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COMPOSITE HIGGS
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THE SPECTRUM

Ay > Aig

~scale invariance

} P T* resonances at Jp/fr

n extra goldstones (e.g. SO(6)/SO(5))

FWe 2y h=a=n

Goldstones in G/H

EFT beyond minimal GB sector

0902.1483 [hep-ph] Gripaios, Pomarol, Riva & Serra
| 105.5403 [hep-ph] Mrazek, Pomarol, Rattazzi, Redi, & Serra
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B, L, flavor ~scale invariance

nu,...

} Pu U* resonances at gpfﬁ EFT for top-partners

see e.g. 1211.5663 [hep-ph]
)} |ight top-partner De Simone, Matsedonskyi, Rattazzi & Wulzer
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THE SPECTRUM

Apyv - Ayv > Arg
B, L, flavor ~scale invariance

nu,...

take scale invariance
seriously even in the IR

} P T* resonances at Jp/fr

o dilaton

~100 GeV-+ bW 2o h=4=nx
Goldstones in G/H




EFT FOR DILATON+HIGGS

Effective theory for
(G+CFT)/(H+Poincare’)!?

global sym\

spacetime sym

IR
G/H at [

X CFT/Poincare’ at |

J

o dilaton m, < m,
T GBs my<<m,

for the EFT-Dilaton alone: see e.g. BB, Csaki, Hubisz, Serra &Terning 1305.3919 and1209.3299; Chacko & Mishra 1209.3022;
Goldberger, Grinstein & Skiba 0708.1463; Hubisz, Csaki & Lee 0705.3844
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(O(z)) = [
CFT ——» Poincare’

GOLDSTONE=DILATON

: dilations /ﬁ Shift-symmetry E
O'(il?) —>0'/(aj/) ;

special conform.

linear notation: X(CU) =€
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DILATON BASICS

dilaton restores conformality

o

LirDO@) |1+ (4 —A)= +...

K overall rescaling

Higgs-like Dilaton?
SO(4)/SO(3)+ dilaton withv ~ f within

BB, Csaki, Hubisz, Serra, Terning 1209.3299;
Chacko, Franceschini, Mishra 1209.3259

Higgs coupling

©
)

)
-

Lir D Ox) — O(z) x ' 72° dilaton couples to non-marginality

Fit to Higgs couplings

T T TTTl I 1T T TTTi

from Giardino et al., [arXiv: 1303.3570]

! | I I | | I I I

3

10 30 100
Mass of SM particles in GeV
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EFT: GOLDSTONES+DILATON

) covariant conformal derivatives
dilaton restores the CFT /

Lin(,000) — Lorr = X Lon(2e, Y20 4 9 02 4
Tr(®, Oy orr = X brr( TRy TasT) T g Oux

IR contains the Goldstones of G/H including the Higgs

6 (_i=123 . Pi’s restore G
T = (7T ,h, .. ) ;

scale dim. can be suitably chosen: A; = 0 “angles”

all GB’s restore G+CFT
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THE CONE MANIFOLD

1 fﬁ a b 1
‘C(C%I)TT-l—G — 9 {(F) X2 (auﬁ u”bgai)(”)) T 5(0)()2]

G/H

Q/H : / X -const sections are G /H
- 0_>

e.g. Sh
f2dI? = fﬁgag(w)dﬂddwi’

eg. |®° = f2 “radius”

|) non-compact (dilations): no scale

2) singular at the apex where cut-off=0
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WW-SCATTERING

Limit; / = J=

E.g.: the Higgs-like dilaton SO(4)/SO(3)?

;A(ﬂ'ﬂ'ﬁﬂ'ﬂ')fv<%—%>—>0§ pm———

(fWE)U:f?

* symmetry, tuning or dynamics!?

* is it actually weakly coupled?
AN~AdArf? A>Anf?
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CONE VS PLANE

the cone unfolds into a plane

“speed of light”= 00
Je=1

£2) = 5 L7 0,0"  free theory at O(p™2) in euclidean coordinates

all amplitudes are trivially vanishing (at this order)




HIGHER ORDERS?

CCWZ notation: €—i7r8M6z’7r = idZT& —+ iEZTa




HIGHER ORDERS?

CCWZ notation: e—mauezﬁr = ideT& —+ iEZ’Ta

only pions:

only dilaton:

' mixed term:




HIGHER ORDERS?

