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Technicolor:

Light Higgs ok for composite models @
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COMPOSIT

Logical possibility:
Higgs doublet is a light remnant of strong dynamics.

‘ G G S Georgi, Kaplan ‘80s
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Strong sector:

resonances + > spin /2
Higgs bound state
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Relieves hierarchy problem:
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Particularly compelling if the Higgs is a Goldstone Boson:
Massless at leading order:

\ 4

SO(5) Agashe , Contino,Pomarol '04
Ex: GB = (2,2) gashe,, ,
SUQ2)L ® SU2)r Contino, da Rold, Pomarol,’06

Low energy lagrangian:

e SU(2)L ® SU(2)r m2
6= (D I Y > p=—5"2— 1

Extended Higgs sectors:

SO(6 SO(6 SU(5)
Exc (6) (6)

Gripaios, Pomarol, Riva, 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 T CH approximates SM.

V2

TUNING ~ o)

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 IR

(Randall-Sundrum '99)

ds? = e ZF"Y(—di?  da?) Fdy

5D = Effective description of strongly coupled theories
Arkani-Hamed, Porrati, Randall 'O
Rattazzi, Zaffaroni 'Ol

Inspired by AdS/CFT but metric not very important.

Panico, Safari, Serone ’10
Becciolini, MR, Wulzer ’09
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When 5D theory weakly coupled (large N), one can
gomplte. CHMDS:

s® -.- '.‘ \.:’.;‘.

LT T

2.0 5

15F

mgk [TeV]

(Contino, da Rold, Pomarol ‘06)
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In practice the 5D theory cannot be very weakly coupled

1672 A r  Nepg v?
= W= Goo il T
2 qe s mp 1672 f2

Phenomenologically strong coupling required!
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Necessary a useful 4D description:

e theoretical:

- only very few resonances (1?) weakly coupled

- relevant physics largely independent of 5D or AdS
- what are the most general models?

* practical:

- LHC will at best produce the lightest resonances
- Simplified model useful for LHC
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General picture:

AL AR 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 = G ALy

A
tanyp ~ —
i g ALAR
Lmizing = ALfLOR + ArfROR e Y~

A 4

Potential generated at |-loop:

R
VA e =Lt | 2
( )ocg,% 1672 (f)
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Already on the market:

* Simplified two-sector model:

Contino, Kramer, Son, Sundrum ’06

* | ow energy effects

Giudice, Grojean, Pomarol, Rattazzi 07

Barbieri, Bellazzini, Rychkov, Varagnolo ’07

¢ 3-site model

Panico,Wulzer’| |
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Take G broken to H. Low energy lagrangian determined by
symmetries. CCW/Z:

ioeTa

U(Il) =e 7 Ul = gU(MRT (I, g) g€ G, he H()

)8 = GIBfIE e DT
GB lagrangian
2 -~ ~
&= ="

Matter couplings,

ZE’Y“(@L =i ZEM)@b

Many ways to introduce spin-| resonances...
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We start from G/H

G ®Ggr
GrL+Rr

T @

b= QLQQL ‘|‘

and gauge Gr+G

o —f12T D, f—gpaplﬁ——l A
2—szte—z I'| Y gy 9 Tk 4ng,u1/p
P

D, = 8,0 —iA,Q+iQp,

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

We recover CCW/Z for fa = o0

D 4g2 "m0

f/2

o s = E2)?
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In general:

@ @@

Yon—_2y PN-2 9pn—1) PN-1
~ f2 2 T S
LN _sites = Z ZnTr|D/JQn| Sl TDZDMG e Z 4g2 Pn, ,uupn'uy
=] ’n,:l pn

IR0 — 1 Dk ik, m=1, N =

GBs are

N
Q, —esz]{; SN Zi:i

U= (IIN'Q,) U

For N large we recover the 5D theory.
Boundary conditions not rigid for fn finite.
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Fermions:

=myg y_ OV TUMPFUMIE N + ke

T

LR structure

o 25 v UN
p p p
QN/
Oy 0y Qs :
my ma ms : my-—1
Q
vk 3 151 i UN_1

Inspired by SD.

