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Soon we will know If the Higgs Is fact or fiction.

Iwo paradigms:

* Weak Coupling:
SM, Supersymmetry

e Strong Coupling:
Technicolor, Composite Higgs, Higgsless, Extra-dimensions ...
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COMPOS‘TE H‘GGS Georgi, Kaplan ‘80s

A logical possibility I1s that Higgs doublet is a light remnant of
strong dynamics.

spin |

Strong sector:

resonances + —> spin /2
Higgs bound state

il O,

1
2
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COMPOS‘TE H‘GGS Georgi, Kaplan ‘80s

A logical possibility I1s that Higgs doublet is a light remnant of
strong dynamics.

spin |

Strong sector:

resonances + —> spin /2
Higgs bound state

il O,

Iwo parameters:

Mp 9p (1 <gp <d4m)

Relieves hierarchy problem:

3 N2
om3 ~ “Ztm?
mh 47‘(‘ m
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Particularly compelling it the Higgs i1s a Goldstone Boson:
Massless at leading order:

: SO(5) o Agashe , Contino,
EX. SU(2)r ® SU2)r 6 S = (2,2) Pomarol, ’04

Low energy lagrangian:

| . SU(2)L ® SU(2)r mé;
G = B VDL I > o= ~ 1
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Particularly compelling it the Higgs i1s a Goldstone Boson:
Massless at leading order:

: SO(5) o Agashe , Contino,
EX. SU(2)r ® SU2)r 6 S = (2,2) Pomarol, ’04

Low energy lagrangian:

=77 Du 2l = p_mZZCOSQWN

Extended Higgs sectors:

Ex: SO(5) SO(4) ® U(1) SUM4) ® U(1) ...

Gripaios, Pomarol, Serra '09

Mrazek, Pomarol, Rattazzi, MR, Serra,Wulzer ’| |
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Main difference from techni-color is that f is not linked to v.
Increasing  CH approximates SM.

2

v
TUNING ~ 2
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Main difference from techni-color is that f is not linked to v.
Increasing  CH approximates SM.

2

v
TUNING ~ 2

Spectrum:

m, ~ 3'TeV

mp = g,of

Reasonable phenomenology can be obtained for  m, ~3Tev
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Recent progress started with Randall-Sundrum constructions.

UV |

5
’
)
’
’ (Randall-Sundrum ‘99)
’

)

52 = e TU (g E G RS

‘Higgs :
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Recent progress started with Randall-Sundrum constructions.

(Randall-Sundrum '99)

ds? = en 2 TU(E g 2R M

.c-v-vv-ovow

Originally the SM was localized on the IR brane and the
hierarchy was “explained” by the warping.

W = M56_k7rrc
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More interesting physics is obtained with SM in the bulk.
SM gauge fields are obtained from zero modes of bulk fields

SU(3). ® SU(2)L ® SU(2)r @ U(1)x
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More interesting physics is obtained with SM in the bulk.
SM gauge fields are obtained from zero modes of bulk fields

SU(3). ® SU(2)L ® SU(2)r @ U(1)x

Goldstone bosons G/H obtained from a G gauge theory

SU2)L @ U(l)y z SO(4)
SO(5)

Neumann

A0 =1 SO(4)

Higgs 1s a Wilson line

ZIR
R / A.dz

uv
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Fach SM chirality I1s associated to a 5D field of mass ¢

o =
o (2)
ZIR

Yukawas hierarchies are generated

1

: : TeV\“ 2
yf;.M — sin SOLZ'YZ-? sin @R, sin (p ~ ( i )
My,
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Fach SM chirality I1s associated to a 5D field of mass ¢

o =
we(2)
IR

Yukawas hierarchies are generated

1

: . TeV\“ 2
yz'SjM = sin gpLiYi? SiN YR; sin p ~ ( € )
My,

In the standard scenario Y% are anarchic.
Small couplings are obtained from small mixings:

e [ ight generations mostly elementary

* [op strongly composite
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VWe can use the AdS/CFT correspondence

Arkani-Hamed, Porrati, Randall ’00

5D gauge symmetry ~————> 4D global symmetry
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VWe can use the AdS/CFT correspondence

