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LHC Run lI: A First Glance....
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> 3b jets: ATLAS-CONF-2016-052 __|

. SS leptons: ATLAS-CONF-2016-037-
%, Run 1: arXiv:1507.05525
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- CMS Preliminary

—SUS-16-014, 0-lep (H™®), 12.9 fb™

13 TeV ]

«+=+ Expected
— Observed

SUS-16-015, 0-lep (M,,), 12.9 fb™
—SUS-16-016, 0-lep (o), 12.9 o
—SUS-16-029, 0-lep stop, 12.9 fb
—SUS-16-030, 0-lep (top tag), 12.9 b

SUS-16-028, 1-lep stop, 12.9 b
—Combination 0-lep and 1-lep stop, 12.9 fb
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Predicted range for the Higgs mass
[Giudice, Strumia 1108.6077]
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=>  SUSY breaking scale < 107 GeV
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H i g g S MNaAss i n M S S M [Pardo Vega Villadoro 1504.05200]

Requires large stop
masses or large A-terms

At/m;

» Increases tuning in supersymmetric models _
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Why is m; 2 TeV and not near electroweak scale?

* There is no low-energy supersymmetry

e SUSY top partners are uncolored  e.g. Folded SUSY  “Neutral Naturalness”

% ¢ 4. YOUAREHERE

* Anthropic - we live in a multiverse

s there an alternative possibility!  Yes!
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Special point in parameter space:

m3; =0 not related to symmetry

e.g. supersymmetry m%[ ~ A2 — A2 —|— ...

Glacial erratic, Yosemite, California

Instead, m% ~ 0 related to
early-universe dynamics!

e.g. self-organized criticality

> Dynamical evolution sets the SUSY scale! g) < This talk
“Hidden” Naturalness

— explains why mj; > v!
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Re ’ ax i on mecC h an i SIN [Graham, Kaplan, Rajendran 1504.07551]

Introduce scalar field (relaxion): qb

V(6.h) <%0 — A%(1 = S)|HP + Ml H]* +AS0ios

breaks shift symmetry: back reaction from
o — ¢p+c strong dynamics

V(o) 0

I Slope controls where relaxion stops!

) ~ /) 3
J A Av
A3
b ~ 6
arrler f

¢ = QCD axion = (A <30 1000 TeV)
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However:

® Relaxion = QCD axion — () # 0ocp strong CP problem!

f

minimal model ruled out

[requires ad hoc inflaton couplings]

e Alternatively, use non-QCD dynamics A. # Agcp

LoOmpLL +myNN®+yhLN® + ghch:\" <NN> ~ Ai fﬂ-/ < v

> requires new fermions near electroweak scale

—3%  coincidence problem?

How can this be avoided?
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In general:

“TTN
V(6.) = 94% + A2(1 = S) P + | HI* 424" eos
n = 1 Requires new source of EWSB e.g. QCD-like dynamics
n=2 A*H|?cos % —>  Gauge invariant - new source not required!

However, quantum corrections generate:

A%cos =, A2gocos =

;e /

:> Large potential barriers, relaxion cannot move
—> need to remove barrier!
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|ntl"0duce second ﬁe|d, (D  [Espinosa et al 1506.09217]

o_ 99
A

VH? + Ay |H|* + A, 0 H) cos 2

V(6,0,h) = g% + gs Ao 3 A% f

where

A(p, 0, H) = ¢ (6A4 - c¢gA3gb S, Gl g A2|H\2)
5 @

Note: Assumesno o|H|? coupling and €*A”cos 7 terms
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Obtain: [Espinosa et al 1506.09217]

Cosmological Evolution Stages:

I. ¢ trapped, o rolls

II. A =0; both ¢ and, o roll
III. EWSB barrier appears

IV. ¢ stops, o continues to roll

> [A < 2 X 10" Ger for g, = 0.1g ~ 1027

But A < Mp, so still require a UV completion....

Instead, apply to SUSY “little” hierarchy! &)
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Supersymmetric two-field relaxion mechanism

[Evans, TG, Nagata, Thomas 1602.04812]

Embed @, 0 into chiral superfields S, T

= . relaxion

s=2T1% 330+ Feb
-#2_- \ “amplitudon”
T +.20! .

