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Relaxation of EW scale

kﬁ Model building issues

UV completion
Hierarchical decay constants

k” N-relaxion

CSM, N. Fonseca, L. de Lima
and R. D. Matheus, 1601.07183

k"' Warped relaxion

CSM, N. Fonseca, B. von Harling
and L.de Lima, 1712.07635



RELAXATION OF THE
EW/ SCALE




RELAXION IDEA

Graham, Kaplan, Rajendran (1504.07551)

V(. h) = ANgo — %;\2 (1 — g—;) h? 4+ eAl ( ( ) cos(o/f)

V(9)




Need large field excursions

Linear term breaks the discrete shift symmmetry!

Gupta et al (1509.00047)

Origin oscillatory term
Relaxion = qcd axion vs SU(2), invariant term

Inflation sector
Huge number of e-folds

UV completion
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/I ~NeedHarge-feldexcursions:

Linear term breaks the discrete shift symmmetry!

Gupta et al (1509.00047)

oy

Origin oscillatory term
Relaxion = qcd axion vs SU(2), invariant term

inflatioirsectioi

Huge number of e-folds

UV completion

A.Hook and G. M-Tavares, 1607.01786
N. Fonseca, E. Morgante, G. Servant, to appear
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HIERARCHICAL DECAY
CONSTANTS



RELAXION AS A PNGB |

\

V(. H) D — (A* — ¢A¢)H® + XH* + gA’¢ + Aj(H) cos

(7)



Vi)

RELAXION AS A PNGB

Ve H) 5 = (A = g'A¢) H® +AH" + gA’) + Aj(H) cos (?)

V(6. H) > —A°H? + NH* + Aj(H) cos (%) + AJ(H) cos (?)

K. Choi and S.H.Im 1511.00132,

F > f D.E. Kaplan and R. Rattazzi 1511.01827,
CSM, N. Fonseca, L. de Lima, RMatheus 1601.07183,
CSM, N. Fonseca, B. Von Harling, L. de Lima 1712.07635



F>f
HIERARCHICAL DECAY CONSTANTS

7©

¢ s Kaplan and Rattazzi, 1511.01827
ClOCkWOl’k Giudice and McCullough, 1610.07962

UM ) Spont. breaking = N+1NG's
Explicity breaking =N pnGB'’s

L Uj(e) = em@ j=0,., N

-~

v m?f? =
L= 9 Z aﬂU} "U; + 2 Z (UT U;+1 + h'c') From R.D. Matheus PPC16
=0 j=0 -
[a>1]
m? ‘Field phase rotations
T -4 ?T;+1 ' with periods that get
.?=U successively larger from

one field to the next’
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HIERARCHICAL DECAY CONSTANTS

‘Clockwork’

70
l/ F
/ J
/,l’/ ~ qN—s
= From RD. Matheus PPC16
! g——0—" .
et - [ q>1 ’
123 45 6 T
‘Field phase rotations
N . with periods that get
- _ (n) —NY(0 successively larger from
i Z OE’(H)W AT Osm = Qg 7 )OSM one field to the next’
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HIERARCHICAL DECAY CONSTANTS

‘Clockwork’

TN
£=-"% GG
167=f Ny

l k
t=-LGu ( 2“)

T = 000N g \
| \

Ojo < ¢/
qg>1

fo/f ~ o~
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HIERARCHICAL DECAY CONSTANTS

‘Clockwork’

SO continuum limit:

.

Linear dilaton metric

Giudice and McCullough, 1610.07962
Craig et al, 1704.10162

Giudice and McCullough, 1705.10162
Choi et al,1711.06228
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HIERARCHICAL DECAY CONSTANTS

¢ N—Rela)(ion’ CSM, N.Fonsecaq, L.de Lima and R. D. Matheus, 1601.07183

g g %% IO g

sU(2), SU(2)), <SUR)
(o) o)) .-
I SU(2), i

N 3
I:q):Z [ 9, 0! 0" ®; +J;(2 dj1— JN)gj( +¢>T)]

" o T [(@) - )@, - 0], )

break explicitly all ¥7

symmetries downtoa
diagonal SU(2),

?; _>f6wr a/ffi os| +@'iusin i}
2 2 f 2 m f
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HIERARCHICAL DECAY CONSTANTS

