O

Revisiting Brans-Dicke Gravity

Scale invariance + Gravity ?

Based on 2503.18648, 2506.01543

Kyohel Mukaida @ KEK, SOKENDAI in collaboration w/ M.Hong & T.T.Yanagida



Framework of Standard Model + GR

¢ Quantum Field Theory « SRelativity + Quantum

_— -
/ /
Speed of light [L T_l] Planck Constant [M L? T_1]
¢ = 299792458 m/s h = 197.3269804 MeV fm ¢!

e Gauge symmetry

--------------------------------------------------------------------------

U(l)y x  SUQ@y - x  SU@B)

photon Z boson g
W= boson g

--------------------------------------------------------------------------



Framework of Standard Model + GR

e Quantum Field Theory « SRelativity + Quantum + GRelativity
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Newton Constant

e Only the ratio matters

Physical quantity e.g., Newton's gravity
m hc F=G 1y 1y my Ny

~— where My, = — YN X
M, Pl \/ 472Gy 12 My Mp,

e Redundancy (or Symmetry?)

m, — om, Mp = oMy,
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Field Dependent Newton Constant

e Detour: Brans—Dicke Gravity

Lo
Zgn = EMHR



Field Dependent Newton Constant

e Detour: Brans—Dicke Gravity (Brans, Dicke 1961]
~ D
1 , 1 1 . Global Weyl symmetry
Prp = —ED R +—g"0 P, P — —)
o 2@ 28 PO 4 o b op, g, 0778,

_ Y,




Field Dependent Newton Constant

e Detour: Brans—Dicke Gravity

[Brans, Dicke 1961]

a )

o 15¢2R .\ 1 s ¢a ¢ 1/1 ¢4 Global Weyl symmetry

B0 TR TS R T e b 0h, g 078,
_ Y,
2 2 6 X
Einstein frame g, = Q_zgfy, Q% = ifz = e\/7 T excl.p =0
: 1 1 A Shift :
ITt symmetry

&L = —M?R;. + —g"*0 y0 =M

TERET TR ST ¥~ ¥ + const.
J

Dilaton: y + CC: 1,/(4¢)



Fifth Force Constraints on Matter Coupling

e Detour: Brans—Dicke Gravity

[Brans, Dicke 1961]
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o B 1 5¢2R .\ 1 Y 1 p ¢4 L Global Weyl symmetry

BD,J] — N Zg U= 4 CC mat ¢ L a)¢, g,uv N a)—Zg/w
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Einstein frame g, = Q_zgfy, Q% = ifz = e\/7 T excl.p =0
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Dilaton: y + CC: 1_../(4¢) + Matter



Fifth Force Constraints on Matter Coupling

e Detour: Brans—Dicke Gravity (Brans, Dicke 1961]
~ B
1 1 A <L Shift'symmetry
Lrp g = —MZRy + — £90,x0, 1 Y g —
- | 2 P 4& Q4 ¥ = ¥+ const.
Y

- Long-range force from %coupling (= glo eyl coupling)

e.g., Higgs mass

E-frame

m2 ;| H| Q7 | Hy |

-2, E
g,m/ = £2 g,uy 2_66 x
Qz — e\/

366+1 Mx



Fifth Force Constraints on Matter Coupling

e Detour: Brans—Dicke Gravity (Brans, Dicke 1961]
a )
1 1 A <L Shift'symmetry
gBD E — _MgRE + — ’Wa )(ay)( = M;I- | mat
| 2 P 4& Q4 ¥ = ¥+ const.
_ Y
- Long-range force from %coupling (= glo eyl coupling)
e.g., Higgs mass mixing
2 E-frame -2 12 Y
m[%],J‘H‘ —_—p M Q |HE| ------- > ¢ mH*h)(
= Q2gF HZ) = v2/2 L [2 % x
g,m/ g,uz/ QZ _ e\/%6§6$1 1\51(* < E> m}%]* — m[%],Je \/3 6+ 1 M
H = Q H ) = Xo My My

