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*Spontaneous breaking of scale invariance could be very
interesting for particle physics phenomenology

*Couplings of Higgs in SM: determined by approximate
conformal symmetry of SM

°In absence of Higgs mass parameter SM approximately
conformal until QCD scale, and <H>=v breaks conformality
spontaneously

*Higgs = dilaton, with f=v, Higgs couplings determined
a la Shifman, Vainshtein, Voloshin, Zakharov '79-'80

*One possibility: Higgs actually dilaton of a broken conformal
sector



eSpontaneous breaking of scale invariance could be very
interesting for particle physics phenomenology

eCosmological constant problem

*Only known ways of setting A to zero: SUSY or conformal
symmetry

eSUSY broken — A ~ (TeV)* expected

*\What is expectation for broken conformal symmetry?



eAim for this talk

e\Vhat does it take to make a dilaton look like the observed
Higgs?

*How can we make the dilaton naturally light?

*\What are the consequences for a light dilaton for the CC?



Dilaton basics

*Scale transformations 1z — '’ =e %z
*Operators transform  O(x) — O'(z) = eO‘AO(eO‘x)
*Ais full dimension, classical plus quantum corrections

*Change in action:
S = Z/d% 3:0;(x) — S = Z/d%e&(&_‘bgi(’)i(x)

*Assume spontaneous breaking of scale inv. (SBSI)

(©) = I



Dilaton basics

*Dilaton: Goldstone of SBSI, o, transforms non-linearly under

scale transf.: O'(.flf) N O'(eaﬁlj) —I— Oéf

*Restore scale invariance by replacing VEV

fofx=rel

eEffective dilaton Lagrangian is then (using NDA for coeffs)

- @2nxm
Lo = E ’
ff =, (47T)2(n—1) f2(n=2) y2n+m—4
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= —apo (4m)° A x* + =(0,x)° + (
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Dilaton dynamics

*Main point of dilaton: effective action can have non-derivative
x4 term - just the cosmological constant in the composite
sector

2
S = /d%%(@x)z — af*x* + higher derivatives

|

a>0

e Generically a#z0. Will make SBSI difficult: f

|
o

ea>0: VEV at f=0, no SBSI 1

a<0

*a<0: runaway vacuum f—eo

*a=0 arbitrary f
a=20

*Need to add additional almost-marginal operator to generate
dilaton potential



Dilaton dynamics

*Perturbation: 69 = / d*z (1) O

eDilaton potential: V' (x) = f*F(\(f)) vacuum energy in
units of f

aft — fAF(A(f))

*Tohave a VEV: V' = f3[4F(\(f)) + BE'(A(f))] =0

eDilaton mass:

may = [*B[BF" + 4F' + B'F'] = 4f*BF'(M(f)) = —16f*F(A(f))
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*A new particle at ~ 126 GeV that behaves very similarly to SM

Higgs



Dilaton dynamics
‘We need Mgi; ~ 125 GeV

‘With f ~ v =246 GeV,A =4nf ~ 3 TeV
eSo Mgy ~ f/2 << A

eBut dilaton mass:

Mgy = B [BF" +4F' + B'F] = Af*BF'(M(f)) = =16 f*F(A(f))

*Naive expectation: one loop vacuum energy

~ 167 mai ~ \

Fnpa ~



Dilaton dynamics

*Generically DO NOT expect a light dilaton, need the dilaton
qguartic to be suppressed vs. NDA size

o|f quartic not suppressed, need large 3 to stabilize, large
explicit breaking a la QCD and TC, no light dilaton

*Need to start with an almost flat direction

*Dynamics should not generate a large contribution to the
vacuum energy...

eNatural in SUSY theories - have flat or almost flat directions

eNot natural in non-SUSY theories



Dilaton dynamics

To find a (non-SUSY) solution we need

a = O(6F)by tuning
. > —N— N F
I i —>
0 oF a 1672

eSmall vacuum energy (tuning), a<<16T1?

*OF dynamically cancels vs. a

*Perturbation should be close to marginal



Dilaton dynamics

*Detailed examination of the dynamics

*Assume small deviation € from marginality, and coupling A:

B(N) i\ :eA+ﬁA2+O(A3)

- dlIn p A7

eAssume A perturbative A<41r, and dilaton quartic very small

)\ n
F()\) = (47)* |co + zn:cn (E) ] , oL cp~1, a=(4n)’c

*Coleman-Weinberg type potential for dilaton



Dilaton dynamics

*For perturbative A can introduce large hierarchies

ey \ MV
)\(M)Cl

f:M(

If € small and negative f<<M (if positive more tuning)

eThe dilaton mass:

*Could make it very small by taking e —07?



