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Lecture #1

e Where are we now and where do we go from here?
e Did it have to be a Higgs?
e EFT for beyond the SM

e Composite Higgs (Higgs as a Goldstone Boson)

Lecture #2
e more Composite Higgs (Higgs as a Goldstone Boson)

e where & how to look at LHC
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Where are we now?

e massive W*/Z° fermions, massless vy, g:
‘electroweak symmetry is broken’
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Where are we now?

e massive W*/Z° fermions, massless vy, g:
‘electroweak symmetry is broken’
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o As of July 4th, 2012... 5 piiuimiiss &%
e R et |
we have a new boson X,  SEimea o N
. 0% N ;
with mass ~125 GeV " 4
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m,, [GeV]

X is observed in channels and with rates similar
to what we expect for a SM Higgs boson
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What now?

e [0 what extent are EWSB and X related?

Meaning what are the similarities &
differences between X and SM Higgs?

e What is the bigger picture?




|s there a bigger picture?

e LOTS we don’t know.. many things we observe are
not in the SM.

baryon vs. anti-baryon asymmetr
Dark Matter y y y y

# generations, charge assignments

e Scale/properties of these other phenomena is
unknown.

e Hope that understanding EWSB ( & connection w/ X
boson) will shed some light on these other topics
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Did it have to be Higgs?

Was finding a Higgs-like boson inevitable? Is that
the only path in nature for what we see?
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Did it have to be Higgs?

Was finding a Higgs-like boson inevitable? Is that
the only path in nature for what we see?

NOPE
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Did it have to be Higgs?

Was finding a Higgs-like boson inevitable? Is that
the only path in nature for what we see?

NOPE

we know how Higgs works
(see lectures by Miick,Englert,Duehrssen)

H € (2,1/2) of SU(2)w® U(1)y

UZ

2)2

D, H|> — XNH'H
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Did it have to be Higgs?

Instead lets add a field X(x):

Y(x) = exp (

/\

' a
227}' Ty

/o

) — 1oxo

3 “pion” fields \/ EW scale

Paull matrices

T, T

21

(v
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Did it have to be Higgs?

Instead lets add a field 2(x):
_—— Pauli matrices

124 T aT" aTp T"
() = exp (// a) = 1gyp + 200 — 274000 ]
v
3 “pion” fields \/ EW scale

expanding out, we get a (2x2) matrix

v V2

([ cos(7/v) + iz sin (7/v) i(7m, — 7o) sin (7 /v)
> = ( i(71 + 172 sin (7 /v) cos (7 /v) — g sin (7 /v) )

A 2 A . A
T = /T2, @My =m,/7

remember, the SM Higgs doublet

1 hyi 41 ho has 4 fields, our
H(z) = — . ’
() ﬂ(ho—-’bh:s ) 3 has 3
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Did it have to be Higgs?

under SUQR)w x U(1)y: UL X U
DY =0,% —igW, % +ig' ¥ B,7s
how is this different than H? (forget U(1)y for now..)

ULis a 2 x 2 matrix: Ur = exp (iaq(z)7%)

acting on the Higgs vs. on 2:

U H(X) : mixes up the 4 components h;
eX.) hy = hy +ihy X3-ihy {1 +1hy &>

U, 2(x) : shifts the 1T, fields, TT; = TT; + O3
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Did it have to be Higgs?

out of 2, we have:

2
Ly = %tr(D“Z DS + -

more derivatives,
etc.

by a gauge transformation:

U, =",y > %fv=1 iD, %= (gW, ¢ B,)

U2

Ly = T ( Wu — g B,)? =miy W:W“_ +my Z'Z,
so with only 3 degrees of freedom, we can give
mass to W=/Z (fermions too: y: v Q) X up , etc.).

‘Higgsless’ EWSB

we haven’t explained what dynamics gives 2 ...
but no explanation for V(H) in SM.
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So what’s the difference?

Look at WL WL = WL W_ scattering in the H & Z theories
(at tree level)

in the 2 theory:

“  hW*W-, etc. couplings set by gauge invariance

W, w,
A S amplitude grows
N ——
| D2 with energy
Wi Wi Wi Wi W Wi
(a) (b) (c)
in the SM:
Wi Wi Wy Wy L . .
extra contributions coming from Higgs
5 .
H exchange. amplitude — constant
W W W W m2
- i v: b A 2
Wi we Wi Wi we W ~ T
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So what?

Unitarity imposes relations on QM amplitudes

Im(A) Re(A)? + (Im(A)-1/2)2 = 1/4

A

(-]
<
W, W,

V2 Re(A)
tree level amplitude is real, at loop level A gets an imaginary part

log(s/m?)

W,

2. theory: A ~s/v2 |, Re(A) grows with energy

bigger Re(A) is, bigger Im(A) must get to keep unitary relation.

If Im(A) = Re(A) then 1-loop is same size as tree level
= loss of perturbativity = theory is strongly coupled

SM theory: A ~ m2y/s, perturbativity retained for all s

Tuesday, January 8, 2013



So what?

