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Outline of this talk

* Review of the relaxion mechanism

* Role of quantum fluctuations during relaxation

* Stochastic dynamics
* Can the relaxion explain dark matter?

 Can the relaxion be a QCD axion?
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* Review of the relaxion mechanism
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Scalar fields in cosmology

Wide range of applications
e Strong CP problem, dark matter, dark energy, inflation, ...

Weinberg,
. o . . PRL 40, 223.
Well-motivated example: axion (dynamical solution to the strong CP problem)
* The standard model Lagrangian allows for a term F;ZCchié %ﬂg,

2
~ g ~
E@ - —@32—;2FOJM1}F£V

* Experiments constraint 8 < 10719, (no CP violation in the strong sector)
* The axion field ¢ couples to the QCD anomalous term

s P9
f 3272
. . . . e . Vafa, Witten,
* The effective low-energy potential is minimized at the CP conserving value ¢ = 0.  nuci.phys. 8234 (1984)

U(p) = Ay [L — cos(e/ )]

N

In this work | focus on the relaxion and the Higgs mass hierarchy problem.
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The (GKR) relaxion mechanism

* Dynamical Higgs mass, controlled by vev of ¢
pi, = i (@) = A* — gAg

* Rolling potential for ¢

U(¢) = —gA%¢ + Ay(vn)[L — cos(¢/ f)]

symmetric phase symmetry broken

* Higgs-vev-dependent relaxion barriers.

up =0

Stopping mechanism : : :
The relaxion-Higgs potential

Slow-roll dynamics during inflation, 1
v Uh,$) = 7 (A2 - ghgli?
SR —

3H]

4

The relaxion stops near the first minimum: A} ~ gA3f.
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The QCD and nonQCD models

The QCD relaxion model
* Higgs-dependent barriers from the QCD anomaly,

A} (vp) =~ A%ODmu

* Problem: the relaxion no longer solves the strong CP problem!

0 = arcsin(ggf) ~ O(1)

The nonQCD relaxion model
* Higgs-dependent barriers from a hidden gauge group
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Parameter region: the nonQCD model

1) Vacuum energy NonQCD relaxion
102
The change of relaxion energy much less s el off ms memmrtg, Apd 5 i
compared to the energy scale of inflation
10—14 -
AU ~ A* < Hi M3,
= 10-20 4
=
’é 10—26 -
3
2) Classical beats quantum ey
. . -38 J
The slow-roll (¢p = gA3/3H,) per unit Hubble 10 _ .
. . quantum beats classical, gA® < H?
time dominates over the random walk (A¢ ~ H;) 10-44 4
10~
371/3 103 104 10° 106 107 108 10° 1010
H < (QA ) Cut-off scale: A [GeV]
1)+2) sy | —— < H; < g /°A A<4><109GeV( )
Mpl VAmup
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* Role of quantum fluctuations during relaxation

* Stochastic dynamics
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The stochastic formalism

* The relaxion vev receives random kicks from superhorizon fluctuations

* The dynamics can be described in terms of a Fokker-Planck equation

3 2
dp _|_1 0(pdgU)| , Hj 9%p
s dt —|3H;  06é " 872 542
p(¢,t) - probability distribution Drift term Diffusion term
e.g. 9407016
Diffusion introduces new effects, such as
* the broadening of the distribution, o(t) = 4H—j2t Nelson et. al., 1708.00010
* probability fluxes between neighboring local minima,
Hawking-Moss
U”IU”| o .
~ \/ 0 b —B __ 8m AUb «— | tant
k ~ e : B = instanton

67 H 3H7

PLB 110 (1982) 35.
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lllustration of the dynamics & stopping

] ) )
0 4 | Potential: V(o) The relaxion slows down after
|
—100 - I I
| | B — 872 AUy ~ 1
~900 1 I ! —  3H4
I I I
_300 i ; ; 1 1 1 1
—50 0 50 100 150 200 250
Probability distribution: p(¢)
0.075 - !
i l
0.050 - ! : = |
TIH The new stopping condition
0.025 - It
| i 4 3 4
|||
0.000 . . . . Ajp ~ max (QA e HI)'
—50 0 50 100 150 200 250

Field value: (¢ —A/g)/f
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* Role of quantum fluctuations during relaxation

* Can the relaxion explain dark matter?
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Relaxion-Higgs mixing

