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Inflation
¥ Inflation is a very attraction 

solution to many cosmic 
problems,  

   - flatness & horizon, ÉÉ 
¥ Cosmological observations 

now have entered a  
precision era, 
- primordial GW, 
- power spectrum

2

Planck Collaboration: Constraints on Inßation
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Fig. 8. Marginalized joint 68 % and 95 % CL regions forns andr at k = 0.002 Mpc! 1 from Planckalone and in combination with
BK14 or BK14 plus BAO data, compared to the theoretical predictions of selected inßationary models. Note that the marginalized
joint 68 % and 95 % CL regions assumedns/ d ln k = 0.

limits obtained from a! CDM-plus-tensor Þt. We refer the inter-
ested reader toPCI15for a concise description of the inßationary
models studied here and we limit ourselves here to a summary
of the main results of this analysis.

Ð The inßationary predictions (Mukhanov & Chibisov1981;
Starobinsky1983) originally computed for theR2 model
(Starobinsky1980) to lowest order,

ns ! 1 " !
2
N

, r "
12
N2

, (48)

are in good agreement withPlanck 2018 data, conÞrm-
ing the previous 2013 and 2015 results. The 95 % CL al-
lowed range 49< N# < 58 is compatible with theR2 ba-
sic predictionsN# = 54, corresponding toTreh $ 109 GeV
(Bezrukov & Gorbunov2012). A higher reheating temper-
ature Treh $ 1013 GeV, as predicted in Higgs inßation
(Bezrukov & Shaposhnikov2008), is also compatible with
thePlanckdata.

Ð Monomial potentials (Linde 1983) V(! ) = " M4
Pl (! / MPl)p

with p % 2 are strongly disfavoured with respect to the
R2 model. For these values the Bayesian evidence is worse
than in 2015 because of the smaller level of tensor modes
allowed by BK14. Models with p = 1 or p = 2/ 3
(Silverstein & Westphal2008; McAllister et al.2010, 2014)
are more compatible with the data.

Ð There are several mechanisms which could lower the pre-
dictions for the tensor-to-scalar ratio for a given potential
V(! ) in single-Þeld inßationary models. Important exam-
ples are a subluminal inßaton speed of sound due to a non-
standard kinetic term (Garriga & Mukhanov1999), a non-
minimal coupling to gravity (Spokoiny1984; Lucchin et al.

1986; Salopek et al.1989; Fakir & Unruh 1990), or an ad-
ditional damping term for the inßaton due to dissipation in
other degrees of freedom, as in warm inßation (Berera1995;
Bastero-Gil et al.2016). In the following we report on the
constraints for a non-minimal coupling to gravity of the type
F(! )Rwith F(! ) = M2

Pl + #! 2. To be more speciÞc, a quartic
potential, which would be excluded at high statistical signif-
icance for a minimally-coupled scalar inßaton as seen from
Table5, can be reconciled withPlanckand BK14 data for
# > 0: we obtain a 95 % CL lower limit log10 # > ! 1.6 with
ln B = ! 1.6.

Ð Natural inßation (Freese et al.1990; Adams et al.1993) is
disfavoured by thePlanck2018 plus BK14 data with a Bayes
factor lnB = ! 4.2.

Ð Within the class of hilltop inßationary models
(Boubekeur & Lyth 2005) we Þnd that a quartic poten-
tial provides a better Þt than a quadratic one. In the quartic
case we Þnd the 95 % CL lower limit log10(µ2/ MPl) > 1.1.

Ð D-brane inßationary models (Kachru et al.2003; Dvali et al.
2001; Garc«õa-Bellido et al.2002) provide a good Þt to
Planckand BK14 data for a large portion of their parame-
ter space.

Ð For the simple one parameter class of inßationary potentials
with exponential tails (Goncharov & Linde1984; Stewart
1995; Dvali & Tye 1999; Burgess et al.2002; Cicoli et al.
2009) we Þnd lnB = ! 1.0.