Arkani-Hamed, Porrati, Randall ’00

5D gauge symmetry ~————> 4D global symmetry

L =\3.0%
dA 5} Contino, Pomarol 04
e =) :

o (d~3)

e d>5/2 irrelevant, small in IR (light generations)

e d<5/2 relevant, large in IR (top)

Hierarchies are generated by the dimensional transmutation
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"RS-GIM”

Resonance exchange generates flavor violating 4-Fermi
operators

2
Ja = g, mgm
O sl o GRS

2 g
mp ()

Csaki, Falkowski, Weiler,’08

Flavor superior to TC theories though not perfect.
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One virtue Is that the 5D theory Is weakly coupled and one
ganrcompute. CHMb:

25F * . = .
" ) - " ‘-"l‘.\l

LT L

20

mk [TeV]
tn
1

(Contino, da Rold, Pomarol '‘06)

05F —

| ) WEPURTRRT SR NSRS S U S

115 125 135 145 155

L 1 il

165 175 185
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One virtue Is that the 5D theory Is weakly coupled and one
can compute. CHMS:

251

.. .l' U.’ \.:‘. I‘.=
YA Y .

20

(Contino, da Rold, Pomarol '06)

10

05F —

l 1 e . ' l e A e Ve l A A e 1 e

115 125 135 145 155

1 1 P | "

165 175 185

In practice the 5D theory cannot be very weakly coupled

i 1 A Neff ’(}2
= Wopp ~ — S~

A =
g% gs mp 1672 f2

Composite sector more hidden if strongly coupled.
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Many reason to abandon 5D:

* theoretical:
- only very few resonances (|?) weakly coupled
- relevant physics largely independent of 5D
- what are the most general models!

* practical;

- LHC will at best be able to produce the first resonance
- Simplitied model useful for LHC
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Contino, Kramer, Son, Sundrum ’06
Two sectors: Giudice, Grojean, Pomarol, Rattazzi’07

Panico,Wulzer ’| |
de Curtis, MR, Tesi ’| |

Elementary:

Strong sector: SM Fermions

+ Gauge Fields

Higgs + (top)
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Contino, Kramer, Son, Sundrum ’06
Two sectors: Giudice, Grojean, Pomarol, Rattazzi’07

Panico,Wulzer ’| |
de Curtis, MR, Tesi ’l |

AL g Elementary:

Strong sector: SM Fermions

Higgs + (top)

+ Gauge Fields

Gauging SU(3)xSU(2)xU('I)

mixing to fermionic operators

They talk through linear couplings:

L e = G Aydle

- 5 tan ¢ ~ — )
Em’i:ving — )\LfLOR —+ )\RfROR Ip > Yy Lng
Potential generated at |-loop:
m:l) )\%’R A
A5 95 1672 (7>
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Contino, Kramer, Son, Sundrum ’06

Simplified 2 site picture:
Fach SM chirality has a Dirac fermionic partner

/:'composite i Q(Z p 39 mQ)Q =+ T(Z 1) = mT)T + Y7 Qﬁ]T

m i
ﬁmiming =7 g_/O [)\LQLQR 2N )\RtRTL N hC]
P

Mass basis:

qr _ [ cospg,  — SIN Qg qzl
QL sin g, COS Vg, 7°

g

COS Py,

mpg —
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Contino, Kramer, Son, Sundrum ’06

Simplified 2 site picture:
Fach SM chirality has a Dirac fermionic partner

/:'composite i Q(Z l) 39 mQ)Q =+ T(Z 1) = mT)T + Y7 Qﬁ]T

m i
ﬁmiming =7 g_/O [)\LQLQR 2N )\RtRTL N hC]
P

Mass basis:

< qr >: ( CoS g, —singpg, )( g5 )
QL sin g, COS Vg, 7°

g

COS Py,

mpg —

Gauge fields:

PR B R o ST N Azl
pp )\ sinf  cosf p5e
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Composite sector has su@)r e SU@reU1)x SYMMELrY (v = Tur + U(1)x)

~u I T8
AT T

U

qrL > (2,2)

wlN

UR > (1,1)

wlno

Monday, November 28, 2011




Composite sector has su@)r e SU@reU1)x SYMMELrY (v = Tur + U(1)x)

Jr i
qrL > o — 3
g > (171)§ U

Jo generate Yukawa for the down sector

BRI
1 > @22y =5} w)
dr > (171)—% D

Corrections to SM couplings of down quarks are small

and zero for right quarks.