‘N-Relaxion’

G R R ]

sU(2), SU(2)), <SUR)
foy—om) Gy
I SU(2), i

N 3
I:q):Z [ 9, 0! 0" ®; +J;(2 dj1— JN)gj( +¢>T)]

: f?
x50 (o0 5":1
eQ'O;\\)\"’\Q\i’m“é\oe(\s--- k/v Fomiats Z L og( o) 4 if T g (7
PR R £ RV - =L —sin| =L
12«0\3:2\60\9" = ge 2cos(f)“2 2 Sm( )
S
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HIERARCHICAL DECAY CONSTANTS

‘N-Relaxion’

N
95— 4 Mass matrix ) Sameasa PNGB in the
0<g<1 deconstruction of AdSS
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HIERARCHICAL DECAY CONSTANTS

‘N-Relaxion’

9i = ¢ : inth
Mass matrix —) sameasapNGBin the
0<g<l deconstruction of AdSS
N 1 . 7
L=, {58#% iy + (2 = 011 — &;n)a” cos f?_]
j=1 4
N-1 . "
4 _2j+1 s 0 . 0 A
+ 2 g sin : sin Tt f1 ~ f/q_\' 1

2
—

kﬁf f1/23:;192[k“’ fn
gVl

= q)'\' —j
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HIERARCHICAL DECAY CONSTANTS

‘N-Relaxion’

SO continuum limit: N — oo, ¢ — 1, with ¢V*! kept fixed

L" AdS. flffN — ekl

10



F>f
HIERARCHICAL DECAY CONSTANTS
‘N-Relaxion’

SO continuum limit: N — oo, ¢ — 1, with ¢V*! kept fixed

L" AdS. flffN — ekl

but not easy to get the SD action...

10



F>f
HIERARCHICAL DECAY CONSTANTS

‘Warped relaxion’ csm N.Fonseca, 8. von Harling and L. de Lima, 1712.07635

. d Bulk fermions éw

Ssp D /d% dz ( Co MNPQR A\ Ty [GNPGQR])
T.Flacke et al, hep-ph/0611278

167>
k,v Chern-Simons coupling
K.-w.Choi, hep-ph/0308024

= Jfs = Ay

n



F>f
HIERARCHICAL DECAY CONSTANTS

‘Warped relaxion’

T.Flacke et al, hep-ph/0611278
K-w.Choi, hep-ph/0308024

UV brane éw

v A
SSD D) /d4£ dZ(S( ZU\)]_(;‘Q kS E#UPUT‘I[G'@UGPO']

7 Effective anomalous coupling*

F = fiy = ﬂir}?L/Am

12
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HIERARCHICAL DECAY CONSTANTS

Two (or more) bulks

G. Cacciapaglia, C. Csaki, C. Grojean,

Effective anomalous coupling*

M. Reece, and J. Terning, hep-ph/0505001 from a two throats geometry

y

IR
Ssp 3/d4 / “d cz S VPRE A Tr Gy pGpg)]

foo & ﬁxzng /A,
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F>f
HIERARCHICAL DECAY CONSTANTS

Two (or more) bulks

G. Cacciapaglia, C. Csaki, C. Grojean, Effective anomalous coupling*
M. Reece, and J. Terning, hep-ph/0505001 from a two throats geometry

IR
A Ssp 3/d4 / “d cz S VPRE A Tr Gy pGpg)]

foo = ﬁxzn-z [ Airy

Q 4%
7 g Working in progress..

13



UV COMPLETION



F>f

A WARPED UV

Myt

Protection to Higgs
mMass parameter
from EW to Planck

kﬁ IAIR it

VEW +

Relaxation mechanism

14



A WARPED UV

Mg+
Protection to Higgs .
F>7F mass parameter
from EW to Planck
L g
%ﬁﬂ K Relaxation mechanism
va -

See also SUSY UV completions:
Giudice et al, 1509.00834; Gherghetta et al, 1602.04812

14



THE SETUP

U(1) gauge boson in the bulk

V3 NS0
Q\o(\c \\\a-’
AP'"UV,IR. =0
s (Q(Z)Afi) }UV,IR =0
As(z,2) ~ g4vV2kL e " k2 t;‘fll:it-‘})
Zuy = 1/k IR T ekbf}k See e.g. Flacke et al. hep-ph/0611278