CCWZ notation: e_mﬁﬂem = ideT& —+ iEZ’Ta

only pions:('I’r[d,ud“])2 , Tl"[dudy]Tr[dudy] 9 TT[E/WEW/]

. only dilaton:

' mixed term:




HIGHER ORDERS?

CCWZ notation: e ‘T (9M6m

only pions:('I’r[alualu])2 )

only dilaton: a [(3MU)4 + 2(

a-anomaly Komargodski-Schwimmer

' mixed term:

= id, T" + BT

Te[d, d”|Tr[d,d"]

0)(8M0)2] +b [((%0)2 +

Tr[E,, E"]

4

2

by e.o.m enters in pi-pi scattering




HIGHER ORDERS?

CCWZ notation: e_iwﬁyﬁi7T = idZT& —+ iEZTa

only pions:('I’r[dudu])2 , Tl”[dudy]Tr[dudy] 9 TI[EMVEW/]

2

only dilaton: a [(9,0)* + 2(00)(0,0)*] + b [(9,0)* + Qo]

a-anomaly Komargodski-Schwimmer by e.o.m enters in pi-pi scattering

mixed term: ¢ [(9,0)? + Oo| Tr[d,d”] + d [0, ((0a0)* — Oo) + 4(0,0,0 — 8,00,0)| Tr[d"d"];

1
’

L4
’




HIGHER ORDERS?

CCWZ notation: e_mﬁﬂem = ideT& —+ iEZTa

only pions:('I’r[de“])2 , Tl”[dudy]Tr[dudy] 9 TI[E/WEW/]

2

only dilaton: a [(9,0)* + 2(00)(0,0)*] + b [(9,0)* + Qo]

a-anomaly Komargodski-Schwimmer by e.o.m enters in pi-pi scattering

mixed term: ¢ [(9,0)? + Oo| Tr[d,d”] + d [0, ((0a0)* — Oo) + 4(0,0,0 — 8,00,0)| Tr[d"d"];

1
’

L4
’

no reasons to expect 4
—
cancellations A(ﬂ-ﬂ- 7T7T) ~ I

Are we sensitive to E*4 vs EAO in WW-scattering!?
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ACCIDENTAL SYMMETRY

plane: invariant ISO(n+1)=SO(n+1)+translations

1 a a Qa a a
L(Z):§ u¥f OuP Y- — @ T

-

accidental ISO x CFT spoiled @ O(p”"4)

plane
true sym. only SO x CF1
Y Y

promote it to a true UV symmetry!?

step 1) £ = a(0,0")* + b(0,0' 0,0 ) + ...

step2)  make it marginal: divide by~ ¢“[lp® ?

(

(8,0%)* b (0,050,072 + non-locality forced by
H o v ..

| . . . .
(...) translations+dilations!

a
QOCL SOa,

)
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ACCIDENT VS SYMMETRY

barring non-locality (=no extra massless fields)

Accident Symmetry
SO(n+1)x CFT  ISO(n+1)x CFT

VR
SO(n) x Poincare’ . S0(n) x Poincare’

A(WW%’ZTTF)NELL A(’]T’]T%’]T’]T)NEO
resonances at A = 4rf cut-off can be at A = ¢

strongly coupled weakly coupled
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breakings translations new scale breaking CFT

Symmetry N\ Ve
: 1
ISO(n+1) x CFT L = §8Hg0a L@+ €rgo X M(QJFT 0o + ...

| the relevant operator is small by symmetry

50(n) % Poi , but the whole potential is
n) X rrotmcare

suppressed by translations

M2

2
1 CFT a a
F g0g0>+...

weakly coupled L= 20,0°0u0" +cra0 - A2 (
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HIERARCHY PROBLEM?

