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What is the dilaton?

explicit breaking

AUV

Scale (conformal) invariant sector

r — ez, ®(x) — e™*P(ex)

_ 4 _
" SCFT;/de,d@éL

\4

spontaneous breaking

’I/‘re/ e\/an‘ operaf orsS are L(n//nporfdnf CZZ / Ol energz‘eé .

"No relevant opeﬁdf orsS Ccan Ae preS ent.

Spontaneous breaking of scale invariance

(O(2)) = f°
1 GB (enough): SO(4,2)/SO(3,1)

X = fe7l — ey

oc— o+af
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Effective theory for CFT spontaneous breaking

7T Ae /ao/nz‘ 1S 1 Chere i1is al /:9/12‘ amp/ 1Zede mode twhen scale 3@/73/‘@2‘ esS

1 a
Lepr = 5(0x)° — aox” - ;f (Ox)" + -+

Non-zero potential allowed standard GB:

Fubini ’76 V(r) =0
ag > 0 ap = 0 ag < 0
A
Z}X X X
(x) — 0 x)=f="7 (x) — o<
CFT/AdS4 CFT/Poincare4 CFT/dS4

runaway flat direction runaway
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Effective theory for CFT spontaneous breaking
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Fubini ’76
apg > 0 ap = 0
A
4}( X
(x) — 0 (x)=rf="71
CFT/AdS4 CFT/Poincare4
runaway flat direction

Flat directions are only natural in SUSY.
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Effective theory for CFT spontaneous breaking

A)e need o add « perZ‘arAaZ‘ ron ( eXp/ 1 Ared,é/n3>

L=Lopr+ O [O]=4—-[F/A jl)\o(gi :@
| #=n

V(x) = x"F(\(x))
FOX) = a0+ 3 anh"(0)

Quartic gets dependence on running coupling.

£ 0

“Running” potential
Coleman, Weinberg ’'73

A

» X

T he dilalon efFect /\/e/y scans Zhe / anscape of’ ?adrz‘ 1S .
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Effective theory for CFT spontaneous breaking

Minimum and dilaton mass

x)=f
V' = fPAF(AN(f)) + BF'(A(f))] =0
my ~ Af*BF'(A(f))
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Effective theory for CFT spontaneous breaking

Minimum and dilaton mass

x)=f
V' = fPAF(AN(f)) + BF'(A(f))] =0
my ~ Af*BF'(A(f))

Dimensional Transmutation

A = A (@)W

a H—X

AQ AB A/ arge h/‘erarchy
f ~ Ho has been 3enerafea/ ./
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Effective theory for CFT spontaneous breaking

ao SZi// malders for the diladon »ass

= fTAFA(f)) + BE'(A(f))] = 0

mg = Af*BF (X i —16f*F(A(f))
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Effective theory for CFT spontaneous breaking

ao SZi// malders for the diladon »ass

= fTAFA(f)) + BE'(A(f))] = 0

mg = Af*BF (X i —16f*F(A(f))

éener/ca/ /y lhere 1S NO Sma/ / eXp//c/Z‘ A)‘ea /nﬁ e f !

Fis the vacuum energy (CC) in units of /= F'(f) ~ ag ~

QCD-like
strong CFT perturbation

m3 ~ 1672 f2 ~ A2,
NO resmnait of scal /ng Symmelry
NO diladdon in §CD-/ike heories

Holdom, Terning 88
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Effective theory for CFT spontaneous breaking

ao S¢i/l malters Ffor Che diladon mass
V' = fIAFA(f)) + BF'(A(f)] =0
m2 = 4f2BF'(A(f)) = —16f>F(\(f))
We can get small explicit breaking o [ by tuning
Start with small vacuum energy ~ flat direction.

tuned-QCD-like

. Randall, Sundrum 99
weak CFT perturbation _
A Goldberger, Wise '99

E)‘(f)N\/CTO

A
With TUNING: A > —L
mgq

X ‘
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Effective theory for CFT spontaneous breaking

But there 15 an wnorthodox coay out

CPR construction
Strong CFT perturbation but small breaking

3~ A2 (A()) = ~16/2F(\(f)) = 16V (f)/f?

ag ~ 1677 I - wWithoet " TUNING'

m; < A

—> X

let the dilalon scan the / ansScape of” f/,(arz‘/cs bert ,éeep
Zhe S/oww rann/nﬁ aleoays .

