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Supersymmetry and colleagues

® Supersymmetry ® Pion-like composite
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® Scale invariance

my ~ N(¢%) < Mp ~ &(¢%)

® Discrete symmetries . .
Y ® Cosmological relaxation
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Supersymmetry and colleagues

® Supersymmetry ® Pion-like composite

Superparticles:
MSUSY ~ 1T1eV ¢

Rho-like/top partner:
Mp,T ~ TeV

® Scale invariance

nggs-hke me << mp
light scalar:

® Discrete symmetries ® Cosmological relaxation

Neutral partners: . . .
P Axion-like relaxion: My < mp

/
mpr ~ Mp, QCD AQCD Vi)
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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

SSMZ(th)

SSM Z'(94)

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

SSMW'(qg)

SSMW'(tv)

LRSM Wi(tNz), My, =0.5M.,
LRSM Wa(thNz), My, = 0.5My,
Axigluon, Coloron, cotd =1

scalar LQ (pair prod.), coupling to 1** gen. fermions, =1
scalar LQ (pair prod.), coupling to 1** gen. fermions, g
scalar LQ (pair prod.), coupling to 2™ gen. fermions, B =1
scalar LQ (pair prod.), coupling to 2* gen. fermions,
scalar LQ (pair prod.), coupling to 37 gen. fermions,
scalar LQ (single prod.), coup. to 3 gen. ferm., B =1,A=1

excited light quark (gg), A=m_
excited light quark (gy),

excited b quark, f; = A=m
excited electron, fe=f=F=1,A=m_
excited muon, fo=f=F=1A=m,

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

Extra Dimensions

Dark Matter

Other

ADD (jj) HLZ, ne
ADD (yy., #) HLZ,
ADD Gy emission, n
ADD QBH (jj).
ADD QBH (ep),
RS Gux(gd. 99
RS Gux(21), &
RS Gl yy), kit
RS QBH (jj), n.
RS QBH (ep), nes
non-rotating BH, Mo = 4 TeV, neo = 6
split-UED, p=4 TeV

(axial)vector mediator (xx), g, =0.25, g
(axial)vector mediator (gg), g, =0.25, &

f=LA=m_

5

=05

1,m,=1GeV

scalar mediator (+4/tf), g, = 1,9y =1.m, =1GeV

pseudoscalar mediator (+t/tf), g,
scalar mediator (fermion portal), A,

1,go=1m,=1GeV
1.m,=1GeV

complex sc. med. (dark QCD), m,,, =5 GeV, cTx, =25 mm

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

string resonance

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

My

Mo,

Mo
Mo
Mo
Mo
Mo
Mo

Other new physics

Overview of CMS EXO results

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 (2p +2j)

1808.05082 (2p + 2j; p + 2j + E7™)

1811.00806 (27 +2j)
1806.03472 (2t +b)

144
127
153

102
074

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

55
18
1)
38

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

175

1803.08030 (2j)

. |1812.10443 (2y, 2f)
, |1712.02345 (= 1 + 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™)

56
18
425
41
59
36

29

a1
a9

82

a7

1712.02345 (= 1j + E7™)
1806.00843 (2j)

1901.01553 (0, 1£ + =3j + E7™)
1901.01553 (0, 1 + =3j + E7™)
1712.02345 (= 1j + EF™)
1810.10069 (4j)

029
03

18
26

14
154

1708.07962 (= 31)
1806.00843 (2j)
L

084

77

01

L
10
mass scale [TeV]

Have we missed
something or do we
need new ideas?

10.0

January 2019

No convincing evidence for
superparticles or new physics
at a few TeV or below.

(except XENONIT, RK,RD,
Muon g-2, ... ?)
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Cosmological relaxation

[P. Graham et al, 2015]

Physical parameters including Higgs
mass evolve in the early Universe. V(o)

® : Axion-like scalar

V=—gd: m3 >0

A ?
Higgs mass scans V = —g¢+ Vqcp : |my <0
during inflation. Voon|= A cos (é)
2 2
mpg = M~ — ggb EWSB At = thA?éCD

Back-reaction stabilizes Higgs mass: J\WWWW
4
Vi=—g+Vacp =0 el AT ~ gM’

No new physics needed L3N 3 RVAN
Py M < (Amg’) ~ 107 Gev(m9 GeV>
up to high scale: f f




Four-form flux and C.C.

