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Inflation

¥ Inflation Is a very attraction
solution to many cosmic

problems,

- flatness & horizon, EE
¥ Cosmological observations

now have entered a
precision era,

- primordial GW,

- power spectrum
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Dark Matter

¥ Dark Matter Is challenging o
our standard model in ST | RSONNE
particle physics : e | G
the gravitational interaction § W R

¥ Extensions of EinsteinOs GF § |
may give DM candidate g

We propose a scenario based on Weyl symmetry,
= Inflation and Dark Matter.

Yong TANG(UCAS) Weyl-symmetry, Inflation and Dark Matter @Jeju 3



Weyl Symmetry

¥ Weyl symmetry was referred to

g (X) I gy (x) = e P (x)
W (x) ! Wi (X) = Wu(x)" 1" (X)
¥ First proposed by Weyl around 1919 in order to

unify general relativity and electromagnetic
interaction Unsuccessful

¥ Later Weyl modified It to

P(z) = ¢ (2) = e y()
Wy(z) = W/ () = W,(z) — 0,.0(x)

Gauge symmetry
¥ To describe electron after guantum mechanics.
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Einstein’s Gravity
¥ Einstein-Hilbert action, s = /d%z

2 ! I o I I S I L I

L= W[ “ZR-A] Ty
b = ég (PuGs + 1ogus ! egyr)
¥ Under Weyl/conformal transformation
Our (X) ! Gy (X) = 1 2(X) Gt (X)

¥ Then we have

V=9=9"(2)y/~7
R=!1%R! 6 In! +6g* !, Int 1, In! |
_ 1 s 0
In! :"! 1, 1gg'! In!

! L[Quu] == Z[gﬂu]
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Einstein’s Gravity -> Weyl Invariant
¥ Modified to

M?
V=9| LR = A| = V=g [a(¢*R — 60,60") — 3¢']
¢—d=Q ()¢
¥ Weyl-invariant, but no new degree of freedom
¥ S0 no new dynamics, no new predictions.

¥ We can not add 9d,¢d"¢/2
¥ Downgrade into global symmetry
VG [0 R+ £ 0,60"6 — 5"

J’o’rdan-Brans-Dicke
EE

5¢4 = 5(¢2 — U2)2 A. Zee
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Variants
¥ Conformal/Weyl gravity

—_ 1In— I"# 1|n— !n12
L = ﬁ gC“!"# CH # |—2 g R“! RH éR

¥ Weyl tensor

1
Cikim = Rigrm + T (Rimgrt ' Ritgem + Rit gim ! Rimir)

1
+ T D0 Z)R(gi!gk‘m! Gim3k! )

¥ Usually with higher-derivative terms
¥ Renormalizable
¥ Ghosts, Unitarity

¥ Formulate gravity as gauge theory

Ref. Y.L. Wu, 1506.01807, 1712.04537
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Gauge Symmetry

¥ With Weyl gauge field WM

Jfg[a (0*R — 60,60"$) + %Dﬂgbpugb _ 8ot — 1 WF“”}

¥ Covariant derivative G (@) = gl () = X (a
:au_gWW,u ¢ (z) — ¢’ (v) :A

Wy () = W, (z)
¥ There is no 1 in front of g, W,

¥ Once a OframeO is fixeds — ﬁ%
¥ Weyl gauge boson gets a mass, my — 227
V2a

¥ ¢ is absorbed as the longitudinal mode, a physical
degree of freedom, but hidden

¥ unless explicitly broken, mass and p¢* = 5(¢* — v*)?
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Global vs Local

¥ Global «¢*R+ 0,00"¢/2 — B(¢* — v*)
¥ Local a(¢°R—60,00"¢) + 0,00"¢/2 — B(¢* — v*)°

0.15( *0.002, 0.005, 0.02, 0.5
o
© Global:
s 0.10} | Crosses and stars
8
1S Local:
T Squares and Circles
o 0.05¢ -
(7))
C
&
0o 095 096 097 098 099

N, YT and Y.L.Wu, 1805.08507
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Lagrangian—Version-2.0

L2 V=gla(¢’R —63,00"p) + B (¢*R — 60,$0" )

