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Composite vs Elementary

Dilemma since the beginning of particle physics

Search for structure by probing states at
shorter distances (high-energies)




At present, extra motivation in the SM:

Why My, < Mp ? (hierarchy problem)

Up to now, the only possible dynamical answer comes from
“dimensional transmutation’:

Quantum running of a dimensionless coupling generates a new scale

An example: YM theory ~ QCD:

Explains why

AQCD << Mp




At present, extra motivation in the SM:

Why My, < Mp ? (hierarchy problem)

Up to now, the only possible dynamical answer comes from
“dimensional transmutation’:

Quantum running of a dimensionless coupling generates a new scale
Another example: Coleman-Weinberg mechanism:
_ 1 4
V=2Xxp" — A)o

quantum level
A

v \/ Can generate

: )¢ ¢0 <K Mp
Do

But if @ has dim=1, exists a relevant operator: 1/*¢*
Possible if © = ¢° composite operator of dim=2




The smallness of the EWV scale suggests the existence of a new
strong sector, giving an important motivation for searching for
compositeness in the SM particles

Question to address here:

Are there SM states coming
(as composites)
from this strong sector?
— Similarly as in the old good days,

when exploring physics below the GeV:
muon, pions, kaones,...

e.g. in the known examples
Technicolor: Wi, Zi
Supersymmetry: None (strong sector hidden from the SM)

Here | center in a strong sector at around the TeV-scale
such that is possible to be probed at the LHC



Approach this question theoretically:

Impossible to answer today

Hard to get predictions from strongly-interacting theories

New tools:

* Supersymmetry (e.g. Seiberg dualities)
* AdS/CFT correspondence:

Strongly-coupled Weakly-coupled
systems q Gravitational systems
ie.  Large Nc in higher-dimensions

Large A=g>Nc

Very useful to derive properties of composite states from
studying weakly-coupled fields in extra-dimensional models



Approach this question experimentally:

Easy in an collider:
8
As we do it with pions in QCD: P
70 70
Fx(p)
Fx(p)

Elementary state

Composite state




Approach this question experimentally:

In a real collider:

8
Only access up to few TeV »
If the composite scale E. E
is slightly above the
electroweak scale F ( )
y WP

Elementary state

Composite state




At least, this simplifies the approach since we can make use of
effective field theories expanding in powers of Energy/Composite-
scale: Deviations from elementary states parametrized by higher-

dimensional operators added to the SM:

1
Let = Lsm + Fod:6 + -
Two types of operators:
2
a) Extra powers of % A = scale of the strong-sector
eg (0,F)°
2 1y2 2
b) Extra powers of gpzb — ¢_2 dp = coupling of the
A f composite states
~i )2
e.g. (T 7091) since g, > 1 — [ <A,
f? operators type (b) are dominant

w a|l these operators lead to deviations from SM predictions



What past and present experiments tell us?

(what SM particles “smell” composite or elementary?)



How well the SM particles are tested!?

I”

First reaction, one answers “extremely wel

Extensive LEP, SLAC LC, Tevatron,... legacy:

Vs Average Vs Average
(GeV) | Quantity value SM A ‘ (GeV) | Quantity value SM A without lepton universa]ity
130 a(qq) 82.1£2.2 828 [ -03 192 o(qq) 22.05+0.53 | 21.24 | -0.10 XQ/Ndf = 32.6/27 % of omw (MeV)
130 o(ptu™) 8.6240.68 8.44 | -0.33 192 o(putp) 2.9240.18 | 3.10 | -0.13 Back d W — dat fit fit fit
130 | o(rtr) | 9.02+093 | 844 | -0.11 192 | o(rtr) | 281+023 | 3.10 | -0.05 mgz [GeV]  91.1876+ 0.0021 ackgroun ev data mr pT Pr
130 AFB(}LI}L_) 0.694:£0.060 | 0.705 | 0.012 192 AFB(/LI}L_) 0.553£0.051 | 0.566 | 0.019 Iy [GeV] 2.4952 + 0.0023 W —7v  0.93 + 0.03 2 2 2
130 | App(rt77) | 0.663£0.076 | 0.704 | 0.012 192 | App(rt77) | 0.61520.069 | 0.566 | 0.019 0 .
136 o(q@) ) 66.7£2.0 | 66.6 | -0.2 196 a((qa) ) 20.53+£0.34 | 20.13 | -0.09 oy, [nb] 41.541 + 0.037 Hadronic jets 0.25 & 0.15 8 9 7
136 | o(utp”) | 8274067 | 7.28 | -0.28 196 | o(utp”) | 2944011 | 2.96 | -0.12 Rg 20.804 £ 0.050 Z/v" —ee 024 + 0.01 1 1 0
136 | o(r+77) | 7.078+0.820 | 7.279 | -0.091 196 | o(rtr7) | 2944014 | 296 | -0.05 0 2. +0.
136 | App(utp) | 0.708+£0.060 | 0.684 | 0.013 196 | App(utp~) | 0.581£0.031 | 0.562 | 0.019 fo 28 ;zi N 8 822 Total 142 + 0.15 8 9 7
136 | App(rt77) | 0.753£0.088 | 0.683 | 0.014 196 | App(777) | 0.505:£0.044 | 0.562 | 0.019 T : :
161 o(qq) 37.0+1.1 352 | -0.1 200 o(qq) 19.25+0.32 | 19.09 | -0.09 A%’g 0.0145 + 0.0025
161 | o(utp~) | 4.61£0.36 | 4.61 | -0.18 200 | o(ptpT) | 3024011 | 2.83 | -0.12 A0 0.0169 - 0.0013
161 o(rtr7) 5.674+0.54 4.61 -0.06 200 o(rtr7) 2.9040.14 2.83 | -0.04 g]?r . ' without ]epton universality
161 | App(utp™) | 0.53840.067 | 0.609 | 0.017 200 | App(ptpT) | 0.524+40.031 | 0.558 | 0.019 Apg 0.0188 £ 0.0017
161 | App(rt77) | 0.646:£0.077 | 0.609 | 0.016 200 | App(rt77) | 0.53940.042 | 0.558 | 0.019
172 o(q7) 29.23+0.99 | 28.74 | -0.12 202 o(q7) 19.07£0.44 | 18.57 | -0.09 Thaa [MeV] 1745.8 +£2.7
172 | o(ptp™) | 3.57£032 | 3.95 | -0.16 202 | o(ptpT) | 258+0.14 | 277 | -0.12 Lepton Lepton Tee [MeV] 83.9240.12
172 | o(rtr™) | 4.01£045 | 3.95 | -0.05 202 | o(rtr) | 2794020 | 277 | -0.04 non-universality universality
172 | App(utp~) | 0.675+£0.077 | 0.591 | 0.018 202 | App(utpT) | 0.54740.047 | 0.556 | 0.020 Experiment | BOW — o) | BOW — 47,) | BW — 777) | B(W — hadrons) Lyp [MeV] 83.994+0.18
172 | Apg(rt77) | 0.3424£0.094 | 0.591 | 0.017 202 | Aps(r+77) | 0.58940.059 | 0.556 | 0.019 (%] (%] (%] %] . [MeV] 84.08+0.22
183 O'((]q) 24.59+0.42 24.20 0.11 205 U((]q) 18.17+0.31 17.81 20.09 ALEPH 10.81 +0.29* | 10.91 £ 0.26* | 11.15 £ 0.38* 67.15 + 0.40*
183 | o(ptpT) | 349015 | 345 | -0.14 205 | o(utuT) | 245£0.10 | 267 | -0.11 DELPHL | 10554 0.54% | 10.65 £ 027 | 1146+ 045" | 6745 % 0.48"
183 | o(rtr7) | 3.37£017 | 345 | -0.05 25 | o(rtro) | 2.78k0.14 | 2.67 |-0.042 oaniL 11[:]'74?1‘3?; lﬁﬁfl i(ff; llﬁii‘(’]'i "Jl‘;‘i‘z)ﬁ
183 | App(utp) | 0.559:£0.035 | 0.576 | 0.018 205 | App(ptp~) | 0.56540.035 | 0.553 | 0.020 R BTY T T e e
183 | Aps(rr77) | 0.608+£0.045 | 0.576 | 0.018 205 | Apg(rt77) | 0.57140.042 | 0.553 | 0.019 el E T E— o
189 a(qq) 22.474+0.24 | 22.156 | -0.101 207 a(qq) 17.49+0.26 | 17.42 | -0.08 —— — -
189 | o(utpT) | 3.123+0.076 | 3.207 |-0.131 207 | o(utpT) | 2.59540.088 | 2.623 | -0.111 — , o
189 | o(rtr) | 320£010 | 320 [-0.048| | 207 | o(rtr) | 2534011 | 262 | -0.04 Vs WAW cross section (pb) X/dof
189 | App(utu-) | 0.56940.021 | 0.569 | 0.019 207 | App(utpo) | 0.54240.027 | 0.552 | 0.020 (GeV) | ALEPH DELPHI L3 OPAL_ LEP
189 | App(rt77) | 0.596:£0.026 | 0.569 | 0.018 207 | App(rtr) | 0.564+£0.037 | 0.551 | 0.019 1613 | 42340757 | 367 X057 | 280 TOR | 362 705" | 36940457 | } 13 /3
172.1 11.7 £1.3* | 11.6 £14 * | 123 +14 * | 123 +£1.3 * | 120 £0.7 *| } 022/ 3
% of S (MeV) 182.7 | 15.90 +0.63* | 16.07 +£0.70* | 16.53 £0.72* | 15.43 +£0.66* | 15.89 +0.35 *
Background W — v data mr it pr it g, fit 188.6 | 15.76 £ 0.36* | 16.09 +0.42* | 16.17 +0.41* | 16.30 £0.39* | 16.03 +0.21 *
Zi — 66+ 03 6 T T5 191.6 | 17.10 £0.90 * | 16.64 = 1.00* | 16.11 +£0.92 * | 16.60 + 0.99 16.56 + 0.48
W — v 0.89 + 0.02 1 7 8 195.5 | 16.61 £0.54 * | 17.04 = 0.60* | 16.22 +0.57 * | 18.59 +0.75 16.90 = 0.31 26.4/24
Decays in flight 0.3 + 0.2 5 13 3 199.5 | 16.90 +0.52 * | 17.39 £ 0.57* | 16.49 £0.58 * | 1632 +0.67 | 16.75 +0.30
Hadronic jets 0.1 + 0.1 2 3 4 201.6 | 16.65+0.71 * | 17.37 +0.82* | 16.01 +0.84 * | 18.48£0.92 | 17.00 + 0.41
Cosmic rays 0.05 &+ 0.05 2 2 1 204.9 | 16.79 +0.54 * | 17.56 +0.59* | 17.00 £0.60 * | 15.97 & 0.64 16.78 £ 0.31
Total 7.9 £ 0.4 9 19 11 206.6 | 17.36 +0.43 * | 16.35 +0.47* | 17.33 £0.47 * | 17.77 £ 0.57 17.13 £ 0.25




