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New physics for Higgs mass

® Supersymmetry ® Pion-like composite
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® Scale invariance

my ~ N(¢%) < Mp ~ &(¢%)

® Discrete symmetries . .
Y ® Cosmological relaxation
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New physics for Higgs mass

® Supersymmetry ® Pion-like composite

Superparticles:
MSUSY ~ 1TeV

Rho-like/top partner:

Mp,T ~ TeV

® Scale invariance

Higgs-like me << my,
light scalar:

® Discrete symmetries ® Cosmological relaxation
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ATLAS SUSY Searches* - 95% CL Lower Limits

SUSY at LHC

ATLAS Preliminary

October 2019 Vs=13TeV
Model Signature  [£dt ('] Mass limit Reference
T
33, G-t Ocp  26jets  Lp= 139 7 _[10x Degen] 1.9 m(E})<400 GeV ATLAS-CONF-2019-040
" mono-jet  1-3jets  EP 361 0.71 m(g)-met})=5Gev 1711.03301
2 T Oep 26jets  EPS 139 | @ 2.35 m(¥})=0GeV ATLAS-CONF-2019-040
% z Forbidden 1.15-1.95 m(¥)=1000 GeV ATLAS-CONF-2019-040
& i zaaor) Ben 4 jets . 361 |#& 1.85 m(F})<800 GeV 1706.03731
® e, 2jets  EP™ 361 |Z 1.2 m(g)}-m(¥})=50 GeV 1805.11381
=
8 2. zoqWZh) Oep  7TAljets Ep™ 361 |2 18 m(¥}) <400 GeV 1708.02794
= SSeu 6jets 139 | & 1.15 m(z)-m(¥1)=200 GeV 1909.08457
S
= gz gt 0-1ep 3b EPS 798 |2 225 m(})<200 Gev ATLAS-CONF-2018-041
SSe.pu 6jets 139 | & 1.25 m| ,:a)-mpi/.}):suu GeV ATLAS-CONF-2019-015
byby, by —bi /0 Multiple 36.1 I Forbidden 0.9 m(¥})=300GeV, BR(bT})=1 1708.09266, 1711.03301
Multiple 36.1 I Forbidden 0.58-0.82 m(¥)=300 GeV, BR(!)=BR(i}): 1708.09266
Multiple 139 |5 Forbidden 0.74 m(¥})=200 GeV, m(¥1)=300 GeV, BR(:{7)=1 ATLAS-CONF-2019-015
o Biby bt - bt} Oe,p 66 EPS 139 B Forbidden 0.23-1.35 AM(T2.79)=130 GeV, m(F})=100 GeV 1908.03122
£s by 0.23-0.48 Am(F,£)=130GeV, m(¥})=0 GeV 1908.03122
< "
§, § L fi—WbE) or i) 02eu 0-2jets/1-2b EF'™  36.1 i 1.0 m(¥)=1Gev 1506.08616, 1709.04183, 1711.11520
= § 7 Wb 1enu 3jetst b EPS 139 | & 0.44-0.59 m(E})=400 GeV ATLAS-CONF-2019-017
g 5 iy, o F by, 116G Tr+lent 2jetsith EMS 361 [ 1.16 m(#1)=800 GeV 1803.10178
3 S AR, ol 66 eocl) Oeu 2¢  EMS 361 & 0.85 m(i)=0GeV 1805.01649
S ) A 0.46 (79)=50 GeV/ 1805.01649
Oep mono-jet  ERS 36,1 A 0.43 &)-m(FY)=5GeV 1711.03301
i, iy +h 12eu 4b Eps 361 | & 0.32-0.88 m(¥)=0 GeV, m(f,)-m(¥})= 180 GeV 1706.03986
fafy, =t +Z Bepn 15 E;““‘ 139 i Forbidden 0.86 m(¥)=360 GeV, m(7))-m(¥})= 40 GeV ATLAS-CONF-2019-016
FiH3 viawz 23en Ep 361 ifli; 0.6 m(E)=0 1403.5294, 1806.02293
e,y >1 EPS 139 | /R 0.205 m(EE)-m(t))=5 GeV ATLAS-CONF-2019-014
XX viaww 2en Eps 439 | 0.42 me)=0 1908.08215
XV via Wh O-leyu  2b2y ENS 139 | ¥ Forbidden 0.74 m(¥)=70 GeV ATLAS-CONF-2019-019, 1909.09226
= § Fivlvialy 2en EPs 139 | 1.0 m(E7)=0.5(m(¥s yrm(i)) ATLAS-CONF-2019-008
WS 7 2oot) 27 EPs 139 |7 LR U N0A60:8] 0.12-0.39 m(¥)=0 ATLAS-CONF-2019-018
TLrlLR, v 2eu Ojets  EP™ 139 7 0.7 m(¥)=0 ATLAS-CONF-2019-008
2eu =1 EPS 189 |7 0.256 m(7)-m(¥!)=10 GeV ATLAS-CONF-2019-014
HA, A—hG[2G Ocp 23b B 381 B 0.13-0.23 0.29-0.88 BR(Y] — hG)=1 1806.04030
dep Ojets  EF™ 361 i BR(T) — ZG)=1 1804.03602
T @ Direct¥i¥; prod., long-lived ¥ Disapp. trk ~ tjet  EM* 361 |¥f 0.46 Pure Wino 1712.02118
=3 % 015 Pure Higgsino ATL-PHYS-PUB-2017-019
ST stable 7 R-hadron Multiple 36.1 1902.01636,1808.04095
2 & Metastable  R-hadron, g—gg¥| Multiple 36.1 mi)=100 GeV 1710.04901,1808.04095
LFV pp—¥: + X, Vo—epfet/ut epetut 3.2 A3y =011, di3)133233=0.07 1607.08079
1R = wwyzeetew dep Ojets  EF 361 m(¥)=100 GeV 1804.03602
—qq¥y, X > qqq 4-5large-R jets 36.1 Large A7, 1804.03568
u>. Multiple: 36.1 m¥)=200 GeV, bino-like ATLAS-CONF-2018-003
€ i i X - ibs Multiple 36.1 m(i})=200 GeV, bino-like ATLAS-CONF-2018-003
iy, i —bs 2jets+2b 36.7 1710.07171
fif, fi—qt 2eu 2b 36.1 BR(i —be/bu)>20% 1710.05544
Tu v 136 BR(71—q:)=100%, cosfl=1 ATLAS-CONF-2019-006
*Only a selection of the available mass limits on new states or 107! 1 Mass scale [TeV]