Agashe , Contino,
da Rold, Pomarol, ’04
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This description misses the GB structure.

Modified couplings:

Wt W A
h 2 ¢"‘
2
------ Z\Eim—wa : :2z—mwc
v 3 D
N
~5
W- W= e
i
----- it \/5’(] SM a:b:C:].
b

EMBREiecelver corrections of order (T2

Modified Higgs cross-sections.
WWV scattering not exactly unrtarized.
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Take G broken to H. Low energy lagrangian determined by
CCW/Z constructions

UIl') = gU(IDRT(ILg) g€ G, he H(x)
Wile) R e e
GB lagrangian
6= _Jpre

Matter couplings,

¢7M(8u 5 ZEu)w
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Many ways to introduce resonances. Ve add

Gr®GRr
GrL+r

G
Q — 9.0}, i =

and gauge Gr+G

Comire = LT D Q|2+f—22papﬂa— L4 pau
P CHIAS A r 7! 9 TH 492p,u1/10
p

D, = 0,0 —iA,Q+iQp,

Natural to have H and G/H resonances.
In QCD these are vector and axial resonances.
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Many ways to introduce resonances. Ve add

Gr®GRr
GrL+r

G
Q — 9.0}, i =

and gauge Gr+G

Comire = LT D Q|2+f—22papﬂa— L4 pau
P CHIAS A r 7! 9 TH 4g2p,u1/10
p

D, = 0,0 —iA,Q+iQp,

Natural to have H and G/H resonances.
In QCD these are vector and axial resonances.

We recover CCW/ for fo = o

e % :
L= DD - @ﬂwﬂ“ + 5 (0 = Ey)
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In general:

o8 Q, QN1
G G | | 0 @

9p1y P1 Gon_25 PN—-2 Ypn-1s PN-1
N—-1 (9 f2 N—-1 1
_ o § n 2 N yayua E : A Apv
£N—sztes s ZTY |D,uQn| Sl TDMD e 492 pn,,uypn
n=1 n=1 Pn

IO _v0 O — i i pt, =1 N
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In general:

O-@ @@

9pn_2) PN—2 9on_1» PN-1
— /2 e e A
£N—sites b Z”TI‘ |D,uQn| Sl TNDZDMG 2 Z 492 Pn 'prn,uv
n=1 n=1

IO _v0 O — i i pt, =1 N

(Bs are

= f —Ul N = 1
eXp’LF i = o aaay 2—2:—

U' = (11, 'Q,) U

~or N large we recover the 5D theory.
The boundary conditions are not rigid for fn finite.
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Fermions:

N—1
£fermions = \Tj?(%r) [7’ @Pn — my,
=1t
D“\Ifff) —  orgpn) ipﬁ\ll(r)

Inspired by SD.

MIEN 1 4 pe
PL VA
QN/
ms 3 . my—1
/94 |
v Uy
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MINIMAL 4D CH

Explicit breaking
of global symmetry

Composite sector

SO(5)/SO(4)

Realistic models can realized with the pattern

SO(5)

SU2). ® SU(2)r g i o

eI

Y =15+ X
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MINIMAL 4D CH

Explicit breaking
of global symmetry

Composite sector

SO(5)/SO(4)

Realistic models can realized with the pattern
SO(5)

SU2) ® SU(2)x > L = (2,2
() x
Y =T3r+X
Composite spin-1 lagrangian
L :f—fTr]DQ\Q—l—f—Qz(DcI))(DMcI))T_iA Apv
Geitigie 4 pe el 2 px2 2 493 p,u,I/IO
Wy =l —I—Z%H—l— Clh2 12 Dy = e 2 = > smg (hl, ho, hs, hy, h cot E)
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Spectrum:

2 ;2
m2 i gpfl
PEREC AN
SN g5 (fFi+53)
ai 2,

5 2
m2 S ngfX
b 2

SM fields are introduced adding kinetic terms for the sources

i 1
‘Cefzu Eh _—FaVFaI/ e Y, I/Y'LW
gaug 49(2) 127! 4981/ =
Physical parameters
e b
o G
Eoih sl
e b -
mp 9o
tan @y = 2°
Mpar cosfy’ el g,
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Composite fermions are associated to a reps of SO(O).
In CHMS up quarks couple to

Jeas Il
52/3 — (27 2)2/3 D (17 1)2/37 (272)2/3 = ( B Tz )
3

Left and right components correspond to different 5.