Dilaton dynamics

*\When € very small, A? term in B-function dominates

2 2
g1 5 A
~N — N —

A2 T A4Ar?

*Shows need perturbative coupling for light dilaton

*QCD and (walking)-TC will not have a light dilaton, since
there A=g~4m

*Fine-tuning in weakly coupled models: min. condition gives
A(f) ~4meo/cr =4n /A where Ais FT

AZQA/de-l:m( f )(125Ge\/>

246GeV ™M il



A SUSY example for a light dilaton

* Look at 3-2 model SU3) SU2) | U1) U)r
Q| O ] 1/3 1
L| 1 ] -1 =3
U| O 1 | —4/3 -8
D| O 1 2/3 4

*Classical flat directions QDL, QUL and det(QQ)
eLifted by superpotential W = AQDL

*Dynamical ADS superpotential Wagn =

*Will push fields to large VEVs >>/A3 as long as A<<1

*Spontaneous conformality breaking, expect light dilaton



A SUSY example for a light dilaton

- As VA o
* The potential V = 10 + AF + A\ f

As

VEVs:  fx

V & )\10/7A§

6
eDilaton mass: Mgt =~ Af =~ A7TA3

*Of course here SUSY is playing the essential role of keeping
the dilaton light, unlike in the non-SUSY examples we are
interested In



The radion in RS/ GW

* The effective potential w/o stabilization

R\* R\*
i (8) +nor 1= ()

*\With f=1/R’ get a characteristic SBSI potential with quartic

Vers(x) = Vo + AR+ f*( — AR
CC, FT1 quartic, FT2

5

122
2473

*Natural size of quartic: NDAIn 8D a4, ~ A B® ~
like in 4D EFT

~ O(1)

R\’ V;
0a(IR) = ViR =V (ﬁ) = T~ 1672



The radion in RS/ GW

*Assumption for GW: quartic is set to zero/very small, then
bulk scalar added with non-trivial profile and small bulk mass

ePotential:

V= {420 [0 - (FR)T = evf +da+O() } = FF(f)

e £ is bulk mass, v1,0IR/UV VEVs in units of AdS curvature,
da the remaining quartic

)

*VEV:

*Tuning determined by v —da/4 S v,

a 47T

eAmount: A=— 2 — ~4000forvqs~0.1.

|5a| < (O]



Radion as Higgs?

*Radion kinetic term normalization gives

1
f(RS) _ ﬁ\/12<M*R)3

*For calculability need N = v/12(M.R)3 > 1, so

v 2 1
*For higgsless: RS ~ .
/ INy/log &
| | v VR
*For models with very heavy higgs: F(RS) Y

*Both cases couplings very suppressed, but mass light

2014/€
V12(M,R)?

g ~~ Mgk




Dilaton couplings

e Assumption: composite sector + elementary sector

eComposite sector close to conformal, breaks scale inv.
spontaneously

*Elementary sector is external to composite, but weak
couplings

eDilaton coupling in composite sector: assume in UV

Lepr = Zgi()g]v

*All operators dim 4 or small explicit breaking [g:] = 4 — ATV

*Generic IR Lagrangian s Z c; (Mgr) Ofyms

1



Dilaton couplings |. Composites

ePower of ¥ fixed L&pr = Z ¢; (Tig™) OBy ms

emy=4—AF % "n;(4-ATY)

Single coupling:  L£ifuing = _ cigi (AT — AIF) OfR%
J
If no explicit breaking 272, ... =3 ¢; (4 — AIR) o;R%
J
Coupling to Tr of energy-momentum tensor: £.;; = —% gy
*Trace anomaly included, for O = —(F,,)?/(44?)