Unitarity imposes relations on QM amplitudes

Im(A) Re(A)? + (Im(A)-1/2)2 = 1/4

A

(-]
<
W, W,

V2 Re(A)
tree level amplitude is real, at loop level A gets an imaginary part

log(s/m?)

W,

2. theory: A ~s/v2 |, Re(A) grows with energy

bigger Re(A) is, bigger Im(A) must get to keep unitary relation.

If Im(A) = Re(A) then 1-loop is same size as tree level
= loss of perturbativity = theory is strongly coupled

SM theory: A ~ m2y/s, perturbativity retained for all s

Tuesday, January 8, 2013



So what?

Unitarity imposes relations on QM amplitudes

Im(A) Re(A)? + (Im(A)-1/2)2 = 1/4

A

HONE"E"

V2 Re(A)
tree level amplitude is real, at loop level A gets an imaginary part

log(s/m?)

W,

2. theory: A ~s/v2 |, Re(A) grows with energy

bigger Re(A) is, bigger Im(A) must get to keep unitary relation.

If Im(A) = Re(A) then 1-loop is same size as tree level
= loss of perturbativity = theory is strongly coupled

SM theory: A ~ m2y/s, perturbativity retained for all s
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So what?

we’ve seen strong coupling before: QCD in the
~ 100 MeV - 1 GeV range

T T — T1 1 Scattering

o . Tk —
i ™, p—meson

Ly TC |

strong coupling manifests in
exchange of resonances:

p, a1, p’, etc., other gq bound
states

in QCD, strong coupling tells us that above a certain
energy there is a transition and quarks & gluons are the
right degrees of freedom
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But...

L:E has massive particles, but no new scalar state (X,
or h) ... so it needs to be augmented

| 2 oh b2
Ly = 5(9,h)’ “4 tr(D,¥ D5 (1 == b
2 h
Tr;HhQ ‘|‘yszQzEUEJ (1—|—C;‘|‘) + h.c.

+ analogous terms for other fermions, + terms with more derivatives

Looks familiar?a = b = c =1 - SM Higgs Lagrangian,
where three 1, fields + h combine to the H doublet

but that is just a special case, Ls is more general:
triplet of states eaten by W*/Z° + real scalar
= EFT for LHC Higgs
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Higgs EFT

What is the meaning of a, b, c # 1?

H ::]:: AN(S;t)(l—a)—FO(mT%I)

for a = 1, energy growth

:Lﬁi M ::z:: in A is suppressed

pert. lost when Re(A) = 1/2

partial A — E?(1—a) 1 . B — 4y/TV

wave A 397 12 9 \/1 —a

above this scale (& without other terms), strong dynamics

e 3=0, strong dynamics ~ TeV scale (Technicolor)
e a=1, theory stays perturbative (SM Higgs)
e a=1, strong dynamics scale pushed higher
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Higgs EFT

there are processes other than W W, = W W, that can grow
with energy

W+|_ . h W+|_ S

b#1, c*1 also lead to
ll-behaved amplitudes
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Higgs EFT

there are existing, indirect constraints on a,b,c

X! X (x!)
e e N e
AN NANN - -~ - - - - -
ex.) loop level contributions NP W
X’ B
to here X2 = W2,

S,T parameters h h

w3 B % /L‘ %
\\ .y // a
1 A? X’ B
127 My roughly constrains

3

AT = —
167 cos? Oy

A? ) 0.75 < a < 1.5,

1 — 2 1 (_
( a”)log m2, depending on assumptions

similarly, off-diagonal cjj strongly constrained by flavor physics

diagonal cii, b are less constrained
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Higgs EFT in action

several groups (theory & experiment) are already
looking at LHC Higgs data in the a,b,c space

20 |

TS
C=o CMS Preliminary =
1.8) \s=7TeV.L=5.1 10" 18 =

— — -1
16 \s=8TeV,L=5.31b 16C}|

many subtleties! care
required in
interpretation
(talk by Duehrssen)
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Recap

e to fit observation, we need massive W#/Z°%/fermions
+ extra scalar

e general setup: Ls .. contains Lsw in special
a=b=c=1Ilimit

e for a,b,c#1, Ls becomes strongly coupled at some
energy Eim ... expect (from QCD experience) some
new dynamics to enter at that scale

e useful framework for LHC Higgs data

e BUT: What UV dynamics actually leads to Ls? What
else (other states, couplings) is present in those
scenarios?
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Light scalar fields

2
"H 12 masses of scalar fields are sensitive to the highest

2 scales of a theory: dm?y ~ A’

Having a scalar mass << theory cutoff requires delicate
‘'unnatural’ cancellations = “hierarchy problem”. Many BSM
scenarios try to address this problem
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who cares about natural?