Yo Must be tuned s.t. =——
M.  Mp



Fifth Force Constraints on Matter Coupling

e Detour: Brans—Dicke Gravity (Brans, Dicke 1961]
~ B
1 1 A <L Shift'symmetry
Lrp g = —MZRy + — £90,x0, 1 Y g —
- | 2 P 4& Q4 ¥ = ¥+ const.
Y

- Long-range force from %coupling (= glo eyl coupling)

e.g., Higgs mass

Fifth force constraint

h XY V]%W 1 solar system tests [Will '14; Adelberger+ '09]
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Fifth Force Constraints on Matter Coupling

e Detour: Brans—Dicke Gravity

[Brans, Dicke 1961]

a )

o B 1 5¢2R .\ 1 Y 1 p ¢4 L Global Weyl symmetry
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Scale Invariance + Brans—Dicke Gravity

e Classical scale invariance 0.g., Strumia+ 2015
a )
o 1 , 1 ) 1 2 o Global Weyl symmetry

= —CP°R+—g"0, 90 ¢ —— +
BD,]J 25¢ Zg ,u¢ 1/¢ 4 cc¢ mat m—l, & D = o' P for all ®
_ Y
- All mass parameters (m,) ot & .. replaced with ¢
Higgs mass Majorana RHN mass
2 2 — _
2 2 2
mH,J‘H‘ ------ g ﬁmH¢ ‘H‘ MZNZZ\IZ --------- > AM¢NZNZ

ng=2x1 2x1 ng= 1 2x3/2



Scale Invariance + Brans—Dicke Gravity

e Classical scale invariance

[e.g., Strumia+ 2015]

fg i . 1 s 1 ) o Global Weyl symmetry
— — - — v —_—— —+

BD.J ™ P N 5 M¢ e 4 e mat M= Ay O - @w"e O torall d
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- All mass parameters (m,) ot & .. replaced with ¢

Higgs mass

2
My §

|H|

2

E-frame

>I<¢/Q — 5—1/2]\4>X< \

Majorana RHN mass

M;N;N; --------- > P N;N,

E-frame
= p/Q = E12M,

N = 1 2x3/2

InE"IM. Ng; N,



Scale Invariance + Brans—Dicke Gravity

e Classical scale invariance

[e.g., Strumia+ 2015]
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Scale Invariance + Brans—Dicke Gravity

o scale invariance?

a )
o 1 §¢2R N 1 ;s ¢a ¢ 1 p ¢4 Lo Global Weyl symmetry
BD,] — o zg U 1 4 CcC mat m,—»’tm.qb D — ' d for all ®
_ Y,
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: 1 A Shift :
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Scale Invariance + Brans—Dicke Gravity

. scale invariance?
~
o 1 2 1 Wy b3 1 L o Global Weyl symmetry
BD,J 25¢ Zg ,u¢ 1/¢ 4 cc¢ mat M A, D — o' D for all ®
_

~

- Quantum-ness introduces additional mass-scales

From the perspective of cutoff (A)

dimensionleﬁ
S [{@}; {4}

inv. under ® —» "o P

s,[(@): 21,4

GloherWeyl

e.g.[Hamada+ 16, Hong, KM, Yanagida '25]



Scale Invariance + Brans—Dicke Gravity

. scale invariance?
~ ™
o 1 , 1 w 1 L o Global Weyl symmetry
= —SP°R+—g""0,00 ¢ —— +
BD,J N 5¢ N 8 ,u¢ 1/¢ 4 cc¢ mat M A, D — o' D for all ®
_ Y,

- Quantum-ness introduces additional mass-scales

From the perspective of cutoff (A)  e.g.[Hamada+ 16, Hong, KM, Yanagida '25]

dimensionleﬁ S N
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Scale Invariance + Brans—Dicke Gravity

. scale invariance?
~ ™
o 1 , 1 w 1 L o Global Weyl symmetry
= —SP°R+—g""0,00 ¢ —— +
BD,J N 5¢ N 8 ,u¢ 1/¢ 4 cc¢ mat M A, D — o' D for all ®
_ Y,