Contino et al. hep-ph/0306259
ds® = a*(2) (g dc*ds” — dz*)

a\z) = 2_1
() = (kz) 15



THE SETUP

U(1) gauge boson in the bulk

V3 NS0
9\0(\(' \\@7
Remnant global U(1)
NGB = no potential..
As(z,2) ~ g4vV2kL e " k2 t;‘fll:it-‘})
o kL
zyy = 1/k 2w = €[k See e.g: Flacke et al. hep-ph/0611278

Contino et al. hep-ph/0306259
ds® = a*(2) (g dc*ds” — dz*)

a\z) = 2_1
() = (kz) 15



HIERARCHICAL DECAY CONSTANTS

Non-perturbative potential similar to what happens for the axion in QCD

Effective anomalous
coupling on the UV brane

hY /

Chern-Simons coupling

4 ( ) pv po F ~F 1 f f
Sap D /d 1672 € ( Tt [C#WGPU] + fTr {G#ucﬂa}
F — fl."-." ~ ﬂ'{[?l,f{*li[n .;F — fH ~ -'I’L]Ii
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POTENTIAL: DICTIONARY

V(. H) D — (A* — gA¢)H® + XH* + gA’¢ + Aj(H)cos (_)

)

o H? b H? @
i A2 gy2 4 4 o 2 4 o N
Vie,H) = —AN"H +AH +Ap (1 + ﬂ«i’_%) cos (F)—I—ﬂf (1 + E'L«IJ%) oS (f)
IRscale! ¢
4 4
g = ﬁF ”F — AF
7T FA3 " FMZA
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GENERATING THE POTENTIAL

Vie,H) = —AZH? + ANH' A“IF (1 + E) cos (%) LA? (l - E) cos (?)

2

X H
Ssp D /(54;'1: dz /=g 0(z — 2r) My (1 + W) Y x° + h.c.
{HpL

(Chiral rotation {xx©) = ﬁép.
DY

H? 0
s { 3 ¥
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GENERATING THE POTENTIAL

r ] p y H2 E;l‘-'; 2
V(e H) = —A2H2+AH4+A4F (1 + E) coS (f)_ﬂ}l‘ (l + E

@

7)

f

19



GENERATING THE POTENTIAL

o H? & H? P
V(e,H) = —A’H?> + NH' + A} (1 + E) cos (F)—N} (l + F) cos (?)

( > M f =~ Urw H
Graham, Kaplan, Rajendran ,1504.07551 L == "Cos(e/h
Option 1: Fermions at EW scale ~ coincidence problem '

) f d*z dz /=g 6 (2 — 2x) (m LLL® + myNN¢ + yHLN® + §Hf LCN) + hec..
Chiral rotation; int-out L and L¢ (NN¢) = Agf

> yil H2
Vg, H) D my A%f (1 W ) CcOS (E)

MmN, f
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GENERATING THE POTENTIAL

o H? & H? P
V(e,H) = —A’H?> + NH' + A} (1 + E) cos (F)—N} (l + E) cos (?)

(‘\ > .ﬂ"_{f }:—\’ 'UI.:V.'.-
. . J.R. Espinosa, C. Grojean, G. Panico,
Option 2: Double scanner mechanism A Pomarol, 0. Pujolas, G. Servant.
1506.09217

Sip O / e #% ehvpo (Tr Ghel| - |chal| +|[cheh] - [Gﬁ;Gﬁ;D

Sip O /d%}: Li Jvpo (Tr [Gfg Gfa} + Tr [Gf4 Gﬁi]) G, Zy G

1672 F, pv - po pv " po —
Z| |z
9 3= Gn-

20



PARAMETER SPACE

A F | Ap | Mg | f A | My

M2 A3? 9
Ay ﬁ Aip | A | A Tlf?’i Vpy | 10 TeV g A 5 4-10° TeV
pL s 3

4N

Higgs-relaxion mixing

Flavor bounds on the KK modes

2
— A[R

/\QFPQ)I

v

Not a free parameters here!



SUMMARY

} Relaxation mechanism

UV completion
Hierarchical decay constants g

Many model
building

Applications
other than
relaxion models?

possiblities..

