Lecture 11

* Electroweak symmetry breaking from a new strong dynamics

* Models with a light composite Higgs boson: theory and
phenomenology
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Higgs mechanism

# of states 4 2 % 4 — 12
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My 7z 7 0 3 polarizations = 2, + 1]

eaten (Goldstones

The eaten Goldstones are essential to provide the 3 polarization
But why do we need the neutral scalar 4?

What happens if we eliminate 4 from the spectrum ?
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Consider the scattering of longitudinally polarized vectors Wi ~ h™

observed at LEP

2
AWL Wy = WEWp) = J\I\I\lfvvr + N (174\/56\/)

interactions among longitudinal modes become strong at around 2 TeV

4+ A new strong dynamics exists below 2 TeV!

Higgsless SM

4+ New states expected around same scale
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Putting the Higgs scalar back

S S S § — X m%
2 B v2 s —m3 2

Higgs boson acts as a moderator in the interaction strength

It allows SM to be extrapolated to arbitrarily high scale A

Thursday, June 21, 12



No-loose theorem

Either a Higgs boson is discovered

a new strong force shows up around the TeV scale
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Technical interlude : custodial symmetry
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~ (hi+ihy\ _ (HT
H = <h ——z‘h3> = <H0) H — UH

useful to consider SO(4) = SU(2), x SU(2)x

o

F 0% H+
(_H+* HO> (I) — UL (I)U;;

Notice: SU(Q)1 is a gauge symmetry but SU(2)R is not

The SM lagrangian, neglecting Yukawa and hypercharge couplings,
is accidentally invariant under the full SO4) symmetry
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(D) = (” O> SU2), x SU©2)n —  SU(2)ptx

custodial
symmetry

g% G20y w3

\ O g29y g% ) \BZ/
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The basic scenario

)
C NI
PN 4= VY aYe - -
» < )
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Q7€7 s WT7 ZTag

The longitudinal polarizations (eaten Goldstones) arise as
bound states of a new strong force at TeV scale
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Simplest realization : Technicolor

A new gauge force mimicking the dynamics of QCD
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Gtotal — SU(N)TC XSU(B) X SU(Q)L X U(l)y

Technifermions

(%i):(N,Lz,O)

Ur = (N, 1, 1, +1)
In E Dr = (N, 1,1, 1)

Agep Ao ~ 4mv

meson field @ plays Higgs role

& I SU(Q)LXSU(Q)R
b = ( UrUr  DRUL ) P . U, eUT

UrDr DgrDp

vacuum dynamics breaks EW symmetry, preserving a custodial SU(2) !

() — A?m< (1) ? ) SU2), x SU2)n — SU(2),1n
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particles ‘created’ by P

1, T2, 73

3 massless .Golc.lstone bosons strongly coupled & wide
eaten in Higgs mech resonances with mass

' a = A ~ A7V
P — Aic 67,7Ta0 TC F

SU(2)L x U(I) is non-linearly realized

No light Higgs scalar h

Thursday, June 21, 12



Beautiful !

... but there were 2 (now probably 3) problems with TC
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SM

TC

Problem 1: Flavor

Yi; @EHM% — mi; = Yij UF

\->d:1

/">sz

(¢4, ¢vR)(URUL) v}
)\ij L RA2 — mi; = )\ij A—Z

Fermion masses do not arise at renormalizable level in TC

The scale AF must be close to weak scale

otherwise quarks & leptons are too light

Expect extra dangerous Flavor violating effects from
physics at scale Ar

®
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Problem 2: electroweak precision tests (EWPT)
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® Grl; = Gr|, (1+&1)

quantum corrections + New Physics

£1 = 0p breaks custodial

@ different definitions of Weinberg angle

(1—52)s2 = TXpum at tree level
H 2 ~2 22
2 2 SW _ SW _ SW
(1_52 )52 - mW ( L mW)
W)W — 2 2
my my
1 2 __

the relative mismatch between 3 definitions ===)> 2 precision parameters €2, €3

sensitive to quantum corrections and to New Physics
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10 r

minimal technicolor

> |
| 68,90,99% CL
oL
0 2 4 6 8 10
Strumia 06 100
T
g° large and positive

AGS‘TC ~ NTFNTC

0672 little space to argue
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Problem 3

