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Electroweak symmetry breaking

A priori many ways to break electroweak symmetry!

A2HDM - AHiggs + SUSY ANMSSM

AComposite 2HDM

ATechnicolor

AFundamental ScalarAComposite Higgs ~ Aexa

Dimensions

(SM Higgs) Awalking
_ _ Technicolor
ALittle Higgs

But tension between simplicity and naturalness
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The Hierarchy Problem

AHierarchy problem is still a problefm, )2, .. + (M) agiaive = (M),

‘ ‘ mpy
5mi X mﬁem,},, dm.y, o< My, log ( ;aw)

AEarliest example of an unnatural, arbitrary feature of a fundamental
theory:

minertial = qgravity

AClassicatlectromagnetism finguning:

e2

2 2
(meﬂ )c:bs = (mﬁﬂ )bare + AFEcoulomb, A Ecouiomb =
dmeqre

APions GIM mechanism, etc.

AHiggsExpecinew physics close to weak O f S X
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The Hierarchy Problem

AHierarchy problem is still a problefm, )2, .. + (M) agiaive = (M),

m
5mft, X mﬁeaﬂ,, dm.y, o< My, log ( h;&w)

AEarliest example of an unnatural, arbitrary feature of a fundamental
theory:

minertial = qgravity

AClassicatlectromagnetism finguning:

e2

(meﬂg)ﬂhs = (meﬂg)bare + AFEcoulomb, A Ecouiomb =

WEDTE{

APions GIM mechanism, etc.

Lots of
AHiggsExpecinew physics close to weak O |- {6l e il
about this lately



Understanding the origin of EWSB

A The SM has marsrbitrary features put in by hand which hint anderlyingstructure

A Pattern of Yukawaouplings, CKM
A QCD Theta term

A Neutrino mass

A Higgspotential

A X

A Maybe it just is what it iS\_(5 )_/~

A but we would like aleeperunderstandingi.e. anexplanationfor why things are the way they are
A e.g. PQ axion for Theta term, ssaw for neutrino mass;roggatNielsen foryukawaX

A In SM no understandingof Higgs sector: Higgs potential and couplipgsin byhand and unexplained

A Just like in condensed matter systems, we feel there must be some underlying systesrpiladns
the origin of EWSB

A In any such theory in which the Hi%gs potential is calculable, therdésensitivityto the Higgs mass
(that1s no longer a freparameter)which requires finduned cancellations

A Unlike solutions to other arbitrary features, ttose points toweak-scale new physics



No new physics at the weak scale?

http://resonaances.blogspot.com.es/2016/01/ear-die-year.html

/ LHC explodes Higgs found ,"
LHC starts }W
) /
é BSM not found
LHC restarts run—2 starts
2008 2010 2012 2014 2016
Year

APossibly impliedecouplednew physics

ACouldcosmological dynamicke responsible for naturally decoupling
BSM Higgs sector?
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ACosmological relaxation of the weak scale



P. W. Graham, D. E. Kaplan anB&endran

Cosm0|0g|ca| Relaxatlon [arXiv:1504.07551]

L F. Abbott, Phys. Lett. B 150
(1985) 427

AHiggs mass is naturally at large cut-off M

Veott (@) =~ (ga — M?*)|h|* + gM?a + ...

AAxion -like particle aprotected by shift symmetry, explicitly
broken through technically -small parameter g

T
: gat -M

AScans an effective Higgs mass

D +o | M>=o0

ABarriers switch on after EWSB

Vcoﬁ(ﬂ) = ﬁ%; COS((I,/_}C) A4G = ﬂé—n’yn’
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L F. Abbott, Phys. Lett. B 150
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AHiggs mass is naturally at large cut-off M

Veott (@) =~ (ga — M?*)|h|* + gM?a + ...

AAxion -like particle aprotected by shift symmetry, explicitly
broken through technically -small parameter g

AScans an effective Higgs mass Mi)og = 20 -M°
VA

A

D +o | M>=o0

ABarriers switch on after EWSB .: /
l
Vcos(ﬂ) — _H'I_/l-; cosla f j\ Aé i,qfl_—:rl-_v*.r;, |
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P. W. Graham, D. E. Kaplan anB&endran

C05m0|OglCa| Relaxatlc)n [arXiv:1504.07551]

L F. Abbott, Phys. Lett. B 150
(1985) 427

Vot (@) =~ (ga — M?)|h|* + gM?*a + ...
Veos(a) = A§cos(a/f)  Ah = AL™0"

ATrapped when barrier height = slow -roll slope

M:\t“ = ﬂa"' —Ml

AL ™" VA

‘)
j.’j.” = f— T {Hd # o : i>=o0
J 0 \' X
\ : o
1
[
t

ATechnically natural v << M N

|
)
vV ,:,\1 a
—
U 3
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P. W. Graham, D. E. Kaplan anB&endran

CosmOIOg|Ca| Relaxatlon [arXiv:1504.07551]

L F. Abbott, Phys. Lett. B 150
(1985) 427

Constraints: H < v, classical rolling vs quantinftaton energy density
dominatesrelaxion etc.