Contino, Pomarol, Rattazzi, ‘10

Bellazzini, Csaki, Hubisz, Terning, JS, 13
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An Extra-D Compaz‘aé/e Example



AdS/CFT correspondence

An d/ylaang CO@°ecfare

type 11B string theory
on AdS5 X S5

4
ads
4
ls

Thursday, 10 April 14

N =4 SU(N) 4D gauge theory
Maldacena 97
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AdS/CFT correspondence

A d/ylaz;ng CO{)/'eCZ‘L(re

type 11B string theory

on AdSs x S5 N =4 SU(N) 4D gauge theory

Maldacena 97
R4
AdS

Serves as a C’/O/y{pL(Z‘aZ‘/ona/ tool/ o describe SYS lems CAZ are

Sfrong/y COap/ea/ .
g% uN > 1
N >1

weakly coupled strongly coupled
5-dimensional gravity 4-dimensional CFT

AdS; CFT,

Thursday, 10 April 14



AdS /CFT correspondence

AdS; CFT,
5D field - 4D operator connection
oz, y) @,

Qb() — ¢(:EM7 y) ‘AdS boundary )\O

Generating functional

Z o] = /D¢CFT e~ ScrrléorTl=[d'z o0 _ Do e Sbutk|®] = piSes sl
ol
0" Setf
O...0) =
( ) 0Qq . ..0¢g
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AdS/CFT correspondence

AdS; CFT,

5D field - 4D operator connection

p(xt,y) O

Qb() — ¢(:E'u7 y) ‘AdS boundary )\O

Generating functional

Z o] = /D¢CFT e~ ScrrléorTl=[d'z o0 _ Do e Sbutk|®] = piSes sl
ol
0" Setf
O...0) =
( ) 0Qq . ..0¢g

THhS corres pondende has Fouwnd M/ qpp/ 1Calions:

+ Quantum gravity

+ Electroweak hierarchy problem
+ Quark-gluon plasma

+ Superconductors, superfluids

and St/ offers Mdhy enies Lor iwes Z‘/igdzlz‘on.

Thursday, 10 April 14
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Randall-Sundrum

Kandal! & Swndrirr solved a h/“erQrC/?y proé/ err eith a Slice of AJS

UV brane IR brane

ds® = e7Mda® — d?/2 explicit breaking
M SCFT:Z/CZ4$O,CZO:4
@
A — IR CFT scale

spontaneous breaking

Randall, Sundrum 99

AdS; <«<—> CFT,
e H —

e Y e LUg
e — X
radion <€ dilaton

7773 Arane §eparaz‘ o ( h/‘erarc/vy of scales > 1S £ixed Ay X .
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Randall-Sundrum

5D gravitational action

1
Y=yo 2K Y=u1

Effective potential 1 — ) AR
6

V(x) = (Ao + Aw)/k) po/k* + (A — Ay /k) X

Thursday, 10 April 14
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Randall-Sundrum

5D gravitational action

1
S = _/ dz*y/goNo — /\/§<—2R+A(5)> —/ Azt Jar A,
Y=Yo 2/{ Yy=y1

Effective potential 1 — ) AR
6

V(x) = (Mo + Awy/k) pg/E* 4+ (A — Ay /F) X
A(4> =0 ag — 0

2 TUNINGS ! Vanishing cosmological constant and dilaton flat direction.

Farman—-Swndren and follocwers Zwuned Srane tension.
Brane distance /s £ree.