Ð Planck2018 data strongly disfavour the hybrid model driven
by logarithmic quantum corrections in spontaneously broken
supersymmetric (SUSY) theories (Dvali et al. 1994), with
ln B = ! 5.0.

18

r ! 10! 3
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In future
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Dark Matter
¥ Dark Matter is challenging  

our standard model in  
particle physics 

¥ So far only evidence for 
the gravitational interaction 

¥ Extensions of EinsteinÕs GR 
may give DM candidate

3

We propose a scenario based on Weyl symmetry, 
                    Inflation and Dark Matter.⇒
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Weyl Symmetry
¥ Weyl symmetry was referred to   

¥ First proposed by Weyl around 1919 in order to 
unify general relativity and electromagnetic 
interaction 

¥ Later Weyl modified it to   

¥ To describe electron after quantum mechanics.
4

gµ ! (x) ! g!
µ ! (x) = e" (x ) gµ ! (x)

Wµ (x) ! W !
µ (x) = Wµ (x) " ! µ " (x)

<latexit sha1_base64="V78imiujOZgBW2kZ5Kgfv2CiXcM="></latexit>

 (x) !  0(x) = ei✓(x) (x)

Wµ(x) ! W 0
µ(x) = Wµ(x)� @µ✓(x)
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Unsuccessful

Gauge symmetry
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Einstein’s Gravity
¥ Einstein-Hilbert action,   

¥ Under Weyl/conformal transformation  

¥ Then we have 

5

R = ! 2 !
R ! 6! ln ! + 6gµ! ! µ ln ! ! ! ln !

"
,

! ln ! =
1

"
! g

! µ

#$
! gøgµ! ! ! ln !

%
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Einstein’s Gravity -> Weyl Invariant
¥ Modified to  

¥ Weyl-invariant, but no new degree of freedom 
¥ So no new dynamics, no new predictions. 

¥ We can not add  

¥ Downgrade into global symmetry

∂μϕ∂μϕ/2
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Variants
¥ Conformal/Weyl gravity 

¥ Weyl tensor 

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

¥ Formulate gravity as gauge theory

7

Cik! m =Rik! m +
1

n ! 2
(Rimgk! ! Ri! gkm + Rk! gim ! Rkmgi! )

+
1

(n ! 1)(n ! 2)
R (gi! gkm ! gimgk! )
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Gauge Symmetry
¥ With Weyl gauge field  

¥ Covariant derivative 

¥ There is no  in front of  

¥ Once a ÒframeÓ is fixed, 
¥ Weyl gauge boson gets a mass, 

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

¥ unless explicitly broken, mass and  

Wμ

i gWWμ

ϕ

8

p
�g

h
↵
�
�2R� 6@µ�@

µ�
�
+

1

2
Dµ�D

µ�� ��4 � 1

4
Fµ⌫F

µ⌫
i

<latexit sha1_base64="Dnls1uDPYsR3zapvw5KoFLoB/1I="></latexit>

Dµ = @µ � gWWµ
<latexit sha1_base64="KxCHUewgtG+zOpQZ4i5Wwlc/FT0="></latexit>

� ! MPp
2↵

<latexit sha1_base64="I7zwUgSKKAggfL5FOKaCeB1VpUo="></latexit>

mW =
gWMPp

2↵
<latexit sha1_base64="/1SHEIHZApnQ4gUdRxFqMbCa++Q="></latexit>

gµ⌫ (x) ! g0µ⌫ (x) = �2 (x) gµ⌫ (x) ,

� (x) ! �0 (x) = ��1 (x)� (x) ,

Wµ (x) ! W 0
µ (x) = Wµ (x)� @µ ln�(x)/gW ,

<latexit sha1_base64="ybjp6NNRMufTRyGEnRBGDzumySg="></latexit>

��4 ) �(�2 � v2)2
<latexit sha1_base64="wSI/VcIhbtpn7fk9rrk8adoOaSc="></latexit>



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

Global vs Local

9

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

¥ : Ricci scalar 

¥  and  : scalars, , i=0,É,4  

¥  , : Weyl gauge boson 

¥  : fermion

R
φ ϕ V(φ, ϕ) = ! ciφiϕ4−i

Fμν = ∂μWν − ∂νWμ Wμ

ψ
10

YT and Y.L.Wu, 1904.04493
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Weyl Symmetry
¥ Invariant under the following transformation 