- Quantum-ness introduces additional mass-scales

From the perspective of cutoff (A)  e.g.[Hamada+ 16, Hong, KM, Yanagida '25]

e.g., gauge coupling e.g., Top Yukawa coupling

oS 8 oS
)( <A_q> D) )( J Fa FCl//tl/ + ... )( (A_q> D) )( ﬂytﬁ3Q3H+ cee
Aren Jren




Scale Invariance + Brans—Dicke Gravity

° scale invariance?
a )
o 1 , 1 ) 1 2 o Global Weyl symmetry
= —CP°R+—g"0, 90 ¢ —— +
BD,]J ) 5¢ Zg ,u¢ 1/¢ 4 CC¢ mat m—l, & D s ' d for all ®
_ Y,
- Quantum-ness introduces additional mass-scales
From the perspective of cutoff (A) . From the perspective of dim. reg. (1)
dimensionless
A . . n.e 4—d
inv. under ® —» "> ® Glohereyl g Gloherieyl

[Hong, KM, Yanagida '25] E [Englert+ 1976 ;Shaposhnikov, Zenhausern '09; Kugo '20; ...]



Scale Invariance + Brans—Dicke Gravity

o scale invariance?
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Scale Invariance + Brans—Dicke Gravity

e Resolution to

scale invariance

[Englert+ 1976 ;Shaposhnikov, Zenhausern '09]

fg i . 1 s 1 ) o Global Weyl symmetry
— — - — v —_—— —+

BD.J ™ P N 5 M¢ e 4 e mat M= Ay O - @w"e O torall d

_

~

- All mass-scales, including, e.g., cutoff A, replaced with ¢

From the perspective of cutoff (A)

Sy [{@}: (A}, A] ---=---

/

Gloherveyl

inv. under ® —» @"e®

e.g.[Hamada+ 16, Hong, KM, Yanagida '25]



Scale Invariance + Brans—Dicke Gravity

» ReSO‘U'Uon 'to Sca‘e |nva r|aﬂce [Englert+ 1976 ;Shaposhnikov, Zenhausern '09]
a )
o 1 , 1 ) 1 'y o Global Weyl symmetry
= —E)?R + —g"d 0. — — A p* +
BD,J ) 97 N 5 M¢ V¢ 4 CC¢ 0 M= Ao D — w"® forall ®
\_ Y

- All mass-scales, including, e.g., cutoff A, replaced with ¢

From the perspective of cutoff (A)  e.g.[Hamada+ 16, Hong, KM, Yanagida '25]

A = /lAgb E-frame
S [{ @} {4}, A] =------ > Sy [{@); {4}, 209 —» S, [{Pp}s {4}, 20E7 "M
/ Suv = Q_zg/,]?y
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o &




Scale Invariance + Brans—Dicke Gravity

» ReSO‘U'Uon 'to Sca‘e |nva r|ance [Englert+ 1976 ;Shaposhnikov, Zenhausern '09]
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o 1 , 1 ) 1 'y o Global Weyl symmetry
— —EP°R +—g"d 0. b — — A" +
BD,J ) 97 N 5 M¢ V¢ 4 CC¢ 0 M= Ao D — w"® forall ®
_ Y

- All mass-scales, including, e.g., cutoff A, replaced with ¢

From the perspective of cutoff (A) . From the perspective of dim. reg. (u)
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No-scale Brans—Dicke Gravity

[Hong, KM, Yanagida '25]

. scale invariance
: 1 2 ! 107 I 4 Global Weyl symmetr :
gBD,J — _§¢ R + -8 aﬂ¢ay¢ o _/lcc¢ +gmat Yooy y
2 2 4 M= Ay
' D — w"® forall ®
_ Y
e
Einstein frame g, = Q_zgfy, Q% = v eV ot exel.¢p =0
rg — 1M2R 4+ l Y9 vo A MY+ P Shift symmetry \
BD,E — H * VK 7 °E uXOuk 4¢ * - 2, E12M,
XY — y + const.
_ Y