How well the SM particles are tested?

First reaction, one answers “extremely wel

I”

Extensive LEP, SLAC LC, Tevatron,... legacy:

Vs Average Vs Average
(GeV) | Quantity value SM A ‘ (GeV) | Quantity value SM A without lepton universality
130 o(a7) 821422 828 | -03 192 o(q7) [ 22055053 | 2124 | 010 2/Nar = 32.6/27 % of dmw (MeV)
130 | o(utpm) | 8.62+£0.68 | 844 | -0.33 192 | o(utpo) | 2924018 | 3.10 | -0.13 Back d W — e dat fit fit fit
130 | o(rtr) | 9.024093 | 844 | -0.11 192 | o(rtr7) | 2814023 | 3.10 | -0.05 myz [GeV]  91.1876+ 0.0021 ackgroun ev data mr pr Pr
130 AFB(/LI/L_) 0.69420.060 | 0.705 | 0.012 192 | App (;Li;r) 0.55320.051 | 0.566 | 0.019 'y [GeV] 2.4952 + 0.0023 W — v 0.93 4+ 0.03 2 2 2
130 | Aps(r+77) | 0.663+0.076 | 0.704 | 0.012 192 | App(r+77) | 0.615+0.069 | 0.566 | 0.019 .
136 o(q@) 66.7£2.0 | 66.6 | -0.2 196 o(q7) | 20.53+034 | 20.13 | -0.09 [nb] 41.541 £ 0.037 Hadronic jets 0.25 & 0.15 8 J 7
136 | o(utp”) | 8274067 | 7.28 | -0.28 196 | o(utp”) | 2944011 | 2.96 | -0.12 20.804 £ 0.050 Z/y* —ee 0.24 £0.01 1 1 0
136 | o(r+77) | 7.078+0.820 | 7.279 | -0.091 196 +77) | 2944014 | 2.96 | -0.05 ) )
136 | App(utp) | 0.7082£0.060 | 0.684 | 0.013 196 +pum) | 0.5814£0.031 | 0.562 | 0.019 20.785 £ 0.033 Total 142 + 0.15 8 9 7
136 | App(r77) | 0.7530.088 + 0.5052:0.044 20.764 £ 0.045
161 | olqd)
161 o(ptu~
161 o(rtr~
161 | Aps(ptp
161 | App(t*T
172 o(qq)
172 aguy 83.92+0.12
172 o(t™T o
172 AFB(/frll 399i018
172 | App(rtT 84.08+0.22
183 a(qq) -
183 o(utp~
183 olr*r7} ) o - ) ey oEr o ) OL 1 4i?' 11 i]‘%’ lli] s 71 ibl
183 | App(utu~) | 0.559:£0.035 | 0.576 | 0.018 205 | App(utp~) | 0.56540.035 | 0.553 | 0.020 R BT Er e T i B i
183 | Aps(rr77) | 0.608+£0.045 | 0.576 | 0.018 205 | Apg(rt77) | 0.57140.042 | 0.553 | 0.019 el T 0 e o
189 a(qq) 22.4740.24 | 22.156 | -0.101 207 a(qq) 17.49+0.26 | 17.42 | -0.08 — - -
189 | o(utpT) | 3.123+0.076 | 3.207 |-0.131 207 | o(utpT) | 2.59540.088 | 2.623 | -0.111
189 g((l:+¢—; 3.20£0.10 | 3.20 |-0.048 | | 207 J?:Jf/: ; 2.53+£0.11 | 2.62 | -0.04 Vs WAW cross section (pb) Xfdok
189 | App(uty) | 0.569£0.021 | 0.569 | 0.019 207 | App(utpo) | 0.542+0.027 | 0552 | 0.020 (GeV) | ALEPH DELPHI L3 OPAL LED
189 | App(rt7) | 0.596+0.026 | 0.569 | 0.018 207 | Aps(rt77) | 0.56440.037 | 0.551 | 0.019 1613 | 4.23+0.75" | 3.67 102" | 289 L0N | 3621037 | 3.69£0457 | } 13/ 3
172.1 11.7 £1.3* | 11.6 £14 * | 123 +14 * | 123 +£1.3 * | 120 £0.7 *| } 022/ 3
- 182.7 | 15.90 +0.63* | 16.07 +£0.70* | 16.53 £0.72* | 15.43 +£0.66* | 15.89 +0.35 *
% of dmw (MeV) § |
188.6 | 15.76 +£0.36* | 16.09 +£0.42* | 16.17 £0.41* | 16.30 £0.39* | 16.03 +0.21 *
Background W — pv data mr fit pr fit g fit N . B
Zi — 66+ 03 6 T 5 191.6 | 17.10 £0.90 16.64 + 1.00 16.11 +0.92 16.60 + 0.99 16.56 + 0.48
W 0894002 1 . s 195.5 | 16.61 0.54 * | 17.04 4 0.60* | 16.22 & 0.57 * | 18.59 +0.75 | 16.90 + 0.31 26.4/24
Decays in flight 0.3 + 0.2 5 13 3 199.5 | 16.90 £0.52 * | 17.39 = 0.57* | 16.49 +0.58 * | 16.32 + 0.67 16.75 £ 0.30
Hadronic jets 0.1 +0.1 2 3 4 201.6 | 16.65+0.71 * | 17.37 £0.82* | 16.01 £0.84 * | 18.48 +£0.92 17.00 +0.41
Cosmic rays 0.05 &+ 0.05 2 2 1 204.9 | 16.79 £0.54 * | 17.56 £ 0.59* | 17.00 +0.60 * | 15.97 £ 0.64 16.78 +0.31
Total 7.9 £ 0.4 9 19 11 206.6 | 17.36 £0.43 * | 16.35 £ 0.47* | 17.33 £0.47 * | 17.77 £ 0.57 17.13 £ 0.25