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

constantt  F,,,, =40, 4, 0]

Equation of motion: 0, (\/—gFW’)") =0

1

Ve
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.

® Multiple four-form fluxes allow for an accurate

scanning of C.C. as observed.
[Bousso, Polchinski, 2000]



Membrane nucleation

® The four-form flux in 4D can produce a
membrane with charge e, reducing by one unit.
[Brown, Teitelboim, 1987]

“Closed membrane” production:
Bounce action for “g-e inside and q outside”

B =T (2r%}) - AA(%Zré), ="+ [Coleman, 1977]

272 T?
Plg—q—e)~ eXp( _ 2(2/&)3)’ AA = Aeir(q) — Aei(q — €) > 0.
4D F-field With gravity [~Thin-wall: Coleman, de Luccia, 1980]
F =qe€ : 272 T? 1 2472 M4
pvpo puvpo _ B » B P
Pla=g=c)= eXp( 2(AA) (1 + %T8H2)2) = eXp( Aot )

w=j» Membrane production stops when C. C.
is positive and the smallest.



UV origins of four-forms

® Four-form fluxes are dynamical in higher dimensions,
e.g. M2-brane and M5-brane in M-theory are sources

for four-form fluxes. [Bousso, Polchinski, 2000]
M5-brane wrapped on 3-cycle: (M7 = 2r M7, Vr) 2/........../
2m) 2 M Vs,

T, = 27TM161V371', q; = ( W) Vl/gl 2 , 1 < Nj /Q -

Wrapped branes V3

e Small membrane tension and charge
for large volume (small M) on 3-cycles.

Small membrane charge is technically natural.
3 (2m)t/2

cf. M2-brane: TNs+1 = 20 M7}, ang+1 = 3/2:,1/2°
Mll V7

® 4-form fluxes for scannable SUSY breaking.
cf. Dudas et al, 1912.12839

® cf. 3-form fluxes for modulus stabilization in string theory.
cf. Giddings et al, hep-th/0105037




Four-form landscape

Physical parameters depend on four-form fluxes:

~ Four-form landscape

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

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

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

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

Uv po

Vpo
o Fypoe™”

V(o)
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Four-form flux for
Riggs mass



Four-form coupling to Higgs

® |[ntroduce a“dimensionless” four-form coupling to
the SM Higgs, scanning the Higgs mass parameter.
[Dvali,Vilenkin, 2003; 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, 58

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



Higgs mass/CC scanning

Higgs mass parameter is relaxed
to a correct value when C. C.
stops changing near zero.

Higgs mass

~ 1

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

1
Aeff = A + 5@27

Mz = M? — cyq.

MQH: = cye wi c ~ (100 GeV)2 Membrane charge

1
Aefp = B A:—§(Qc—€)2+AA



Four-form & energy bound

* 9 =4qc: Last dS phase, No EWSB.

M2
H

o 1
Aeff = A + §qc —= Alast

q=¢q.—¢: Almost zero C.C., EWSB.
1
M2 = cye ~ (100 GeV)?, Aeg = A+ §(qc —e)* ~0

~ ve ~ 100 GeV

T

Bound on reheating: rr = 35 g Thy <3MEHZ, |Tru < 8.5 x 10° GeV




Need of reheating dynamics

® | ong duration for nucleation would make the
Universe settles down to minimum quickly and
dilute previously produced particles.

y=rte? < H*

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

== Reheating mechanism needed.

® We also need a new field for density perturbations.