777/5 Solwtion IS not s Z‘aé/ e wnder perfaréaf IoNnS .
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AdS/CFT correspondence

Explici Area(’/ng perz‘aréaf ion in AdS/)CFT

5= [daya (_—m 28"V 0000 - v«m) - [ dayavi(e) - [ deyavieo

AdSs CFT,
radion dilaton
V(g)=As @ O  exactly marginal
Vi(¢) = dV/de B(\) = dA\/dlog ;i running
(00)|y=yo = 0 Ol y=yo Ao

L= Lopr + 2O

Thursday, 10 April 14 19



AdS/CFT correspondence

A simple example, scalar with bulk mass

V(p) = Ay +m*°

Scaling dimension of operator:

do = 2 + /4 +m2/k?

Scalar solution of E.O.M. in RS:
O(y) = oe M0 4 e7hVO
—— ——

running condensate
A\ ()
= 06(\) = (4 —dp)A —
BN = (4~ do) 61 = 527

d log

: A—d
o = Lim iy " Ag
}10—00

Thursday, 10 April 14



Generalized Randall-Sundrum

T/?e 3enerd/ S Z‘dé/‘/ 1 Zed ( S 1S ZHhs:

g = /d%\/g (—Q%QRJr %gMNaMcb(?N(b— V(gb)) - /d4x\/%%(¢) — /d450\/9_1‘/1(¢)

Bellazzini, Csaki, Hubisz, Terning, JS, 13

2 —2A 2 2
UV brane ds® =e (y)dCU — dy IR brane

> Y

flat metric ansatz o
5ooa/ AP PrOXI ML 10h

bulk E.O.M. boundary conditions
/ " 2li2 / KQ
4A 2 _ A _— —?V(Qb) 2A |y:yanl — i?%,l(¢)‘y:yo,y1
/ /{2¢/2 2 / 8‘/0,1
A? = 12 — FV(@ 2€b |y=yo,y1 — i8—¢‘y=yo,y1>
0
q5// — 4A,¢, _|_ _v

0o
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Generalized Randall-Sundrum

e derived the efFective pofenZ‘/a/ /nZ‘egraf /ng over Che extra—d

Y1
/ dy 'Cbulk - 'Cboundary (90,1)
Y

0

_ 0
VUV/IR — ¢~ 4400 Vo (¢(y0,1)) + —A/(yo,1)

Useful identification: e~ AWo) L4

e oblan JUST AT coe expecied, aﬁa/n ,

Vv = /LBLF(A(,MO)) Vir = X4F()‘(X))
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Generalized Randall-Sundrum

UV vacuum energy

Vov = ué Ao -

Modulated, slowly running, dilaton quartic, «o/Z4 no 7UNING!

I A 2K
Vip = X4 Ay &2 cosh —(Ul — UO(MO/X)E)
k V3

m? = —2¢ck? e <1 dp ~ 4 — €

As arnnownced in the 4D effective Ldgﬁdng:‘dn anal/isys,
Zhs pofenf;d/ y/‘e/ ds a / arge h/‘erdI‘C/’}y y A / /3ﬁf dilat on , and

A Sma/ / CO5MO/ ogr‘ca/ constant

NATURAL & CORKELATED
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Generalized Randall-Sundrum

777@ /. arge ///‘erarc/vy

25 e = 0.1
20
15

10

00 02 04 06 08 1

(%0

1/e
p— i —
<X> f ,uO (Ul L Slgn(e)\Q/_E aICSQCh(A(5)/kA1))

’777&/7,«5 o S/loww rann/ng for / ong Zime.
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Generalized Randall-Sundrum

Thursday, 10 April 14

7T he / /:9/75 diladon

3.x10°53" e=10.1
2.%10~3"
. ,
1.x107
0 —
0 2.x107%  4.x107%  6.x107%  8.x107"
X:e—k)’1

323k (ﬁ - UO(Ho/f)€)> (o) )°

T hank's to s/oew rann/ng al Che rurriiUn.
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Generalized Randall-Sundrum

7773 S Ma/ / COSMO/ ogfca/ consant

3.x10°53" e=10.1
2.%10~3"
. ,
1.x107
0 —
0 2.x107%  4.x107%  6.x107%  8.x107"
X:e_kyl

e m(uo/ff)) P10/ )"

T hank's to s/oew rann/ng al Che rurriiUn.
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Comments on the Cosmological Constant