Main lessons from experiments

1.5 B LI | L | LI |<& |||||||||||| ]
excl ea has .95 i <

1) Flavor universality: e, -

f f
f><f

g 1.0 15 2.0
~7 J\2
(97 Ypaz) . .
MZ L = Dimension-6 operators must be
i flavor diagonal (i=j)

only exception, could be the top,
whose properties not yet well-measured



2) No sign of compositeness for leptons:
Properties very-well measured (per mille level)

W,Z

gia

lepton

lepton

-0.032

-0.035 -

-0.038

-0.041

T 68% CL

0503 -0502 -0501 -05
Jal



3) Similarly for q. = left-handed quarks:

LEP gave already good bounds, but recent KLOE
results put a very stringent bound on quark-lepton
universality of the W interactions

‘Vud‘Q

-

Vs |”

GF quarks

Vp!? = 0.9999(6)

1 <103

GF leptons



4) dr = right-handed down-quarks:

Not well-measurement of couplings,
due to their small values

dr
gr — Qd SiIl2 HW ~ 0.08

dr

Best measurement for br that gives a ~3 sigma
discrepancy with the SM value:

)
Needed: IR ~ (.2

JR

similarly for ur = right-handed up-quarks



But important indirect bound on their coupling to WV:

tr
HTDMﬁIERv“’tR # \"A% IWurdr
br
Affects b —sy:
W Chirality flip by the top:

b > mt/mb-enhancement

v with respect the SM loop

Avoidable if the strong sector has a
custodial global SU(2) symmetry under which

Wu c3 , UR dr € |
that implies  gwugdr = 0



5) Gauge bosons:

Effects on the propagators nicely parametrized
in terms of 4 quantities:

v [Tw,(0) Iy (0)
g2 H/V\ng(O)

2N\ 12
_ 8 MW 1/

g
— 5 W H%(O)
Important to separate longitudinal part from transverse:

Stueckelberg formalism (EW symmetry non-linearly realized):

W, — SW,nT —ixg,nt 3= ewa/Ga

Goldstone bosons



1000 W

5a) Transverse part of gauge bosons:

10 f
| 90,99% CL (2 dof)

—-10 ¢

Y < (apBW)Z

W (DpWW)Q

-10

_s

10

bounds at the per mille level:
gauge bosons look like elementary!