phenomena is shown. Many of the limits are based on
simplified models, c.f. refs. for the assumptions made.
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Selected CMS SUSY Results® - SMS Interpretation
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CMS Preliminary
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Heavy Gauge Bosons

Other new physics at LHC

Overview of CMS EXO results

SSMZ'(ty)

SSMZ'(g4)

LFVZ', BR(ey) = 10%
SSMW'(tv)

SSMW'ig4)

SSMW'(tv)

LRSM Wa(N=), My, =0.5My,
LRSM Wx(TNz), My, = 0.5M,
Axigluon, Coloron, cotd =1

scalar LQ (pair prod.),
scalar LQ (pair prod.),
scalar LQ (pair prod.),
scalar LQ (pair prod.),
scalar LQ (pair prod.),

coupling to 1** gen. fermions, 8 =1
coupling to 1** gen. fermions, 8 = 0.5
coupling to 2 gen. fermions, B =1
coupling to 2 gen. fermions, f =05
coupling to 3 gen. fermions, B=1

Extra Dimensions

Dark Matter

Other

scalar LQ (single prod.), coup. to 3" gen. ferm., B =1,A=1

excited light quark (gg), A=m_
excited light quark (g
excited b quark, fo=f
excited electron, fs LA=m,
excited muon, fs=f=f=1LA=m]

quark compositeness (g§), n.
quark compositeness (£{),
quark compositeness (gg), n.
quark compositeness (£1), n.

ADD (jj) HLZ, n
ADD (yy. #) HLZ, n.
ADD Gy emission, n =2
ADD QBH (jj), n

RS Gl yy), ki
RS QBH (jj). n
RS QBH (ep), n
non-rotating BH,
split-UED, p=4 TeV

(axial)vector mediator (xx), g,
(axial-)vector mediator (gg), g. =
scalar mediator (+8tf), g, =1,gcu=1,m, =1GeV

). 9.=1,Goy= L m, =1 GeV
scalar mediator (fermion portal), A, .m, =1GeV
complex sc. med. (dark QCD), m,,, =5 GeV, cTx, =25 mm

Type lll Seesaw, B. =8,.=8.

string resonance

Nim

N

CMS

36 fb~! (13 TeV)

1803.06292 (21)
1806.00843 (2j)
1802.01122 (ep)
1803.11133 (£ + ET™)
1806.00843 (2j)
1807.11421 (v + ET™)
1803.11116 (2f +2j)
1811.00806 (27 +2j)
1806.00843 (2j)

27

35

61

1811.01197 (2e + 2j)
1811.01197 (2e + 2j; e + 2j + E7™)
1808.05082 (2 + 2j)
1808.05082 (2 +2j; p + 2j + ™)
1811.00B06 (27 + 2j)
1806.03472 (2t +b)

144
127
153

102
074

No evidence for new

1806.00843 (2j)
1711.04652 [y + j)
1711.04652 (y + j)
1811.03052 [y + 2e)
1811.03052 (y + 2p)

18

55

39
38

1803.08030 (2j)
1812.10443 (21)
1803.08030 (2j)
1812.10443 (21)

175

1803.08030 (2j)
1812.10443 (2y, 2¢)
1712.02345 (= 1j + E7™)
1803.08030 (2j)
1802.01122 (ep)
1806.00843 (2j)
1803.06292 (21)
1800.00327 (2y)
1803.08030 (2j)
1802.01122 (ep)
1805.06013 (= 7j(L, y))
1803.11133 (£ + E7™)

18

29

a1
a9
82
56

425
41
59
36
a7

1712.02345 (= 1j + E7™)

1806.00843 (2j)

1901.01553 (0, 1£ + =3j+E3™) 029
1901.01553 (0,1f+ =3j +E7™) 03
1712.02345 (= 1j + E7™)

1810.10069 (4j)

18

14
154

26

1708.07962 (= 31)
1806.00843 (2j)
L

084

77

01

Selection of observed exclusion limits at 95% C.L. (theory uncertainties are not included).
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January 2019

Have we missed
something or do we
need new ideas!?

physics at a few TeV
at the LHC!