In most of the parameter space the relaxion is
light and long-lived, interacts via its Higgs mixing

sin(26hg) = —

J@m2 )+ mE —m2)? "o = Bhag

109

QbC 1T, Ay ~ H;
—— QbCL A}~ gA%S
—— CbQ, AL ~ gA3f

10-°

10-10

e,
e

—_
o
|
—_
w

-

Mixing angle: sin 0y
'—L
o
5

10725 |

10739 4 /

10_35 1 1 1 1 1 1 I e
10~21 10-18 10-15 10-12 10-2 10-% 10-3 100 103 106 109 Balajl et al., 2205.01699

CODEXD Flacke et. al., 1610.02025
FASER 2

NAG2

e 1010 Hardy et al., 1611.05852
107 10%8 109

Relaxion mass: my [eV]
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Relaxion dark matter window

In most of the parameter space the relaxion is

light and long-lived, interacts via its Higgs mixing Can the relaxion account for

the dark matter?
Yes, via its misalignment
from the minimum

1076
Tin < Ty, w=1/3 (QbC)
=== Ty =102GeV < T}, w = 0 (QhC) Star cooling

1079
—= Ty = 1GeV < Tp, w = 0 (QbC) Brown: low reheating temperature, stochastic misalignment
-2 Ui = T < Ty o0 = 0 {(QHICY ) Graham et al 1805.07362
2 —— T > Ty, roll-on (CbQ and QbC) (qb) ~ exp[ — & V(¢) Takahashi et al 1805.08763
4 " — Ta > T, (QbC) P P —SH}"
=
g
ED 10—18
§ Grey: high reheating temperature, misalignment from roll-
10721 on after reheating Banerjee et. al., 1810.01889
10—24
ngh Trh
. Black: high reheating temperature, stochastic misalignment
10— T T T T T

10— 1077 1077 1072 103 1071 10t 10%

Relaxion mass: my, [eV]

10—15 1()'—13
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* Role of quantum fluctuations during relaxation

 Can the relaxion be a QCD axion?
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Implications for the QCD relaxion model

The local minima of the relaxion potential are at

sin (

A4
0=V"(¢o) = —gA* + bgfb())
resulting in a nonvanishing 8-angle,
— o . ASf
0 = arcsm(gA—g)

Aleksandr Chatrchyan

Strong CP problem can be solved
in the QbC regime if

Hr ~ Ay = 7T5MeV

and

gA\?f < 10710A7

o
f

)

Field: ¢
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* New perspective into the relaxation mechanism when considering the
effects of fluctuations i.e. the stochastic dynamics.

* The mechanism can address multiple problems at the same time.

* Future directions: Other applications or observational signatures?
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Thanks for your attention!
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Backup slides
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The parameter space

1) Vacuum energy NonQCD relaxion
102
The Change of relaxion energy much less 10-8 - precision of mass scanning, A,u% > ,ui:
compared to the energy scale of inflation
10—14 -
AU ~ A* < Hi M3,
> 1(=20 4
’é 10—26 -
3
2) Classical beats quantum (CbQ) ey
_ H _ 3 . 10—38 -
T_he slow rO" (¢ 'gA /BHI) per unit Hubble quantum beats classical, gA® < H?
time dominates over the random walk (A¢ ~ H;) 10-44 -
10—50
371/3 10° 104 10° 106 107 108 10° 1010
H I < (QA ) Cut-off scale: A [GeV]
1)+2) wmmp | —— < H; < g'/3A A<4><109Gev( )
MPl Vamup
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The QCD model with a change of slope

The local minima of the relaxion potential are not CP conserving
— 4 — — 3
0=U'(0) = —gA°> + % sinf — 0= arcsin(%)

Solution: the slope of the potential drops after inflation,

£ <1019,

QCD relaxion with a change of slope after inflation
9 = &9r1,
to reduce CP violation

0 =¢e0; <1010,

f < 10°GeV
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Eternal inflation and volume weighting

* The minimum number of e-folds of inflation required to relax the Higgs mass
from up, ~ Ato u, = 0is given by

3H? - ~
NI — HItI > Nreq — g2AI2 o QCD relaxion, Hy ~ Ay
2 1s2 1072 F < 10°GeV
¢ IfNI > NC ~ 27:; Hl:2>1 ’ |nf|ati0n 10=2 + Eterna illﬂatjoﬂi
is eternal. ! ey
0802.1067 ié: oo
8 1041
e Eternal inflation has associated 10747 1
measure problems. i
10—°3 ——T T T T T T T——T—T— T T T[T T T T ——T—T—TTT
103 104 10° 106 107 108 10° 1010
Cut-off scale: A [GeV]
* Possible solution: using scale factor cut-off measure. Nelson et. al., 1708.00010
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Large field range from the clockwork mechanism