+%DM¢D“¢ + %DmD% — Ve, p)

+ (57" Dty — D) — £ 690 — y o
1

_ZFWFW} , YT and Y.L.Wu, 1904.04493

¥ R: Ricci scalar

¥ @ and ¢ : scalars, V(p,¢) =, co'¢p*, i=0,E 4
¥F,=90W, -0 W, W, Weyl gauge boson

¥ . fermion
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Weyl Symmetry

¥ Invariant under the following transformation

Guv (%) = g, (2) = X (@) g (2) |
o (@) = ¢’ (2) =27 (2) ¢ (2),
(z) = ¢ (z) =27 (2) ¢ (2),
P (z) = (2) = A~ 3/2(56) (),
Wy (z) = W, (z) = Wy (z) = 0, In M) /9w,

¥ y does not couple to W,

Y WM a dark matter candidate? H.cheng, PRL1988

¥ Not Stable, aCtua”y vs. Vector Dark Matter
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An illustration
L2 V=gla(¢’R —63,00"p) + B (¢*R — 60,$0" )

_I_%DMSDDMSO + %DmD% —V(¢, )
+5 (@7 Dy = D) — f 6t — y piy
_iF’“’FW}’

¥ We illustrate with f = 0,¢, =1, {, =
¥ The potential V(¢@, ¢) = ¢ (¢2 _ 452)2
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Continued

1
LD =gla(¢*R —60,p0"p) + §DM¢D“¢ + gDMCbD“Qﬁ —c(p® — ¢°)?

¥ Once a frame is chosen ¢ — v

M, = V2av ~ 2.4 x 10'*GeV,

1
L5 V=gla(¢*R — 60,00"¢) + =D pD"p — c(p? — v?)?

2 V
¢ 5

1 — — 7
= T Euw P 4 2 0 W W iy O — foab — y o],

¥ Both Weyl boson and fermion get a mass
¥ Scalar is not minimally coupled

¥ Jordan frame = Einstein frame
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Einstein frame
¥ Transformations

_ v2 _ o ¥
g,ul/ :)‘2g,uV7 )‘ ;7 \Ij:)‘ 3/2% S: Ea o=wvln (;)7

—_— gwv
wTTE T MR

¥ Rewrite In the canonical form

oo, E =4 —, (< —=1lor(>0

L M;_ 1. . . 2¢ \1°
= D > R+ 5(‘9“53 S — cv ll—exp <_FS>]
+iW"0, U — my U — fESTT

1 1
- WP+ 2MWW Y Cah (6287 —veS) W, Wk

M, =V2av ~ 2.4 x 10'%GeV, M = gg V2 (! +1), m; = v(f +y).
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Inflation

¥ Potential for inflation S 2
b(s) = Mo llexp< Zfsﬂ B! "2, gl i

2
Aoy D

— Inflaton mass

%"} p
| | ms=2 M, 10"GeV
$# |
| . — slow-roll parameter
— gl «—0 | 1.9 VS(S)>2 2 Vss(9)
| = () = "V
ol | : ns" 1 Nt
'#- [ PrM= A & RR= A kﬁ
M NS N VY N 2V
| 1"y " "4 $"l $"# Y 247T2M§1€’ -~ 37T2M§1
&'MP At
=1rte+2", n=12', r" — =16!,
As
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Observables

Ay
¥r—n, dlagram ny=1-—6e+2n, r EX—166
Fora 2 0(0.1)

_IIII#$II#$I#$I%

2
I "o
N! 50 _ N! 60 4 st 1T
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oN 2
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—
H+
I

rl

—
I

Starobinsky:
R2
R+ 0

E 2
- ne~1— —

- - - N
I"#$ '"#% "#& "4’ 192
! ' T =~ m
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Reheating

¥ The reheating can proceed as standard since
the Inflaton can decay into fermion pair

S U+T
with decay width
s ! mgf?14/8"
¥ So the reheating temperature Is
TR

H! R 1. .# Tg! IM,! 15f!" 10*°GeV
Mp P

¥ Once can introduce additional gauge coupling

between SM fermions and W to reheat SM at T
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Dark Matter
¥ Lagrangian
L M?2_ 1 2 °
\/—_7 DTpR + 5(%6’8“5 — cv? [1 — exp (—53)]
+iU* 0, U — mg ¥ — fESTT
—iFWFW + %M&VWMW” +Cgw (§75% — v&S) W, W*