* I R A .

e The Ketus Eazeite i

L e 1} B el NI

UK, LEAD BY NEW PLAYER HIGGS,
DEFEATS GERMANY IN WORLD CUP FINAL

RASLY MABYE IV anvwarms SITH YRS ey L
MRS T 08 T WEDFEN , LAt N T ..

GO VPRIES | viss se-1w¢ teiveie el . " L rhds s | L G b ke N - | —
i e e R oy e AR "t""‘ "--‘-”—'35-“—-' e S & - ot | S 2 LA

S B~ ey e e e XU el T e — -
theoretically possible, but either Higgs is unlike the other
hard to imagine within the particles/players we know, or

rules we trust... there is more going on
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Light scalar fields

2
"H 12 masses of scalar fields are sensitive to the highest

2 scales of a theory: dm?y ~ A’

Having a scalar mass << theory cutoff requires delicate
‘'unnatural’ cancellations = "hierarchy problem”. Many BSM
scenarios try to address this problem

e links scalars to fermions via a symmetry. chiral
symmetry protects mass = SUSY (lectures by Slavich)

e shift symmetry: h = h + ¢, then h? forbidden
= Higgs as a Goldstone boson

making these symmetries approximate, rather than exact
-> light scalar (Higgs)

Tuesday, January 8, 2013



Higgs as a pseudo-Goldstone Boson

For starters: let’s study a simpler setup, 2 flavor QCD. As
we’ll see, the pion of QCD is a pNGB, so many lessons from
L+ will carry over to LH.

At high energy, QCD is quarks and gluons
L = 'Z'.'l_ﬁl.L,lD'll.]‘, -+ 'ZT.(ZL,@(ZL -+ 'iﬁ]{»wllli' + 'Zj(i[i'ﬂ(][g

this theory is invariant under rotations of LH,
RH quarks among themselves

global symmetry is SU(2). ® SU(2)r

Tuesday, January 8, 2013



Higgs as a pseudo-Goldstone Boson

at E ~ 1 GeV, the strong force becomes confining,
qguarks & antiquarks get bound together.. only color
singlet states allowed

color-singlet condensates form: <QLQR> # ()

under global symmetry: (Q;Qr) — (Qr Ul Ur Qr)
only invariant when UL = Ug, the ‘vectorial’ subgroup

so, as a result of the strong dynamics, symmetry has
been broken: SU(2)L ® SU(2)r = SU(2)v

Goldstone’s theorem: for each generator of a spontaneously
broken, continuous, global symmetry
— a massless scalar (a Goldstone boson)
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Higgs as a pseudo-Goldstone Boson

at E ~ 1 GeV, the strong force becomes confining,
qguarks & antiquarks get bound together.. only color
singlet states allowed

color-singlet condensates form: <QLQR> # ()

under global symmetry: (Q;Qr) — (Qr Ul Ur Qr)
only invariant when UL = Ug, the ‘vectorial’ subgroup

so, as a result of the strong dynamics, symmetry has
been broken: SU(2)L ® SU(2)r = SU(2)v

+3 NGB
Goldstone’s theorem: for each generator of a spontaneously

broken, continuous, global symmetry
— a massless scalar (a Goldstone boson)

Tuesday, January 8, 2013



Higgs as a pseudo-Goldstone Boson

the interactions of the NGB can be described by the
‘chiral lagrangian’

N

2T\ R =TaT
introduce: U = exp (—\L @
f T pion decay constant = 93 MeV

fix U= U_U Utg then U has the same transformation
properties as <Q Qr>

UUT = 1, so terms in Ly must involve derivatives

2
L, = ftf(%U MUY + ¢ tr(9,U O*UT)? 4 - -
other 4-deriv. terms

expanded out:
1 multiple-1T interactions

L= 5(({%%)2 T (17 9uTT)?, etc.
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Higgs as a pseudo-Goldstone Boson

Look familiar? it should! same setup as triplet of fields in
L, but with v = fx. Setup is the same because the
symmetry (& symmetry breaking) is the same

but remember: our goal is to have a setup where
triplet PLUS h are ALL NGBs.. needs more work

First, some more observations of L; & QCD:

e humber of 11, is set by the amount of symmetry broken

e the transformation properties of 11, under unbroken
symmetry (SU(2)V) also set by pattern of symmetry
breaking

e all interactions of 11, involve 9,
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Higgs as a pseudo-Goldstone Boson

more observations of Ly & QCD:

e there is more to QCD than just T,...

There are other bound states of quarks = resonances like p,
a;, w. These resonances have various JPC, & interact strongly

with the T1,.
bg) (Do)
M, =T70MeV, J'¢ =177 \& _ >
M, = 782MeV, JPC = 1—~ GBMEV 940 MaV
M, —1230MeV, JPC = 1++ @5 @0
]\477 = 539 MGV, JPC — 0_+ monr\:ev 770pn:ev

They are not contained in Lx.. no first-principles way to
include them, instead must use phenomenological models
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Higgs as a pseudo-Goldstone Boson

adding electromagnetism:

e U(1)em is part of the SU(2)v that remains unbroken (LH,
RH quarks have the same EM charge). What if we turn
on this gauge interaction?