Example: 2 axions

1 1 -
» L= 5(3u¢1)2+§(3n¢52)2— (V0+%+,ui\h|2+vbr+...)

ol Vo = —A'cos (ﬁ + n@) :
’ fi

: _ 4 P2

: Vo = —efycos| —+02 ),
Jf2

] pi = M} — € f3cos (@ + 5;) : Choi et. al., 1511.00132
2 fa/n /,l f2
> 0 Vie = —Ap.(h)cos ﬂJré
2 fu br — br f1 1]

Low energy potential along the light direction

Veg = —e€fy cos (i — 52) + (Mz — € f3 cos (i - 5;)) |h|?
feff feff

— A (h) cos (? + 51) :

where for = \/n2f12 + f5 =nf.
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Required number of e-folds and scales of inflation

CbQJ Iog‘lﬂ(“ﬁ'.m‘m)

ChQ, logypl H max /GeV) ChQ}, logio( Er,max/GeV)

102 102 9 10-2
56 0.5
10~ 10 IU—[G [1] lD—lU
48 a5
-2
10—18 40 IU—[& = lD—lS 75
—4
= 1026 a2 = -2 8 s = - L 6.5
10~ # 10— 8 1~ o
16 45
— 47 —47 —10 —42
10 8 10 o 10 as
10~ 108 1~ 25
108 108 108 108 e 108 108 100
A[GeV] A[GeV] AGeV]
QbC, logsn( N min) QbC, logso( Hima /GeV) QbC, logg{ Er max/GeV) i
lD_-J 10.5
0.5
10~ 10
a5
1074 7.5
= -6 6.5
1034 o3
45
—432
10 a5
10~ 4 25
105 108 105 108 108 108
A[CeV) A[CeV] A[GeV]
log gl Nt gbCmin / N1,CbGrmin) . log o Hr gbCmas { Hr cbgma ) logyo( Er gbma /BT 0bQmax )
—2 -2 -2
10 10 43 10 9.4
18
10— 4= 1010 40 1o~ 2.0
15
10~ 18 IU—[! ID—IS
12 3.2 1.6
= -6 o =26 2.4 = -2 12
107 5 10~ 16 1 0.8
1042 1 1042 0.8 1042 0.4
10~ 0 10~ 0.0 10~ 0.0
10t 10° 10 104 104 10° 10% 10t 10 10° 107 10
A[GeV] A[GeV] AGeV]
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Implications for the classical-beats-quantum regime

* The usual stopping condition A‘}9 ~ g3 f holds.
* Only the nonQCD model is viable

* The relaxion does not always get trapped in the first minimum

10—11 n
o 10724 .

10737 -

10750
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f=10°GeV: 10g10(lmin)

1 ¥ i ! 7
T

f=10°GeV: log;o(lmax)

T 25
- 20
- 15
- 10

T 25
- 20
- 15
- 10

[zl

10711

- 10—24

f - 1014GeV: logm(lmax)

10~

. 10724 -

10737 B

10750

f = 10"GeV: 1og10(lmin)

- 25
- 20
- 15
i

T
[da

f =10"GeV: logo(Imax)

10~

= 10724 4

10737 i

10750

f — ]_OIQGBV: loglg(lmin)

T 25
- 20
- 15
- 10

ot

Stochastic Relaxation of the Electroweak Scale

23 (=ph)




Volume-weighting

* Volume-weighted Fokker-Planck equation

3
dP _ 1 9(P0,V) | Hy 9°P | 4= I:T/IP P(¢at)ZGS(H(¢)_HI)tP(¢at)

dt — 3H;  0¢ - 872 9¢2 ' ME,

* Does the relaxion climb up during inflation?
No, if N; < N,

¢peak (t) — (bSRt — MZ

* The fate of “wrong” Hubble patches (u;, ~ A) after inflation
The field slow-rolls down to the region with a small Higgs vev.

Gupta, 1805.09316
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Axion abundance from stochastic misalignment

* If H.,, > H,., the onset of oscillations in the radiation dominated era.