5a) Longitudinal part of gauge bosons: SM Goldstones

T < Tr’[o32D, 2] 2 = el

Goldstone bosons

- G ----e--- G

Measures deviation between the
propagator of the charged and
neutral G

S « Tr[W,, X031 B,
- W, B,u
Goldstone contributes to this operator
at the loop level, making the contributions

log-sensitive to whatever unitarize G-cross
sections



grows with E?



grows with E?

extra state M needed to unitarize



~ o G3 G+ AN p G3
N7 M
>< + " —
P AERN R DN
g A G3 G d ) G3
grows with E? extra state M needed to unitarize

M = moderator of the G-cross section

(M = Higgs in the SM)



~ y G3 G AN e G3

N7 M

N
>< + | —

v D N

e g \ N «\
G3 G d \ G3

grows with E? extra spate M needed to unitarize

G-cross section

(M = Higgs in the SM)

M = moderator of t

A=mass of M



From experiments: 0.009)
0.008¢

0.007¢

~3)

0067

A~ 100 GeV]| |

0.005¢

0.004;

0.003/ ‘/\~TeV'

0.0030.0040.0050.0060.007 0.008
P

w Data tell us that the 3 Goldstone must form a triplet under
some global symmetry (custodial) and the moderator
of the SM cross-section must be light!




From experiments: 0.009)
0.008¢
0.007¢
AN
1" o006 |
A~ 100 GeV
0.005¢ ]
0.004;
, ol
0-003 TCala QCD
| | | or from AdS/CFT
0.0030.0040.0050.0060.0070.008
AN

S

w Data tell us that the 3 Goldstone must form a triplet under
some global symmetry (custodial) and the moderator
of the SM cross-section must be light!

0
If M=spin-one state (as in Higgsless),
’ @ 0 HIBSSESS W ANAAAAS B

can be tree-level contribution to S:



Summing up:

Only right-handed quarks and WL, ZL
can be considered composite states
of a strong sector at ~TeV, if:
* Strong sector has a global SU(2)-symmetry
with the W,Z transforming as a triplet
* Contain a light scalar playing the role of the Higgs
= Composite Higgs



Implications



If right-handed quark are composite states...



If right-handed quark are composite states:

Best test at the LHC:;

— 2
PP— qq — jettjet affected at high-energy by (UR%LUR)

2
Already testing it! New data (17-Nov): /

Quark compositeness/QCD
Centrality EDl]etS Co_ntact interaction: excluded for A<4 TeV — f S I T V
ti n]<0.7 ( higher than expected -2.9 TeV- due to (S
ratio Rﬂ = .. fewer-than-expected events at high Dijet
2 DljetS mass)
0.7<n|<1.3
» 1 m.‘-‘].s_"]""I""l"'..‘I"";”I""1
t .} CMs (@) 1 - CMS 1
210°, \s =7 TeV 1.4[ s =7 TeV E
e 2.9 pb” 1 [ 2.9 pb™ Do ]
104 — “|n|<0.7 E 1'2;_ , / |—QcD Hypothesis E
F °0.7<|n|<1.3 ] 1 / |[syst. Uncertainty| ]
10%k : i Fo|A=3Tev ]
| z 0.8} (=
102;~ E 0 6: . :
10;’ "y 1 0.4F . fr— =
s TTes I ] L —
[ NS 1 I [ 1 §
1F Pl | i E 0.2 E
PP I : ||1 L |1 N N ]
1000 2000 3000 Ol b 1
Dijet Mass (GeV) 500 1000 1500 2000 2500 3000

Dijet Mass (GeV)




Composite Higgs



The idea of composite Higgs has an extra motivation
w Flementary scalars not naturally light:
Supersymmetry must be invoked

But in the susy SM (MSSM)
Higgs is predicted to be “too light”
(below exp. bound ~1 14 GeV)
unless certain tuning in the spectrum is required
(usually tuning < |-10%)



Naturally Light Scalars from a Strong sector

Either from spontaneous breaking of...

|) a global symmetry: G—H
Pseudo-Goldstone Boson (PGB) = G/H coset

2) dilatations — Dilaton

of a (scale-invariant) strong sector (or a Warped Extra
Dimensional AdSs)



First option:

inspired by QCD where one observes
that the (pseudo) scalar are the lightest states

Spectrum:

0

| BN

Are Pseudo-Nambu-Goldstone
bosons (PNGB)

o Y ] . E
NI | 49
O e e

L Mass protected by the
S global QCD symmetry!

.......

T — T+ Q



First option:

Higgs arising as Pseudo-Goldstone Bosons (PGB) from the
breaking of global symmetry of a strong sector (or WED):

G — H
Higgs (h) and company = PGB = coset G/H
From the strong sector (or AdSs): ~ V(h)=0 (h—h+x)
Explicit breaking from SM fields: V(h/f)#0  at the loop level
w (h) ~ f (PGB-decay constant)

As we will see, f ~ 500 GeV — Higgs masses 100-300 GeV

This is similar but not the little-Higgs approach!