1) Small CC and light dilaton signal the approximate scale invariance at the
condensation scale:

Vi(¢) = dV/de B(A) = d\/dlog 1

C/}dnge 2 e 7 ,é pofenf/‘d/ ) C/?dnge Z e /‘é(nn/ng -
Chacko, Mishra, Stolarski ’13
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Comments on the Cosmological Constant

1) Small CC and light dilaton signal the approximate scale invariance at the
condensation scale:

Vi(¢) = dV/de B(A) = d\/dlog 1
C/[dnge Z e AL(/ ,é poZ‘enf/a/ ) chanae 2 e /‘L(nn/ng -

2) The suppression is parametrically better than in SUSY:

SUSY CFT
Ay = e(my —miy) = c(mj +mi) g Fy Ay = Ce(dn)’ f* ~ ceA* f?
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Comments on the Cosmological Constant

1) Small CC and light dilaton signal the approximate scale invariance at the
condensation scale:

Vi(¢) = dV/de B(A) = d\/dlog 1
C/}dnge Z e AL(/ ,é poZ‘enf/a/ ) chanae 2 e /‘L(nn/ng -

2) The suppression is parametrically better than in SUSY:

SUSY CFT
Ay = elmy, —mip) = c(my +my)g Ay = Ce(dm)*ft = ceA*f?

3) Our result is consistent with Weinberg’s no-go theorem:

e =0 can resmove the CC, bt € 7§ 0/s re?a//‘ea’ for a an/?ae Vac LU,

7776_2 re?a/re/y/enf 1S Chad a \/ery / /:9/72‘ Stale »wst Ae n the s pecfram !
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Comments on the Cosmological Constant

1) Small CC and light dilaton signal the approximate scale invariance at the
condensation scale:

Vi(¢) = dV/de B(A) = d\/dlog 1
C/[dnge Z e AL(/ ,é poZ‘enf/a/ ) chanae 2 e /‘L(nn/ng -

2) The suppression is parametrically better than in SUSY:

SUSY CET
Ay = e(my —miy) = c(mj +mi) g Fy Ay = ce(dm)? f* ~ ceA* f°

3) Our result is consistent with Weinberg’s no-go theorem:

e =0 can resmove the CC, bt € # 0/s re?a//‘ea’ for a an/?ae Vac LU,

7776_2 re?a/remenf 1S Chad a \/ery / /:9/72‘ Stale »wst Ae n the s pecfram !

4) UV contribution to the CC?

Thursday, 10 April 14 27



phenomeno/ ogfca/ 4 p/ /caZ‘/onS
l> A V//ﬁgé ~/. /‘,ée Dilcad on



The Electroweak Hierarchy Problem

A)/ly are /aarz‘/c/e5 ( nedr/y> »aSSless reladive Zo
Planckian scales? v << My

W had protects Che ‘//zﬁé £rons 38&1‘/73 a /zage
PGS S Fror ?L{dn’é‘aﬂ’/ effects?

The anscoer purswed in ¢his dalk is

COMPOSITTENESS

Thursday, 10 April 14
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LHC Higgs Discovery

e oéSer\/ea/ Zhe 3 p/?dée rodes / on3 ago =
/ on\g/Z‘ wdina/ po/ a1 zcdlions of W and Z gactge boSons

Buit nowo coe have observed Zhe amp/ 1Zetde mode!

%GUD - CMS F'r.e”minaw —4— 5/B Weighted Data
(01800F 1s=7TeV,L=51" ::B;:'cﬂm -
P~ C 1s=8TeV,L=531b" |—|,1: e
01600}y — ke
—1400¢
0 L
*512&0 :
Lﬁhﬁ"ﬁfﬂlﬁlE
E B{}U__
.-E} 600
D 400
3

200+

[ i | I i i | i
0 120 140
m,, (GeV)

ard noz‘/’[/ng e/se!