Symmetry
ISO(n+1) x CFT

y

SO(n) x Poincare’

weakly coupled

breakings translations new scale breaking CFT
1

L= §8Hg0a LWP¢ +€rgo X M(QJFT TRV S

the relevant operator is small by symmetry

but the whole potential is
suppressed by translations

1, wq o« Mg g
£:§ pP Oup +€15’O'>\2.< AN2

2
M CFT

17 =

generically big tuning!
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DILATON DECAYS

BR(c - WW) ~2BR(oc — ZZ) ~2BR(c — hh)

, or' ,0h SO(4) restored

dominate because of longitudinal boost | BR(oc — ww) > BR(oc — X X)

Y B

Nl oG

counts the # of Goldstones
-

J

ww

(and no Higgs-dilaton kinetic mixing)
V. H|* =10, — Agduo)HI

Giudice, Rattazzi, Wells hep-ph/0002178;
L.Vecchi 1002.1721 [hep-ph]

z2

Lo @
1

JL—':e

[H/D]wip/z~

G
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OTHER DILATON COUPLINGS

CFT+G elementary

@L : @R light quarks, leptons, gauge

/-

Partial Compositeness: explicitly break CFT & G

spurions carry both G-indexes and scale dimension

Loiz =YLV Or + _yRT_#RQL integrate out the CFT: ~ yYrLyYRrv VYR

YR,L] = _’VL,R/ \‘ \ compensate: ~ Yr,YrV VLY R X X1+7L+WR

3/2 5/2+r

£Dm¢¢L¢R [1+%
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PHOTON AND GLUON COUPLINGS

composite elementary

p

integrate out the CFT:
1
V'V V( )V VI g2 ()

compensate: f — fy = fe’//
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DILATON COUPLINGS: SUMMARY

composite elementary

A,Lb , quarks, leptons

SM x %(1+v)

example w/ composite top-right for Higgs-like Dilaton:
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DILATON & HIGGS POTENTIALS

CFT+G elementary

@L : @R y light quarks, leptons, gauge

auge 1
Integrate-out CFT (all orders) £5 = 5 [Mo(p) Tr[A,Au] + Ti(p) 2" A, A, P P,

\ form factors 7

d4
|-loop of elem. fields: Coleman-Weinberg! V(7 x) = Z/ (27:)?4 log IL; (p*, @)

V:.+{:}+{:}+i§ T...
- - ~— —~

symmetric symmetry breaking
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O T Y o

V =k +y? A1—|—A81n h + Bsin® h
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DILATON & HIGGS POTENTIALS

o %580 {75

V =k +y? A1—|—Asm h + Bsin® h

Potential on the sphere

dress with the dilaton

2~ i
K+ y° (?) (A1 + Asin® h + Bsin® h)

5 parameters: trade for M, My U/f7T f e

Predictions (e.g. amplitudes) all in terms of physical quantities




CONCLUSIONS & QUESTIONS

The Higgs has been discovered and it can well be a pNGB
The CFT broken spontaneously in the IR gives a light dilaton in the spectrum
Chiral lagrangian for Composite Higgs+Dilaton is quite interesting
% Funny geometrical structure (btw, is the cone homotopy trivial?)
* f=fpi by symmetry ISO(n), but weakly coupled, what about dynamics? ™™
% Clear Dilaton BRs: can we count the Goldstone bosons=dim[G/H]?

% Curious WWe-scattering: can we see E*4 behavior? strong vs weak
dynamics, dynamics vs symmetry)

% Higgs and Dilaton potential are related

% Can we distinguish it from another Higgs (2HDM?) or extra pNGB?




THANK YOU!
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HIGGS-LIKE DILATON: FITTING DATA

4

 easily fit data if v~f

m=125 GeV

incl. h > ZZ* -
incl. 7 - yy
Vh h = bb

- incl. h » ZZ*

- incl. h - yy

- Vhh-bb
EWPT




FITTING DATA

rates scale with: 9?2 /f 2

B
R:Lx R
OSM

G O O EE W EE W E W W EEEEm g
S m EmEEEEEEEEEEEEE = m P

v/f=0.8, ;=0
L L S s B A L
incl. h » ZZ* i i incl. h » ZZ*

incl. h - yy . - incl. h = yy
Vh h — bb | 5L Vh h - bb

biy=biy" /2 b3, =pEM)
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THE RS STORY

H
T — AT, 2 — A2 IR = AZIR

breaks it spontaneously

—1 .
J = 275 the radion

S = _/ . V9@ Vov + / VI(5) (QMSR@) — As) —/ VI9@) Vir
\ ) | - _y IRW_J

UV-tension IR-tension

floating  cos— g - LA
IR-brane A L Very = (Vuv + A(5)L) - A (—A(5)L + V[R) = Ny + ax4 :
: IR :

vanishing 4d CC vanishing quartic
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|) assume the RS tuning: vanishing/small quartic