Requirements for the group G and H:

a) H must contain the SM gauge group

b) G must contain an SU(2)xSU(2) ~ SO(4) symmetry
under which a PGB is a Higgs doublet is a (2,2) ~ 4

P.Sikivie, L.Susskind, M.B.Voloshin, V.I.Zakharov

} SO(3) unbroken subgroup: “Custodial” symmetry

S O OO




Requirements for the group G and H:

a) H must contain the SM gauge group

b) G must contain an SU(2)xSU(2) ~ SO(4) symmetry
under which a PGB is a Higgs doublet is a (2,2) ~ 4

P.Sikivie, L.Susskind, M.B.Voloshin, V.I.Zakharov

} SO(3) unbroken subgroup: “Custodial” symmetry

S O OO

We could know more on G and H if we know the elementary
states of the strong sector

e.g. For a strong SU(N) sector:
Minimal fund. fermion content: 4 (Y.,¥&) then G=SU(4)xSU(4) — H=SU(4)

But we are not yet able to know a strong sector that successfully
explains all EWSB masses

— We must a take a more modest approach and explore
the different possibilities fulfilling (a) and (b)



Possible symmetry patterns:

G H PGB
SO(5) O(4) 4=(2,2)
SO(6) | SO(5) 5=(2,2)+(1,1)

O(4)xO(2) 8=(2,2)+(2,2)

SO(7) | SO®6) | 6=(2,2)+(1,1)+(1,1)

G> 7=(1,3)*+(2,2)




Possible symmetry patterns:

G H PGB
/;7 \
S0(0) O(4) 4=(2,2) P

————

SO(6) | SO(5) 5=(2,2)+(1,1) \ he
O(4)x0O(2) 8=(2,2)+(2,2) doublet
SO(7) | SO®6) | 6=(2,2)+(1,1)+(1,1)
G 7=(1,3)+(2,2)




Possible symmetry patterns:

G H PGB
SO(5) O(4) 4=(2,2)
7—‘ *
SO(6) | SO(5) 5=2,2)+(1,1) D
O(4)xO(2) 8=(2,2)+(2,2) \

One doublet

SO(7) SO(6) 6=(2,2)+(1,1)+(1,1) + Singlet

G 7=(1,3)+(2,2)




Possible symmetry patterns:

G H PGB
SO(G) | O) 4=(2.2)
SO®) | SO(5) 5=(2,2)+(1,1)
— | ouxo 8=(2,2m:>\
SO(7) | SO®6) | =@2+(L+(Lh) | N
G 7=(1,3)+(2,2)




Possible symmetry patterns:

G H PGB
SO() | O@) 4=(2,2)
SO®) | SO(5) 5=(2,2)+(1,1)
T |o@wxo@ | 8=22+22 b
sO(7) | sO®) | 6=2)+(1,1)+(1,1) N
c. 7=( | ’3)+(2’2) Two doublets

Bad: Not clear which G/H should be considered

= Minimality is not a guide



Bosonic Part:

Although the dynamics of the strong sector can be unknown, the

low-energy effective lagrangian for PGB Higgses can be determined
by symmetries (as chiral lagrangian for pions physics).

Lowest dim operator:

2
2
g TI' D/,UZ
T, h,
e’ G/H coset

By expanding around the EWSB minimum, gives Higgs self-couplings
and couplings to gauge bosons



Fermionic Part: Couplings to SM fermions

More model dependent!

Inspired by AdS/CFT:

Assume that elementary SM fermions couple
to fermionic resonances of the strong sector

»Cint — )\¢SM \chompo

Explicitly break G, generating a potential at one-loop level for h



Higgs potential induced by gauge loops + top loops

| V(h) = —m*h* + ...

EWSB thanks to the heavy top!



Precise predictions from AdS/CFT:

25

m 1 i' ‘h.- .1|‘l“rbqu‘ "

2.0:— LI PV @Aﬁ
_ A A 2y gﬁjﬁ -
>
E 15
< I
¢ I
& I

1ol

015;

115 125 135 145 155 165 175 185
Myiggs [GeV]

Correlation between the masses of the Higgs
and the resonances of the top



Back to the Bosonic Part:

SO(5)/SO(4) model: One Higgs = h

| 12 (h,h)?
2 1— h2

2 2
—Tr|D,X|* = /

2 = (Ouh)” +

2f2h2 WHTW " + —
2 cos? Oy, H




Deviations from SM Higgs couplings

v V2

M2 h h2 B h
L = TVVMZ <1—|—2a——|—b—> —msYrLYr (14_0;) 4.

SMHiggs: a=b=c=1

Composite Higgs:

v? 20 2
a:\/lﬁ bzl—ﬁ C—\/l—%

effective composite-scale

Since its couplings are different, it's NOT a true Higgs



Composite Higgs only partly does the job of a true Higgs
WL WL WL WL
+ — -

Wl— WL WL WL

partly unitarize!

J
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Composite Higgs only partly does the job of a true Higgs
WL WL WL WL
+ — -

Wl— WL WL WL

EXxtra states needed to

partly unitarize! . . .
fully unitarize (for consistency)!
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Composite Higgs only partly does the job of a true Higgs
WL WL WL WL
+ — -

Wl— WL WL WL

EXxtra states needed to

partly unitarize! . . .
fully unitarize (for consistency)!