4— AT =2(g) = 204)

g



Dilaton couplings |ll. Partially composite

composite elementary

AM , quarks, leptons

*Mixing between composite and elementary sectors

'C 'CCFT + £elem + Z yz elem,t OCFT@

*Treat y as spurion with dimension  [¥i] = 4 — Aciem; — Ak,

*Effective Lagrangian

»Ceff — ‘CCFT - Lelem - Z Cj yz elem,i OCFT] "+ O(yQ)
J

ePower Of X: Aelem 4 Aelem 5 + AC’FT 1 AC’FTJ



Example |I: Partiallv comp. fermions

composite elementary

0L, Or MMM 4p, Y

*Mixing between elementary and composite fermions:
Lint = Yr¥rOr + ypYrOr + h.c.
Spurion dimensions: [yr] =4— A} —Ag., [yr] =4 - A} — AgY

«The effective fermion mass: Lerf = —M yrLyrYL¥rx" + h.c.

ATV — AR ATV — AR+ ALY + AGY —4

*Coupling to dilaton: ATV =24+ ¢;, AZY =2 —cp,

°In RS language: Lopr = —Myryr¥rpx R



Example ll: Partially comp. gauage field

composite y elementary
o w ot I A

*Mixing between gauge field and composite current:
1

- uv m
L= v F,F" + A,J
eSpurion dimension: lguv] = ALY —1
: 1
°Low energy coupling:  L.sr = —4—92FWF“”X”””
*Coupling: m =4 —2[1+ A"+ 2[g] = 2(61—R — &]—V)

g 9



Example II: Partially comp. gauge field

*Can also find this from matching of coupling

1 1 _valn,uO_bI_Rlni
g* (1) g*(mo) 8> f 87 p

*\With replacement f— fe%

*Coupling again

g2

3272

O

f

(brg — byv) F*E,,



: : -

I I [ [ [ | [ \s=7TeV,L<51fb' {s=8TeV,L<19.6fb"
imi i m,=125.5 GeV .

ATLAS Preliminary ;T ° CMS Preliminary m,, = 125.7 GeV
W,ZH — bb § Py, =065
\s=7TeV: [Ldt=4.71b" ° ;
\s=8TeV: [Lat=131b"
H- 1t ; H— bb . -
\s=7TeV: [Ldt = 4.6 fb" o u=1.15£0.862 :
\s =8 TeV: [Lat (=’)13fb" :
H—o WW ' — viv : :
\s =7 TeV: [Ldt = 4.6 b —.— H— 1t e —
\s=8TeV: |Ldt=20.7 b : u=110+0.41 g
H— yyg .

=7TeV: |Ldt=4.81" : ° :
::=8Tzv: JLat=2071" : H— ’Y_Yo 774 0.27 —.——
H—zz" - al : =R ArER 5
\s=7TeV: {Ldt - 461" e
\s=8TeV: |Ldt = 20.7 fo” H_—- WW 5

. ' u=0.68+0.20 - :
Combined u=130%0.20 ; =
\s=7TeV: {de =46-481" e :
\s=8TeV: |Ldt=13-20.7 fb" H-oZZ
| | | | | I | u=0.92+0.28 .5
-1 O +1 1 1 1 1 l 1 1 1 1 i 1 1 1 1 l 1 1 1 1 I 11 1 1
. 0 0.5 1 1.5 2 2.5
Signal strength (u) Best fit o/oSM

*Couplings compatible with SM values, but at this point some
could also be somewhat off.



Dilaton coupling to SM

*Couplings to massive fields:

5£ma33 — (QWWW"‘W K + mZZQ) ? — Yw wawR(l -+ YL -+ ’}/R)f -+ h.c.

eAnomalous dimensions y. r might be flavor dependent.
Assume flavor symmetry to tame dilaton mediated FCNCs

*Coupling to massless gauge bosons:

_ 9a (A) <A> (A2 O
Ly 3972 ( pv ) ¥

*Assuming photon, gluon partially composite

(3) 3)y ¥s ~2 X (EM) | ;(EM) (EM)y @ 19 X
— (b by ) G f — (byrys +bW$ + N by, )87‘4“”}



Dilaton coupling to SM

*[n terms of generic parametrization

2 2 2
,Ceff = Cv< mWW;W_Mﬁ—%ZZ) h

v v
—ct@ft h — cb@Bbh — 07&7_'7' h
v v v
Q o)
*G? h — A2
T Sy K TG rv H
For massive fields
v v v
Ct,X:?(1+%)7 Cb,X:?(l—i_’yb)v CT,X:?(1+77)7

*For massless GBs including top and W loops:

2

=

3 3 1 U, (3
(@%%&+§1m@0 E}éﬁﬂ

. v (EM vy | 4 V. (EM
oy = ? <bgR ) _ bgjv )‘I' g 1/2(gjt) — F1($W)> = ?bt(‘iff )

