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Minimum BS conjecture Falkowski; '15
(http://resonaances.blogspot.com/)
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B: how complicated is the model relative to the SM;

*S: the fine-tuning needed to achieve EWSB with the observed Higgs boson mass.
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Prediction: the existence of a complicated (B=107) yet
to be discovered model with no fine-tuning.
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o The Relaxion ldea (Graham-Kaplan-Rajendran; 1504.07551 [hep-ph]) inspired by Abbott's attempt
to solve the CC problem, '85

SM hierarchy problem: Relaxation mechanism of the EW scale

Warming up...

V(hy¢) = tm3(@)h% + -+ = L(—A% + gAG)h® + -+

o ¢ scans m%,;(®) during the cosmological evolution;

o Arrange a mechanism so that ¢ stops where we want, precisely at the EW scale:

m%—[(d)c) = —A% + gAP. K A?



o The Relaxion ldea (Graham-Kaplan-Rajendran; 1504.07551 [hep-ph]) inspired by Abbott's attempt
to solve the CC problem, '85

SM hierarchy problem: Relaxation mechanism of the EW scale

w 1
arming up [high scale ] the new Field]

V(h,¢) = gmZ(¢)h? + -+ = (A @No)h? + - --

small coupling

o ¢ scans m%,;(®) during the cosmological evolution;

o Arrange a mechanism so that ¢ stops where we want, precisely at the EW scale:

m%—[(d’c) = —A%+ gAP. K A?



o The Relaxion ldea (Graham-Kaplan-Rajendran; 1504.07551 [hep-ph]) inspired by Abbott's attempt
to solve the CC problem, '85

SM hierarchy problem: Relaxation mechanism of the EW scale

Warming up... [high scale ] the new Field]

V(h,9) = tm2(p)h? +--- = %(gﬁqb h2 4 ...

small coupling

o ¢ scans m%,;(®) during the cosmological evolution;

o Arrange a mechanism so that ¢ stops where we want, precisely at the EW scale:
J

» Originally, backreaction from Higgs-dependent potential
~ Ay ((H)) cos ¢/ f’ )



o The Relaxion ldea (Graham-Kaplan-Rajendran; 1504.07551 [hep-ph]) inspired by Abbott's attempt
to solve the CC problem, '85

SM hierarchy problem: Relaxation mechanism of the EW scale

w 1
arming up [high scale ] the new Field]

V(h,9) = tm2(p)h? +--- = %(gﬁqb h2 4 ...

small coupling

o ¢ scans m%,;(®) during the cosmological evolution;

o Arrange a mechanism so that ¢ stops where we want, precisely at the EW scale:

* A £ 102 GeV, UV completions... eqg.:  SUSY: Batell, Giudice, McCullough '1s
Evans, Gherghetta, Nagata, Thomas '16

WED: NF, von Harling, Lima, Machado '17



Relaxation happens during inflation...

* Dissipation mechanism: Hubble friction during inflation

. ope ¢ does not overshoot the barriers...
o Inflation sector: largely unspecified, but we need:

Relaxation happens during a long period
of inflation.

> Low inflation scale

m2,(¢) <0 m?{(qb) >0
(H) # 0 (H) =0

> Super-Planckian field excursions

> Large number of e-folds
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Relaxation happens during inflation...

« Dissipation mechanism: Hubble friction during inflation

o Inflation sector: largely unspecified, but we need:

> Low inflation scale
» Super-Planckian field excursions

> Large number of e-folds

%
CDANGER)
&

R

aesthetic or/and theoretical problems:
WGC ? Fine-tuning inflation sector ? Semi-
classical description of inflation ?...



Relaxation happens during inflation...

« Dissipation mechanism: Hubble friction during inflation

o Inflation sector: largely unspecified, but we need:

> Low inflation scale
> Super-Planckian field excursions

> Large number of e-folds

o1 Alternative to Inflation: Particle production

=
-
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Hook, Marques-Tavares ‘16



Particle production



Alternatives to Inflation Anber-Sorbo '04

Dissipation from particle production friction (SM vectors)

Hook, Marques-Tavares ‘16

£ D 10,00 ¢ + L0,h01h — 1V, Vv — LV, Vi 4 vy, Vih? — V(,h)

V D} (—A2 4 gAg) h? — gA% + 3h* + Afcos (§)

VV\L\2'<0

» the evolution starts in the broken phase, i.e. the vev
is large: ®;,; < \/g.