ATLAS Exotics Searches* - 95% CL Upper Exclusion Limits

ATLAS Preliminary

Status: May 2019 [L£dt = (3.2 139) fo! V5=8,13TeV
Model Ly Jetst ET™ [rim] Limit Reference
— T T — T T — T T —
ADD Gkk + g/q Oep 1-4j Yes 36.1 Mp 7.7 TeV n=2 1711.03301
2 | ADD non-resonant yy 2y - - 367 | Ms 86TeV  n=3HLZNLO 1707.04147
S ADD QBH - 2j - 370 |Mu 89TeV n=6 1703.09127
£ ADDBH high ¥ pr- 2leyp 22]j - 32 | Mg 8.2TeV n=6,Mp =3TeV,rot BH 1606.02265
g ADD BH multijet - 23] - 36 | Ma 9.55TeV. =6 Mp=3TeV,rotBH 151202586
3 RS1 Gkx — vy 2y = - 36.7 Gy mass 4.1TeV kiMp = 0.1 1707.04147
© | BukRS Gk —» WW/ZZ multi-channel 36.1 | Gkk mass 2.3TeV k(Mg = 1.0 1808.02380
£ Bulk RS Gxx — WW - qqqq Oep 2J - 139 |Gk mass 1.6TeV kMg = 1.0 ATLAS-CONF-2019-003
w Bulk RS gk — tt 1e,u 21b,>1J/2) Yes 36.1 &kk Mass 3.8 TeV r/m=15% 1804.10823
2UED / RPP teu 22b23] Yes 361 KK mass 1.8 TeV Tier (1,1), BAMY - tt) =1 1803.09678
SSM Z’ — ¢t 2equ - - 139 | Z mass 5.1 TeV 1903.06248
@ SSM Z’' — 77 27 - - 36.1 2’ mass 2.42TeV 1709.07242
g Leptophobic Z* — bb - 2b - 36.1 Z’' mass 2.1 Tev 1805.09299
@ Leptophobic Z' — tt 1epu =1b>1J2) Yes 36.1 Z’ mass 3.0 TeV rim=1% 1804.10823
8 SSM W' - v Tepu - Yes 139 W’ mass. 6.0 TeV CERN-EP-2019-100
g SSM W’ — v 17 - Yes 36.1 W’ mass 3.7TeV 1801.06992
& HVTV > WZ-qqqqmodelB Oep 24 - 139 [Vmass 3.6 TeV av= ATLAS-CONF-2019-003
G  HVT V' > WH/ZHmodel B multi-channel 361 |V mass 2.93 TeV av=3 1712.06518
LRSM Wy — tb multi-channel 36.1 | Wgmass 3.25TeV 1807.10473
LRSM Wg — uNg 2u 1J - 80 Wg mass 5.0 TeV m(Ng) =0.5TeV, g = gr 1904.12679
- Cl gqqq - 2j - 37.0 A 218TeV 1, 1703.09127
O  Cltqq 2eu - - 36.1 A 400TeV 1707.02424
Cl ettt >tex 21b21] Yes 361 |A 2.57 TeV. |Carl = 41 1811.02305
Axial-vector mediator (Dirac DM) Oepu 1-4j Yes 36.1 Mpmed 1.55 TeV 84=0.25, g,=1.0, m(x) = 1 GeV 1711.03301
= Colored scalar mediator (Dirac DM) 0 e, u 1-4j Yes 36.1 Mpmed 1.67 TeV £=1.0, m(y) = 1 GeV 1711.03301
Q VWyy EFT (Dirac DM) Oep 1J,€1]  Yes 3.2 M, 700 GeV m(y) < 150 GeV 1608.02372
Scalar reson. ¢ — ty (DiracDM) 0-1e,u  1b,0-1J Yes 36.1 L 3.4TevV y=04,1=02, m(y) = 10 GeV 1812.09743
Scalar LQ 1%t gen 12e >2j Yes 36.1 LQ mass 1.4TeV B=1 1902.00377
Scalar LQ 2" gen 12u >2j Yes 36.1 LQ mass 1.56 TeV B=1 1902.00377
Scalar LQ 3¢ gen 27 2b - 36.1 LQ; mass 1.03 TeV BLQY - br) =1 1902.08103
Scalar LQ 3" gen 0-1epu 2b Yes 36.1 LQj mass 970 GeV BLQY - tr) =0 1902.08103
VLQ TT — Ht/Zt/Wb+ X multi-channel 361 | Tmass 1.37 TeV. SU(2) doublet 1808.02343
S@ VLQBBE- WyZb+X multi-channel 361 | Bmass 1.34 TeV. SU(2) doublet 1808.02343
§ % VLQTsaTsalTsn» Wit X 2(SS)/23eu21b21] Yes 361 [Toamass 1.64 TeV B(Tss = W)= 1, ¢ Tos We)=1 1807.11883
% 2 VLAY - Wb+ X leu 21b21j Yes 361 Y mass 1.85TeV B(Y = Wh)=1, cr(Wh)=1 1812.07343
VLQ B - Hb+ X Oeu,2y 21b 21 Yes 798 |Bmass 1.21 TeV kg=05 ATLAS-CONF-2018-024
VLA QQ — WqWq 1en z4]  Yes 203 1509.04261
o Excitedquark " — qg - 2j - 139 q* mass 6.7 TeV only u* and d*, A = m(q") ATLAS-CONF-2019-007
B g Excited quark g* — gy 1y 1j - 36.7 q" mass 5.3TeV only u* and d*, A = m(q") 1709.10440
S E Excitedquark b’ - bg - i1b 1) - 361 |b*mass 2.6 TeV 1805.09299
w i, Excited lepton % Bepu - - 203 A=30TeV 1411.2921
Excited lepton v* Seput - - 20.3 A=16TeV 1411.2921
Type Il Seesaw leu 22j Yes 798 | N°mass 560 GeV ATLAS-CONF-2018-020
LRSM Majorana v 2pu 2j - 36.1 Ng mass 3.2TeV m(Wg) = 4.1TeV, g1 = gr 1809.11105
§  Higgs triplet H+ — ¢ 234eu(SS) - -~ 361 | mass 870 GeV DY production 1710.09748
£ Higgs triplet H** — (1 et - - 203 DY production, B(Hj* — (r) =1 1411.2921
Qo Multi-charged particles - - - 36.1 multi-charged particle mass 1.22 TeV DY production, |g| = 5e 1812.03673
Magnetic monopoles - - - 34.4 | monopole mass 2.37 TeV. DY production, g] = 1gp, spin 1/2 1905.10130
V=13 TeV Vs =13 TeV P | T PR | L L MR S | s L PR
partial data full data 10 1 10 Mass scale [TeV]