N-1 N-1
Lfermions = Z lijg) |:Z @Pn T mq(:)} \IJ%T) 7 Z Ag) ( @77},219”\1]
n=1 n=1
Dr() o) — jprp(r)

n

r,

R o hc)
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MINIMAL 4D COMPOSITE HIGGS

- One resonance for each SM field




Explicit breaking
of global symmetry

Composite sector

SO(5)/S0(4)

Minimal coset:

SO(5)

SU2)L ® SU(2)r

Extra U(1)x

Y =Tsg+ X
Composite spin-1 lagrangian:

1
Egauge o fl —Tr |D Ql‘ + = f2 (DN(I)Q) (DN(I)2) LA Ay

@ =l 3 Aol A | h h
Ql ==l +2EH+ 2 H (I)Q = qboe B = _SIHE (hl, hg, h3, h4, h cot E)
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Spectrum:

m2 Iy 9§f12
O

o o el
o 2

al

m

2 2
5 G e
(e T 2

SM fields are introduced adding kinetic terms for the sources

| 1
B e L e gl Al S G
gaug 493 |72 22" 49(2)Y K

Physical parameters:

g |
o 9 93
B R AT
9" G g
m
M — b tanfp = LY
cos by, 9p
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Fach SM fermion Is associated to a rep of SO(5).
@il

T Ts
52/3=1(2,2)2/3® (1,1)23, (2,2)2/3 = B T
3

Left and right components correspond to different 5.

Down quarks

T
B/

S

B_
5_1/3=1(2,2)_130(1,1)_1/3, (2,2)_1/3= ( B

Wik W=

Explicit breaking
of global symmetry

Composite sector

SO(5)/80(4)
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Third generation:

ECHM{,

Eel

Masses:

el
= £fermions

2 AtL qleﬂIIT U AtR E%Ql\lff + h.c.
+ \TJT(Z ﬂ)p — mT)\IfT 4= \TIT(Z ﬂ)p — mf)\lff

s YT\TJT,L(I)g(Ib\DT,R — mYT\TJT,L\Df,R + h.c.

+ (T — B)

fermions — q_ili pelqil SR LT%Z /Delt]e:g = B%Z ﬁelb%

N v AtL AtRYT
/D v W

\ 4

Explicit SO(5) breaking

Composite physics
SO(5)/SO(4)
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Relation to 2-site picture:

1 v 1 a a 1 a a . a 2
i = __PZ‘VPAM B —mipup i —milpup s ‘8u —19pp, H|  +nlterms
4 P 2

1 998 4a 40 9 2
Loniz = _mQ_OAMA o mi_A,up z +gOf

_(O*HYA, H) + ...
) pgg gp f12( H )

e Non linear GB structure included.

e Correlations of 2-site model removed.

Ex:

A 2 — site : g, CLSR
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We can borrow 5D techniques and write the effective action
o Telds: Contino, da Rold, Pomarol,’06

erm — 82 ACAC T 17
i = ao bW + 2 (00 6) BB + PG ARY) | o
— U, 2 S%L u(, 2 7 @h (ol S%L d(, 2
+ b (07 + 26D ) un+dn p (166D + 211G ) da

SHC -~ SpHC -~
+ 222 A(p?) qrH ur + 2 ME(p?) qrHdg + hec. .

Y V2
Egauge ik 1 T I ( 2) =i il—[ ( 2) A,u Au
eff 9" v o\p A 1\p aL**aL

82 14 77 a 77 a
b () + 2meR) ) vy + 25 G2 BT A A7

Coleman-Weinberg effective potential:

d*p
V<h>fermions - _2NC/ (271_)4 [ln HbL +In (p2HtLHtR R Hfuﬁzz)]

9 [ d* 111, (p? h
= 5/ (273;4 In [1 - 1(p) sin® —
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Form factors are simple functions:

(m3 + m3 — p?)
p* — p?(mi + m3 + m3) + mim3

H[m17 ma, m3] i

]/\j[mla ma, m3] T 1ol

p* — p2(m4 + m3 + m3) + mim3

p2

II | =
gauge[mv] p? — m%/

Gauge potential:

——s8in“ —

2r)A8T,  f
2 2

V() gauge

9 1 go m‘; (mal _mp) mc211 ] .o h

n S —;
41672 g2 m2, —m2(1 + g2/g2) [m2(1+g 0/97) f

Potential is finite with a single SO(5) multiplet!
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General scan: f =500 GeV
D e L
2000
< 1500 Low mass:
= : D500 R
1000 | S
: 2000 | % o SO, .
S A 3 e R §1500.0._:.‘\—_‘.b’“:?%
100 150 200 250 300 TR T R A
mH ’b L 2 9 = 1
500;::: ] ‘3? !::”F'.'!':' i ‘z
N ST 4“"‘q o
100 105 110 115 120 125 130
mg

