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Mot Ivat 10N:

w FACT EW precision data fr om LEP gr ongly suggest the p resence
of a | ight Hig gs boson, mH-100-300 GeV
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what is the na ture of the Hig gs boson ?

Is it a fu ndamental (= elementary) scalar beld ?

naively, if the Hig gs boson is a fu ndamental scalar, the
natu ral value of its mass is of the o rder of the | argest
scale in the theo ry ( ) :




possibility #1.: all the ¢ ouplings of the theo ry r emain weak
up t o the Planck scale and the Hig gs is an
elementary scalar (perturbative case)

then the re must be a sym metr y
protection (and new particles)
which ensures a light Hig gs

g\/\/\% B m = Pnite

example:

SuperSymmetr y




possibility #2: (a subsector of ) the theo ry be comes
str ongly interacting at a s cale A and

the Higgs is a composite bound state
(str ongly-interacting case)

for vir tual momenta larger than
the c ompostt eness scale the Hig gs
couplings switch off (form factors)

= Pnite




the other r esonances of the s tr ongly-interacting
% Problem: sector cannot be t oo lightino rder nott o spoill
the success of EW precision tests:

md\ > af ew TeV

0: can be the ¢ omposite Higgs be naturally
' lighter than the o ther r esonances ?

1 Yes, ifitis a (pseu do) Goldgone boson



an example fr om QCD: the Pion

str ongly interacting sector = QCD

the pion is a quark-antiquark bound state

QCD has other r esonances, with m -1 Gev

ex: the p, my=770 MeV

the pionis lighter (m.= 135 MeV): it is the
Goldd one boson of ¢ hiral symmetr y br eaking



consider QCD with 2 [3a vors in the ¢ hiral | imit
(mg=0): it ha s an SU(2):xSU(2)r global symmetr y
under r otation of L an d R quarks separately:

the QCD condensae breaks the ¢ hiral symmetr y
down t o the di agonal (vectorial) subgroup:

\@rqr" #$ UL!@rqr"Ul, SU(2), x SU(2)x — SU(2),

the sp ontaneous breaking implies 3 Goldst ones,
tr ansfor ming like a tr iplet u nder SU(2)v: the pio ns, @

# Goldstones™=SU(2) x SU(2}:[HSUR I = 3



how a potential (hence a mass) for

the pion is radiat ively generated

SU(2)L GSU(2)r
- T

SU((2)v

let u s turn on the photon:

1 the photonis abeldexternalto
the QCD sector (= Oe¢mentaryO)
which gauges the U(1)v subgroup of
the OCD Ravor symmetr vy

QI + Tr

2. gauging only a subgroup of
SU(2)xSU(2)r is equivalent t o
an explicit br eaking



EXPLICIT BREAKING ~EmE)>

Form factor




let u s derive the pio n potential

@ we tr eat the pio n as a congant c lassical b ackground
peld, adopting a non-linear sigma model description

» = exp(il “ “/f ;) U

@ we use atrick:letus gauge the entire SU(2)xSU(2kr
Ravor symmetr y - n ot o nly the subg roup U(1)y-by
turning on the e xternal sources L, , R,



then, the mo st g eneral [ SU(2) XSU(2)r]-In var iant
effective action, at the qua dratic order in the
external L, R sources, Is:

L et %(PT)W r{LMLV} +r{RuRV} r{ ZTLMZRV}

11,11z, 1llar re form factors, originating fr om
the e xchange of the pio n and heavier r esonances




In order t o derive a f ew properties
ofthef orm factors, itisu sefulto

1L rewritethe actioninterms of vectorial and

axial sources: 1 1

2. workinthev acuum!! " =1

il
hence: Lesr = 5(P1),, [HVV(DZ)Tr{V,uVV} + Taa(p?)Tr{ALA,}

— My a(P)TH{V,A, + AV, }

Lol em = L | B e

- FVIVISGS : AA —



now, we know that in the tw o-point Axial Green
function 'ApAy an  d only the re, the re is a p ole due to
the e xchange of the pio n:

B-eeeens s (4u(2)|m) = —ipufi e
T
! 4 ol ;
(ApATY = Pl —pup f--@+...
hence:
Iy (0) = 0 ; R (O)= fi »
I144(0) = f!2 |::>
b L 2(0) = Her(0) = %! £r(0)

Iy 4(0) = O £ 5




in general, 1l Rris sensi tive to the di fference between
axial and vector currents, i.e. itisan order parameter
of the sp ontaneous breaking of the ¢ hiral symmetr y:

b R (D )m L g A (DI S e

we thu s expecttha titg oesto zero at en ergies much
larger than the QC D scale (= the s cale at w hich chiral
symmetr y br eaking occurs)

using the Op erator Product Ex pansion (OPE) of two
currents, one can prove indeed that:

. r(Q%)! é

XX J




A quick sketch of the OPE a rgument .

[see ShifmaNainshteinZakhaov NPB 147 (1979) 38%f more details]

Given any tw o operators O;(z1), Oz (ahgir t ime-ordered
product c an be expressed as a sum of | ocal operators times
c-number c oefbcients tha t de pend on the se paration (1 — z2)

T{O:(x)02(0)} =  C{5’(x)On (0)

¥ This is an equality be tween operators, i.e. it impl ies the equality of
any Green function made with them .

¥ The sum extends over all operators with the sam e global symmetr ies
of the p roduct 0105



¥ Inthe c ase of the p roduct of tw o0 conserved currents, the OPE r eads

i/d‘la; St A e (q277“” — g"q") Z C™ (2)0,,(0)

n

By dimensional analysis, the | arger is the dim ension of the
operator O, the mo re suppressed will be its c oefbcient at

large Q° = —¢°

€ Py

i it
6 Q9 T

L £/

Hene, t o deduce the | arge-Q? behavior we ¢ an concentr ate on
the | owest- dimension operators.



In the ¢ ase of QCD, the SU(3) : gauge-invariant ( scalar)
operators of dimension 6 or | ess that c ontr ibute t o the VEV
of the p roduct of tw o0 axial or vectorial currents are:

operat or dimension
1 0
O =Y MU 4
O¢ =G, G"" 4
Oi =gt i G §
Or = YI¥ ULy 6

OF o abCGZ! Gy G, 6



The operators Oy, Or break explicitl y the ¢ hiral symmetr y and thu s
must be p roportional t o the quark masses. They vanish in the c hiral | imit

Oris the o nly chiral-in variant o perator w hose VEV breaks
spontaneously the ¢ hiral symmetr y, distinguishing between axial and
vectorial currents

Henee: Mr(Q%) = Q° Cor(Q){(Or) + ...
fgo(3)

The coefbcient 'ha s been compued in perturbation theory (in
the | arge-N | imit):

5 = 8n2 (O‘— i 0(0@)) (T0))

T

[ ShifmariainshteinZakhaov |



At th Is point, let u s go back t o the c hiral Lagrangian:

i)
Lesr = 5 (Pr),, (DT LLLY + Me@ATH BB} — () THE!LER,)

Let u s turn on only the Lie= Ry =0 vy,
phaton (setting to zero the
other source belds): 0

i
& AT g
Q_T_Q 0—1

| ava
and use: | = exp <i 'f ) = 1cos(! /f ) +.1B2"*sin(! /T ;)




Leff % (PT)H! Vi [(HL (p2) + IR (pQ))TI‘{ QQ} — IR (pQ)TI‘{ ZTQEQ}]
after a | ittl e bit of T s 080} = Tr{Q?) — (1 &1 (ehe G

E f

algebra one Pnds.

as expected the photon couples only t o the c harged pion. The neutr al
pion remains an exact Goldstone with n o potential. We can thu s set

mo =0 W= )

it f ollows: ~
|

1 . .
Bl E(PT)/WVMVV vy (p?) + ! Lr(P®) Sin? i

\

J




Fom the a bove Lagrangian it f ollows the
Cokman-Weinberg effective potential:

s ITr (Q?)
V (= 7 2/ dQz ©7 Iog( 2 Ty y (Q?) sin —)
Gi 2 Qz > 1
ven that HVV(Q)ZB_QJF_” HLR(Q)OC@

the integral can be r easonably well
approximaed by expanding the | ogarithm:

e "

V() ! 30‘6"” ik / dQ2 1 ;p(Q?)