~ . 2
0,U — DU, DU = 8,U +ied, QU a=( 7 _, )

we get new interactions of pions and photons, some of
which have no derivatives

loops of photons generate V(1)

Te Ry
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Higgs as a pseudo-Goldstone Boson

cutoff: typically A = O(41f)
\\ II 5 [_/

e
_ ~ C9 5 A2 7'('2
mass term: [ 1677

coeff ‘\/ loop factor

other terms in V(1) generated similarly.

Above is just an estimate... loops of strongly coupled
particles involved. For more rigorous calculation, see:
Contino 1005.4269 + ref. therein

With full calculation, can show V(1) has a minatm =0
V(TT)

TT*, TU" get mass, 119, Yy stay
massless

Tuesday, January 8, 2013



Higgs as a pseudo-Goldstone Boson

cutoff: typically A = O(41rf)
\\ II 2 [_/

~ Co A2 2
mass term: [ 1672

coeff. Uop factor

is there a mn “hierarchy problem”: unnatural for mna <« A ?

NO...we can’t take A arbitrarily high

above a certain scale, 1t description no longer
makes sense, the 11 falls apart into its quark
constituents
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Higgs as a pseudo-Goldstone Boson

thought experiment: what if 1t interacted with fields other
than the photon (some fermions, other gauge interactions,
etc.)?

these other interactions would also affect V(11). Shape of V()
no longer set...

What if V(11) developed a non-trivial minima?

V()
potential minimized at
<Tl> = VTl'
RN ..o
\/ \/ fTr
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Higgs as a pseudo-Goldstone Boson

V(TT) 1

N4 N/ fr T
1T
then <11> # 0 breaks U(1)em

potential minimized
at <TT> = v

2 — 2 92
€ A“AM T —e Un A”AM photon gets a mass
scale of the breaking is vi < fn

clearly this is not a situation we want for QCD!

Tuesday, January 8, 2013



Higgs as a pseudo-Goldstone Boson

V()
potential minimized
/\ at <TT> = v
N4 fr T

Vn

then <11> # 0 breaks U(1)em

2
e’ AFA, T~ — e®v2 A* A, photon gets a mass

scale of the breaking is vi < fn

clearly this is not a situation we want for QCD!

BUT: shows that NGB interactions lead to a potential,
and can lead to breaking of symmetries the strong
dynamics respected. New scale v develops

Tuesday, Janua

ry 8, 2013



Higgs as a pseudo-Goldstone Boson

based on our QCD analogy, we have a recipe for a Goldstone
Higgs scenario:

e assume some strong dynamics at a high scale f.
EWS should remain unbroken: G = H > SU(2)w ® U(1)y

e that dynamics generates a bunch of Goldstone bosons,
including the Higgs (4-plet of particles), as a doublet.

e interactions exterior to strong dynamics lead to V(h).
Choose interactions such that V(h)min is at h = O.
Instead hmin = v

e Higgs is a composite particle = no hierarchy problem

e v < f means EWSB happens at a scale lower than the
strong dynamics
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Higgs as a pseudo-Goldstone Boson

based on our QCD analogy, we have a recipe for a Goldstone
Higgs scenario:

step 1:

e assume some strong dynamics at a high scale f.
EWS should remain unbroken: G = H > SU(2)w ® U(1)y

e that dynamics generates a bunch of Goldstone bosons,
including the Higgs (4-plet of particles), as a doublet.

e interactions exterior to strong dynamics lead to V(h).
Choose interactions such that V(h)min is at h = O.
Instead hmin = v

e Higgs is a composite particle = no hierarchy problem

e v < f means EWSB happens at a scale lower than the
strong dynamics
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Higgs as a pseudo-Goldstone Boson

step 1: the art in these models is picking the right
pattern of symmetry breaking...

the (global) group left unbroken by the strong dynamics:

e must contain SU(2) ® U(1)...
* actually SU(2)® SU(2) = SO(4) works better (T parameter)
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Higgs as a pseudo-Goldstone Boson

step 1: the art in these models is picking the right
pattern of symmetry breaking...

the (global) group left unbroken by the strong dynamics:

e must contain SU(2) ® U(1)...
* actually SU(2)® SU(2) = SO(4) works better (T parameter)

starting group must be bigger than ending group:
choice that works: SO(5)

SO(5) 10 generators — 6 generators just enough!
SO(4) ° = 4 broken generators = 4 NGB
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Higgs as a pseudo-Goldstone Boson

step 1: the art in these models is picking the right
pattern of symmetry breaking...

the (global) group left unbroken by the strong dynamics:

e must contain SU(2) ® U(1)...
* actually SU(2)® SU(2) = SO(4) works better (T parameter)

starting group must be bigger than ending group:
choice that works: SO(5)

SO(5) 10 generators — 6 generators just enough!
SO(4) ° = 4 broken generators = 4 NGB