[Hong, KM, Yanagida '25]

No-scale Brans—Dicke Gravity

e Cosmological implications
- No-scale BD gravity + SM + RHN

1 1 _
+ Eg/"’@ﬂqbayqbg+ g"0,H 0,H +—N;i0 -y N,

2 2
+ 28| HI®
Zpp 1 = aR* A -7 jH‘ ‘ R

2

------------------------------------------------------

A 27 1]
_TH ( ‘H‘z _ ;tggbz) _ Z’lcc¢4

. Dark Radiation
Dark Energy

Leptogenesis & Dark Matter




[Hong, KM, Yanagida '25]

No-scale Brans—Dicke Gravity

e Cosmological implications — Inflation

- Starobinsky-like inflation

2 2 5
+: 25, | H ] A 2
Lop.g D aR” - -4 ;jH‘ ‘ R;+5(a¢)2+\aH\Z—TH(\H\Z—zggbz) + Lon

Stabilize EW vacuum: =0.1 = &, =2 — 1.7
KM+ ‘16; Moroi+ '22]

During inflation After inflation

A

Veff

10! GeV




[Hong, KM, Yanagida '25]

No-scale Brans—Dicke Gravity

e Cosmological implications — Inflation

- Starobinsky-like inflation

2, 2 i .
128 |HIP ] | A :
-7 ;jH‘ ‘ R+ (aqb)zgdr\aH\Z——f(\H\Z—/lz 2) + Lot

e \
Stabilize EW vacuum: =0.1 = &, =2 — 1.7 Starobinsky-like inflation: &£ < 1072

KM+ ‘16; Moroi+ '22]

L . . . Vine|
During inflation After inflation 04 1/¢
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Veff N €t ee e e e eaeeeeaeaeaeanas > o0
3 O
: — ¢ =102 A
02
_ X — =10 1/«
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[Hong, KM, Yanagida '25]

No-scale Brans—Dicke Gravity
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[Hong, KM, Yanagida '25]

No-scale Brans—Dicke Gravity

e Cosmological implications — Inflation, Reheating & DM

- Reheating after Starobinsky-like inflation

e gD 2 5
ST 26y | H 1
A D aR” +: 5 R +i—
BD,J | 5 : 5
Inflaton to Inflaton to RHN / . Inflaton to Dilaton
> m 1 m> [ M? AM? R m3
I g~ (685 + 1 - ) ~ “{—](1 : 5 B = -
oty = (6 + 1) 48 M3, NN T 96 M\ m2 m2 § o 192aM3,
Sterile Neutrino Dark Matter . Dark Radiation
1 0 om 1\
Tp ~ 3 % 10'°GeV 2~ 0. — 1 i ~ 0. —

*Stability of DM — m, ~ 0



[Hong, KM, Yanagida '25]

No-scale Brans—Dicke Gravity

e Cosmological implications — Intlation, Reheating & DM, Leptogenesis

- Stability of EW vacuum & Leptogenesis

&P+ 28| H) S .
Intlaton to Thermal Leptogenesis via N, & N;
3 -
SN (65H+1)2 48m;\/[2 Stabilize EW vacuum o L) ( M, ) ( m,, )5
g 4_—0-1 2R — 17 s 0.1 ) \ 1010GeVv ) \ 0.05ev ) "1
/ : An/lszol \
| *Inverted-Hierarchy = 6.4 < ~ (0.015
T ~ 3 % 10'°GeV | ¢, 2Amgy,

\ — resonant, non-thermal LG,... /



Summary

e Newton constant may depend on field (BD gravity)

* [ ong-range fifth force is absent w/ scale symmetry

e Scale symmetry (J) = Shift symmetry (E)

* No-scale BD gravity = Quantum scale invariance + gravity

e SM + RHN based on no-scale BD gravity is presented