We have never encowntered Soret /1//75 /. /,ée /S in
Pd/‘f/‘Cl/ e p/ly\f 1S
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LHC Higgs Data: Couplings

u
p ElN -
CMS Preliminary Vs=7TeV,L<561f" {s=8TeV,L<19.6 0" fs-7TeV,L<51f ¥s-8TeV,L<1967
o Y Higgs @ Fermiophobic @ Bkg. only CMS Preliminary " 68% CL
2 ' == 95% CL
; K" -
B *l
15} . , , K ' p_. =037
L CMS Preliminary {s=7TeV,L<5.1fb"' Vs=8TeV,L<19.6fb" ! SM
B § T T T T T T T T T T = +' i_i nnnnnn '
i i - - )‘wz g Pg,, = 0-41
- Q i + HoWwWw ! i
1T 2 s + Ho2z My e ~0.39
i 4 4 H-bb A SM
- .*
051 " ¥ o : ; Pou =020
L I SMo Kg -
= 2:— ] .
B *
08 l - . S : P, = 023
i | BR T__ p. =0.41
N — ] BSM v b v e b v b |s,\|/I L1
Un 7 0.5 1 1.5 2 2.5
I | parameter value
1 1 1 1 l 1 1 1 1 1 1 1 1 I 1 1 1 1
-1 0 1 2 3
ggH,ttH
w L B e e ATLAS Preliminary \‘s=7TeV,det=4.6-4.8fb‘I
* - ATLAS Preliminary - In : Itl)lllj "E'E : K/TIV H+t1c +2 \s = 8TeV, |Ldt = 13-20.7 fb”
B - _ _ ~ q T \ : T T T T T T T T T H T
3 \s = 7TeV,ILdt_4.6 4.8 fb . 'H — vy écomblned ] <
- 1s=8TeV,JLdt=13-20.7 1b + SM x Best Fit 5
B - T — : gg;
20 ] e
— = = — % 10_\I TT I TT 1T UL TT 1T LB ‘ LI | T T ‘ UL | LI ‘ T \I_
B ] m - ATLAS Preliminary - 55
1 —] a B ‘ 7 8o Aey
e ST L Y i » s ls=7TeV: |Ldt=4.6-481" _] E L
- - ls=8TeV: |Ldt=1320.7f" ¢ T a
- . 3 a4 it R
0F . Ié 6j —H-oyy + Standard Model | g&sg wz
- = =1 B —H-272" 54 X Bestfi ]
5 - - —Howw! 5 vly —68% GL ]
= = 4r --- 95% CL = B X
-1 —] C e T
= . 20 B B
:i i- = I . HE I . ' .; 111 I 1111 I 1111 I 111 1 IA 11 I 111 I: : : KY
O_ —
06 0.7 08 09 1 11 12 13 14 15 16 - ] o
K —2; ; §¥;~ 1_Bi,u
v | | 1S M‘m
- my=1255GeV I EE— —!
_41.T.|..‘.\e” I PR Ll J -1 0
2 0t 2 3 4 5 6 8 my = 125.5 GeV parameter value
x B/B
ggF+ttH SM
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LHC Higgs Data: Couplings

Customary paramelrization of %395 couplings

0- derlvatlves

Loy = % _ (2m WTWN +myZ, Z — ¢ w;tmwww - cbw;bmwmb — CTw;”me
2,2 P
i:} ------ 4 > ------ p
2,2 P
2-derivatives:
L) = _% [QCWWWLWW + C222 2" + 202, A0 27 + Cpy A AT — CQQGZVGZV}
V(7
------ 4
V(7

Ccy =C =C,=¢Cr = 1

Cyy = Czy = Cgg = U
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Dilaton Couplings to the Standard Model

Co&(p/ /)735 lo SM fie/ds dictated Ay scale iwvariance and its Ared,é/‘nﬁ

Gauge

elementary

SM gauge &
matter

sector

dilaton
sector
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Dilaton Couplings to the Standard Model

Coup/ /)735 lo SM fie/ds dictated Ay scale iwvariance and its 5/‘@62@‘/73

Gauge

elementary

SM gauge &
matter

sector

dilaton
sector

Scale invariance
E <Oz> =/ —X
)
Electroweak symmetry breaking

<C?[{> = v

v
v — =X

f
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Dilaton Couplings to the Standard Model