10} CMS Preliminary —=— Observed .
i Ns=7TeV [B5 Expected (68%)| ]
- ZZ+yy,L=48f0" | Expected (95%)| |

95% CL limit on o/c.,,

llllIllll|llllllllllll[[llllllllll
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Higgs boson mass (GeV)
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A significant improvement: models with a composite light Higgs

basic idea: in addition to the 3 eaten massless bosons there is
a fourth one, only approximately massless, and playing the role
of the SM neutral Higgs

Georgi, Kaplan ’84
Banks ‘84
Arkani-Hamed, Cohen, Katz, Nelson ‘02

Agashe, Contino, Pomarol ‘04

(21 i zzg =light pseudo-Goldstone bosons from spontaneous breaking of a
group g down to a subgroup H

* minimal example ~ SO(5) — SO(4)
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no fully realistic model purely based on 4-dimensional gauge theories
though an extremely interesting partial example exists

Galloway, Ewans, Luty, Tacchi 2010

several realistic models based on §-dimensional models
in warped spacetime (Randall-Sundrum models)

Agashe, Contino, Pomarol ‘04

the 5-D models are loosely related to 4-D theories thanks
to the AdS/CFT correspondence

Arkani-Hamed, Porrati, Randall 2000
Rattazzi, Zaffaroni 2000

Thursday, June 21, 12



SO(5)/S0O(4)
g; — (¢17 ¢27 ¢37 ¢47 ¢5)

5-52 f? = const

(b (1) g
=] =]
h3 Ps3
\n ) \ou/
gsu = Ysu =0 all points on the 5-sphere equivalent, V' ( H ) =0

gsu 70 X # 0 V(H) # 0
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possibilities for v = (H)

unbroken SU(2), x U(1) maximally broken

ideal

v = fsinf <« f

¢ cffects in ENWWP'T are under control

® in practice v/f < 0.3  is enough

e either by mild tuning or

* by clever construction (Little Higgs)
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mass

Higgsless spectrum Pseudo-Golstone Higgs
A f
Adrv ~ 2 TeV
U2
Scu ~ Stc X 7
2
v .
— < 1 and existence of light Higgs EWPT satisfied

f2
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D.B. Kaplan ’91

Flavor from partial compositeness
Huber, Shafi oo

RS with bulk fermions
Lyurawa = €9, Y, + €u WV, + €5d, Wy
H
. o o . .
o 17 i g
: Y., ~ €4 €09
[ | . . . .
(] v J
Y7 ~ €,€5 94
U = composite with dimension ~ 5 €q> €ys €q =dimensionless

Problems of minimal technicolor greatly alleviated
Qualitative prediction for the pattern of deviation from CKM paradigm
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. \If rich spectrum of composite fermionic resonances

e |, preferred to be fully composite

mr related to physical Higgs mass

rough estimate m; ~ — dp” ~ L MZ

allowing for some

X
cancellations 125 GeV  \/€tune
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A relatively light Higgs as hinted by LHC prefers relatively light
top partners (< 1 TeV)

EWPTs on the contrary prefer bosonic resonances to be in the multi TeV
range

If the scenario of Composite Higgs is realized in Nature it is clear that
the underlying theory must be significantly more complex than a generic

rescaled version of QCD
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Phenomenology

4 production of resonances (vectors, top partners,...)

see lectures by . Servant

4 strong interactions in W W scattering m :i[}:f.