_% (g%WgyWauv - ngu'vBW)

* see also Craig, Hook, Kasko '18



Alternatives to Inflation

Dissipation from particle production friction (SM vectors)

Hook, Marques-Tavares ‘16
LD 38,00"¢ + 28,h0*h — 3V, VI — %VWW“ - %vawﬂ — V(¢, h)

V(h)
VD 1 (—A2 + gAg) h2[BgRSG + 5t + Afcos (§)

W\2'<0 /
h h

» the evolution starts in the broken phase, i.e. the vev e
is large: ®;,; < \/g. V(o)

t=20

« constant barvriers, ¢ has enough ¢2 to Jump A4

= -g/A\>® makes the relaxion roll to larger values,
decreasing the Higgs vev




Alternatives to Inflation

Dissipation from particle production friction (SM vectors)

Hook, Marques-Tavares ‘16
LD 18,00"¢ + 18,h0"h — 1V, VI — %VWVW + %vawﬂ — V(¢, h)

> Higgs vev is sufficiently small < Vi experiences a

Vi+ (K2 +mi FEkS)VE =0 my, = gy h?
> When V, grows exponentially, the VW term slows down the field ¢

é — gA3 + gAh? + 4 5 = sin F é(V‘ﬂ/i) =0

(VV) = g2z Jo dk k5 (Vi |2 — |V_|?)




Alternatives to Inflation

Dissipation from particle production friction (SM vectors)

Hook, Marques-Tavares ‘16
LD 18,00"¢ + 18,h0"h — 1V, VI — %VWVW + %vawﬂ — V(¢, h)

> Higgs vev is sufficiently small < Vi experiences a
Bl 2 2my f
Vi+ (k2 +mi FEkS)VE =0 my, = gy'h?

> When V, grows exponentially, the VW term slows down the field ¢

é — gA3 + gAh? + 4 5 = sin F é(V‘ﬂ/i) =0

(VV) = g2z Jo dk k5 (Vi |2 — |V_|?)




Higgs Relaxation after inflation

NF, E. Morgante, G. Servant (1805.04543)

[. Relaxion-Higgs Cosmological Evolution after inflation
ll. Relaxion properties

lIl. Parameter space



Higgs Relaxation after inflation
NF, E. Morgante, G. Servant ‘18
[.  Relaxion-Higgs Cosmological Evolution after inflation: Two distinct assumptions about the

first reheating phase

A. High Temperature B. Low Temperature

Inflation Inflation
v Y
SM particles Most of its energy is transferred
to a hidden sector

v g
radiation era
il such that T « v,
&

T ~ A : V(@) is generated
H ~ A2/Mp, : V(@) is generated

Make sure we are not pp role:
scanning the Higgs thermal * stops the relaxion
mass « reheats the visible universe




Higgs Relaxation after inflation
NF, E. Morgante, G. Servant ‘18

A. High Temperature

b
inflation radiation relaxation radiation

| gt P <llpxa™?

m~J

Sketch of the energy density evolution (p, is the energy
density when the relaxation stars).




Higgs Relaxation after inflation
NF, E. Morgante, G. Servant ‘18

A. High Temperature

b
inflation |radiation| relaxation radiation

» End of inflation: energy stored in the inflation is transferved to light particles

» Radiation era starts



Higgs Relaxation after inflation
NF, E. Morgante, G. Servant ‘18

A. High Temperature

1/4
pa‘\
inflation Iradiationl | relaxation ]Iradiation
M, ipoca,_4ia,_4<£51ipoca—4
A - I I I
<A+ l I '

= When H ~ A2/My, : V(@) is generated

= Scanning starts



Higgs Relaxation after inflation
NF, E. Morgante, G. Servant ‘18

A. High Temperature

pl/t

inflation Iradiation | relaxation ]Iradiation
| gt < B <lipoca
£0 !

* relaxion cannot generate a new period of inflation
(this would wash out the amplitude of perturbations produced during the inflationary era)

= N, s 0(20)



Higgs Relaxation after inflation
NF, E. Morgante, G. Servant ‘18

A. High Temperature

inflation radlatlon [relaxatlon ]radlatlon

|
|
<A+ |
:
|
|

* relaxion cannot generate a new period of inflation
(this would wash out the amplitude of perturbations produced during the inflationary era)

[ A 1/ A2 2
N, s 0(20) => g > TNV c) L?VDZ( A? + gAo) h? +
A

Automatically avoids very large field excursions A¢p ~ = )



Higgs Relaxation after inflation
NF, E. Morgante, G. Servant ‘18

A. High Temperature

inflation Iradiationl | relaxation ]Iradiation
| —digt o L <lpoxa?
£0 !