Coup/ /ngé lo SM fie/ds dictated Ay scale iwvariance and its 5/‘@62@‘/73

Gauge

elementary

1
X, On, Oy, J, | diaton Mo | ¥ Au
sector
Scale invariance Scale explicit breaking
E <Oz> =f—y Gauge couplings
z- A"
Electroweak symmetry breaking i bi
d(A-)—l— UV_|_ IR
<OH> ) v 872 872
U
UV — ?X
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Dilaton Couplings to the Standard Model

Coup/ /ngé lo SM fie/ds dictated Ay scale iwvariance and its 5/‘@62@‘/73

Gauge

elementary

1
X, On, Oy, J, | diaton Mo | ¥ Au
sector
Scale invariance Scale explicit breaking
E <Oz> =f—y Gauge couplings
z- A"
Electroweak symmetry breaking i bi
d(A-)—l— UV_|_ IR
<OH> ) v 872 872
D Yukawa couplings
v — ?X POy,

d(Oy) =3/2 =y
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Dilaton Couplings Predictions

U
CV:?
ey = 5(1+1y)

C'V%gg o 167T2 f

(9%, 93) v (b(EM,S) B b(EM,S))
IR Uv

2
g U (.2 (2
T T6n f (b5~ b0

Thursday, 10 April 14



Dilaton Couplings Predictions

Dilaton

<1 (model independent) —
U
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Dilaton Couplings Predictions

CV:?

scaling anomalies
<1, >1 (model dependent)

Cr = %@1 + Wf)

(9 95)

Cyvy,99 =

CZ7
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Contrasting with Higgs Data
Bellazzini, Csaki, Hubisz, Terning, JS, '12

Yu=0

ISR —— :
i .
gluon fusion | R
to photons //*l . vector boson fusion
gg — h — vy . k. W —  to bottoms
g qq — Jjjh — jjbb

- incl. h - ZZ7

0 incl. h — yy

Vh h - bb
EWPT

biv=biy" /2

-2

gluon fusion 7
to Z’s — |
—h —> 27" TR e e
99 00 02 04 06 08 1.0\ ELWPT
U/f /:\X
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Contrasting with Higgs Data
Bellazzini, Csaki, Hubisz, Terning, JS, '12

Yy=0
o e AT +
gluon fusion f Ui |
to photons // | vector boson fusion
* ~ __ to bottoms
99 — h — vy A ¢ o
| qq — jjh — 7700
o |
g: . incl. h > ZZF
SIS incl. h —
= Or VChh—>byby
DS EWPT
Q
_9L
gluon fusion 1
to Z’s — | f
* [ '
gg — h — Z2 . e ...
00 02 04 06 08 1.0 EWPT
h=x
U/f 7N B
Consistency «wnth data re?a/reé : ,VV\ZU\]\{VV\' W
U
? ~ 1
(2)
b, vr S O(1)

consislent eoth My < A f
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Implications: Double W Production

7778 38/74(//73 effectd of COMPOS 1leness 1S5 Che 3/‘04«)2‘/7 of’

scaller /‘/?3 QMP/ 1ledes coith enerﬁy

WW scattering

Partial wnmtarizalion onh Y. There is a O(s) 5rowZ‘/7

W W
_ 1 — 2 2
B

|44 W

! ~ unitarity bound
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Implications: Double Dilaton Production

CL(SZ‘OMQI}/ ﬁdrdMeZ‘/‘/‘ZQZ‘ ron of dowble ( f/‘/p/ e> %ﬁgé COL(// /7735

2 h? [d —
085 = 2 [ (o i 2,29 —

Lhz - h2 dgg Ga G,uua h3 1 gm% 3
() 7 2 | g T T E(O):_CSE v .

dy = c3 =1 v’

1% C3 dy = F

dw — dgg — |2

v
dy = 572

b= 2 (4 1)
99 32772 f'2 IR Uuv

lv m:
o=57 (0 otir)
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Implications: Double Dilaton Production