@, Q)
Let u s derive an estimate for the in tegral / sz ! LR(QZ)
0

in the | imit of I arge number of QC D colors (N e xpansia),
the product of tw o0 vector and axial currents c an be
written in t erms of an inPnite sum over narrow r esonances:

(PT)/WHVV(QZ) = (V.W) =(p2mw — Pubv) Z

(PT)MVHAA(QZ) = (A 4y) (p Muv — Pubv) | =5




under th is assumg ion, the
iInfor ma ion on the | arge-momentu m
behavior of II;z(6f) om the OPE

can be tr anslated into tw o sum
rules (Weinberg® Sum Rules):

A fu rther simplibcat ion comes by
assuming that the su m is dominated by
the Pr st v ectorial and axial r esonances
(Vector Me son Dominance):

W BEE e F2 = 0




Solving for F,,Fan d substituting
into I1;,7(0d) ne obtains:

: 2 2 2 2
A(QR) S 1ol e
. Maseno MTE M2 gl (O £n-

hence:
"l a2 SRR
me 11 m
2 2 s
d@ !LR(Q):fﬂ' 26: P2 10g _g
0 me - mp P

Since experimentally m, > nthein  tegral is postive and the
potential is minimized for:



In other w ords, the r adiative corrections align the
vacuum in the U(1)o-preserving direction, and the photon
remains massless

The charged pion acquires a mass, while the n eutr al one
stays massless (still an e xact Goldstone boson):

2m?2 2
M2, —m2, = Saem MaMy, jog ( a
i 7 4r Mz —m2 m=

[ First derived by: Das et alPRL 18 (1967) 759 |

The above formula is still valid after the e xplicit
breaking of ¢ hiral symmetr y due t o the quark masses is
turned on (i.e. the di fference in mass is dominated by
the e.m. correction). Numerically:

Am, ' o = GERTICN Amg' o, = 4.6 MeV



a simple Compostte Higgs Model

On the e xample of QCD, let u s consider the
possibility tha t a n ew str ongly-interact ing sect or
exists (i .e. with n ew QuarksOand new OglionsO)
which has a Ravor symmetr y G br oken
spontaneously down to Gy the s tr ong dynamics

A, [SU@), x UQ),]

Strong
Sector

H
1

G1 GO




we require tw o condit ions

1 the SM g auge group must be

/
embeddable in the u nbroken subgroup GO: G — G CGsm

2. G/GBOnust ¢ ontain (at | east) one SU(2). doublet (the Higgs)

A, [SUQ); x U2)y]

Strong
Sector

H
1

G1 GO




notice:

@ in absence of the e xternal gauging of G sy, the Hig gs is
an exact Goldstone boson (hence massless

@ the orientation of G sy compared to GOn the v acuum
depends on the Hig gs potential arising at 1 | oop

A, [SUQ); x U2)y]

Strong
Sector

H
1

G1 GO




An explicit (m inimal) example:

G = SO(GXU(1X SO(4)-SU(2)xSU(2)

GG SO(4)XU(1)( Y=T;3+X

# Goldstones = [SO(5)/SO(4)] = 10 - 6 @

e

4 real scalars: a4 of SO(4) =ado ublet of SU(2) .