, .~ broken generator
ble: 21 XaT
assemble: 5 — e (2200 5 G
~
strong scale NGB

breaking ‘vev’
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Higgs as a pseudo-Goldstone Boson
Huh? use SU(3)/(SU(2)®U(1)) as an explicit example:

| 0
] X4 — Z.X5

Eeaz — €XP ? X6 — X7 O
X4 t1X5 X6 T 1X7 1

\s

0
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Higgs as a pseudo-Goldstone Boson
Huh? use SU(3)/(SU(2)®U(1)) as an explicit example:

| 0
] X4 — Z.X5

Eeaz — €XP ? X6 — X7 O
X4 t1X5 X6 T 1X7 1

\s

SU(2)® U(1) correspond to these (unbroken) generators 0
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Higgs as a pseudo-Goldstone Boson
Huh? use SU(3)/(SU(2)®U(1)) as an explicit example:

] X4 — iXB
Eeaz — €XP ? X6 — ZX7
X4 t1X5 Xe T 1X7

_ s <O

\s

SU(2)® U(1) correspond to these (unbroken) generators 0

NGB come with broken generators.

The set of 4: X4,5,6,7 form a doublet under the SU(2)w ® U(1)y
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Higgs as a pseudo-Goldstone Boson
Huh? use SU(3)/(SU(2)®U(1)) as an explicit example:

] X4 — iXB
Eeaz — €XP ? X6 — ZX7
X4 t1X5 Xe T 1X7

_ s <O

\s

SU(2)® U(1) correspond to these (unbroken) generators 0

NGB come with broken generators.

The set of 4: X4,5,6,7 form a doublet under the SU(2)w ® U(1)y

f2 contains interactions of X4,s5,6,7 With
ﬁz — ZtT(DMZex Duzlx) + - W/Z/y and each other
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Higgs as a pseudo-Goldstone Boson

Now for the real thing: SO(5)/S0O(4)

2
Ls = fztr(D“Z D) + -

after LOTS of ugly group theory & algebra

_(8uh)2,92f2-2 h = 92f2 .o (h 0 70u
Ly = > - sin (f) WMW | SCOSQQSm (f> ZNZ
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Higgs as a pseudo-Goldstone Boson

Now for the real thing: SO(5)/S0O(4)

2
Ly = fztr(D“Z D)+

after LOTS of ugly group theory & algebra

_(8uh)2,92f2-2 h = 92f2 .o (h 0 70u
Ly = > - sin (?) WMW | SCOSQHSm (?> ZNZ

ASSUMING: <h>=+0 (have to justify later with V(h) )

seth - h + <h> in above, and expand

EW scale v < scale of
strong dynamics f

<h>)

define: v:fsin( f
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Higgs as a pseudo-Goldstone Boson

. 2 r£2 5 h N iy
Keep expanding: , sin (?> Wrw
h
foin? () =0+ 20h /T €+ (1-20) + -
[ —_— 2)2
where: £ = F
5 | 2 h | h? |
recall our Higgs EFT:  "w (1 - a o bv2 | )

~. in the SO(5)/S0O(4) composite Higgs model

V2 v?
CL\/]_ f2 , b:1 2f2
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Higgs as a pseudo-Goldstone Boson

bad behavior in W.\W. amplitudes delayed by a factor of

(1 o a)—1/2 N f2

D2

recall; precision EW bounds a require < 0.5

|

so strong coupling scale pushed to ~ 10 TeV (at least)

other patterns of symmetry breaking would have different
values for a,b,c, as well as more states

ex.) SO(6)/SO(5) has 5 NGBs, many other
4 ¢ H + 1 extra scalar n possibilities
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Higgs potential
How do we get <h> # 0 in the first place?

right now our h; interact with gauge fields, but we
know from QCD experience that V(h) generated from
these interactions alone has a minimum at h =0

Solution: Yukawa couplings

even forgetting V(h), our theory was incomplete,
because it did not explain how fermion masses arise

we can write ¥ f Qr X up + h.c.

but why does such a term exist? for gauge bosons,
gauge invariant demanded W, Z talk to h. No such reason
for the fermion mass term
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Higgs potential

Also: If we imagine Z is a bound state of more
fundamental fermions (the things that the composite Higgs
is made of), analogous to QCD pion = <qysg>

(QLUE)(?MD) previous term is dimension-6,
A2 suppressed by some scale

need A low to make fermion masses big enough
(m¢!), but low A would cause large flavor
problems

.e.) (Qrdy)* leads to large K° - Ko,
A? BC-B° mixing, etc.

So, try a different approach: ‘partial compositeness’
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Partial Compositeness

e new strong dynamics makes mesons (including the h), so it
can make ‘baryons’ = composite fermions too

e composite baryons are massive even without EWSB, just as
proton would have mass even without quark masses.

e proton interacts strongly with QCD pion ... composite
fermions will interact strongly with composite higgs.