= Reminder:

In the minimal approach, the relaxion cannot be the inflaton as the linear slope does not
generate the observed curvature perturbation amplitude (COBE normalization)

e.g.. Tangarife, Tobioka, Ubaldi, Volansky; arXiv:1706.03072




Higgs Relaxation after inflation
NF, E. Morgante, G. Servant ‘18

[. Relaxion-Higgs Cosmological Evolution after inflation

A. High Temperature => Make sure we are not scanning the Higgs thermal mass
VD35 (—A*+gAd+yT?)h? + -

This could spoil the relaxation mechanism: ¢ would stop in the wrong position

m3 4+ yT? =0



Higgs Relaxation after inflation
NF, E. Morgante, G. Servant ‘18

[. Relaxion-Higgs Cosmological Evolution after inflation

A. High Temperature => Make sure we are not scanning the Higgs thermal mass

W\hz
VD1 (=A24gAd+ yT?) h2 + ...
This could spoil the relaxation mechanism: ¢ would stop in the wrong position

m3 4+ yT? =0



Higgs Relaxation after inflation
NF, E. Morgante, G. Servant ‘18

[. Relaxion-Higgs Cosmological Evolution after inflation

A. High Temperature Allowed region

without assuming
transfer of energy to
a hidden sector
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Higgs Relaxation after inflation
NF, E. Morgante, G. Servant ‘18

[. Relaxion-Higgs Cosmological Evolution after inflation

A. High Temperature

The {!oammeter space opens .
up if the initial temperature 10 e
is assumed to be a fraction =
of the cutoff: T,; ~ a A 1072g
10-13;
® 10™ %
107151
s relaxion cannot generate a
= new period of inflation
10717 e > A
9 X 20v/3Mp,

A [GeV]




Higgs Relaxation after inflation
NF, E. Morgante, G. Servant ‘18

[. Relaxion-Higgs Cosmological Evolution after inflation

A. High Temperature

* A=10* GeV; g=10-*5
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Higgs Relaxation after inflation
NF, E. Morgante, G. Servant ‘18

[. Relaxion-Higgs Cosmological Evolution after inflation

ﬂow Temperature \

Inflation

& &

Most of its energy is transferred
] to a hidden sector

v

! such that T « v,

v

H ~ A2/Mp, : V(@) is generated

p vole:

p
* stops the relaxion
\ reheats the visible um’versy




Higgs Relaxation after inflation
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[. Relaxion-Higgs Cosmological Evolution after inflation

relaxation

inflation

hidden
sector radiation

reheated

SM reheated

Eg.: period of kinetic energy domination in
the dark sector or a prolonged veheating
phase with a matter-like equation of state

Or.... hidden sector decays into the SM model after
the reheating phase and before the BBN epoch

ﬂow Temperature

Inflation

v

to a hidden sector

v

such that T « v,

v

~

Most of its energy is transferred

H ~ A2/Mp, : V(@) is generated

p vole:

stops the relaxion
reheats the visible unive

N

2




Higgs Relaxation after inflation
NF, E. Morgante, G. Servant ‘18

[. Relaxion-Higgs Cosmological Evolution after inflation g
1/4
P B. Low Temperature
\/ inflation  relaxation Inflation
My

v

Most of its energy is transferred

hidden -
M octor radiation to a hidden sector
reheated *&
SM reheated such that T « VEw
5 1— &
Eg.: period of kinetic energy domination in H ~ A2/Mp, : V(@) is generated

the dark sector or a prolonged reheating
phase with a matter-like equation of state

p vole:

Or.... hidden sector decays into the SM model after . StOPS the relaxion
the reheating phase and before the BBN epoch e reheats the visible universe




Higgs Relaxation after inflation

NF, E. Morgante, G. Servant (1805.04543)

ll. Relaxion properties

lll. Parameter space



Higgs Relaxation after inflation
NF, E. Morgante, G. Servant ‘18

[l. Relaxion properties: Relaxion mass

Contour plot for m,,

f [GeV]

N\, [GeV] 11



Higgs Relaxation after inflation
NF, E. Morgante, G. Servant ‘18
For pp to work (depending on the benchmark):

. . . O(10) eV — O (100) TeV
[l. Relaxion properties: Relaxion mass

Very light: Contour plot for m,,
Astro 15
constrained Y{ P
1012
>
B 9
S 10
e
10 Very heavy:
Y -coupling
= constrained
¢ 10°

11



Higgs Relaxation after inflation
NF, E. Morgante, G. Servant ‘18

. Relaxion properties: Relaxion lifetime

Relaxion decays:

o My < my: Higgs mixing, loop induced
(fermions and photons)

O M(P)W\Z:(PW

7 [s]