¥  does not  couple to   

¥  a dark matter candidate?    H.Cheng, PRL1988  

¥ Not stable, actually

ψ Wμ

Wμ

11

gµ⌫ (x) ! g0µ⌫ (x) = �2 (x) gµ⌫ (x) ,

' (x) ! '0 (x) = ��1 (x)' (x) ,

� (x) ! �0 (x) = ��1 (x)� (x) ,

 (x) !  0 (x) = ��3/2 (x) (x) ,

Wµ (x) ! W 0
µ (x) = Wµ (x)� @µ ln�(x)/gW ,
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vs. Vector Dark Matter
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An illustration

¥ We illustrate with  

¥ The potential 

β = 0, ζ1 = 1, ζ2 ≡ ζ
V(φ, ϕ) = c ( φ2 − ϕ2)

2
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Continued

¥ Once a frame is chosen  

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

¥ Jordan frame  Einstein frame

ϕ → v

⇒
13
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Einstein frame
¥ Transformations 

¥ Rewrite in the canonical form
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Inflation
¥ Potential for inflation S 

                                           Inflaton mass  

                                           slow-roll parameter 

→

→

15
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Observables
¥  diagramr − ns
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FIG. 1. Illustration of ( ns, r) for ø↵ = 0 .001, 0.01, 0.1 and 0.5 (from top to bottom). The theoretical

values of (ns, r) are shown for e-folding numberN = 50(squares) and 60(circles), in comparison

with the shaded regions allowed byPlanck [57] with 1-� (blue) and 2-� (purple). Dashed red lines

indicate the gradual change fromN = 50 to N = 60.

B. Reheating

After inflation, inflaton field S will oscillate around the potential minimum, transfer its

energy to other fields and reheat the universe. The details of reheating depends on how

inflaton and other fields are coupled. In the minimal model we considered, through the

Yukawa interaction inflaton can decay into  -pair, namely S !   . The decay width is

�S ⇠ mSf
2
⇠
2
/8⇡ when S is much heavier than  . The reheating temperature TR is given

by TR '
p
�SMp ' 1.5f⇠⇥ 1016GeV. This shows that the reheating temperature can be as

high as TR ⇠ 1015GeV for f ⇠ 0.1 and ⇠ ⇠ 1.

We should emphasize that the reheating temperature TR is referred to  only and can be

di↵erent from the highest temperature of SM particles, because just after reheating  may

not be in thermal equilibrium with SM. To connect  with SM, one can introduce a new U(1)

gauge symmetry with coupling g and gauge boson Vµ, under which both  and SM fermions

are charged. These new interactions still respect the local Weyl symmetry and do not

a↵ect our previous discussions. We can calculate that depending the interaction strength,  
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Reheating
¥ The reheating can proceed as standard since 

the inflaton can decay into fermion pair 

  with decay width 

¥ So the reheating temperature is  

¥ Once can introduce additional gauge coupling 
between SM fermions and  to reheat SM atΨ
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Dark Matter
¥ Lagrangian 

¥   

¥ Does not couple to fermion  Dark Matter? 

¥ Accidental symmetry 
¥ Explicitly broken when we consider SM Higgs 
¥ Decaying Dark Matter if                   are small

→
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SM Higgs
¥ The starting Weyl-symmetric 

¥ We can replace 

¥ New mass contribution

19
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Continued
¥ New interactions 

¥ No  symmetry any more 

¥  can decay into 3-body,É 

¥ Higgs couplings are rescaled by

Z2
Wμ
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Phenomenology
¥ Invisible decay if kinematically allowed 

¥ Decay width 

¥ If being DM, direct searches constraints. 
¥ Signal strength at LHC is also modified, 

enhanced by 1/C2
H

21
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Constraints

22
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Relic abundance
¥ We consider two contributions 