4 anomalous Higgs (top) couplings —>»  Effective Lagrangian
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General parametrization of Higgslike scalar h

Contino, Grojean, Moretti, Piccinini, RR "10

1 M?2 h  h? _ h
(v U
1 1 /3m? 1 /3m?
“m2h?+d b ps +d b pt 4+
o +36<v> +424<112>h+
as h 5 a h 5
T Gy, GG e Bk

C flavor universal in minimal flavor violating set up

4 Standard Model: a = b = ¢ = d3 = 1 cg = ¢y = 0

4+ & =pseudo-Goldstone implies additional constraints
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SO(5)/S0(4) Pseudo-Goldstone Higgs Agashe, Contino, Pomarol ‘04

aq = \/1 — 2/ f2 b=1—20v°/f* model independent

&
& c. ds = 1+ O(v2/f2) model dependent a 666
&S an,‘
%Q Cyy Cy ™ — controlled by small explicit SO(5) breaking
AT NEGLIGIBLE! C o™
----- ®
oy
4+ Leading orderin  ¢*/ f? + 3 independent effective operators
Loff = — o (HIH) 0, (H'H U HYH , Hipp + h A (i)’
st = gy 0" (HUH) 0, (HUH) + y 23 HUH prHip +hee. | — =5 (H'H)
1 v? V2 CH V2
a — _iﬁ bzl—ZCHF c:l—(7—|—6y>f2
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Deviations in Higgs production and decay controlled by a and c

Ch—g0) _ T/ _ Mh-VV) L,
I'(h—g9)lsm T'(h— ff)lsu L(h = VV)|sm
L(h—9y) 5 B 2 9 .
T a1+ R(1—c/a)]” ~a R ~ 0.22 - 0.28
U2
* LHC with 300 fb7sensitiveto ¢ = — ~ (0.1 — 0.4
f2

* In principle pseudo-Goldstone hypothesis can be tested by suitable ratios of rates

* A robust prediction of a large class of models is that all the couplings are reduced
with respect to the SM
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Composite £ fails to fully unitarize VV scattering

Goldstone
AVV - VV) = S(1—a?) = =
V f?
S 9 o S
AVV — hh) = U—Z(CL —b) — F

I. strong VV scattering direct signal of Higgs compositeness

22 2 segsitivity with 300 fb"!
o (pp — VLV X) = (F) o (pp — ViV X)y _05-07
£2

Bagger et al., 95

II. Strong double Higgs production related to strong VV scattering
by custodial O(4) symmetry
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VV =2>VV

S
p(l —a?)

AVV - VV) ~

1x10”
1x10°

1x10°

(WHW*—W+W+) [fb]

1x10% f

t-cut
tot

0

1x10°
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O'(VTVT — VTVT)
large in SM by

‘numerical accident’

3000

2500

VErsus

(W*W-—hh) [fb]

t-cut

tot

VV= hh

F LL = hh (MCHM4)

' — LL - hh (MCHMS) -

L e TLohh Tl ]

A TT—-hh T ]

I TN T T I TS SR T H M M M

500 1000 1500 2000 2500 3000
\s [GeV]

o(VV — hh)

beats SM as expected
but final state

more difficult to detect

Thursday, June 21, 12



VV= hh at the LHC

:gbz: .... ® hh — bbbb QCD background too big

Contino, Grojean, Moretti, ‘ h,h — 4W — 1ept0ns —|— JetS —I_ E’I doable...
Piccinini, RR

arXiv:1002.1011

2
. . U L .
Visible signal for - = 0.5 at luminosity upgrade (not too encouraging)

Significance 3 leptons 2 leptons

£=1 3.1(10.3) | 3.2 (10.3)
MCHM4  ¢-0.8 2.1{7.2) | 2.1 (6.9)

£=0.5 0.9((3.4) 1.0 (3.2)
MCHMS & ()8 2.5 92. 35 (8.2)

£=05 15((5.3) | 1.6 (5.2)

3 ab’!
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Vector resonances in WW channel: the p (Not quite a Z’ ')

Yp large * resonances couple ‘superweakly’ to light fermions

N Ar\* /3 TeV\"°
J(pp%pH—FX)—(W) ( - ) 0.5 b

9p mp

resonances are increasingly harder to see as g, — 4w
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0.1
0.05 -
0.02

0.01-

0.005 -

LHC Direct
LHC Indirect

My ~ g,of

Lac * deviations from SM in Higgs couplings

® top partners

LHC just top partners
CLIC Higgs couplings and WW = hh

LHC33TeV all the resonances
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