2) add a bulk scalar with small mass ¢ €« §Lopr = O m’L? = A(A —4) ~de < 1

1
Verr = —— [0acmo + di1elog(L/z1r)] = X F(A(x))
IR

0
but FT= P4 5 1 -

v
O(e) -7 frs  mrxN .
S~~~ from large K.T. nota good candidate

<1
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THE SM-HIGGS IS A
FINE-TUNED DILATON

|) flat direction(s): h — h+ év
2\ oo =
V=2 <H2 -5 ) - 2) scale invariance z — 2’ = (1—¢€)z
P(x) —» @' (2) = (1 + eA)P(x)

(

scaling dim.

After EWSB: h— (14 e)h(z(x")) + ev
only the diagonal symmetry survives +non-linearly like a Goldstone boson

w/o the Higgs (no sym.) Sir = /d4a: (mytrtr +...] — /d4az (my(1 —e)tptr + ...

h _
— trt
/->mt(v + €)tLtr

_ h _ : |
w/ the Higgs Sir = /d4x imitrtr + ;(mttLtR) +...] SYm-'/S restored!
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SUSY EXAMPLE: 3-2 MODEL

runaway direction ——s. push the fields to large vevs
14 7

AMAT
ﬁ+AF+Af

g:(f) < 1

'no large breaking of conformality

.
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DILATON POTENTIAL

minimizing condition:

V' = fRAF(A(f)) + BF/(A(f))] = 0

is the dilaton naturally light?
not quite
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[ is the vacuum energy in units of f
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LIGHT DILATON?

'NDA: Fnpa ~ — 1672 |
:NDA NDA 167T2f4 T :

generically very steep potential! :

V' = fIAF(A(f) + BF'(A(f)] =0
to establish f<<UV-cutoff beta(IR) must be big
the CFT(IR) and the light dilaton are lost K

or is not small
start with a ~flat direction; no large vacuum energy

(natural only in SUSY?)
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LIGHT DILATON?

A
FA)=a+0F(\) =167* |co +c1— + ...
1 N [ 4 ]

Sym  sym breaking

a = O(dFLI:\:Ztuning

— ~
| ) small vacuum energy @ < 1677 ' . '

2) 0 F' dynamically cancels vs a a+0F(f)~0 /\A f=Auv (

2
3) (O close to marginal at the scale f B =ceA+ blﬂ +...x1

may = 4f°BF' (A(f))
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TUNING

A light dilaton needs:

'

A
small betaatf BS=aA+b—+...<1

47
\a

- lambda perturbative at f (eg flat directions in SUSY
theories,

- small quartic but no light dilaton in QCD/ TC)

’_Q'\

generic

A
way out? largish coupling but small beta (3 = ¢ ( <1 dual toapNGB in 5D?

Bellazzini, Csaki, Hubisz, Serra, Terning, 1305.3919 Contino, Pomarol, Rattazzi, at Planck09
Coradeschi, Lodone, Pappadopulo, Rattazzi, & Vitale 1306.460|




H

SO(5)
SO(4) x SO(2)

SO(6)

Go
SO(5) x SO(2)
[SO(3))°
Sp(4) x SU(2)
SU(4) x U(1)
SO(5)

NGBs rep.[H| = rep.[SU(2) x SU(2)]
4=(2,2)
5=(1,1)+(2,2)

4.9 +4 5=2x% (2,2)
6=2x(1,1)+(2,2)
7T=(1,3)+(2,2)

100 =(3,1) +(1,3) + (2,2)
(2,2,3) =3 x (2,2)

4_ 5+ 4_1+5 =2 X (2,2)

14 = (3,3)+(2,2)+(1,1)




Holography

: 2
ds® = <@> (OZ:I:'2 — dzZ)

2
1
4g2

S = _/d%\/g (MZR+ As)) — /d5:1;\/§

calculable gauge theory m pr o ~ 7T/L1 <K 247T3/g§ X (Lo/Ll) -

calculable gravity /L < (24%3)1/3]\4* X (Lgo/L1) ——
~\ 24(M, Lo)® > 1

I N th
f2 _ 12(M*L0)3/L% arge eory

with gz /Lo > ggff log(L1/Lg) ~ 16

L 1 1 1
_g log(L1/Lo) + 5— + 5 = — .
gs dov  91Rr Gefy in AdS5