Benchmarks
scenario A: A = 10*GeV, g =3x10"1
scenario B: A = 10*GeV, g =10"
scenario C: A =2x10*GeV, ¢ =101
scenario D: A =5x10*GeV, ¢ =3x10*
scenario E: A = 10°GeV, g =3x10"
40 :‘l T T | T T | T T | T T | T | _:
1007 A :
:ﬁ-~ ~ J
30 B, T =
]_0 E ‘~~( g, ;
100F B T=1y 3
1010 F :
109 F T=ty -
10-10F :
= i E
10-20 £ R =
il — ”:‘::’E
NPT YN (NN TS Y AN AN Y N NS N M .
10 10 107° 10° 10° 10°

12



Higgs Relaxation after inflation
NF, E. Morgante, G. Servant ‘18

. Relaxion properties: Relaxion lifetime

Relaxion decays:
o My < my: Higgs mixing, loop induced
(fermions and photons)

O Vv\d,:> VV\Z . CP§7\/

Long lived: overabundant

Benchmarks
scenario A: A = 10*GeV, g =3x10"1
scenario B: A = 10*GeV, g =10"
scenario C: A =2x10*GeV, ¢ =101
scenario D: A =5x10*GeV, ¢ =3x10*
scenario E: A = 10°GeV, g =3x10"
40 ‘l T T | T T | T T | T | T |

10 . A

1030

1020

TTT T I T TT T T I T T T T T TTTTTT \\IIII\II‘\IIIIIII\*THI!'I"HIH

ool e besrree ] bicnrer e e b

LTS

1™

107 103 10°
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Higgs Relaxation after inflation

NF, E. Morgante, G. Servant (1805.04543)

lll. Parameter space



Higgs Relaxation after inflation
NF, E. Morgante, G. Servant ‘18

lll. Parameter space

< Requirements for relaxation through particle production

o Relaxion does not generate a new period of inflation (/)
o Higgs field is efficiently tracking the minimum of V(W)  Hook, Marques-Tavares ‘16

o Photon coupling ¢y should be suppressed Craig, Hook, Kasko ‘18
piing CPW PP see also Bauer, Neubert, Thamm ‘17

13



Higgs Relaxation after inflation
NF, E. Morgante, G. Servant ‘18

lll. Parameter space

< Requirements for relaxation through particle production

o Relaxion does not generate a new period of inflation @
o Higgs field is efficiently tracking the minimum of V(h)

o Photon coupling ¢yy should be suppressed

o Tachyonic growth should start only when h ~ v,

o Barvriers high enough to stop the rolling

o Scanning precision

o Time scale for particle production (massive V,) is fast (compared to H-*)



Higgs Relaxation after inflation
NF, E. Morgante, G. Servant ‘18

lll. Parameter space

1020 el - No tracking /
we | T % A g Ay, f
107 _—;';“5-':":\“_ T %
S . S % V D 1 (—A2 4 gAg)h2 — gA3¢ + 2h* + Adcos (fﬂ)
107 - %
1018 - P ﬁlﬁ‘f-m.“m...” %
N\ [GeV]

14



Higgs Relaxation after inflation )
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NF, E. Morgante, G. Servant ‘18
VD % (—Az + gAqb) h? — gA3¢ + %h4 + Aﬁ CoSs (%)
lll. Parameter space

100‘_“ | T TTTTIT
ST No tracking
10k =
RN S o~
(UM SR i Slow-roll

N

10015 ~=" Small barriers + efficient dissipation

10712 Untracked minimum
1051 Small barriers + small Higgs mass
N Slow-roll varlation
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Higgs Relaxation after inflation )
gg . /\) g) /\b ) F
NF, E. Morgante, G. Servant ‘18

V D 1 (—A2+ gA¢) h? — gA3h + 2h* + Al cos (J;i)

lll. Parameter space
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Higgs Relaxation after inflation )
NF, E. Morgante, G. Servant ‘18 /\) g) Ab ? F
V D % (—Az + gAqb) h? — gA3¢ + %h4 + Ag COS (%)
lll. Parameter space

Espinosa-Grojean-Panico-Pomarol -
Pujolas-Servant; ‘15
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Higgs Relaxation after inflation )
99 ( Nog, Ny f
NF, E. Morgante, G. Servant ‘18
V D 1 (—A2+ gA¢) h? — gA3h + 2h* + Al cos (J;i)
lll. Parameter space

Espinosa-Grojean-Panico-Pomarol-
Pujolas-Servant; ‘15
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Higgs Relaxation after inflation N, g
NF, E. Morgante, G. Servant ‘18

VD % (—Az + gAqb) h? — gA3¢ + %h‘l + Agl COS (%)

lll. Parameter space A2
My ~ =2
Cosmological Probes ¢ !
N\ = 10° GeV,; g=3x 1014 - Contours of W‘(P
10 : B
10_3:_5 % No tracking § -
- ey _g_.r'b_};hh § §: 10°
©  jo22b Z U
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Higgs Relaxation after inflation N, g
NF, E. Morgante, G. Servant ‘18
VD % (—Az + gAqb) h? — gA3¢ + %h4 + A} cos (%)
lll. Parameter space AZ