500 1000 1500 2000 2500 3000 \/g Extra resonances
(or Kaluza-Klein states of the W)
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Composite Higgs only partly does the job of a true Higgs
WL WL WL WL
+ — -

WL WL WL WL

EXxtra states needed to

partly unitarize! . . .
fully unitarize (for consistency)!

500 1000 1500 2000 2500 3000 \/g Extra resonances
(or Kaluza-Klein states of the W)

2 TeV

In the limit a=0 (~ Higgsless) )/ <
V1 — a?

KK do all the job!




Maximal degree of compositeness not
allowed by EWPT

h
'\% W

0.009¢

0.0

0.008¢

0.007¢

0.006/ | = a > 08
‘H Put a bound on the scale of

0.005] —
" compositeness: f>500 GeV
0.004] ]
0.003]
Maximal Composite
0.0030.004 0.0050.006 0.007 0.008




More precise:

2.5
[ Excluded by

L LEP direct
2.0
- searches

1.5¢

O e

Excluded by EW fit

! ] !
150
m, [GeV]

200 250




If the Higgs is composite,
how it will change LHC predictions!?

Bad news: Reduction of rates!

SM Higgs Compo. PGB Higgs a=0.9

100 = gg—H o(pp—H+X) [pb] = 100 o(pp—H+X) [pb] ~
C Vs=14TeV C Vs=14TeV .
N?S GeV ] - gg—H M=175 GeV
- _ T

10 L CTEQ6M - 10 L i

MCHM5 £=0.2

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0-2 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1
80 100 150 200 80 100 150 200
M,, [GeV] M,, [GeV]

Grojean,Espinosa,Muhlleitner 10



A(o BR)/(c BR)

1.0

0.5

0.0

-0.5

-1.0

If the Higgs is composite,

how it will change LHC predictions!?

Bad news: Reduction of rates!

———  o(VBF) BR(h~WW,2Z)
"""" a(h) BR(h~77)
————— g(tth) BR(h>bb

3.:0.86 ' - fo(VBF) BR(h-TT),
o(h) BR(h~WW,ZZ)

£€=1/4 c,=1 cy=1

- T T s o f e e o e e f e s e e e = e a — e — =

120 140 160 180 200
my, [GeV] Giudice,Grojean,APRattazzi 07



a* BR

1.8
1.6
1.4

1.2

0.8
0.6
0.4
0.2

I|III| |r||1|||||[||||1

I|I|I1I | I|

o(VBF) * BR(H — t1)
ottH) * BR(H — b b)
e (7(H) * BR(H = v ¥)

ATLAS - oVBF)* BR(H 11

wieier o(WH) * BR(H - y )
& I1I‘:I'|_.:I-HH'_ - " -

f L dt=300 fb"

rrrrr

Duhrssen 03

| | II]IIJLIII

110 115 120 125 130 135 140 145 150
m,, [GeV]

Higgs coupling measurements ~ 20-40%

recent studies Lafaye,Plehn,Rauch,Zerwas,Duhrssen 09

ILC would be a perfect machine to test these scenarios:

effects could be measured up to a few %



SO(6)/SO(5) model: Doublet h + Singlet n

2 f2 f2

2 2
I, = f* (hO,h +n0,n)

o (0uh)° +

(w) +

3 2 21— h2— 2

2 £2
9 - + 1

he |WHTW - AV

4 + 2 cos? Oy H



SO(6)/SO(5) model: Doublet h + Singlet n

: f2 f2 f2 (hOuh + ndun)?
L Tr|D, Y% = d,h)? 0,n)> a c
2 r2
g°f 1 N
+ 4 2COSQ(9WZ i

hnn coupling:

AR
2

77283h Fixed by symmetries !!
Possibility for a new Higgs decay:

h — nn — bbbb or TTTT

In all these cases, Higgs h can be lighter than LEP bound | 14 GeV



SO(6)/[SO(4)xSO(2)] model: 2 Doublets: H.
(spectrum: h, H,A, H")

2

2 2 7 2 72
[|VVM|2Jr p ][(h2+H2)2+A4] I 2n 4242

g
L TylD. 22 = ... — L
8 I.| M ‘ 24

2 cos? Oy 8 cos? Oy

gZ*

_ 2HO A+ ...
Gcosewh DA +




SO(6)/[SO(4)xSO(2)] model: 2 Doublets: Hi.