Very smallg and natural scanning range lead to supdginckianfield
excursions, exponentiakeldingsx

ATrapped when barrier height = slow -roll slope

H;\m : gat -M*

A4_”’ n V(a)
gM* ~ i f— T anso | ¢i>=o
@ J W
\ | )
.i
|

ATechnically-natural for v << M
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ACosmological relaxation with particle production



Relaxation Models

Veos(a) = Agcos(a/f)  Ag=Ag™"  gM* ~

An:]. models Graham et aJ1504.0755]

AG=QCD: Need additional ingredients to overcome strong -CP
problem

ANew gauge group G: new physics at weak scale + coincidence
problem

An=2 models  Espinosa et 41506.09217
AG can be at higher scales, raises M cut  -off too

ARequires second scalar to relax  relaxion barriers: double -
scanning mechanism

An:O models Hook and Marquedavare§1607.0178¢, TY[1701.09167

. . . . ] ]
AMore promising, make use of axial gauge coupling L= m%(“‘”ﬁ“’ry(}#y(}m



Relaxation Models

MZDS(GI) — A%: COS([I«/f) A4 — Aé—-ﬂ:,{}u gM2 ~

An:l models Graham et a]1504.0755] Particle production also used in n=1
models for sideeffects:

AG=QCD: Need additional ingredients to overcome s

problem Choi, KimSekiguchj1611.08569]
ANew gauge group G: new physics at weak scale + ¢ Tangarife Tobioka Ubaldi Volansky
problem [1706.03072]

An:Z models Espinosa et 4l1506.09217
AG can be at higher scales, raises M cut  -off too

ARequires second scalar to relax  relaxion barriers: double -
scanning mechanism

An=0 models Hook and Marquedavare§1607.0178§, TY[1701.09167
1 a

AMore promising, make use of axial gauge coupling - m}f’w"“ﬁ%v@m
m
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Relaxation backreaction on inflation

TY[arXiv:1701.09167]
AMinimal relaxion setup, no v-dependence in relaxion sector

LD (M?—g¢) |h|* + gM?*¢ + ... + A¢; cos (;—)) — ?jq‘)f‘;mi}’“’,
@ JD

ABackreactioninstead ends inflation N )
Ae.g. Inflation supported by electroweak dissipation £ D —— ok, F*

f
[ H 4 o O
G+ 3Ho+ V(o) = — 1(_; (?) e2mé = 5f T See e.gAnberand Sorbo0908.4089
V()
AHubble falls A
ADark dissipation increases ,

ARelaxion loses KE and is trapped
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Relaxation backreaction on inflation

TY[arXiv:1701.09167]
AMinimal relaxion setup, no v-dependence in relaxion sector

LD (ﬁ-’fz — go) |h|* + gM?¢ + ... + A, cos (}—)) — %q‘)ﬂwi}’”’,
h D
ABackreactioninstead ends inflation

¥

Ae.g. Inflation supported by electroweak dissipation £ D — fJFp.uF”“
) »
d+3Ho+ V!(c) = _1(_; (%) et = 2(—}% See e.gAnberand Sorbo0908.4089

AHubble falls
AParticle production increases
ARelaxion loses KE and is trapped

log H, [GeV]

M g Hy H, | No | A¢ | [s | fp/ap
~ Ce = = = 35 < 5
GeV] | 103 | 1072 [ 1072 | 10 1018 | 10° 10¢ 10!