Cosmological Probes

N =10°GeV; g=3x 10 Contours of m,

101 —=rrr —
—
1012
Gray region: excluded just by requirements % \
for the stopping mechanism from pp S 10
W
10°
- 13 x103GeV - 178 GeV |
Light gray may be alleviated by invoking 10i03 B

an inefficient thermalization

AVA [Ge\/] 14



Higgs Relaxation after inflation
NF, E. Morgante, G. Servant ‘18

lll. Parameter space

Cosmological Probes

A =10°GeV; g = 3 x 1074

Relaxion abundance

@ Overclosure

w Light elements

100 T T TTTTTT T =TSR T T | S =

Huge! If the relaxion is stable, it is overabundant.

If the relaxion decays after/during BBN, it is ruled out.
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Higgs Relaxation after inflation
NF, E. Morgante, G. Servant ‘18

lll. Parameter space

« Cosmological Probes

Relaxion abundance

® Overclosure

w Light elements

A =10°GeV; g = 3 x 1074

T T T
107° _:—-.__, b_é**"- % %
10_ :— S %
10 15j %
e ISIT’I‘IT-mIHIH” %

N\ [GeV]

Huge! If the relaxion is stable, it is overabundant.

If the relaxion decays after/during BBN, it is ruled out.

Can be alleviated If there
IS some mechanism to
dilute the abundance

1[}15 ||”"_d'|
L -
B \ e
-
1012 F PRt -
L > =
i -
SI zad \-*f:; o
Q . < :“‘;f\ e A
107 - ST et -1
S, e me ~ =
o ,-"
10° -
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10° 10% 10° 10
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Higgs Re{axat"on aFteV- l.V\Hatl.OV\. Relaxion abundance | Huge! If the relaxion is stable, it is overabundant.

NF, E. Morgante, G. Servant 1.8 If the relaxion decays after/during BBN, it is ruled out.

lll. Parameter space ® Overclosure Can be alleviated if there
. [ ] L]ght clements s some mechanism to
« Cosmological Probes dilute the abundance
A =105 GeV; g = 3 x 1074 A
10° & S R e e R e R TR .
10_3% h : No tracking Z 1015_ "”I"’
105 | : % 1013 .
EREAE % Astro constraints ...
R U e N
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H lggs Relaxatfon aﬁ‘:er l'y\f{ation Relaxion abundance | Huge! If the relaxion is stable, it is overabundant.

NF. B Morgante, G. Servant T8 If the relaxion decays after/during BBN, it is ruled out.

[ll. Parameter space ® Overclosure

. w Light elements
« Cosmological Probes
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Higgs Relaxation after inflation
NF, E. Morgante, G. Servant ‘18

lll. Parameter space

Cosmological Probes

Relaxion abundance

® Overclosure

w Light elements

A =10°GeV; g = 3 x 1074

Huge! If the relaxion is stable, it is overabundant.

If the relaxion decays after/during BBN, it is ruled out.

105 "
10° A w1 %_ L /,/ _
a8 | No tracking / i /I/‘_,
10 | : _ § 1[}12j - g‘@x\i‘j P g —
077 8 " S
10°9 R P % S 10°F .—;:;'-"'""5‘3" -
L = o i 2
© o § §_. ~ | Mg~ %
i ° ' S (e .
T T T 10° 10 10° 10°
Ny, [GeV]
14

N\ [GeV]




Part 2

Relaxion as Dark Matter

NF & E. Morgante (arXiv:1809.04534 )

. Relaxion as a DM candidate

ll. Parameter space



Relaxion as Dark Matter

~ 2VV
~ Ay ((H)) cos ¢/ f’ A !
, %
Stopping
Mechanism HIGGS-DEPENDENT BARRIER ‘ PARTICLE PRODUCTION

V(h)

V() 4 m%,(¢) <0 i m3(¢) >0
(H) #0 . (H)=0

16



Relaxion as Dark Matter

~ 2VV
~ A ((H)) cos o/ f/ 77
, %
Stopping
Mechanism HIGGS-DEPENDENT BARRIER ‘ PARTICLE PRODUCTION

Disclaimer: Focus on representative cases...

V(h)

Apologies for hybrid models!

V@ 4 mZ(g) <0 i mZ(e) >0
(H)#0 | (H)=0

culp
%é

(net

16



Relaxion as Dark Matter

Stopping
Mechanism

%

HIGGS-DEPENDENT BARRIER

~ Ay ((H)) cos ¢/ f'

When?