The SO(4)~-SU(2)xSU(2)r isomar phism can be made explicit b y
assciating to any SO(4) vector va2x2 ma trix V = v%o®

pi 1 §abyb b= Gl (on ik 1)
S1 50(4) VIR [ AR ST, &
Sp reserves the norm L,Rp reserve the determinant
of the v ector, |V of ¥w here: detV =1 |v|?

Notice: foreachmatrix S! SO(¢ rearetwoSU(2),! SU(2)r
tr ansformaions that actinthe sam eway: (L,Rn d (! L,! R)
Henae, the e xact equi valence at the | evel of g roup elements is:

SU@2).! SU(2)x

SO(4) = 4




To derive the Hig gs potential,
let u s repeat a ll the s teps we
made in the QC D example:

1 The Goldgones can be described int erms of a
sigma Peld (tr ansfor ming like a 5 of SO(5))

¥ = (0,0,0,0,1)
| =1 5 ell/Fr 1= mPya ~ a= 1%, 3, 4
T% € Alg{SO(5)/SO(4)}

4 B,

o h i
Yo HSInF—ﬂ_ (h11 h21 h31 h41 hCOtF_> h . (ha)z

\_ J

=

SO(5) generators:



2. Gauge all SO(5)xU(1x generators by means of
ext ernal sources (th ink of them a s classical sources)

The most g eneral [ SO(5xU(1x J-invariant e ffective Lagrangian
at the qua dratic order in the e xternal sources Is:

— %(PT)M! ! X . X +.1‘r (AMAg)AMA! 5T

The form factors ! & o ,! 0,enc ode the d ynamics of
the strong sector and are generated by the
exchange of massive resonances plus the 3uc tuations
of the Golds tones around the v acuum !

(one can add bare kinetic and gauge-bxing t erms for the
external belds a s well)



3. Extr act inf ormaion on the f orm factors by
expanding around the SO(4)-p reserving vacuum ! ¢

L= 5 |13 07) XX, + o(pz) (1o+ 3 1)

SO(4) saurces SO(5)/SO(4) saurces

hence: 1, =1,




we then de duce:

v

v

1 1(0). 2B 1 0(0) =1 X (0) =0

| 1(¢1% sensi tive to the difference between currents
assaciated with br oken and unbroken generators, i.e. it is an
order parameter of the sp ontaneous breaking of the SO(5)
symmetr .

We thu s expecttha tit g oes to zero at en ergies much
larger than the ¢ ompositeness scale:

1

(@2 for: Q>+ (@pF.)>

I (Q%)




4. Turn on only the SU(2) . xU(1) elementary gauge belds (in
the >b ackground). The effective Lagrangian reads:

7 N
]_ : H c h i H s h 3 ar ar
L :§(PT)W H8(+H0+I18m2|:—7r [oals 1;0+I181n2F—7T A
) QSiD2FL7T M; (p?) Hdi * YHAZB
\_ Y,
e 1 [hl —ih 2]
A one-loop exchange of g auge belds then & (hs=any
leads to the f ollowing Coleman-Weinberg
effective potential f or the Hig gs (neglecting
for simplicity the ¢ ontr ibution fr om U(1y):
4 N
G JEre) 1 I1;(Q?) I
V(h) == log g g
M) =3 Q@ R e
& Y,




At th Is point, witho ut sp ecifyin g the s tr ong dynamics one can
not of ¢ ourse proceed further and evaluate the in tegral.

However, it is r easonable t o assume that ! 1(gW il goto
zero fast en ough at en ergies much higher than the
compostt eness scale, so that the in tegral will converge:

1 1(Q%)

N2 L ey e )

(Q*)"

LA e e 2 TR
V(h)_1287r2 sin (F—w>/0 dQ” Q HO(Q2)+...



Then, as in the ¢ ase of QCD, one can derive tw o Weinberg®
sum rules and compue the integral int erms of the
resonances@nasses and decay consants a ssuming a large N
and Vector Me son Dominance.