Tuesday, January 8, 2013



Partial Compositeness
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can make ‘baryons’ = composite fermions too

e composite baryons are massive even without EWSB, just as
proton would have mass even without quark masses.

e proton interacts strongly with QCD pion ... composite
fermions will interact strongly with composite higgs.

e by mixing the SM fermions with the composite fermions,
the SM fermions can acquire mass
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Partial Compositeness

e new strong dynamics makes mesons (including the h), so it
can make ‘baryons’ = composite fermions too

e composite baryons are massive even without EWSB, just as
proton would have mass even without quark masses.

e proton interacts strongly with QCD pion .. composite
fermions will interact strongly with composite higgs.

e by mixing the SM fermions with the composite fermions,
the SM fermions can acquire mass

e the price we pay for massive SM fermions is new states,
the composite fermions. New states -> new LHC signals
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Partial Compositeness

in practice (schematically)

composite fermions Y mass terms for composites
¢ — W
Lr=ArQr9r +ARrtrTr, + MgQrOr+ MrTrTr+ Yr Q1 %TR + h.c.

composite + higgs couplings

blue terms: come from strong sector & therefore obey
same SO(5) symmetry

there are several choices for what representations
composite fermions sit in (4, 5, 10, etc.), leading to slightly
different structure of the interactions

Note: Qr1, QR, etc. must be colored particles
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Partial Compositeness

Undo the mixing

Lr=A1QrOr+ ARrtrT, + MoQrOr + M7rT.Tr+ Yr QrXTr + h.c.

Qu \ [ Ar Mg QL L
( o >_< 0 0 ><QL> + similar for tg Ty g

Qr, =cos(¢r) Qn +sin(¢r) qr,
Qr = —sin(¢r) Qg + cos (¢r1) qr

+ similar for tg TR

yields .
(qL h t*R) YT Sin (¢L) Sin (¢R) QL : tR

L O

SM fermions get mass by
mixing with composites
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About that potential

within this setup, we can calculate the V(h) from loops of
fermions, in same fashion as done before

AN} N\ \
\ W \\) A\ W)

contribution tlo\V(h = 0) is negative

Vmin at h#0 is possible, requires delicate balance
between +ve and -ve contributions to obtain v « f =

requires some ‘tuning’ of parameters

| ; *depends on
expanding h about v representation of

. i C — ]-
vev, find c*: f2 Qr, Qr,etc.
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Review

high energies: constituents rather than composites are
relevant d.o.f, analog of g, g of QCD

O(f)-O(4TTf)
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Review

high energies: constituents rather than composites are
relevant d.o.f, analog of g, g of QCD

strong dynamics kick in, constituents confined, breaks
SO(5) — SO(4). EWS unbroken

not: (Grqr)  instead: (eUtinl;)

O(f)-O(4TTf)
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O(f)-O(4TTf)

Review

high energies: constituents rather than composites are
relevant d.o.f, analog of g, g of QCD

strong dynamics kick in, constituents confined, breaks
SO(5) — SO(4). EWS unbroken

not: (Grqr)  instead: (eUtinl;)

NGB + massless gauge fields, described by Ly
loop-level gauge, Yukawa interactions generate V(h)
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O(f)-O(4TTf)

Review

high energies: constituents rather than composites are
relevant d.o.f, analog of g, g of QCD

strong dynamics kick in, constituents confined, breaks
SO(5) — SO(4). EWS unbroken

not: (Grqr)  instead: (eUtinl;)

NGB + massless gauge fields, described by Ly
loop-level gauge, Yukawa interactions generate V(h)

V(h) has nontrivial minima,<h>+0, EWSB

bigger separation: f » v, more SM-like
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Review

O(f)-O(4TTf)
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Review

new vector resonances: other composites of strong

dynamics with different spin, parity.
W, Z, W”", ..
Analog of p, a;, etc. of QCD
O(f)-O(4TTf)
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Review

new vector resonances: other composites of strong
dynamics with different spin, parity.
W, Z, W”", ..
Analog of p, a;, etc. of QCD

O(f)-O(4TTf)

fermion resonances: ‘baryons’ that mix with
SM fermions
T', B, etc.
T'L H T’y interactions + mixing = SM mass
terms
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LHC signals

1.) Higgs couplings: a, b, c

study all possible Higgs production and decay process to extract a, ¢

intricate process, as different production mechanisms scale differently
with a, ¢, and contribute differently to each final state

CRLE e X1 e X ¢14] 2

g g fusion : ty s n i WW, ZZ fusion : HO

99990999090 tINC

g \ t a W2z

tt fusion : ® i W.Z
g
H()

~+ |
Q|

W, Z bremsstrahlung
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LHC signals

1.) Higgs couplings: a, b, c relevant NOW

study all possible Higgs production and decay process to extract a, ¢

intricate process, as different production mechanisms scale differently
with a, ¢, and contribute differently to each final state