During Inflation

16



Relaxion as Dark Matter

Stopping
Mechanism HIGGS-DEPENDENT BARRIER
When? During Inflation

Production: Misalignment & Thermal scattering

17



Relaxion as Dark Matter

Stopping
Mechanism HIGGS-DEPENDENT BARRIER
When? During Inflation
Misalignment

At T, @ oscillates freely and contributes to p as CDM

1 Po meds: /2
me S 2729, T3 _./45

Espinosa, Grojean, Panico, Pomarol, Pujolas, Servant; ‘15
Flacke, Frugiuele, Fuchs, Gupta, Perez; ‘16 18



Relaxion as Dark Matter

Stopping
Mechanism HIGGS-DEPENDENT BARRIER
When? During Inflation
Misalignment

» The initial misalignment angle is determined by the maximum spread displacement at
the end of inflation:

~ 3H7 3 [A2\1/3
A(jb ~ 811'2V’I(¢) 5 872 (f?)

= Misalignment contribution is negligible: _O_M.S «< 1

Espinosa, Grojean, Panico, Pomarol, Pujolas, Servant; ‘15
Flacke, Frugiuele, Fuchs, Gupta, Perez; ‘16 18



Relaxion as Dark Matter

Stopping
Mechanism HIGGS-DEPENDENT BARRIER
When? During Inflation

Thermal scattering

a+b<+— o+ c

eq _ €4 ~
B ? ¢ I' = n.(ov)

Espinosa, Grojean, Panico, Pomarol, Pujolas, Servant; ‘15
Flacke, Frugiuele, Fuchs, Gupta, Perez; ‘16 19



Relaxion as Dark Matter

Stopping
Mechanism HIGGS-DEPENDENT BARRIER %
When? During Inflation
Thermal scattering AS((H)) cos &/ f
via Higgs
a+b<+— o+ c
eq __ . €q ~
dx xH ¢ 1)

I' = ne(ov)

Espinosa, Grojean, Panico, Pomarol, Pujolas, Servant; ‘15
Flacke, Frugiuele, Fuchs, Gupta, Perez; ‘16 19



Relaxion as Dark Matter

Stopping
Mechanism HIGGS-DEPENDENT BARRIER
When? During Inflation

Thermal scattering

* Dominant production via the relaxion-Higgs mixing (6) in
the EW broken phase;

o Primakoff (¢49)

» [ is dominated by: Compton ($qq)

Ytl'\ “ 92

Flacke, Frugiuele, Fuchs, Gupta, Perez; ‘16 19



Relaxion as Dark Matter

Stopping
Mechanism HIGGS-DEPENDENT BARRIER
When? During Inflation

Thermal scattering
Can ¢ be DM?

| fetime: Ty X /Ty x 1/ 62 \

» In the region of the parameter space @ is stable, its
abundance is suppressed (., x 62)

= [t cannot explain the observed DM abundance

\ Q,« 1 /

Flacke, Frugiuele, Fuchs, Gupta, Perez; ‘16




Relaxion as Dark Matter

~§Vﬁ
ﬁ:ﬁﬂ:ﬂm PARTICLE PRODUCTION
When? After Inflation During Inflation

Production: Misalignment & Thermal scattering

20



Relaxion as Dark Matter

~

~ @
fVV

%

Stopping PARTICLE PRODUCTION
Mechanism

When? After Inflation

Production: Misalignment & Thermal scattering

20



Relaxion as Dark Matter

Stopp '".9 PARTICLE PRODUCTION
Mechanism
When? [ After Inflation ]
Misalignment = The initial misalignment angle is set by the time when particle

production becomes inefficient and ¢ can oscillate freely;

. \2 mz
\/ = Nai Velfj ) O; < AT — ' (Similar to the naive expectation)
b VEw

o,

e - B - TR
* Huge! 9 f.-'?oi T 9% s 2f"myz

NF, Morgante, Servant; ‘18 20



Relaxion as Dark Matter

Stop P mg PARTICLE PRODUCTION
Mechanism
when? [ After Inflation ]

Misalignment

W/

NF, Morgante, Servant; ‘18

= The initial misalignment angle is set by the time when particle
production becomes inefficient and @ can oscillate freely;

= In general, ¢ abundance is too large (it has to decay).