Down quarks

L), (22— (

5 N
N

Wk W=

B
B
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Explicit breaking
of global symmetry

Composite sector

SO(5)/S0(4)

Third generation

CHM 25 el
L B ‘Cfermions
+ AENYr + AR Y= + hec.
—F \TJT(Z DP — mT)\I!T =F \TJT(Z DF — mf)\lf,f
— YT\IJTjL(I)g(I)Q\IfT,R — My, \TJT,L\P%,R + h.c.
+ (T'— B)
Eel e i —el el el L‘el- el el Lgel- elbel
fermions — 9o dr, @ dy, - 2 tRZ p tR+ 2 R ﬁ R
qu th be
Masses
v ytLA thA YT
my ~
VO
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Higes potential generated from the Coleman-VWeinberg
effective potential

d*p
V(h)fermions — _2NC/ (27.‘_)4 [ln HbL T In (pQHtLHtR o H%LtR)]

9 d* 111, (p?) . 5 h
V(h)gauge — 5/ (27_‘_])?4 In [1 Tile 1(]? ) sin? —
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Higes potential generated from the Coleman-VWeinberg
effective potential

d*p
V(h)fermions — _2Nc/ (27_‘_)4 [ln HbL =1 (p2HtLHtR o H%LtR)]

9 d* 1 114 (p? h
V(h)gauge = 5/ (27_‘_])?4 In [1 e 1(]? ) sin? —

Form factors are simple functions build out of

(m3 +m3 —p?) A?
— p2(mf + m3 + m3) + mim3

ﬁm1,m2,m3 =
| [

]\/E[m mo, mg] = K T
1y 1702, 1703 TR ST N 2 %) i)
p* — p?(m{ + mj3 + m3) + mim;

Potential Is calculable with a single SO(5) resonancel
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General scan:

500 1000 1500 2000 2500 200 1000 1500 2000 2500
m(GeV) m(GeV)

de Curtis, MR, Tesi’l |

It light Higgs Is found, nearby fermionic partners expected.
It lucky visible at LHCY.
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Most sensitive experimental searches (1-slide snapshot)

# Looking for pair production
[CMS L=1.14 fb] TT — WbWb — bbbl Er mr > 422 GeV

PAS-EXO-11-050

[CMS L=0.80 fb] TT — WbWb — b3j =B mr > 450 GeV

PAS-EXO-11-051

[eMS L=191pb?]  TT —tZtZ — (IT17)IF 55 mr > 417 GeV
PAS-EXO-11-005

[CMS L=114fb1] BB — WtWi— ITITb3jFr mp > 495 GeV
PAS-EXO-11-036 — UlbljEr

# Looking for single production

O
,‘QO

[D0 L5401 Q7 — Wqq— I%jjBr o)
arXiv:1010.1466 — Zqq — (IT17)j7 Q\C/

Notice: All analyses assume 100% BR to the considered channel \Q\\\
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Large mixing:

f =500 GeV WA B i £ L 0.7 < Ay /mz < 1.3
e e

0.5 S YT S 3 —1.2YT S my.. S —O.8YT

o 27/6

> | 21 /6

| 4 12/3

F 1 1 1 | 1 1 1 | 1 1 1 | 1 | | | 1 | 1 | | | 1 | | 1 1 J
100 120 140 160 180 200 220 240

my(GeV)

Doublet lightest fermion
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Moderate mixing

0.6 < A;, /mp < 0.9 0.35 < Ay, /mz < 0.7
05 <Y¥Yr <3 —0.5 < my, <0.5
2500,
2000 -
1500 -
I 2
1000 - ® S
V = 26
500 - * Iy

kx I I | I I I | I I I | I I I | I I I | I I I | I I 1J
100 120 140 160 180 200 220 240

my(GeV)