*Only a selection of the available mass limits on new states or phenomena is shown.
t Small-radius (large-radius) jets are denoted by the letter j (J)
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It is important to understand the
evolution of the Universe as a
whole in cosmological time scales.

Microscopic parameters in the
Standard Model might be generated,
because of inflation and cosmological

dynamics before BBN.




Cosmological relaxation

® : Axion-like scalar
V=—g0o: m%{ > ()

V=—g9¢0+ Vocp : m%{<0

Vacp = A? cos (?) A* =y hAep

[P. Graham et al, 2015]
V(o)

f
Higgs mass scans
during inflation.

m3; = M?* — g¢ EWSB

A4
Vi=—g+Vicp =0 il -~ gM?

iy

M i 3 AMENE 10° GeV
Mo < H; < mm{(g}\.{?)g,’j\} * M < ( f p) 107 GeV( e

f

f
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Four-form and Higgs mass

Effective C.C: Effective Higgs mass: 1
1 Y
Aeff:A+§q27 Mz = M? — cuq.

[Giudice et al, 2019;
Kaloper et al, 2019]




Four-form flux and C.C.

® Three-form gauge field is not dynamical, but
its field strength (four-form flux) adds to
cosmological constant:

1 1
ST ey N

Fluvpe = 401, A, 501 Kinetic term Surface term

Equation of motion: 9, (x/—gFWp") = 0 or dual transform in 4D:

1
* FHPPT — — g et¥P? ) or Ful/pa = q €yppo- Q = const
vV —4g
1
Effective C.C: Aeg = A+ —q2 [Duff, van Nieuwenhuizen, 1980;
2 Witten, 1984;

Henneaux, Teitelboim, 1984;

A _
For A <0, Four-form flux cancels the bare Baum, 1983, Hawking, 1984 ]

cosmological constant to zero.



Particles from E-field

® The Maxwell field in 2D analogue is non-dynamical
(no polarizations), but electric field can reduce due
to charge nucleation.