Cq,x



Dilaton rates and production

*Decay rates: Tww _ Tzz r,,

2 2 2
= ~ |cy ~ |¢p ~ |c
P'wwsv T'zzsm evl Db, s ol I'rrsm ]
R S Y
Fgg,SM |ég SM| 7 F’Y%SM |éfy SM‘
*Production rates: sor_ ., LGl over e _ovn 0
ogrsm  |Cosml?’ oveRsM v OVhSM v

eRates for individual channels: R~ (oT')/(o1)sur X |Ciot] >

(3) \ 2 (3) (EM)\ 2
R N o0/ RSN N o
GF,(WW,ZZ) — f2 02 b(3) ) GFyy — f2 2 b(3) b(EM) )
t t t+W

3 2 EM 2
Rap . ~ v_z 1 <b‘(3f)f (1 +%)> Rypp~y v_2 1 (b‘(fff )>
TT ™ £2 (12 3 ? VY T L2 12 EM ’
f2C b R

Ry Brww,zz) =~ Ik Rypprr = F@(l + %)%, Rynw =~ F@(l + )

( (3) )2
ewhere C = |[BRww.su +BRzzsu + (1 + 7)BRusus + (—BRQQ,SM




LHC and EWPT constraints

V/f L, 71—0
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Drive v/f ~ 1



E

v/f=1,7i=0
307 ““““““““““““““““““““
| incl.h > ZZ*
incl. h — yy
2_5; Vh h — bb

20

1.5

1.0

biy=by"12

Rates for
h—ZZ
h—bb

nhancement in h—

3 0 ““““““““““““““““““““““
I incl. h » ZZ*
incl. h - yy
25 Vh h - bb

biv=byy" 12

Can be easily enhanced for
largish b’s



A naturallv liaht dilat

*\We have seen, hard to get light dilaton
e[ arge quartic expected for dilaton in non-SUSY models

*To remove quartic w/o tuning, Contino, Pomarol,
Rattazzi suggested

eStart with exactly conformal theory
*Add close to marginal perturbation with dimension 4-¢

Make sure [3 function remains small even when
coupling Is large - very non-trivial requirement!

eQuartic will relax to close to zero, dilaton light cc small



A naturallv liaht dilat
By gdding small explicit breaking quartic will be slowly
running

Model will slowly scan through space of quartics
*SBSI| happens when quartic is small

e|f 3 function small dilaton will remain light

Minimum expected at small CC also!

eSimilar construction by Weinberg (no-go thm)

e/ero CC requires exact scale invariance, but then
dilaton can not be fixed



A naturallv liaht dilat
eRS-GW vs. CPR approaches

RS4+GW

CPR
A i A
Vers L Vepr
=0 i
A A
Vers b Vegy
80 a
~— X i ”

RS-GW starts with a tuned setup (IR brane tension)

CPR approach allows arbitrary IR tension, but quartic
will slowly relax, that is where IR brane stabilized



A naturally light dilat

eExpression for effective potential
Verr = FX'— Vipp = X"F(A(X))

*Due to running coupling:

d\ B
Tlosn Br) =eb(N) <1

*After long running  §F ~ (Agy/p)e
At some scale F'(A(urr)) ~ 0.

eCan check explicitly in a warped 5D setup!



eGeneral warped metric with scalar action

S= [#ri (- gaR+ 50" ouoons V(o)) - [ doymvite) - [ dtevaio

‘MetrIC ds? = 6_2A(y)d$2 _ dy2
eldentification of scale  u = ke W)

«And dilaton: location of IR brane  x = e7 = ¢ 4



The effecti etz

e|t is a pure boundary term

_ 6
Vv g = e~ +4won) [Vo,l (&(yo,1)) F ?A (yo,1)]

eDilaton potential will be

Vir = x* [Vl (¢ (A7 (=logx))) + %A’ (A~ (—log x))]

e[n accordance with expectation V.¢¢(x) = Y F(\x))

: 6
With  F=Vi+—A
Y



Joy case: constant bulk potential
Flat dilaf ia tuning | | l

* Provides of a dimension 4 condensate - a soft-wall
version of RS (=spontaneous breaking of Sl with dim 4

rather than «~ dimensional)