¥ One from thermal production, freeze-in 

¥ One from vacuum fluctuation, gW → 0

23
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Combined Plot
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FIG. 2. Various constraints for Weyl boson on the planemW vs. gW . Colored regions above the

individual curves are excluded by the corresponding physics discussed in the context, the dashed

red curve from XENON1T[60], the dot-dashed blue line from the constraint on signal strength of

Higgs at LHC, the long-dashed purple line from invisible decay of Higgs particle, the dashed orange

line from 3! + 3! ! decay, the red line from 3b3øbdecay and the long-dashed brown line from 4h decay.

The white area is still allowed, except that it is subjected to the relic abundance requirement that

depends on cosmology. For instance, the three vertical dashed lines indicate the contributions

from vacuum ßuctuation with Hubble scale H = 1013GeV. Blue and black bands give the correct

DM abundance from thermal production by Higgs annihilation for Th = 105GeV and 1015GeV,

respectively. See text for details.

color-shaded regions, orange from! lepton channel, red from bottom quark and brown from

Higgs. It should be kept in mind that these constraints are subjected toO(1) uncertainties

due to approximate estimations of the decay widths.
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Open Questions
¥ The symmetry is not exact, origin of the scale ? 

¥ The mass of Weyl gauge boson is around 
Planck 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

v

25
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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,  

¥ For Higgs and DM 
¥ Collider 
¥ Cosmic rays 
¥ Relic density
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FIG. 1. Illustration of ( ns, r) for ø↵ = 0 .001, 0.01, 0.1 and 0.5 (from top to bottom). The theoretical

values of (ns, r) are shown for e-folding numberN = 50(squares) and 60(circles), in comparison

with the shaded regions allowed byPlanck [57] with 1-� (blue) and 2-� (purple). Dashed red lines

indicate the gradual change fromN = 50 to N = 60.

B. Reheating

After inflation, inflaton field S will oscillate around the potential minimum, transfer its

energy to other fields and reheat the universe. The details of reheating depends on how

inflaton and other fields are coupled. In the minimal model we considered, through the

Yukawa interaction inflaton can decay into  -pair, namely S !   . The decay width is

�S ⇠ mSf
2
⇠
2
/8⇡ when S is much heavier than  . The reheating temperature TR is given

by TR '
p
�SMp ' 1.5f⇠⇥ 1016GeV. This shows that the reheating temperature can be as

high as TR ⇠ 1015GeV for f ⇠ 0.1 and ⇠ ⇠ 1.

We should emphasize that the reheating temperature TR is referred to  only and can be

di↵erent from the highest temperature of SM particles, because just after reheating  may

not be in thermal equilibrium with SM. To connect  with SM, one can introduce a new U(1)

gauge symmetry with coupling g and gauge boson Vµ, under which both  and SM fermions

are charged. These new interactions still respect the local Weyl symmetry and do not

a↵ect our previous discussions. We can calculate that depending the interaction strength,  
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FIG. 2. Various constraints for Weyl boson on the planemW vs. gW . Colored regions above the

individual curves are excluded by the corresponding physics discussed in the context, the dashed

red curve from XENON1T[60], the dot-dashed blue line from the constraint on signal strength of

Higgs at LHC, the long-dashed purple line from invisible decay of Higgs particle, the dashed orange

line from 3! + 3! ! decay, the red line from 3b3øbdecay and the long-dashed brown line from 4h decay.

The white area is still allowed, except that it is subjected to the relic abundance requirement that

depends on cosmology. For instance, the three vertical dashed lines indicate the contributions

from vacuum ßuctuation with Hubble scale H = 1013GeV. Blue and black bands give the correct

DM abundance from thermal production by Higgs annihilation for Th = 105GeV and 1015GeV,

respectively. See text for details.

color-shaded regions, orange from! lepton channel, red from bottom quark and brown from

Higgs. It should be kept in mind that these constraints are subjected toO(1) uncertainties

due to approximate estimations of the decay widths.
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