1 » 9 Oxt
EQD = _ZF’LLVF — m/dSE, Echarge = 6/d€5 (33 — Qf(g))AN (‘9—5
Egs. of motion: max* = eF" 2, [Brown, Teitelboim, 1987]
0, FH = —e/df 6 (z — az(f))aaxg .
L. K tr s

q t = ity

2D E-field

Fuv = qé€um “accelerating charge” “circular motion”




Bounce action for particle

1
Sk :m/dsE—l—Z/deEij;

B = Sg(instanton) — Sg(background),

B = m(27rg) + %[(q — 6)2 — QQ](WT(%)

~ 2mmrg — meE(q)r]

08 _ o el 1 —>B—

8r0 GE( )

2

. Charge production (= instanton tunneling to “E=qg-e
outside and E=q inside”):
2

P(qg—q—e) %eXP(_ %B) - ( h:Z(Q))

2. Charge production continues, as far as
the E-field outside is positive.



Membranes from four-form

® The four-form flux can reduce due to the
membrane nucleation. [Brown, Teitelboim, 1987]

. dz¥ dx* dx°
Lmemb = E/dagéj(x — z(£)) Avpo dEa 32&» azc e

oz"” oz dz° (abe
oE" g e
q = en : Flux quantization in microscopic theory.

|. Closed membrane production (= instanton
tunneling to “g-e inside and q outside™):

B:T(szr) AA(—2TO) ro = iﬁ [Coleman, 1977]

27T

SART) A= Ar(o) — Actlg — €) > 0.

P(q—)q—e)zexp(—

2. Membranes would keep being produced inside
4D 4-form as far as the flux outside is nonzero.



Gravity effects on bubbles

® The tunneling probability is corrected by dS

curvature radius as [Coleman, de Luccia, 1980]
Plq - ) ( 272 T? 1 ) . ( 247r2Mj43)
—e) = exp| — ~ exp| — .
1 e o igme) T O T R
3T . . . A K 2
ro =y * Bubble radius with no gravity. P

Hubble volume
H—l

Small tension g1 Large tension

® Membrane production stops when the

cosmological constant is positive and the smallest.
[Brown, Teitelboim, 1987]



Origin of four-forms

® Four-form fluxes are dynamical in higher
dimension; M-theory contains M2-brane
and M5-brane as sources. [Bousso, Polchinski, 2000]

wsl»> Membrane tensions and charges in 4D.

M5-brane wrapped on 3-cycle: (M3 =27 M7, V)
B 6 (27) Y2 M2V
T, — 27TM11V3,’i7 4 = Vﬂl/‘zll ~ , 1< Nj
M2-brane:
2
3 (2m)'/3 ( 2 _ 2T; )
T = 21t M dNs+1 = : q; =
N3+1 11> S VOIEVEE M3

Large volume compactified on 3-cycles
can lead to a small membrane tension and charge.

Membrane tension and charge can be separate
in a2 non-supersymmetric low energy theory:
a small membrane charge is possible and technically natural.




Multiple four-forms and C.C.

® M-theory compactified on the manifold with
multiple 3-cycles leads to enough number of four-
form fluxes for the accurate cancellation of C. C.

[Bousso, Polchinski, 2000]

(],
2b \/2A<r—\/2n§6?<\/2(A+AA)

AA
Shell width: Ar = NN

AA ~ 107 M5.

Sufficient grid points within shell:
H e; <wj _1r! T AP

i 11, e
* AN ~ ‘QA’J/Q—l

A~ Mp, J~100: ¢; ~ 1071 M3




Four-form flux and
Higgs mass



Four-form and Higgs mass

® Four-form flux has a dimensionless coupling to the
SM Higgs, scanning the Higgs mass parameter.

[Dvali,Vilenkin, 2004; Giudice, Kehagias, Riotto, 2019;

Kaloper,Westphal, 2019; HML, 2019]

Lo = M2|H|2 = \y|H|* — CQ—Z o R H? - %Hau (e“”p"\H\2AVpU).

el Lot = —Neqr + Mig|H|” — Appen|H|',

1

Ae = A+ - 27
& 2! > Four-form flux scans C.C.

5 5 as well as Higgs mass.
Mig = M~ — cpq, 88

Aot = Mg + %(g{ Higgs quartic coupling has
a constant shift.



Four-form and Higgs mass

~ 1

[Giudice et al, 2019;
Kaloper et al, 2019]

q/M?

i—a—c Mi=cge weigmm e~ (100GeV)?
1



* q=qc: Last dS phase, No EWSB.

M2
Mlef:MQ_CHQC:O * qC:—f\J }2)

CH
1
Aeff = A + iqc — Alast
* q=4q.—¢e: Almost zero C.C., EWSB.
1
M2z = cye ~ (100 GeV)?, Ao = A + §(qc —e)?~0

* Ala,st = €Qc 6M%

* Aas
Hlast ™ last ~ \/E ~ 100 GeV
Mp

7'(2

Reheating constraint:  rr = 55 9Ty < 3Mp Hiy

well- | Thi < 8.5 x 10° GeV




Need of reheating

® Both Higgs mass & C.C. can settle to
observed values but the universe would be
empty due to the series of dS phases.

w=» Reheating mechanism needed.

® We also need density perturbations from inflation.

® Observable consequences of reheating and

inflation depend on the efficiency of last membrane
nucleation.

y=ryte® vs  H*
27?2 T¢ | - B To
B=" anp (”ZroH ) 0 1+ ir2H?



Particle production

® Particles can be produced by non-adiabatic

process due to flux-dependent Higgs VEV.
[Giudice, Kehagias, Riotto, 2019]

Higgs VEV becomes nonzero only after
the last membrane nucleation.