T]?e 3&/74(//73 effectd of COMPOS 1leness 1S5 Che 3/‘04«)2‘/7 of’

scat Z‘e/‘/ng amplitudes with enerqy, in particular Wy and A

WW to hh scattering

There is NO O(s ) 5/‘04«)5/7, bet 52>./

Als) = %(dv — ) =0+ 0(s*/f*)
N ﬁ/ \

4
aza (0x) in the dilaton
(47T)2 X4 “chiral” Lagrangian

=
//
S

| <

Differential featire cw.r . COM/QOS/%@ %ﬂg\f .
o///aZ‘on 1S N OTPQ/‘Z‘ of’ Sé/( 2> o/oaé/e’é

AWW — WW) £ AWW — xx)

S — OO
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Implications: Double Dilaton Production

T here 15 one differertial feddure e rt the SM ‘///%5

even 1£Vv/F ~ | and no anoralowus dirensions!

ZRLEEELEE < ~ 5/3 x SM

T T T T T ]
HH production at 14 TeV LHC at (N)LO in QCD 1
M,;=125 GeV, MSTW2008 (N)LO pdf (68%cl) |

-
-~
-~
==L
-~
-—_
~—_
-

~

o
=
19
A =
1.
12

Q
3 &
1%
] ©
1=

] ] ] ] ] ] ] = )
4 3 P p 0 1 ; 3 , Frederix etal’14
Mhgy
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Spontaneous Breaking of Scale Invariance

7773/‘3 1S one \/ery /‘Mporz(dnf Cons e?é(ehde of A

Crite Spontaneoits Ared,é/ng of’ scale inwariance

Aerr = V(X)) ~ e(x)*

my ~ e(x)”

Couw/d ths ocurr in any/ of 2he #rnocon rhiase Transitions?

This 1s a very S pecul/adive idea, bt the next gues Zion
per Se N very interes f/‘nﬁ d

Y/oa) can e learn dhyé‘ /7/‘/7\9 QAOL(Z‘ Z e
CC7
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Phase Transitions in the Early Universe

As the Universe eXpana’S y 1T cools of /; and p/}dS e Zransitions Z‘a,ée

place (JCD, Electroleak,..)

Second order PT

Ve(9.)

Restoration of symmetry at high Temperature.

7778 energy densities C/7dn3e a//,(r/nﬁ W S, and ZAhe
UniverSe 1S Sensitive Zo iZ.
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Early Universe Evolution

Homogeneous & isotropic (flat) Universe
ds® = —dt* + a*(t)dz;

Einstein equations ¢, =T},

(p 0 0 0)
Ass uring a perfect fleud: T = 8 _op _()p 8
\0 0 0 —p)
a\* 1
a) 3’0
= —2(o+ %)
T 6 P T op
Radiation domination Matter domination CC domination
pla) ~ a” pla) ~ a’ pla) ~ a’

a(t) ~ t'/? a(t) ~ t*/3 a(t) ~ et
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Early Universe Evolution

Thursday, 10 April 14

Homogeneous & isotropic (flat) Universe

ds® = —dt* + a*(t)dz;

Einstein equations (G, = T,

Uy

By meas L(r/nﬂ enerqy densities Coday,
Loe OAZ‘QI‘/? A Aedé(Z‘//’ 174 pz‘cfare £or Z‘/]e /10(‘ ear/ y é/ riverse

Density (kg"msj

o

(=)

1078 |

(=]

107" }

MATTER-
DOMINATED
RADIATION-
Matter

Radiatign

DOMINATED

density

Matter-radiation
crossover point

density

DARK
ENERGY-
DOMINATED

[

N

Dark energy density

|

| S B 1 ' |

<r

I o

10° 10° 10°
Time since Big Bang (yr)
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Early Universe Evolution

Homogeneous & isotropic (flat) Universe
ds® = —dt* + a*(t)dz;

Einstein equations ¢, =T},

By meas L(r/nﬂ enerqy densities Coday,
Loe oéZ‘d/n A Aedé(Z‘//’ 174 pz‘cfare £or Z‘/]e /10(‘ ear/ y é/ riverse