It mH=125 GeV, nearby fermionic partners.
Might be visible at LHC/!
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Partners above experimental bound.
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Large mixing:

1.2 S AtL/mT S 1.8

J =500 GeV U= B i = 1.2

05 < Vi <8 e i S

o 27/6
= 26

P L 2 12 /3 5 D
I | | | I | I | | | | | | | | | I | | | | | | | | | | ‘
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Sl T \':v".":""“ﬂ'-'n.k..
DAL i 2 ¥
B .o 2 o ? Hw‘#
E* 1.5 = LU °p"°
Doublet lightest fermion EERTEC o
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Moderate mixing:

0.6 <Ay, /mpr <0.9 0.35 < A¢p/mg < 0.7
0.5<Yr <3 I e, = 0.5
2500 —
2000}
=4 .
@ 1500 .' * ...
3 Y S * 274
1000 &, o ¢
I o u 21/6
500 - * Iy
100 120 140 160 180 200 220 240
my(GeV)

Singlet lightest fermion

Friday, January 27, 2012




Gripaios, Pomarol, Riva, Serra ’09

SO(6)/SO(5):

) hi he hs hg s 80> =
h=gins | — —, — — = @oi= | . 2 2
f(so vl w’ e . f =it e

Fermions can be embedded in the 6=(2,2)+2 x |

b [ 0
/_ZgL\ : )
QL%% z'tti iy — 0
0 1cosbOtp
\ 0 ) \ SithR

v

For 6=7 singlet becomes exact GB.
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=R S etiniliaSs
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Same correlation Higgs-fermions.
Singlet typically heavier than Higgs unless 6=

Friday, January 27, 2012




NATURALNESS

sin? & sin? & cos? & sin 2% sin 2%

R R S T foaef  }e-- Y S SR G T pook.
ShCh , _ 2

Lyuk = ytf N (GLH tr + h.c.) > V(R)yuk ~ Nc%m%
7

2 2
Yy 2 Yy -
Liin = 2%8;21 tL Dty +=2citr Dig - V(h),({jlzf,b ~N
Yt Y7
Potential:

V(h) ~ acs,% — BS%C%

Quartic Is determined by top Yukawa,

m
myg ~ 0.3 yt—TU

i
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NEINEMIINITMALCRERES

Most general 2-site lagrangian contains

fO2 [T VA =7 QT
T(Duq))(D ) 2yl
1113
E=1E
SR
dOT

SO(5) @ U(1)x
v &2
SO(4)®U(1)x

Explicit breaking
of global symmetry

Composite sector

S0(5)/50(4)

Similar terms are considered in QCD.

Falkowski et al.’ | |
Contino, Marzocca, Pappadopulo, Rattazzi 'l |
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New term modifies interactions

s
Gonr = 52 9

(Ma, — 00)

e

m2 =2———gon I’
F2— 2%

2
P
Coset resonance could give further modifications.

Phenomenology modified

e T
4
Wr e
P Prog
A TR P A
L 3
WL ss
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New term modifies S-parameter:

S=47wz< L -= ) )f2—f§

2 2 2
ms - mg, f

S can vanish

Jo=1[

H and G/H resonances degenerate and do not participate
to unrtarization.

I ©CIE B}

General?
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CONCLUSIONS

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

* In general a light Higgs requires light fermionic partners.

* More general models can be considered in 4D than SD.
Contributions to S and modified couplings.

Friday, January 27, 2012




CHMIO

f = 500GeV
e LA
s X .'. ]
? o® _of
[ 4
_ 1500} A S
% ok o°
O ; o A & 2500 o 2
5 L ottt . 2000
r o
| ) j. A - i " 26
i > :
e . 0 g ) .
100 150 200 250 300 £ 900
my|GeV] f A Lspl 33y
500 :

120 140 160 180 200 220 240
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A
Dy = =2 <16, 07 <=l
mr ms
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Correlations of 2 site model are modified:

= = ; A
TR 5 TS I
tR
T7B7T5/37T2/3 ~
g Y
Se i LQfCLSR (2 — site : —TCLSR>
~~ 2 f

>

«~
RS

Production and decay can be very different from 2 site

Wz ~ Ts/s
T,B,T5/3,15/3 T
G

_|_
g ¢ W/

iR

Relevant phenomenologically!
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