Assume that the Hubble-dependent mass is absent.

Effective frequencies of SM perturbations
depend mainly on the EWV phase transition.

: p — . . 1 .
;f.'+w2fk=0 w2=k2+mf,a2+({;—5) 21{f mp = gp .

Particle production is efficient only if v ~ Hyag ~ Ve :

2 1 3"".2 ’ n . I p
Mp = j\rp (gp l\/;) exp (—CL) . C \/5“ It AII .

87e Ve Kk (2Ap)1/4

K . speed of transition.



Kicked inflaton

® Kick the inflaton by quantum fluctuations.

A¢ 1 (5¢ —» H3 >~ l V! [Bousso, Polchinski, 2000]

T

e M2 me3/2 M3 ,
Alast = €4c = * 3/22r3 >V
CH cy Mp
. . . M n+2 , M. 4 T
But, monomial inflation: V = a,,¢", [ o~ (¢—P) ( ]\}}ET) My,
b~ ¢y, V' ~1071M3 ¢ ~ 10Mp.

M2
* el/? > 10_4CH<WP) : M~ Mp,cg ~ 1

Classical rolling is dominant for ve ~ 100 GeV !

Last transition must occur fast enough,
otherwise no observable slow-roll inflation.



Trapped inflaton

® [nflaton stuck at the false vacuum in dS phases.
[Bousso, Polchinski, 2000]

Inflaton tunnels to the true vacuum after last nucleation,
and the slow-roll inflation and reheating occur.

V(e) 4 V = Aest + Vi(9)

Last nucleation Al ~ eq
dc — qc — € ' Vtalse << Vlux = r'a()_4 e ) ’




Flux-dependent minimum

V(H,d) = Veg(H) + (k10" + q + k2)* + Vine (0, H)

Flux-dependent  Reheating
[Bousso, Polchinski, 2000; HML 201 9]

Last nucleation |

Jo —> Qo — € : E AAeH‘QBQC
c c

Flux-dependent coupling kicks the inflaton away.

V(o) 4

24
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Reheating from general
four-form couplings



General four-form couplings

® The general four-form Lagrangian contains a
dimensionless non-minimal coupling to gravity.

[HML, 2019]
Lnon—minimal = ijl b ;u/pg R+ VvV — ( Q * R? ) +%8M(€“Vp0RAVpJ).
Non-minimal coupling \_ Higher curvature
term for consistency
e The gauge field for four-form flux

becomes dynamical due to graviton mixing.

Naively, F..,0 =q€.,0 === c1qUR}; :kinetic mixing

ConCI’ete|)', £eff _Fiypa ™~ _(q + CH‘H‘Q _ ClR)2

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

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



Dual-scalar theory

® RZ gravity is equivalent to scalar-dual theory.

%(Cz — )R — \/g‘l’ —c2 xR - %\2. : Hubbard-Stratonovich transf.

1 1
- Loq = SQH, QR+ 5(C* = )R + MG | H|* — Azea | H|" — Aer

Q(H,q) =1+ ci(ca|H|> +q): Planck mass also scans!

: . 2 V-
® Field redefinition: oc=cualH|"+q+ X

1 . |
* L1 =+v—g 5 (1+c0)R—|D,H|* —V(H, o, Q)]

1 ¢ 2

V(H,0,q) = —MZ|H|* + M| H|* + Aet + 3G (0 — | H|* — q) .

-

AT

(? > ci: The bare R2 term stabilizes the dual scalar.



Dual-scalar theory

® Einstein frame Lagrangian with g.. =g, /<.

1 . " 1 2 = = . 9 . 7
Le = v/=g [§R<gg) ~ 5(8u0)* — e™V5? D, H? - w(u.a)]

. 1 ¥
Canonical scalar: o= C—(c\/g" — 1)
1

> _ 3 9 . = _ <5 9 .
Ve(H,5) = z\cfrc_"/go+3"7?‘;(1—(1+Cl‘7)9 ‘/ga—cl“?e ‘/;0“1'-)

_2\/20(_12 712 4 ) .1) - [2  Mp
+e 3 M| H|™ + Ager| H| ). ms e

Assuming that the Higgs is stabilized during dS phases:

‘L(U) - ‘O(Q) + [%mg(l + C (q + %CH'UQ)):Z 4 Acff] (C’—\/%-U — c—\/%-om(q))'z

3771%1\95

.2 1.2 ey
C—\/%-ffm(q) _ 31716(1 + C](q + 5CHL )) ’ ‘0((]) -
3mZ(1+ c1(g + 3cmv?))? + dAeg

3mi(1+c;(q + %CHUQ,).)2 + 405

Dynamical scalar field with flux-dep.
minimum is achieved!