Singlet lightest fermion
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NATURALNESS

Potential CHMb5:

V(h) = asj, — Bsye,
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NATURALNESS

Sl e 2
- (q.H tgr + h.c.) > V(h)yuk NNCy—t 2 2 2

['Yuk = ytf
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NATURALNESS

sin® & sin? & cos? & sin 2% sin 2
e Tt N I peeul  Fe-- peud. MR T I » =

Potential CHMb5:

L il fShCh(_ HECt —1—hC) ytZ 2 R 2T
vy = Ui S e e e > V(R)yur ~ NcﬁmT S} Ch,
2 12 4
V(h)]gl) x th ytL mT S%L
th 9 T yt2 2 T / in 3272 y%
e —Zsh lr J)tL S —QRCh tR @tR
2yT y’_ZN” \ y4 4
2 tr,r T
V(h)l(mzz = NC 16Lﬂ.1; f 8}216%1,
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NATURALNESS

9
ShCh Yr o 2 2

Lyuk = Yyt f . (gHtg + h.c.) 2 V(h)yur ~ Nc i mz f? sich
2 12 4
VR)G: ~ N s
th 2 — yt2 2 — / mn 327‘(‘2 y%
Liin = —Zsh tr J)tL T —ZRCh tR @tR
2yT y’f \ 1 4
(2) Yt r Mp 9 9

Demanding electro-weak VEV

m
M ~ O.3yt—TU

i
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NON MINIMAL TERMS

Most general 2-site lagrangian contains

fO2 [T SV d=0 QT
7(DM(I))(D ) ol
fif3
=i e
S
dOT

Explicit breaking
of global symmetry

Composite sector

SO(5)/SO(4)

Similar terms are considered in QCD and TC.

Falkowski et al.’ | |
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New term modifies interactions

(Mg, — 00)

2
R,

2 2
ool
p f2—f§p

Coset resonance could give further modifications.
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New term modifies interactions

Jormm — 2f2 9o
(Mg, — 00)

2 f2 2 2
mp:2f2_ Q.Qpﬂ'ﬂ'f
0

Coset resonance could give further modifications.

Important for decay and production

e T
X 4
Wt i
P o
R P AN
S
N
Wi ..
25 i
o
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New term contributes to S-parameter:

i 1 Mo 107
5247_‘_,02 (_2_|_ - ) f 2f0
ms - mg i

SRE i /anish

Jo=17[

H and G/H resonances degenerate and decoupled.
EcRBE heores.
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New term contributes to S-parameter:

i 1 Mo 107
5247_‘_,02 (_2_|_ - ) f 2f0
ms - mg i

SRE i /anish

Jo=17[

H and G/H resonances degenerate and decoupled.
EcRBE heores.

R@®CD:

General!
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Coupling to fermions also modified.

YrUr 810,07 > 8 o 20 (T Ts ) ( h§ h+) 7
2h f2 B T% L h—i— ho
LR
TaBaT5/37T2/3
— Y- Y
5~ ~ LQfCLSR 2 —Site: —TCLSR
. ; f
) 3
) 3
) 3
S o

Production and decay can be very different from 2 site

LR
W/Z
) 153
T,B,T5/3,12/3 T
t
TYAYAY t W

Relevant phenomenologically!
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CONCLUSIONS

* All relevant features of CHM can be reproduced from a
4D point view. First resonance sufficient for LHC.

* In general a light Higgs requires light fermionic partners for
naturalness.

* More general models can be considered in 4D than 5D.
Contributions to S and modified couplings.
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SM fermions couple to multiplets of sv@): ® sU@)reUQ)x
In general modified couplings problematic

Yg DU2 ; v? 9
~ ) 2 / 2 c
0g ~ 5 S Py (T31.(Q) — T31) + 932 5 SH1 oy (T3r — T31.)
2m 4m
p p
by, .
~x <H> <H>
D AVAVAYAYAY: AVAVAY = aVaAYAY
_ w.B.B W.B  Z
® B
b

Possible to have L-R symmetry.
Corrections vanish if

Agashe , Contino,

SRt
it L da Rold, Pomarol, ’04
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