Also, if the in tegral is p osttive, as in QCD, then the p otential is
minimized for (h) = & d the El ectr oweak symmetr y is
unbroken.



an example of str ong dynamics

A composite Higgs fr om an war ped extr a dimension

Casider a 5- dimensional
theory with o ne extr a spatial
coordinate, Y, c ompactibed on
aninterval ( 0 < y Q:L

Randall and Sundrum have shown
thatametric ofthef orm (5D
Anti- deStter spacetime, AdS )

ds® = e 2 dxMdx' ! ;1 — dy?

is a solution of Einstein®equat ions of
ma ion if o ne carefully chooses the
cosmobgical congants inthe b ulk and
on the br anes.

b

brane

Bulk

brane




an example of str ong dynamics

A composite Higgs fr om an war ped extr a dimension

The Owa pOf act or

ds? dx“dx! Ly = dy?

implies a r escaling (redshift) of a ll
the dim ensionful quantities by AdSs
moving along the e xtr a dimension.

In other words

IR
brane

translation in y = Weyl rescaling in 4D UV
brane




an example of str ong dynamics

A composite Higgs fr om an war ped extr a dimension

graviton &
Fomthatitf ollows a possible light fermions
solut ion of the Hie rarchy Problem by
the g eography of wa ve fu nctions in /
the 5D b ulk:
AdSs
k1 Mp;, ke 2l adind
\
IR
brane

uvVv
brane



we live here

the Higgs structure along the extra dimension
appears like a form factor

for an observer on the UV brane



@ The 5D theory is a calculable model of the s tr ong dynamics

@ One can easily build an SO(5)/ SO(4) madel and compu e the
form factors 1lp @ana Iytically. One bPnds

I1,(Q4die s off exponentially 1,(Q?) x e @Mir

at | arge momenta:
M ke "2 | TeV

The integral / dQ* Q*TL(QY)/1B(QY)  positive, so that
0

the g auge contr ibution t o the Hig gs potential does not

tr igger the El ectr oweak symmetr y br eaking

The EW symmetr y is br oken by the top quark contr ibution,
which is larger than the g auge one



elementary VS composite

- how t o distinguish an elementary fr om a compostte Higgs -

Let u s assume that the EW sym metr y is br oken: sin({(h)/F ;) #Z O

We can derive the couplings of the Hig gs to the g auge Pelds fr om
the L agrangian

1 | 1 b I h
L =>(Pr), IF +1+ —sin®— ByB, + Il + —ssin’— A" A
2 1 . $ 4 ) iz

. h 0 a RN
+251n2F—H1(p2) HERA Y HiACB

7is

by expanding the f orm factors at o rder O(p?) and setting H = (?)



5 1/ LA 33 3 Fas P
& =R [§ (7 sin i > (BMB! + W, Wi & 2065 ) o+ (T sin I )WM W,
];
* SO W+ (60 + 1 F@) BB+ ..
it f ollows:
| ! 1 | ! | X! 1
00)=-=, (o0)+!5(0)=-=
92 91
Fiae (W . {h)
MI%V:ZSIDQ—W .......................... > UZFW81HF_7T
g
v = 5111 ——
the g ap between the EW s cale andthe _—7 i y

scale F’a tw hich the Hig gs is f or med
as a bound state is a d ynamically-Px ed
fundamental parameter




thelimit ! ! 0 F.)is"a
decoupling limit in w hich one recovers
the SM at | ow energy

47 F
VN

AR s

All the ¢ orrections to the p recision
obser vables due t o the e xchange of the

heavy r esonances will be su ppressed by
powers of €

The LEP precision tests w ill put a
upper bo und on €:

Ael,g’b X 62

et AT



By expanding around the Hig gs vev one can easily obt ain the
couplings of the ¢ omposite Higgs to the g auge belds:

1 ARad, . h A s 3 Eee oeh T i
L = (P z ZsmF— (BMB,,+WMWV—2WMBV)—|— ZSIHF— W, W,

o % p* [II5(0) WAW,! + (IT5(0) + I3 (0)) BB, ] + .. ]