20



Relaxion as Dark Matter

Stop P mg PARTICLE PRODUCTION
Mechanism
when? [ After Inflation ]

Thermal scattering

a+b—od+c

NF, Morgante, Servant; ‘18

= > W => Reheats the visible sector => T,

p

1/4

imflation relaxation

hidden
sector radiation

rcheated

SM reheated

~ N\ >» Vew

21



Relaxion as Dark Matter

Stop P mg PARTICLE PRODUCTION
Mechanism
when? [ After Inflation ]

Thermal scattering

a+b—od+c

NF, Morgante, Servant; ‘18

¢ - VW => Reheats the visible sector => T, ~ A » v,,,

Dominant production via ¢VV;

I is dominated by the Primakoff : o ¢BB (T > v,,)
o @Z/Y (T < Vew)

[/H >1 large such that:  Y(z) = Y9 [1 - exp(ﬁ%@q} Sy

final abundance equal to the
equilibrium value

2

Tr = ﬂni/T

21



Relaxion as Dark Matter

Stop P mg PARTICLE PRODUCTION
Mechanism
when? [ After Inflation ]

Thermal scattering

a+b—od+c

NF, Morgante, Servant; ‘18

¢ - VW => Reheats the visible sector => T, ~ A » v,,,

Dominant production via ¢VV;

I is dominated by the Primakoff :

/H >1 large such that:

Y = Y&

o ¢BB (T >v,,)
o @Z/Y (T < Vy,)

21



Relaxion as Dark Matter

Stop P mg PARTICLE PRODUCTION
Mechanism
when? [ After Inflation ]

Thermal scattering

a+b—od+c

NF, Morgante, Servant; ‘18

Why ¢ cannot be DM?

-

= [ts abundance is too large (it has to decay)

\

= [t cannot explain the observed DM abundance

\_

Q> 1

J

21



Relaxion as Dark Matter

Stopping PARTICLE PRODUCTION
Mechanism

When? During Inflation

Production: Misalignment & Thermal scattering

22



Relaxion as Dark Matter

Stop P mg PARTICLE PRODUCTION
Mechanism
When? [During Inflation ]

Production: Misalignment & Thermal scattering

N

= As in the other cases during inflation, the misalignment contribution is negligible;

= The energy density stored in the field is diluted away.

23



Relaxion as Dark Matter

n
StOPP' g PARTICLE PRODUCTION
Mechanism

When? [During Inflation

Thermal scattering

» If relaxation happens during inflation, the inflaton reheats the visible
sector, then we can have:

1 MeV<T,; «<v,, such that '/H < 1

Y,

DM is never in thermal equilibrium

To avoid
overabundance

NF, Morgante; ‘18 "



Relaxion as Dark Matter

n
Stop P! g PARTICLE PRODUCTION
Mechanism

When? [During Inflation

Thermal scattering

» Production is then via freeze-in mechanism;

» Dominant production channel at low T (below mt):

o Compton scattering I, (via pyy) \k?\ . f/

Relaxion stable + sizable abundance: c \ &

NF, Morgante; ‘18 Sl e



Relaxion as Dark Matter

NF & E. Morgante (arXiv:1809.04534 )

ll. Parameter space



Relaxion as Dark Matter
NF, Morgante; ‘18

ll. Parameter space

Ao g, N, F

V O L (—A%+ gAg) h? — gA3¢ + 2h4 4+ Al cos (

¢

fl

)

+ H,

[During Inﬂation]

25



Relaxion as Dark Matter

NF, Morgante; ‘18

ll. Parameter space

3 < Hj slow-roll velocity
24
1—% < H; Higgs tracking the minimum
YEw

AR
3A7 < Hi

overcome the wiggles

10— 3,5 415

1/4 o
{ IR Ay ] et Hi

efficient dissipation

ln—d. 15‘,113

1/4
{V"g_,mhrnzﬂ.b) "‘"'HI

small Higgs mass variation

. 5 o 2Af 230m% g2 A0
r»-hn[[%;‘f;’ﬁn%)m, [_;15%8_)1;6] < H;

no symmetry restoration

2
%Pl < Hj inflaton potential dominates
(T’T)l‘“ SN > H; classical rolling dominates

16 ¢' -c:: H
97 HE“’ fﬂr !

photon dilution

particle production fast

stopping condition

scanning with enough precision

consistency of the EFT

26



1 )
Relaxion as Dark Matter A g, Ny F + H,
NF, Morgante; ‘18

V D L (=A% 4 gAg)h2 — gA3p + 2h4 4 A% cos (ﬂi)

ll. Parameter space !

10° s s s 1 s 1 1 R MR RAL

1073 _ Conditions on pp not satisfied

1076

© 107F
10~1

i | 0-15

10—18 N I T I N I I N I I N I I
104 10° 10° 107 108

A [GeV]



1 )
Relaxion as Dark Matter A g, Ny F + H,
NF, Morgante; ‘18

V D L (=A% 4 gAg)h2 — gA3p + 2h4 4 A% cos (9-)

ll. Parameter space !