*\Will be the IR region of the full problem with bulk mass
for scalar

*Bulk equations can be solved explicitly

1 sinh 4k(y. — vy)
A = —-1
) Tiat [ sinh 4ky,

o) = —22 log tanh[2k(y. — )] +



Flat dilaton via tuning § lensaf

e For finite y; deviates from AdS space. AdS recovered
N yc— limit.

e|_ocation of IR and UV branes:

4 — 6—4A(y1) _ SlIlh 4k(yc — yl) 4 _ 6_4A(y0) _ Slnh 4k(yc _ yo)

sinh4ky, Fo sinh4ky,

X

eParametrization of deviation from AdS

1

= .
sinh 4ky,




Joy case: constant bulk potential
Flat dilaf ia tuning | | I

*The potential will be:
2
6k 08 V3 58 o
A1+§\/1+?+>\1 (gbo—vl—%log ’/1+?—?]> ]

eThe BC for scalar will give (in limit of stiff brane
potentials): 0o (14 O( /1)
X i (vo(1+ Ot 15))s Av 1)

Vir=x"

Po
54

ePure quartic up to corrections in UV brane position.

Coefficient of quartic: p
. a(vg) = Ay + i—];: cosh (2—\/3(7)1 — vo))

eCan TUNE to zero by choosing vo properly!



Joy case: constant bulk potential

*A theory that deviates strongly from AdS
*Nevertheless this is a spontaneously broken CFT

eGravity will be explicit breaking, UV contribution to

potential
2
8 8 4
AO—%,/1+5+AO<¢O oo — 3 log w/1+5—5]>}
K2 Ho 2K Ho Mo

*Uo location of UV brane, in limit po—< gravity
decoupled

Vov = No




Important comments

In the limit of no gravity potential is pure quartic (as it
should be in a pure CFT)

eQuartic can be tuned to vanish by choosing vo (value of
® on UV brane)

eDifferent from GW: here we tune UV value of
perturbation - if small explicit breaking, this will run

vo — vo(x/to)*@and will find the position where quartic is
vanishing

eScale invariance of metric non-trivial: ¥ = vy +a, * — e%(a)z.
also requires shift in y1and ye.



The general case: small bulk mass

eBulk potential V() = —i—’f — 2¢k’¢?

ec<<1, dimension 4-¢ operator.

e Two regions of space:

1. UV region:
®” can be neglected, slow running of scalar

A(y) = k
¢r(y) — queeky

Space remains AdS, RGE running of scalar



The general case: small bulk mass
2. IR region (" condensate region”):

Scalar dominated by ®”,®’, mass term can be
neglected: just like the solution without mass

Aly) = —kcoth (4k(y —yc))
60) = O — L log (—tanh (2k(y — 3.))

*Need to match up these two solutions

eAsymptotic matching for boundary layer theory

228

(1 v 28 + y8 tanh? (f(vl vo(Ho/X)¢ ))) |

IS N =
brun(z) = O(z) Zﬁlg[ 1+z4+X4tanh<\/_(Ul vo(po/X)¢ ))]

e-ull solution: 4;.,(x) =
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Figure 2: Left, bulk scalar profile: ¢,y (solid black), ¢, (dashed red), and ¢, (dotted blue).
Right, effective AdS curvature, A’(y): same color code.
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Dilaton mass and CC
eDilaton mass:

32\/§]€U0
€

K

Y

2
mX

tanh (L (0 = w0/ 0) ) () (00/ ) + O(E)

m; ~ e(x)’

e\/acuum energy:

2\/§k'00 t

K

o . 4 . 2 <X>2
. <ﬁ<”l _ wo(iie/) >) (0 (o) ~ —m2 L

min __
Vig" = —¢

A~ e{x)?



Dilaton mass and CC
eDilaton naturally light, no tuning here (except UV

CC) )

ms ~ e(x)”

e\/acuum energy: A ~ e{x)?

eSuppressed compared to SUSY, but non-zero.
*Need conformal symmetry to set CC to zero. To
stabilize scales need to break it - reintroduces CC,

but small breaking can do it.

eHere ¢ also sets hierarchy - can not be too small.



Conclusions
eSpontaneous breaking of scale invariance could be
interesting for phenomenology
eDilaton could be Higgs-like particle, motivated
e[ arge quartic expected for dilaton in non-SUSY models

eHard to get light dilaton, but can fit LHC data

*To obtain light dilaton need small explicit breaking that
remains small even at large coupling

eExplicit 5D construction possible

e m> ~e(x)?, A~ ex)*