9 BTTTTEETEEN, q
g g fusion : t V> > H° WW, ZZ fusion :
92999999000l ¢

: o : Wz

° ol W Z

HO

tt fusion :

9
Ho

~+ |
Q|

W, Z bremsstrahlung
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LHC signals

different composite Higgs models — different a, ¢, possibly
even extra Higgs decay modes from new particles

jl v(Z) T-.tZ-
I VY g
o L
H “, — mé he oo
| f
1 ‘
* 1, .,

ex.) gg—=h—=>W,/ W, ~acyly
VBF pp =7 h = T°T ~ a c/l'4
gg— h = T'T ~ ¢ c/l'4

BUT, careful: H + jj is not VBF alone, H+0j is not just gg = H
also, 'y knows about all ¢
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LHC signals

compiling Higgs data (prior to HCP)

CMS Likelihoods
20" ‘ ‘ ‘ T ‘ T \ T \ ——
my, = 125 GeV
..... 68% CL
-==90%CL | ‘ | | | ‘ 7
: — 95% CL |
oz . alternate SO(5)/S0(4)

model w/ different

€19 50(5)/S0(4)
* model

,,,,,,,,,,,,,,,,,,,,,,,,,

OO‘ | 9.2 | 04 | 0.6 0.8 | 1.0 | 1.2 | 14 |
decreasing v/

[from J. Galloway]
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LHC signals

coupling b is trickier.. requires studying multi-Higgs
production in detail

low cross section and b must be
disentangled from other
hh production diagrams

see ex.) [Dolan, Englert, Spannowsky
1206.5001,1210.8166]

W+W- h3 signal .. from further
expansion of f sin“(h/f)

doesn’t exist at tree level in the SM
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LHC signals

coupling b is trickier.. requires studying multi-Higgs
production in detail

low cross section and b must be
disentangled from other
hh production diagrams

high-luminosity needed!

see ex.) [Dolan, Englert, Spannowsky
1206.5001,1210.8166]

W+W- h3 signal .. from further
expansion of f sin“(h/f)

doesn’t exist at tree level in the SM
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LHC signals

2.) production of new particles

we’ve seen that composite Higgs models generically have
new vector (spin-1: W, Z’,W’’) and fermion (T’, B’) resonances

e interactions of Higgs with W/Z set by choice of symmetry
breaking... much more model dependence for resonances

& their interactions

e additional complication: we know the theory is strongly
coupled.. no obvious ‘best’ way to proceed.

One idea: rescale properties of QCD resonances

p%W/,MW,:,/]\? ;MP ~4TeViorf=2v
C Jr

not very quantitative
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Extra dimensional models on a slide

One way to model the strong dynamics is with an extra dimension

/ /| 2o=00+0

4
4-d deriv. deriv. along z

/\ o+ X 2¢ ‘massive’ field
— T

gb ‘massless’ field

/ \// 5D field = whole tower of 4D fields of increasing
7 mass, interpret as SM field + resonances

Z

couplings among fields = integral over z of [+
overlapping profiles /o dz ¢1(2)¢2(2)¢3(2)

masses, interactions set by few parameters: size, geometry of 5th dimension

but not fundamental, just a model
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LHC signals

spin—-1 resonances:

slight mixing between W’, 2’ and W, Z, means new
resonances produced most easily in S-channel

q may look like usual W', Z'

BUT: W',Z’" couple strongest to other
strong-sector states, like the longitudinal
+ similar for W, Z & h (even ). Big couplings mean Iy,
7 7" etc. etc. can be big.

usual W, Z LHC searches assume zero (or very small)
W'WZ interactions... these need to be reinterpreted for
particles w/ strong interactions with W, Z, etc.
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LHC signals

cleanest signal for W/Z decay products is the fully leptonic
mode: W - WZ — 37 + v

CMS @ 7TeV

) N I B I I I e e [ N L L R IR e o
T ATLAS 5%% olpp > W' > W2) e Obs. Limit -- Exp. Limit
ﬂi — - Expected Limit [Exp.+ 10 |:| Exp. + 20
5 15 — o, (LO) 0, (NNLO) =

I Expected = 1o
Expected = 20

10

= CMSW'—=31+v

== Observed limit

1071k
\s=7TeV =

o (pp — W) - B (W' — WZ) )(pb)

=
10% = 50 Limit,, (LO) = 889 GeV E
Py, Zf t=9. Limit,,, (NNLO) = 938 GeV .
||||||||||||||||||||||||||||||||||’/y’f//tlll |||||||||||||||||||||||||||||||||||||||||
200 300 400 500 600 700 800 900 1000 700 800 900 1000 1100 1200 1300 1400 1500
My [GeV] M,z (GeV)

ATLAS 1.02 b CMS 5 fb-

leptonic modes have small BR .. combined with small
production cross section, rate will be a problem as mW’
Increases
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LHC signals

semi-leptonic modes (£ £ + jj, £ v+jj) look swamped by
background (W/Z + jets) ...