Reheating after last scan

® No EWSB before the last nucleation:

q=M?/cy =¢q.and v =0,

-y 1 degq, -1 3mzeq,
o~V 3m(ac) (1 b q ) o Valge) =~ T )
Im3 (1 + c1q.)* mz(1+ 1q.)* + deq,

® EVVSB after the last nucleation:

—\/260m (qe— 1 Vo(qe —e) = 0.
p— — e v O \/;O-m(QC e) ~ 0\Yc
1 de ’ % ’ c 1"‘01QC7

w=» |nitial potential energy:

) L 12(eq. )*m? <e TeV Mb)2
Vi= V(o) = Grati g o e 1 deg ~ 0 | )

Maximum reheating temperature:

100\ '/ eq 12 /980 TeV\ /2
Thmax =~ 1.5 10° GeV ‘ c |
sx w06 () (amvemr) (S




Successful reheating

eq. = (1TeV Mp)?

108§

Tmax

Inflaton decay rate:

107§
f 2.2.2 ...3
ey my

[y = ’
64 M2

106 |

T(GeV) © Perturbative reheating:

90 \ /4 .
T = (3-) - (CoMp)”
T2 Q.

100 /* C1\ /C2 mg 3/2
oy (%) (4) () ()
’ (g*) 1/\1/\380Tev

104 |

1000 |

100 |

Log[m,/TeV]

Successful BBN:
Try > 10MeV, m, > 380 TeV (OI”' ( < 5.‘2><1[)12)

Slow-roll inflation: m, < H; =8 x 10" GeV(r/0.1)'/?



Flux coupling to pseudo-scalar

® Consider a pseudo-scalar with approximate shift

symmetry. [HML, 2019]

1 o 1 45 5 ' y
L pseudo—scalar = —§(Bycb)“ — 57715@“ + )f_.l Py @. —% 0, (6“ pU¢A,/pU).

Four-form coupling

1 1
el L1 = MPHP = Ag|HI* = Smié” S (né + eo HI” +9)*

A

“Flux-dependent” VEVs:  yu;(q) = \/‘”“ —cdld } mvs)

Ay + %C::; .

f (1 2 )

v - - 5 | =C2U N

s(q) 2+ m? \2 2t 11,‘:L. q

“Flux-dependent” masses & mixing:

~naf 201V ( )
, 1, L, Ll on(a) — 2c2ivn (g
My, = E(m; +my) F ) (m2, — mj)? + desp?vg(q), tan 26(q) mf: -

v 2 2
m2 =md 42 mi =2 env ()



Reheat with pseudo-scalar

® No EWSB before the last nucleation:

* +mg M? - M?
o = KM M0, wle) = A=,
my C mg C2
® EVVSB just after the last nucleation:
¢=4q.—e, U s - Vo(ge —€) = 0
— {c — €, H — 02,2 9 0lgec — €) = U.
,uQ—I—mi AH,eH—%ﬁ

’LL 1 ¢¢ ° M ’
o=ttty (Gewk—¢)| “shifted singlet VEV

n? + my,
—> EW scale: vm ~ Ve for p~ myg.
Initial potential energy: v, - 1_# LY
P sY z 2 p* + m3 (e 22 )

Vi~elforp~ms.| jndependent of pseudo-scalar mass.

Inflaton decays into a Higgs . (90\.-'; )‘“ rrc,@\,( 1/ ) (100)1«”
meax — ) ~ oo / - -
pair & reheats instantaneously. T*Gs 100GeV | \ g




Flux coupling to c-scalar

[HML, 2019]
® Consider a complex scalar with U(l) symmetry.

. . ,
Lc_scalar = —|3,®|* — m3|®|* — A\a|®|* + al VP F oo |P|° —gau (e“ypa|<I)|2A,/pg>.

24"

Four-form coupling

1
- Cii1 = M2|H = A |H[* = m3 B[ = Aol ®|* |5 (@l + col HI + 0)2

Higgs and singlet masses are scanned at the same time.

1

| —m? —a -— v
Flux-dependent VEVs: vs(q) :\/ 6 5097 3% (9)

/\q‘:,eff
a > 0 and mg < 0, ——tes -
M? —icaq - 3ac2vi(q)
vg(g) = i ‘
AH off

Similar flux-dependent masses & mixing arise!



Reheat with pseudo-scalar

® No EWSB before the last nucleation

1 AJ-(} 29 4 2 s . 1 , - i
qC — ( ¥ ff ‘v‘[.- + ‘%’713)‘ /UH pu— 07 Ué(qc) — _\_ (771; _+_ _‘ _1"]“) — o

/\O

C2 C2

@

® EWSB just after the last nucleation:

5 Apcae 1

=N

q—=(qc—€¢ U = 1 )\<I>,eﬂ-’:)\<1>‘|‘_a27

B )\<I>,eﬂ:)\H,eﬂ: — Z(C‘fc2)27 2

2 2 o~ 1 2 €6 L. . ”)
020 =12, +5——(e—5e0%)|  “shifted singlet VEV

)\CID,eff 2

-» EW scale: vm ~ Ve for pn ~ myg.

. . 1 o 1,
. V= = — —cn?) .
Initial potential energy e (e Sen )

V; ~ e?, independent of singlet mass.