Tevong You (University of Cam log Hins [GeV] 21



Relaxation backreaction on particle
production

Hook and Marquegavares [arXiv:1607.01786

Av-dependence in gauge particle production

L5 (*"wz ,(j(;'ﬁ) \h|*> + gM?¢ + ... + AL, cos (;—)) ﬂjdﬁf‘}“,f}“”,

V(a)
T‘ ..
Ar +widy =0
2 wi:k2+miikﬁ}
= >a Ay(k) o exp(iwst)

AFor M ~ 10-100TeV sub-Planckian field excursions, no tiny
parameters

AModel can be realised before, during, or after inflation
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ATowards a plausible cosmology: includibgptogenesis



Leptogenesis in Cosmological Relaxation
with Particle Production

Minho Son Fang Yel'Y[1804.06599]

ADifficult to accommodate naturally in original GKR approach

ALow -scale inflation, low reheating temperatures, and no new
physics below cut-off

Aln relaxation after inflation, relaxion particle production can
reheat universe (plus, inflation can be at high scale)

ALeptogenesisduring reheating: L and CP violation by higher -
dimensional operators parametrising decoupled new physics

L = ,CQ'RI‘f_A—Al zJHHL L + — A Ag JH(L?IL L‘E‘F}! Lr.
Az)‘3 ikt (Liy" L ) (ExyuEr) + h.c. >

Hamada &awangarXiv:1510.05186]



Leptogenesis in Cosmological Relaxation
with Particle Production

Minho Son Fang Yel'Y[1804.06599]

AMinimal EFT setupfor naturally decoupled new physics

(5) 6) (7
C 5 C; 6) C; (7)
Lsmerr O Lsm+—— 0P+ -0 +3 " -0+ .
SMEFT sm+ A + : z + ;a Az, +
's '3 [ (.l) 1 / -~ 81 =4
ESI\V’IEFT—FQ :) (Az — g¢)|h;“2 + QAZgb -+‘ .-"'\;(1; COSs ()‘) E@ D) —ZC;—VgéF#,yFﬂF/ 4+ .;C_'(bJOP’»
% fv L

AOut-of-equilibrium leptons produced by relaxion scatter with leptons
in thermal bath

ADim -7 LNV operators + CP-violation from interference including dim -

6 operators o )
g _ 0(Laeq — hud) — o(Lye, — hud)
' AT T 5(Luea — hud) + 0(Laés — hid)
AGenerates sufficient baryon asymmetry
np

B T 3 m
/ —10 )
| ] (o)
L " NT o l'iava 5 lpers, ~ 17 (10—2) (105 GeV) 100 GeV
- Fa [}
S I
a

S th. . Ae \*/10° GeV\° /10° GeV
105 GeV As A

(2
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Leptogenesis in Cosmological Relaxation
with Particle Production

Minho Son Fang Yel'Y[1804.06599]
AMinimal EFT setupfor naturally decoupled new physics

()
As

LsverT O Lsvm+

1o

: : y (';) r- a;.
Lsmerr+s O (A% — gd)|h|* + gA*d + A cos (—) LsD =3 f: OF 4 1O

fr

JOH

AFor O(100) TeV cut-off, achieve naturalness and baryon
asymmetry with no new physics below cut -off and sub-
planckian field range

A-. AC? A6,71T fp me ff, fV g
P 10° 108 100 [107|5 x 1071078
2 10° 5% 1092 x 10*{10%|5 x 107|107®

AConceptually attractive: tying relaxion to leptogenesis
c omb i ceassership0 amyhamical0 sel ecti on
of weak scale hierarchy explanations

m



Many directi ohSwida® P L

ACosmological relaxation is not a solution to fa# hierarchy problem

AExpect a UV completion e.g. supersymmetry, composite Higgs; extra

dlmenSIOnS Batel| Giudice, McCullough [1509.00834]
EvansGherghetta Nagata, (Thomas) [1704.03695 (1602.04812)]
Batell Fedderke Wang [1705.09666]
Fonseca, von Harling, de Lima, Machado [1712.07635]
X

ARescue original QCD relaxion?

Nelson, PrescotlVeinstein [1708.00010]
Davidj Gupta, PereRedigolo Shalit[1711.00858]
X

AOther scanning or trapping backreaction mechanisms?

Hardy [1507.07525]
Matsedonsky[1509.03583]
X

APhenomenOIOQy Flacke Frugiele Fuchs, Gupta, Perez [1610.02025]

Choi,Im [1610.00680]
X
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Conclusion

AHierarchy problems even more of a problem now than before
ACosmological relaxatioa natural way of decoupling new physics
AOriginal model g@roof of concept

AMany other implementations possible; varietyldiggsdependent
phenomenain early universe can be used as a wsaéllebackreaction

ARelaxation withparticle productiona step closer to a realistic model



Conclusion

AA SMlike Higgs boson and no direct signs of new physics may turn out to be
a significant experimentadull result

ANull results may still lead Weeper understanding
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