ

+ 0.017

+ 0.024

gHw/ GHWW

GHB | GHWW

4+ 0.029
+ 0.012

+ 0.052
+ 0.022

.’-]Hrr‘.""‘.‘_7HI'1'1'1' + 0.033 + 0.041
9H1e/ THbY + 0.026 + 0.057
GHee/ GHBY + 0.041 + 0.100

9Hrr | OHbb

+ 0.027

4+ 0.042

Table 2.2.6: Relative accuracy on Higgs couplings and their ratios obtained from a global
fit (see text). An integrated luminosity of 500 fb—1 at /s = 500 GeV is assumed except
for the measurement of gy, which assumes 1000~ at \/s = 800GeV in addition.

A (HTH)S

66)\

f2

ILC can rule out Higgs compositeness scale 47 f below 30 TeV

[ From Rattazzi, talk at Princeton 07 ]

< 20%



Trilinear vector boson couplings

Ly = —igcosty gf Az (I*‘V”'*” w_., —W™" I-»I-""J“)

LV LV

—ig (cos 0w kz Z"" + sin Oy ky A" U;r Wy

Z m? _, (9p\2
i == ‘f [('n' + (.4—’,_.,) (‘HH']
P !

,n_j i 9p < . ' 7 , - -
ey = —2 ( i > (caw + cuB) kz = gf — tan® Ok,

ms \4m

B aw -
other trilinears AZy ™ . kz . —_— negligible
53 Z 10; b7
LHC with 100 fb-! can test down to g =470 ; kz~ny = 5 70

weaker sensitivity on 77 0 than from direct production of heavy states

or than LEP bound § < 2% 103

[ From Rattazzi, talk at Princeton 07 ]