+
(spectrum: h, H,A, H")
2 2 Z2 9222
_TDE2:..._9_ 1E K K2 1 2)2 L A4 — M 2 A2
8 1Dy 24 [| ul Jr2(:0829W] (7 + H7)" + AT 8COS2(9Wh
gzt 2
_ HO AL ...
Gcosewh DA +

New couplings or deviations on

renormalizable couplings of THDM
of order (v/f)> ~ 0.2



Changes in the Higgs-coupling sum rules

In renormalizable THDM:

|44
2 22
hi —— ZghiWW = g My

W 1

Sy 4 2 9
\ ZghiAZ T oS O
1



Changes in the Higgs-coupling sum rules

In PGB Higgs:
W
W
hi
\\\\/VV\' Z
\‘ A

Possible 20% corrections!



Second option:

Light “Higgs” arising from the spontaneous breaking of dilations in
a strong sector (or WED): Dilaton

Not, a priori, naturally light!
Under dilations: X = A X
d(x) = A DA x)

Spontaneous breaking of dilations: <®P> = M=% 0

Dilaton: ™ — Tl'()\ X) +In A

or p=e" > Ae"
Allows a non-linear realization of scale-transformations
Replace scales, A,by @A : Transforms as a field of dim=|

A cosmological constant K — K(p4

potential for the dilaton allowed: V=k¢* K=const
Minimum with ¢ = const+0 only if k=0 (tuning!)



Explicit breaking must be introduced to the CFT:
Add O« that“runs” B(x)+0

Now we have: V((P)=K(O(((P)) (P4 (Coleman-Weinberg potential)

Non-trivial minimum if K(X(¢)) crosses zero:

Rattazzi,Contino,A.P.

K

> P

~_ ()
> P

P
Small dilaton mass — Flattish potential = slow running of K = slow running of X

X must be an almost marginal deformation of the CFT

Dim[X]=€ — my*~ B(X)~e (Not like in QCD)



The AdS/CFT dictionary, tells us how to be realized
in AdS spaces (RS-setup):

CFT4 = AdSs

Dilaton — Radion

V(p) — T(gp) tension of the IR-brane

Dim[x]=€ — Scalar with mass ~ €

PGB in 5D!!



If the EVV scale arises Mw/g arises from a scale-inv. sector,
the dilaton couplings to the SM fields are fixed:

1 _
L= MZWHW, + §M§Z“ZM + m s

2 1 2 B
L= MEWHW, + =2 M2Z"Z, + 2 m by
fD 21D D

Expanding around the vacuum: — — 1+ L

fD fp
we obtain the coupling of the dilaton to the SM fields



Parametrization of deviations
from SM Higgs couplings

M2 h h2 B h
U U U
SMHiggs: a=b=c=1

Dilaton: "

Scale related to the composite-scale

For fo = v = 246 GeV, the dilaton behaves as a Higgs!
(Although has nothing to do with EVVSB)



The dilaton “helps” to partly unitarize the WW-amplitude

WL W. W. W.
dilaton
+ — > —
(% (Y
W. W. WL I Ip WL

partly unitarize!

J
500 1000 1500 2000 2500 3000 \/g



and helps to satisfy EWPT

dllaton
0.01 :
0.009¢
0.008¢
0.007¢
o w V/fo > 0.8
' Put a bound on the scale of
0.005¢

compositeness: fp>500 GeV

0.004+
0.003} ® ‘ nggsless '

0.003 0.004 0.005 0.006 0.007 0.008
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Contino at Planck10



[fb/48 GeV]

Distinguishing a SM Higgs from PGB Higgs
or a dilaton by Double-Higgs production

> P h
W //
W A

Continoetal 10

In the best cases “30 signal significance with 300/fb collected at a 14 TeV LHC”
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[fb/48 GeV]

Distinguishing a SM Higgs from PGB Higgs
or a dilaton by Double-Higgs production

- . h (NI B+ 2
%4 ol
pp — hhjj — 4Wjj — ¢ 1T 1F B+ 45
ATERN o
S S | PO B+ 55 (67)

Continoetal 10

In the best cases “30 signal significance with 300/fb collected at a 14 TeV LHC”
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Composite Higgs implies Partly-Composite top

Since large top mass implies large coupling of the top
to the Higgs (strong or KK-sector)

\

Important to measure deviations
from elementary top predictions

In particular, 4-top production at the LHC:
pp — trlRtrtR

lR
lR

~ grows with (E/f)

lr



Conclusions

* If the origin of the EWV scale is due to a new strong
sector, it is possible that the Higgs (and WL, ZL) arise from
this sector

* Higgs will show properties of compositeness
— deviations from ordinary SM Higgs couplings

* Rich Higgs spectrum and pheno if more PGB are present:
Fixed by G/H

* Possibility of a light dilaton mimicking the Higgs

Then if at the LHC a Higgs~=like state is found,
it will crucial to determine its role in EVWSB...



e.g. where it sits in this plane!

ghww
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e.g. where it sits in this plane!

A rough perspective of different theoretical scenarios:

Ghww
SM
Inww 4 MSSM SM Higgs
(a1
-
' TH
O
'§ Dilaton
05 T E
()

100 200 300 1000

... it will take some time!

* Right-handed quarks could also be composite but
this we will know it soon...