3 2 2 3
p ~ p Qosc ~ md’qb Ty Gs,0
Qbao qb,OSC ap 2 Tosc Js,osc

* If H.,, < H,., the onset of oscillations is before reheating. The fractional
energy density today depends on the equation of state before reheating

3 3 2/(1 3
~ Qosc Arh ~ miqbz H.y, /( +w) & ds,0
p¢’0 qu,OSC Qrh ap 2 H s Tin gs,rh

Combining the two cases:
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The case of high reheating temperature

* The displacement after inflation
¢ + %(b — gA\® + C(T)% sin(%) =0

Where for simplicity we take C(T(t)) — Q(Tb/T(t) _ 1)
* The total displacement of the field
A ~ gh’

2
AH]

* The field gets re-trapped if ~ Ad < Pp — O

e Additional constraints on the parameter region.

e DM from roll-on was studied in Banerjee et. al., 1810.01889

DM from stochastic misalignment

16 4 ! ’
_ ANT (Mp,\T _ m —6(9(1s) \(_Tp _ Tey
107 () T (M) < <6x 107 (45 (o) ()
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The case of the relaxion

H
o
T~

In which local minimum does

. 00GeV
the relaxion end up? H;j > 100GeV

« pound
lqoc.uwafmle Hho

—
o
—

B — 8TEAV,” 1

2

—_
I

Stopping condition

107% A
The barriers disappearatT > T,
(T is at most the weak scale)

— = 1/3
——= T, =102GeV, w =0

1071 4

Hubble scale during inflation: Hj [GeV]|
[y
I

—= Ty =1GeV, w =0

* Additional displacement for T, > Ty, T\ — 10 MeV 0
rh — , W=

H; < A?/Mp, for A > TeV

10-2 1017 1013 1079 107 10~1 10? 107
Relaxion mass: m [eV]

B . : : Hy 7 @ QoM
ounds on isocurvature fluctuations e < 0.3 X 10" origsy S
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Relaxion DM window, T..;, < T}

H
o
T~

The classical beats quantum (CbQ) regime Hy > 100GeV

H? < g/A3

pound

1s0 c.uwature

—
o
—

The relaxion is always under-abundant

2

—_
I

5 ]

Hubble scale during inflation: Hj [GeV]|
[y
I

/
-8 ] g N
10 /\,1\)
— = 1/3
10-11 4 ChQ ——= T, =102GeV, w =0

) —m Ty = 1GeV, w =0
T = 10MeV, w =0

H; < A2/Mp, for A > TeV

10-2 1017 1013 1079 107 10~1 10? 107
Relaxion mass: m [eV]
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Relaxion DM window, T, < T}

10*

The classical beats quantum (CbQ) regime H; > 100GeV

H? < g/A3

The relaxion is always under-abundant

3
o,
=
5 1072
g
:
éﬂ 1077 - /
The quantum beats classical (QbC) regime E \\ N
3 3 @ / /.
Hi > gA 7 1071 >IN NN N NAT Y
o KCNONONON P — o
The lower bounds is to avoid eternal inflation | £ -1, N ChQ —== T, =102GeV, w =0

& \ \/ o= T, =1GeV, w=0

Hr <A%/Mpifor A>TeV Iy = 10MeV, w =0

10—21 10-17 10—13 1079 10=° 10-1 10? 107
Relaxion mass: mg [eV]

1—3w

(o) () < <o 0 ) e () T
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Relaxion DM window (nonQCD model)

109 — T < Ty, w=1/3 (QbC)
=== Ty = 10%GeV < Tp,, w = 0 (QbC)
—= T4 =1GeV <« Ty w =10 (QbC)
—T‘ 10114 Tin = 10MeV < Tp,, w =0 (QbC) Low T, -
% —— T > T, roll-on (ChQ and QbC)
. — T > T}, (QbC) R cooar
= .
— 10—13 a P;L? QM
b5 dard -
. s
A7 -—"‘-
= T
Q - <
=} ]_0*15 4 = % . Y.
Ny - = High T, :
s
A 3
10717 1 o%
EE
[oa)
10719 T T
"% 107 107 107 1077 107° 107* 107! 10* 10°

Relaxion mass: mg [eV]

Brown: low reheating temperature, stochastic misalignment

Grey: high reheating temperature, misalignment from roll-on after reheating

Black: high reheating temperature, stochastic misalignment
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The stopping condition

* The barriers of the relaxion potential are suppressed due to the rolling term
Pp — Qo =2f X0

From V' = 0 one finds that ,as well as

3
cosd = %

AV, = 2A% X [sind — § cos d] 5 i

82 gA3 f

* The stopping condition: » /
e d«<1 - B ~1already ﬁr%lfﬁg%ffb(sm5 ﬂ%CﬁSLé)\&f%[tan(@ — 0] ~1

ed>»1 - B~1lonlyfor6 = — A}~ 3H}/16m? Ay ~max(gA®f, H} ).
> b
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Density-triggered phase transitions in stars

The basic idea

* Large baryon density suppresses the higgs vev/barrier height
* If the minimum disappears and the star is large enough, an expanding bubble can form.