but we can use the fact that W, Z from a ~few TeV
W’ will be highly boosted

angular sepn. of W—=jj ~ 2 my/pr ~ 0.3 for pr ~ 500 GeV .. both
decay products fall into the same ‘jet’

boosted W QCD
%g) @

jet ‘substructure’ will be an essential tool for

uncovering such signals [Butterworth et al 08,
Kaplan et al 08, ...]

more in tutorial session!
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LHC signals

fermionic resonances = new heavy fermions

exactly what states are present & their masses depends on
details of the composite fermions (masses M, representations)

simple example, to show some general features:
ts mixing with composites T, T¢ € (3,1),3

th3Ht0+MTTC+5TtC —I—hC

e () ()

o M) \T*

m; cos? 6

LD hTD(tanﬁrPL—l—tanﬁlPR)tD

v
go sin 0; cos 6,

Z,, (Tpy* Prt tpy"* P, T
2 cos Oy M(DW LlD T 1D7 LD)

go sin 6,

V2

(W:TD’)/MPL[)D + WM_BD"YH PLTD)
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LHC signals

new interaction

43
T e Branching ratio, up to small
S corrections,
AN set by Goldstone equivalence:
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new interaction

~ 25%

LHC signals

Branching ratio, up to small
corrections,
set by Goldstone equivalence:

T decay modes

)
\
(T
\
\

N

~ 25% ~ 50%
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new interaction

43
T /
“H
¢
T
~ 25%

LHC signals

Branching ratio, up to small

corrections,

set by Goldstone equivalence:

T decay modes

in large mass limit,
only parameter is Mt
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new interaction

43
T /
“H
oy
T
~ 25%

in large mass limit,
only parameter is Mt

LHC signals

Branching ratio, up to small
corrections,
set by Goldstone equivalence:

T decay modes

v ’ v )
T L~
L {

~ 25% / ~ 50%

extra ‘chiral’ quarks
(4th generation)
only have this decay mode
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both pair-production (T T ) and single production

LHC signals

possible. Pair production dominates for Mt = 1 TeV

g

* fairly large cross section
* lots of W,Z,h, b in the final state

TT — tZ°%W~ +c.c.
—  bjlt b+ (W)

TT — tZ%h° + c.c.
—  bjjlT 0 blubb

b T
W
9 g
f (TeV)
'1i5' .zio. — '2i5
LHC 14 TeV
\\'*..\pp—)TjX

I
—
(=}

S

|
[
o

w

3
[
-4¥ 00€/syusAy

:'P NN NI 1Al I."I IHENIT i [ NN 1
o

N 10l
= pp—>T_T)}
- N — 100
| o o o
1.5 2.0 2.5 3.0 3.5
M, (TeV)
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LHC signals

existing limits on T', B’:
assume 100% BR into one mode: T W b (4th gen), T =t Z
CMSL=49fb" at\/s=7 TeV

| ' o L ' ' ! | ' ' ! Pt ' o
BB— tW /E\A observed limit 20
CMS 1109.4985 = 1E - ===+ expected limit 16
Ko | - Theory (HATHOR)
o
also T I
ATLAS 1204.1265 Q.
~—4n1 L i %l
recent 610
counterexamples
Rao, Whiteson
1204.4504, 1203.6642 M, < 611 GeV/c’ is excluded at 95% CL
: -2 NI T Rl A N R I B N ST
be 182'?“102696? a 107 250 500 550 600 650
| M, [GeV/c?

so, limits need to be reinterpreted. Mixed modes likely to yield
stronger constraints.

substructure could be useful for identifying hadronic W/Z
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LHC signals

more exotic possibilities:

In some scenarios, Qs. doublet is extended & includes
higher charge states: Xs,3, or X7/6

" v

\/ cascade decays of
- ; X—>tW—->WDb
g~ wes gives like-sign
O ; Ty s dileptons
ot
T,
g 2 S low SM background
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LHC signals: summary

e the era of precision Higgs: composite-ness of the Higgs is
encoded in deviations of couplings from their SM values

mass scale of new particles ~f is constrained via Higgs
coupling measurements. More SM-like couplings —
smaller v/f = heavier new states

e direct production of new particles:

both spin-1 and fermionic resonances have large
couplings to W/Z/h/t: W/Z/h/t-rich final states

W’ /Z’ /T’ have different properties than LHC searches
usually assume —- care required in interpreting limits
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Conclusions:

immediate LHC focus: how Higgs-like is X(125)?

L> EFT is the right framework to use, look for deviations a,b,c+1

a,b,c#1 indicate strong coupling enters at some scale

Composite Higgs: Higgs as a Goldstone boson. UV setup
that gives light Higgs + a,b,c+1

gauge and Yukawa interactions generate nontrivial V(h)
and lead to EWSB. tuning of different contributions to get
v«f

other composites (spin-1, fermions) in spectra, possible
targets for LHC searches.

different than ‘generic’ WZ’/

' large couplings to W/Z/h/t
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