Particle production from vacuum

® Change of vacuum states with flux-dependent Higgs
VEV produce particles by “non-adiabatic process”.

mp =0— mp = gpv [Giudice, Kehagias, Riotto, 2019]
1 10 cy=1, (ch(l\/lP)2
2 of
mp = §gpfu (1 + tanh(xkH t)) o
108;_ Tma
k : Last nucleation rate or
105;
e.g. bosons: S ol
5 - O 0%k
cosh (7r K; - + cosh {%] E 10k Tri
nP = | 10%
2 sinh (’;‘;}) sinh (h H) 101:
10_2;/: T,
: : 10°F ) BBN
wr = k and wy = \/k? +m%,. o

10_5 1 lIII=III 1 IIlIllII 1 IlllIlII 1 lIIlIllI 1 IIIlIIII 1 IIIIIIII 1 IIIIIIII 1 IIIIIIII 1 IIIIlIII L
10° 10 10° 10 10" 1 10 10> 10° 10* 10°

[Giudice, HML, Shakya,
unpublished]

Particle production is sensitive

to speed of transition.

mp rH
np =55 Lig 1 (Teff ), Temr = 5. Effective temperature”




Reheating from trap

® |[nflaton is stuck at false vacuum in dS phases.
[Bousso, Polchinski, 2000]
Inflaton tunnels to true vacuum only after last nucleation,

and slow-roll inflation and reheating occur.
V(o) 4 V = Aeg + Vi(0)

|
P A

Last nucleation D Alegr ~ eqe
c —7 (e — € ‘\ talse < THux = o €

, V.
Selfish H|ggs * H; = 3]\21% < e~ (100 GeV)?




Reheating from displacement

[Bousso, Polchinski, 2000;

HML 2019]
Last nucleation /

Go — Qo — € : E AAeff%(iQC
c c

V(H,$) = Veg(H) + (k16" + q + k2)? + Vi (6, H)

V(o) 4

.
4

“Flux-reheating field” “SM coupling”

Shifted minimum (physical observables);
Latent heat after last transition (for reheating)




Four-form portals
for cosmology



General four-form couplings

® The general four-form Lagrangian contains a
dimensionless “non-minimal coupling to gravity”.
[HML, 2019]

C
Lrnon—minimal = (1 e ;u/pcr R+ v ( Q * R? ) +2_28M(€MVPURAV,OJ).

24
\ Higher curvature
term for stability

Gravity Four-form coupling

w=l»> Make the flux parameter q dynamical: extra scalar field!

1 .
Li = \/_—g[_(l # c10)R — | D, H|* — V(H, o.q)]

2

y 2 2 | 1 o ; -
V(H,0,q) = ~Mig|H[* + Npen|H|' + Aest + 5 5 _‘C_ (o enlHP|-q) .

Non-tachyonic scalar: ¢* > c3

Extra scalar is responsible for inflation and reheating.




Reheating potential

® The effective scalar potential in Einstein frame.

Lp= \/—T,E[%R(g;;) _ %(aua)2 _ e VE D HP - VE(H,C-T)] [HML, 2019]

Y
_92./25 3 . —/25 _./25 2
Ve(H,5) = Aer e 2\/;G+Zm§(1—(l+clq)e \/;U—clc-ze \/;0|H|2)

+€_2‘/g5( — M| H|* + )‘H,eff|H|4)

(H) = v/V2

* VE(o) = Wo(q) + |%m (1 + ¢ (q+%0202)> —I—A@T]( \/_ fam(q)>
EWSB \F .y
_ - P

Potential parameters are flux-dependent. B RV
3mZ At
Volg) = 3Im?2 (1—|—Cl(q+ sc202))2 + 4A g : FIUX-CIGP.C.C.
Vom0 __ 3mz(ltalatser)) . Flyx-dep. minimum

3mZ(1+ c1(q+ 5c2v2))? + 4Aeq



Reheating from displacement

® ScalarVEV shifts after the last nucleation:

M2
c = —,
CH *
o]
VH =0

Large initial potential energy:

12(eq.)*m=

Vi=Ve(%) = Bz T 0 + deq.)?

S €qc ™~ (Tev MP)2
Four-form coupling reheats the

Universe to a sufficiently high
temperature.

T(GeV)

eq. = (1TeV Mp)?