22



Incomplete list!

Dynamics during Inflation
* Non-constant Hubble;

Patil, Schwaller '15

Observational Constraints
o Higgs-relaxion coupling;

Flacke, Frugiuele, Fuchs, Gupta, Perez; '1&

o New strongly coupled sector;
Beauchesne, Bertuzzo, di Cortona; 1705.06325

Double scanner mechanism

Espinosa, Grojean, Panico, Powarol, Pujolas,
Servant ‘1&

Relaxing with gravitational waves,

,_!': \%) inspired by Abbott's attempt to solve the CC problem, '25
X<

RN

Model building front

From N. Fonseca talk (Trento “17)

Cosmological Relaxation of the Electroweak Scale, GKR '15

Cosmological Constant

+ Graham, Kaplan, Rajendran; 1709.01999
« Alberte, Creminelli, Khmelnitsky,

Pirtskhalava, Trincherini ‘16

Choi, Im '1&

4D site models; Kaplan, Ratomsi 46
F. Lima, Machado, Matheus '16&

% SD continuum [(mit; Giudice, McCullough ‘16

% String theory (Monodromy);

MeAllister, Schwaller, Servant, Stout, Westphal ‘16

% Relaxion from Warped Space
NF, von Harling, Lima, Machado ‘in preparation

Alternatives to Inflation

* Friction from particle

production;
Hook, Marques-Tavares; "1&

’

CSM, P. Schwaller, Ben A. Stefanek, W. Ratzinger

lé

23
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PARAMETER SPACE

N3N0 [Gev)
10* 10° 108

10"8F

A%r — A%UEw/AIf

10'8

10"

Distortion of diffuse
extragalactic
background light
spectrum due to
relaxion late decays

f [GeV]

10°F

108

10°

Flacke, Frugivele, Fuchs, Gupta and Perez, 1610.02025

22



GENERATING THE POTENTIAL

5 H? o} H? Q
Tl 2772 1 4 (- . 4 3
Vio,H) = —A"H"+XH  + Ap (1 + }uz)cos (F)—i—ﬁf (1 + jl..-fj%) cos (f)

A~ Apg r\J

.C T Te c ¢ TR AT ‘
X )(_ N | N L | L ﬂf_]% __ "N _ L jjl%. — AIEI?
¢r |olol-|-1-1]- Y
Gy — |- |0 O ] O A4 = M~ AE‘,’F Ajlr = my Agf
SU) || —-| —|—| — | O] O
vy | ||| | -%|+3] ™ohgr ~An

* M- and F are of order Ao, whereas M; is of order vg,,.
*F and f are given in terms of Az and M,
* Asis fixed as a function of the other parameters

20



h

(> Al (T) cos(o/f)

ORIGIN OF THE OSCILLATORY TERM

. . . A. = Agep
n=": relaxion = QCD axion c— Y

Ve, H) ~ m.(H){qq) cos(¢/ f)

6gcp ~1 | /N\

however, see: 1708.00010 and 1711.00858



(> €Al (%) cos(o/ f)

ORIGIN OF THE OSCILLATORY TERM

* n=2: SU(2),_ invariant term

A~ TeV but requires new fermions at TeV scale.

A, ~ A but high barriers everywhere.

H o
k‘,' [ == cos(el) A

however, see: double scanner mechanism,
Espinosa et al. 1506.09217



GENERATING THE POTENTIAL

V(p,H) = —A*H* + XH* + A} (1 +

H*? o .
?}2«“ cos F—i—x

Option 2: double scanner mechanism

X | T e e |3 | ns | e | g
Gr O - —|-|-|-1-1-|-
Gr, _Jalal-|-]--1-1]-
G oo lalal-1-T-71-
Gr, -] -]alal-]-




GENERATING THE POTENTIAL

; ; H2 [ HE I
V(g H) = —A*H?* + XH* + A} (1 + ﬁ) cos (%)JFA} (1 + 1—%?) cos (?)

Option 2: Double scanner mechanism

| a7 (®) o Y (8
V(g,o,H) D Ay (1 9oy ta.n(f) +9A+JM?) cos(f)
3
A my|AS 4 |mp|A§FJ
X Ag F Fcr A‘II!

IR
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