-
Radiatign
density
108
~ 10 ® _ Matter-radiation
. crossover point Et?!?ggv
= :
s | MATTER- DOMINATED
2z E DOMINATED
é RADIATION-
S DOMINATED Matter
O ;o 8L density
108 L =
oML Dark energy ldensity \
Lf=i) [ £ ) | ! ey Nr f—
10° 10°* 10° 10° 10"

Time since Big Bang (yr)

Buwt e are interested 1n what /qupené owtside here!
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Early Universe Evolution

Actwall Yy oAl /%gppen\f in The very ear/ % UniversSe 1s Sinular to C/ns:

The CC JUmps a eac/

radiation p/’}dée ZranS/Z‘/on./

energy density

7o end wup at the very sra//
value we observe T oa/ay

scale factor

) HCD
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Early Universe Evolution

Actwall Yy oAl /%gppen\f in The very ear/ % UniversSe 1s Sinular to C/ns:

The CC JUmps a eac/

radiation p/’}dée franS/Z‘/on./

energy density

7o end up at 2he very srall

value we observe T oa/ay

scale factor

) HCD

™m 4
Tor ~ — () ~ — / N e
pr ~ —(®) N V() ~ 0=V, ;
A2 the P7, radiation and CC are closest
4
m

4
Pcec ™ ‘/O 5 Pradiation ™ TPT ™~ 92
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Early Universe Evolution

Actwall Yy oAl /%gppen\f in The very ear/ % UniversSe 1s Sinular to C/ns:

The CC JUmps a eac/

radiation p/’}dée franS/Z‘/on./

energy density

7o end up at 2he very srall

value we observe T oa/ay

scale factor

0 §CD V(o) ~ Vo ~0
7

)*’/ow cowld we Zell £ Z‘/}ere /7@5 Aeen A JL(MP or /\/ O ’7?7
Cert a/n/y 3ra\//z‘az‘/ona/ oaves will be affected and cill reach ws /ader

PT

VV\/VV 5

VVVW\
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Modelling a 2nd Order PT: QCD

The Free enerqgy 'S Continuous (a/ecrea\S/‘ng )& F = P

Pressure ansatz:

Matches well lattice
simulations

Thursday, 10 April 14
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Modelling a 2nd Order PT:

QCD

The Free enerqgy 'S Continuous (a/ecrea\S/‘ng )& F = P

Pressure ansatz:

<
|_
~—

Matches well lattice o

simulations

Energy density: <
|_
~
o
<
L <t
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5 13 The number of a/egreeé
. ; of £freedorr C/’}angeS
The CC disappears
| T~ |

o _ptp
dl’ T

fnfropy 1S ConsServed:

Protal (blue), Pradiation (red), Pee (green)

[ e
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Primordial Gravitational Waves

A)e Lo1S /7 o COMPL(Z(Q f/?e pocoef) S pecz‘ram

2k ()

27

Af(T, k) =

Wave equation

a//

(ah)” + | k* — — | (ahy) = 0 de Sitter space

a
a"/a=2/T°

T T T T T T T T T T T T T T T T T J T T T
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1)
a/
—
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s 8x

500 -

L [
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0 i |
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Gravitational Wave Detection

Unforiunatel/ Yy for ¢he @@ /0/7@53 Zransition,
eXper/‘Menf\S are not \/ery Sensitive

10°

Current NANOGrav sensitivity

PTA 2020

h? Q(f)

10_1011"/ 1o“8 10~ 10~ 10~
Caprini et al ’'10

But who knows in the future?! Or other P7 s7!
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Summary

A (pproximale Sponlarecis Area,é/ng of’ scale inwariance
offers a /\/472/(,4[. wdy Zo oézxa/n A //:9/72‘ scalar

and o SUppress the Cosrio/ ogfca/ Constant

Is ¢his poss /A///z‘y realized in Nadetre?

A Higgs-like Dilaton
Dilaton in Phase Transitions
QCD?

We JZ(SZ‘ have Co wal and See
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DON’T PANIC
ACT NATURAL

771@/7( yoa £or yoar alCention