10° s s s 1 s 1 1 R MR RAL
1073 _ Conditions on pp not satisfied
1076
10-=

10-15

10—18 I I i W T S S o W N i e g o B I I I N I I i I W NN
104 10° 10° 107 108

A [GeV]



Relaxion as Dark Matter A g Ay s £ +H,

NF, Morgante; ‘18
V 3§ (A% +gAg) h? — gA%) + h* + Afcos ()
ll. Parameter Space

- mE= /keV - mEn [keV
RS = 10712 E
- % B
10'_13 E 10“13 E
© -
10—'14 % 10 ; 10-—14 E
C ” C
10_.15 E 10“15 =
1[}*16 II4 L 1 1 \\IHIS 1 1 L \\II\I6 L L 1 IIIII7 10-—-'{6 L1 | | Lt | | | Ll 1
10 10 10 10 10* 10° 106
A [GeV] A [GeV]

Relaxion DM: my ~ 2 keV - 70 keV



Relaxion as Dark Matter As G Ay s £+ H,

NF, Morgante; ‘18
V D § (= +gAg) h? — gA®) + 1h* + Afcos ()
ll. Parameter Space

Hl max Hl min
E T nllal‘xl IE E| T T T T T TTTTT T T T T TTTTT T T IIIIIIDiInl I§
- ! C 1 r
B logao ( GeV - ©810 ( GeV )
10712 5 1072 =
g — 5 = -6 3
101 L - 1070
> - . - .
L i m - _
1071 -8 3 107 = 5
1015 = 10715 .
- -0 - .
10—16 11 1 1 | L L LlLl 1 1 1 L L L1l | 1 1 L LIl 10'—16 11 1 | | | | 1 1 | T | 1 1 | | |
10 10° 106 107 10* 10° 10° 107
A [GeV] A [GeV]

Hubble (H) : ~ 107%*° GeV - 107¢ GeV )

&z
M, : ~ 10% GeV — 10% GeV 29



Relaxion as Dark Matter
NF, Morgante; ‘18

ll. Parameter space

N, max
B 10810(N;mx)f
10—12 =
& 6
igr2 ;
N\ ; 4
T2
2
107"
L 0
10—16“ Llill L1ill L1l
10* 10° 10° 107

A [GeV]

/\) g) Ab) F)

V D § (= +gAg) h? — gA®) + 1h* + Afcos ()

Ty 25

i1

il i

10—16 _| 1

N, min

+ H,

19~

10glo(N:1m)

6

10*

10°

N [GeV]

N, necessary for relaxation: ~ O(1) - 10°

10° 107
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Relaxion as Dark Matter
NF, Morgante; ‘18

ll. Parameter space

How the allowed region depends on the initial T? -

-

» If relaxation happens during inflation, the inflaton reheats the visible
sector, then we can have:

1 MeV<T,,;«<V,, suchthat I/H < 1

) To avoid
& overabundance

k DM is never in thermal equilibrium /




Relaxion as Dark Matter
NF, Morgante; ‘18

ll. Parameter space

How the allowed region depends on the initial T?

= T reheating can be larger than T, if a

1 ; ; . . . . .
dilution mechanism (s active (decay of unstable
™ | particles injecting entropy in the plasma, see e.g. Giudice,
10 Kolb, Riotto, hep-ph/0005123 );
) i ]
10-H 3 o . . . .
= If thermal equilibrium is reached, in this mass
. ] range the relaxion would be overabundant by
a factor of 10-1000.
—16 LL1 1 L1 1 L1 1 [
v 10* 10° 10° 107

N\ [GeV]
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Concluding Remarks and Outlook

o Higgs Relaxation after inflation
NF, E. Morgante, G. Servant ‘18

o No need for inflation input

o Cutoff can be as high as /\ ~ 10° GeV
: A}

o Relaxion can be heavy m g — f—l,’

o Astro/Cosmo probes + self-consistency:
very constrained

Vig)

Bavriers independent of the Higgs vev

33



Concluding Remarks and Outlook

o Relaxion as Dark Matter

©)

©)

©)

©)

NF, Morgante; ‘18

Hierarchy problem <— DM sector;
Phenomenologically viable DM candidate;
Relaxion is warm;

Dedicated studies on ID and on the impact
on structure formation.

107"
s
\) Rl
oo

10416 7\ !

mge JkeV ]

Il F I N I | il ) I O I B
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N [GeV]

11
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Concluding Remarks and Outlook

o Relaxion as Dark Matter

©)

©)

©)

©)

NF, Morgante; ‘18

Hierarchy problem <— DM sector;
Phenomenologically viable DM candidate;
Relaxion is warm;

Dedicated studies on ID and on the impact
on structure formation.

107"
s
N 10
oo

10716 7\ !

Thanks!
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