0
A 0 : TR # ..
he = (h) + B =) FﬁsinQFizv2+2v 2Rl - 22 0RY ..
0
7 St Prediction:
OQvvh = gxb;]\x?h (el 2
¥ 4 O(1?) shifts in the

Ovvhh = gg‘%bh 1100k couplings of the Higgs




A(oBR)/(o BR)

) —

example: prediction of an SO(5)/ SO(4)

hence:
1.0 “ I L] | | | | I | | | | L) L) I L) L) n l n | | L) " )
—— 6(VBE) BRh—>WW,ZZ) -
w o(h) BR(h—>yy)
- ~ == o(tth) ER(h—>bb)
0.5 [~ 1 T o(VBD) BRIi—>m) ]
0.0 i
-0.5 i, SRR e
______________ e
_10 |;_ I 2 3 2 2 I 1 1 3 1 I 1 3 x 1 ' 1 1 1 1 18
120 140 160 180 200 1.6
myy (GeV) 1.4
. R
&
e 1.0
>
— £ 0s
& 2
LHC sendiive upto ¢ = 0.4— 0.2 0
0.4
[ Duhrssen 2003 ] e
0.0

model for !?

is composite or elementary, and determine the scale F

=020

A precise measurement of its couplings will tell if the Higgs

[ Giudice et al. JHEP 0706:043007 ]

o(VBE) BR(h—>11)
=— = — - (VBE) BR(h —>yy)
ATEAS o o oith) BRI~ %
................ o(tth) BR(h—> bb)
s s S e

110 71 15 M 205425130 . .1 35

my (GeV)

140

145 150




The Higgs compositeness also rel3ects into an only partial
unitarizat ion of the WW scattering:

In a bsence of the ph ysical Higgs boson the
scattering of | ongitu dinal W® violates unitarity
at en ergies higher than Ay ~ 1.2 TeV

Y e,

AW Wy - Wi Wp) =

95

AM3E,

g% j 52 it t
dNle e 't m?

[s + t]!

An elementary (SM- ike) Higgs fully unitarizes
the scattering [ the SM is ¢ omplete, i.e.
renor malizable up to arbitr ary high energies |



A composite Higgs had modiPed couplings and
only partly unitarizes the WW scattering.
Ag

Unitarity is| ostatascale: A= ns

2 $2(1" €2) t(1" &)
AWIWo! WHiw-)= 2 |g» g
( L°°L L L) AM 2, ='hm? g g m:

Full unitarity is r ecovered thanks t o the
exchange of the hea vy vectorial r esonances



hence:

An excess of events in the WW scattering compared to the

SM prediction will be the signal Higgs compositeness

experimentally difbcult at the LHC:

with L = 200 fthé LHC sho  uld be
senstiveupto ¢! 05" 0.7

[ Giudice et al. JHEP 0706:043007 |






[Literatu rej

¥ Camposite Higgs

= D.B.KaplanH.Georgi PLB 136 (1984) 183
= DunganGeorgi,Kaplan NPB 254 (1985) 299

¥ Camposite Higgs fr om a war ped extr a- dimension

K.Agashe et aINPB 719 (2005) 165

¥ Randall-Sundrum (war ped) models

= | .RandallR.Sundrum PRL 83 (1999) 83
= | RandalR.Sundrum PRL 83 (1999) 4690



[Literatu rej

¥ Camposite vs Elementary Higgs: couplings and WW scattering

Giudice et al.JHEP 0706:042007

¥ WW scattering ( & the r ole of the Hig gsinit)

= BW.Lee C.QuiggH.BThacler,PRD 16 (1977) 1519

M.Chanawitz Ann.Rev. Nucl.Pat. Sci. 38 (1988) 323

M.\Veltman OReRections on the Higgs systemO CERN lssctur
1996-1997 (@ailable on the SL&Aarchiwe)