Tm ax

Log[m,/TeV]



Dark matter production

® Perturbative decays of singlet scalar produce

dark matter with gravity coupling only. [HML, 2019]
4 T
ppom = BRs - ps,  ps = pr: YoM = ADM = —BR5 iH
S(TR) 3 meg
mims 3cics; md
. . _ oy Ty _ 1°H
- Fermion dark matter: T(s—xx) = s LT =
] 4 my |
BRs; ~T'(6 = xx)/T'(c — hh) 03, m2 Chiral suppression
) (100 N\ omy, P /380 Tev " '
* (2\+\h- :012 (go(TR}l)) (ZT(‘\,> ( ]na ) ‘Clc TeV DM
- Scalar dark matter: rG — s9) = ms pp oo 4
) A48T M%’ 7T 9c3c,

No chiral suppression! Large BR!

/2 1

i ‘ 100 1/4 Mg ms . el o ’
* Qsh® = 0.12 (g.(Tml)) (551\10\,.) (BSOT(?\") crcn| nght DM




Pseudo-scalar for inflation

® Pseudo-scalar scalar with four-form
coupling leads to quadratic inflation. [Kaloper Sorbo, 2009]

1
Linf — ( u¢) 24 e"’Po F l/pagb * £1nf — ,LL¢) o §<:UJ¢+Q)2
with shift symmetry: ¢ = ¢ +c¢, ¢ —q— pc.
But, quadratic inflation is ruled out by Planck observation.

® Generalize four-form couplings with shift symmetry:

a [HML, 2019]

Vpo 1
L"”I’Lm — _ﬂ E'u p F,UVPO-R_I_ _C2 R2

*[,:\/—_g[%(l—l—a(,u¢—l—q)) (C — a®)R? (u¢) —%(H¢+Q)2

Higgs, Starobinsky-like inflation with plateau at large fields!



0.20

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

0.05

0.00

Planck and PS inflation

a=100
Coo ' ' v wem TT,TEEE+lowE+lensing| (|} |~~~
Yoy \\ L EQ&EEHWEHenSmg 0.1001
“,, \ -
i ¢ \ \\ || Natural inflation -
\ Hilltop quartic model
\ @ attractors 0.001F
\ 11— Zo“:ﬂ::; :‘nﬂat-on V() _ Slow-roll inflation
N — :??iim 10}
\ = V¢
\ — o /3
| = Low scale SB SUSY Reheating
\ e N.=50 107}
\\ @ N.=60
' ‘ 002 -001 000 001 002 003 004 005
0.94 0.96 0.98 1.00
Primordial tilt (n,) Ho+q
For ( 2 avand u < Mp, keep a single pseudo-scalar inflation.
. . 1 2 2
(Canonical inflaton: k¢ +gq= Jau’¢")
o ! 4 2
Inflaton potential:  Vi(¢) = 5= (1 + =—==)
2o a” =
. . . N \3/4
CMB normalization: o = 38000(ap)"/*() -
D

ap = 1 and N = 50(60), w0 1, = 0.966(0.972), r = 0.011(0.0086)

Inflationary predictions agree with Planck.



Pseudo-scalar for reheating

® |ntroduce a pseudo-scalar as reheating field. [HML, 2019]
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® VEV shifts after last nucleation:
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Four-form coupling reheats!  Trug ~ 100 GeV



Flux-mediated dark matter

® Four-form couplings communicate dark matter
via pseudo-scalar field: "four-form portal”
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w=» Mixing between pseudo-scalar and Higgs fields.

Fermion dark matter:

Loy =

Unsuppressed s-wave
for indirect detection.
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Bounds on four-form portals
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[ pseudo-scalars is p-wave suppressed
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Conclusions

® Four-form flux scans Higgs mass and cosmological
constant at the same time, with nucleation of weak-

scale membrane charges.

e Sufficient reheating can be achieved by the displacement
of an extra scalar field after membrane nucleation.

® Non-minimal coupling four-form coupling to gravity
realizes reheating and non-thermal production of dark
matter.

® Pseudo-scalar field with four-form couplings can lead to
consistent inflation and mediate thermal dark matter.



Four-form landscape

Physical parameters depend on four-form fluxes:

~ Four-form landscape
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