Ato ) )
n > — b h 5 r > ig Budnik et al 2006.14568, Balkin et al 2106.11320
Sin 9h¢,ghNA Ab
f=10°GeV: [ =1 f=10MGeV: [ =1 F=10¥CeV: I =1
10711 10711 10711
= 1072 = 10724 = 107
10-97 10737 10-37 Wh ite dwa rfs
10—50 10-50 1050
10° 108 10° 108 10° 108
A [GeV] A [GeV] A[GeV]
f=10GeV: B ~1 f=10"CeV: B~ 1 f=10"CeV: B~ 1

10—11 10—11 10—11

Weaker constraints if correct
values of [ are used!

= 1072 = 1072 = 10—

10—37 10—37 10—37

10750 10750 10750
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Stochastic dynamics of the relaxion

Exact solution in the v, = 0 region,

with

. A3
¢SR — gHI o(t)

_ 1 (¢—osnt)?
pl6:8) = ey exe {5
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Stochastic dynamics of the relaxion

Exact solution in the v, = 0 region,

with

. Ag
¢SR — gHI o(t)

_ 1 (¢—¢srt)
Pit) = o P {— 207 (1) },

In a bounded potential, p(¢) reaches equilibrium

peq(©) o exp(— 2 )
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Stochastic dynamics of the relaxion

Exact solution in the v, = 0 region,

D {_ (p—dsrt)?

3

PO = o

202(t)
872V
with Peq(9) eXp(_ 3H§(¢))
. o gA3 H3
¢SR — 3H; O'(t) = ﬁt

In a bounded potential, p(¢) reaches equilibrium

Diffusion generates a flux of probability to a lower minimum

dN1
dt

— k15 N1

87‘[‘2Avb /

Hawking-Moss
instanton

VIIVII - - O
N\/0| b|6 3H?

™~ omH

k

PLB 110 (1982) 35.
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Stochastic dynamics of the relaxion

Exact solution in the v, = 0 region,

with

. o gAS
¢5’R — 3H; U(t)

_ 1 (¢—¢srt)
Pit) = o P {— 207 (1) },

In a bounded potential, p(¢) reaches equilibrium

peq(©) o exp(— 2 )

SRVAZ L/ Pt 7

Diffusion generates a flux of probability to a lower minimum

IV = k3 Ny + k37 No

Hawking-Moss

87r2AVb < | instanton

€

omH PLB 110 (1982) 35.
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Stochastic dynamics of the relaxion

Diffusion introduces to new effects, such as
* probability fluxes between neighboring local minima,

k ~ \/U(S,'UI;" —B B — 82 AU,

Hawking-Moss
6nH; C 3H

instanton

PLB 110 (1982) 35.

Dynamics in the region with local minima,

dnoa'
= —k_no; — kengs + kenoi +kongio1

Mean velocity of the field

(¢) = [ p(d)pdp = 3. 1o idos = 2mf (ks — ko)
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* New parameter space for the relaxion when considering quantum
fluctuations.

* The relaxion in this regime can reproduce the observed dark matter
relic abundance.

With eternal inflation No eternal inflation No eternal inflation +
dark matter

Classical beats quantum (GKR) - A < 10°GeV

B5)  Quantum beats classical A < 10'1GeV A < 10°GeV A < 10°GeV
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Different approaches to the QCD relaxion

Graham et. al., 1504.07551

(a)
N
N Today
M. === During inflation
S R
. \\
'a y
= N
3 \
= \
ja N
\
—-—
\

1077Ay < H; < 1073A,
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Field: ¢

(b)

Nelson et. al., 1708.00010

Today

—==During inflation

Field: ¢

3GeV < H; < 100GeV

~ A (0h)
Ay(T, h) = TF (T /Saon)™

Wrong stopping condition
used, Ay(p;Tr) ~ gA® f

Field: ¢

HI ~ Ab ~ 7bMeV
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