¥/, symmetry, W, !'" W,
¥ Does not couple to fermion — Dark Matter?
¥ Accidental symmetry
¥ Explicitly broken when we consider SM Higgs

¥ Decaying Dark Matter if gy and M\, are small
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SM Higgs

¥ The starting Weyl-symmetric
Ly ! #g (DyH) D*H # !y H H# 11,4227

— 2 2
¥ We can replace H! (0,vu +h)"/ 2 n VRV
" 1 1 1 —w 1 5

L ! #g 1A AR SmafP ZFH!F”' + omiy W Wy + Lin
. _1 2 . 2V|-|ﬁ g2 — 20w VH u g\%,vﬁ u
Lint —ég\,\, ICH + C—2 W Wll m\ZNCHW | HE + m(‘,\,CE' !"Hﬁ! ]
Ow g VH ! i il
!cg WhA ﬁ+mWCHHI N Loy
¥ New mass contribution
mW | g&vvz
m\Z,V:I\/I\?\,+gWVH,mﬁ:VH 2!H/CH,ﬁ:CHh, CH ! 1" aiy
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Continued

¥ New Interactions

1 . 2V ﬁ g2 — U 29\/\/ VH — g\%V V2
L = =0 — W W, + W, ! HB + H | B'HA
AN tUmRCH T miCR
Ow VH "n B R
1 2 whel (B + g AHA =
C? mVV - c: M7 ac,

¥ No Z, symmetry any more M =

¥ W), can decay into 3-body,E x Q{‘\
¥ Higgs couplings are rescaled by Q?\

2 2
Cﬂ,ﬁ:CHh,CH! 1" gW;/H
My
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Phenomenology
¥ Invisible decay If kinematically allowed

2
JwVH E—Wrﬂ—ﬂrlu
¥ Decay width Cr

W

| 4 9 3 n
' _ Ow Ve 3 5
! I W, + W, = 1# 1# + =

HE Wat Wu = oo mice WL AW T W

¥ If being DM, direct searches constraints.

¥ Signal strength at LHC Is also modified,
enhanced by 1/C13

1 m

2 W

p=109£0.11" Ci! 755, = 505Ge\
ATLAS&CMS |
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Constraints

0
10 High mass region
1 0—1 by cosmic rays
1 0—2 Low mass by
3 collider searches
10 White part is allowed
1074
=
°)] 1 0—5

10-° e

10_9 IIIIIIII| IIIIIIII| IIIIIIII| IIIIIIII| IIIIIIII| L

103 102 10" 10° 10' 10% 10°
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Relic abundance

¥ We consider two contributions
¥ One from thermal production freeze-in

- >
WL,ZL,f
>— > >
W,z
- >
' 3

3

o ' 10PGeV
WM g 10! 7 Muw 108GeV
¥ One from vacuum fluctuation, g, — 0
Myy H "l
lw ! 'om" !

6" 10 1GeV 1013GeV

Graham, Mardon&Rajendran, 1504.02102
Ema, Nakayama&Tang, 1903.10973
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¥T

¥T
P

Open Questions

ne symmetry Is not exact, origin of the scale v?

ne mass of Weyl gauge boson is around

anck scale, unless the coupling Is very small

or there Is a dedicated cancellation

¥ The production from vacuum fluctuation for
general gauge coupling

¥ New ideas for searches are needed

¥ For more general parameter sets
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Summary

¥ We have Investigated the inflation dynamics,
and Higgs and dark matter phenomenology,

based on a theory with Weyl symmetry.

¥ For inflation, 2 i(!! -_ THIMNHS 1S 1"HS "% _E
ng! 1" — ¢

N 2 2ot
¥ For Higgs and DM —
¥ Collider S
¥ Cosmic rays
¥ Relic density

pro 1t O o il v vl ol v v v b
T R T

oo o ol oo nd v vnd i
w & et &

Iy 1#$%"
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