,C°

Reheating is similar as in pseudo-scalar case with £ ~ T4



Reheating and new physics

® Non-minimal four-form coupling

Heavy singlet scalar with gravitational coupling:

my > 380 TeV well- Ty > 10MeV

® Minimal four-form couplings

Light singlet scalars with sizable mixing to Higgs:

mqbzmh/Q * Trg < 55 GeV



Chaotic inflation with
four-form flux



Pseudo-scalar inflation

® Consider a massless pseudo-scalar with four-form
Coupling, [Kaloper, Sorbo, 2009]

1
Linf = — ( ,qu) + ﬂ e"’P? F Vp0'¢ * £1nf — ,LL¢) (:UJ¢ + Q)Z

Shift symmetry: ¢ — ¢ +c, q— q— puc.

>

Inflation
V(o) i 1

0
D
Q
Q
Q
9
g
o

»
3
R

Q

on
]

After membrane
nucleation
qi — qf

Reheating %0 ~ 45/#
-

o




Tensor-to-scalar ratio (rg.002)
0.10 0.15 0.20

0.05

0.00

Planck and inflation

TT,TE EE+lowE+lensing

TT,TE EE+lowE+lensing
+BK14

TT,TE EE+lowE+lensing
+BK14+BAO

Natural inflation

Hilltop quartic model
« attractors
Power-law inflation
R? inflation

V o ¢?

V o ¢%/3

Voo

V o ¢2/3

Low scale SB SUSY
N,.=50

N,.=60

0.94 0.96 0.98 1.00
Primordial tilt (n,)

Monomial-type inflation models are in a
tension with Planck tensor-to-scalar ratio.

== Beyond quadratic potential for inflaton?



Beyond quadratic potential

® The shift symmetry is maintained for the
non-minimal four-form coupling to inflaton.

Lom = — o P70 R+ (2 R [HML, 2019]
24 2
1 TTnmTEE : """""""""
w— L =/~ {5 (1 +a(ue + af) R +5(¢? - a®) R
1 1
5000 = S0+ o

For ¢ 2 a and 4 < Mp, dual-scalar from R? can be decoupled.

Effective action: ¢y = /=& [%R(gp;) - éh(o)(aﬂcp‘)- — Vi(e)
SRS IO s e SR

A — ¥ ‘ — 1 7 ' — 1 -
) (1+ alpd +q))* Vilg) = 2 (1 +a(pg+4q))?; " 202

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

o +q/pn>1/(ap)

Potential is flattened by conformal factor!



Inflationary predictions

® Non-minimal four-form coupling makes the

potential flat for

alpp+q) 21 (d,q/p>1/a)
|

Canonical field:  p¢+q= o’

*

B 1 1\
‘l(‘r:\) - .02(1 T ol 2\,‘02) ‘

2 T
. . - [P dp NOQ#Q,A
Number of efoldings: J'\—/ﬁ = = el ¥
]
Inflationary observables:  n.=1-6= +2n r=16c, = —
3 1 3 ap N3/2

cf. CMB: « = 35000(ap)*(=) """

ap = 1 and N = 50(60),

a=3.8(4.4) x 10* and p = 6.3(5.5) x 10 GeV.

—1-

r

2apu N3/2 2N
50

well- | 71, = 0.966(0.972), r = 0.011(0.0086)

in perfect agreement with Planck
& observable in LiteBird, CMB S4, etc.




Robustness of predictions

® Unitarity scale is of order Planck scale, being
insensitive to four-form coupling.

Qi n—d o o o
A )31 An=Mp [(H%(:“)g),,,_,] :insensitive to .

® Higher order corrections appear in the form,

Cn lF fwpo n
A«(n—l)(_i Ky pa )

o Ad(n—-1)

[w + )" — 2na(ué +q)*" 'R+ ]

F,uypa — (/LQb T Q)e,ul/pa

Mp4(n—1) | 2 -
A= Mp, C"( \/_cl:) < en(né +q)* ™ < Mp™ Y.

e S Inflationary predictions remain unchanged

M .

TP« Mp for a wide range of parameter space.

Ja



Model-indep. reheating

® [nflaton couples to the trace of energy-momentum
tensor like dilaton, leading to perturbative reheating.

C a(pd +q) T,

- — .
o 24‘[;’2)

m (ap)?

* [’y = - —y W.,Z, h
P 32xM} 1+ 2 (ap)? ( )

100\ /4 M4 3/2
au=1: T — 3 5 10! GQeV @
f RH D X e ( 7 ) (10“ Ce\")

"Robust prediction for reheating”

cf. But, reheating temperature can be higher.

'Cint — ﬂ G,ul/é'uyy fqb < Mp.

¢



Conclusions

Cosmological relaxation of Higgs mass may be tied
up with the cosmological constant problem.

Models with non-minimal four-form coupling are the
minimal setup for the relaxation of Higgs mass & the
successful reheating.

Minimal four-form couplings to extra scalars are also
introduced for which the reheating temperature is
of order weak scale.

Non-minimal four-form coupling can extend the
pseudo-scalar chaotic inflation beyond quadratic
regime and robust predictions for inflation.