T = — 1+ 2560 + Froe

V2

Shift symmetries:
o0 = NG boson

Ss: S—>S+’\'iaf¢,‘, Sr: S—= 5, ,_N{:NGboson
T—T, ~° T—-T+i8fs,
Qi — €*°Q; Qi—=Qi,

H,H; — ¢ "*H, Hy, HyHs — Hy,Hg |

where  @Q; = MSSM matter superfields,  f¢, fo = decay constants
H,,H; = MSSM Higgs superfields
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Break shift symmetry to generate potential for @, 0

Superpotential: Wsr = %m532 + %mTT2

where mg, M are mass parameters

1 1
B> V(9,0) = 5lms|*¢ + 5 mr[*0?

Kahler potential: K=K(S+S"T+1T") shift invariant

E» no renormalisable coupling of 0 to H,,, H; |

9y S

But @ can couple to MSSM Higgs fields via U(S + 8%, T +T%)e 7 H,Hq

q

_aHgS
mu-term: W, =pe ‘¢ H,Hy
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Scanning of soft mass parameters

[Batell, Giudice, McCullough 1509.00834]

Assume large initial @, 0 field value

V= FTix—1F and 0~ ¢, fs~ fo,m1r ~mg

E> Mg ~ Mg ~ Mg (FSNFTNmS¢)

SUSY is broken by relaxion!

Soft terms:
4 1 *\ 2 *\ 2 ~ ms¢
493 l(S + 577 4 (T + Tl E:> M~ B~ Ayjp ~ *
CaS fo L M. g MY P
2 a ‘SV
/d Nomg, Vel I::> Mo ~ 4; M,
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Electroweak symmetry breaking

Assume mr < Ms or FT < FS [avoids SUSY-breaking 0-Higgs coupling]
. 2 2,92 2 2,9 bdominant < 92
Obtaln: Tn.‘il — Cul'ynsl“(p“.‘ .,n-}-ld — Cdlrn»Sl‘-Q‘-, . assume subdominant < ¢
’ | 5 o  AA b
i ' 2,2
L= cuofto + cumgd Bp = cpopomse + cplms| ¢ %{S?
L) — 2 2 2 2 2
Order parameter: Do) = (m;;u + |p ) (mﬂd + | ) — | Byl

decreases until D(¢) <0 ——> |EWSB

m5¢*

Jo

Critical value: D(¢ps) =0  occurs when o ~ ~ MSUSY

2 2 2 Solves litt!
> [M ~ Msysy, My, ~ My, ~ B~ mSUSYJ pirarchy problem!

: - msyusy - 107 GeV
Field value: 4, ~ 10" GeV x (ﬂ) (L) ( ) A
' 10° GeV 10> GeV mgs may be super-Planckian!
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Generation of periodic potential

Assume SU(N) gauge theory with singlet superfields N, N

_ _ _ A _
Wy = myNN +igsSNN +igrTNN + — H,HaNN

M,
" , Z N T , I s 27T ; /\ T ,
E> Ly =—myYyy¥y — EQS(S +19)UNYN — ﬁgr(’f + 10 )UNUN — Wl 1, Hppn Yy + hec.
Fermion condensate: <1EN¢N> ~ A?\f AN = confinement scale
_ ;-2
?prN — e 1o wNwN (eliminates %GLVG'“”)
¢
3 ¢
> Vierioa = A(¢,0, HyHa) Ay cos (—)
e
¥ N gs , gr A gs, g real
Alo,oc HHg) =Ny — —=¢ — —=0c+ —H,H ’
where ( ‘ ! d') N \/5 \/§ M, ultd mpy = effective mass
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Cosmological Evolution

¢, o evolution determined by

T T R
‘::'70((:). a. ]Iulld) = BITHSI-O- — glrn'TI-O’- + A(C) a. ]]u]]d) ‘\}\ i (}.l)

Q@

where A(p,0, H,Hy) = my — ==¢ + 97| o+ o7 Hqu (7, gs > 0,97 < 0)

\/_ Va2’

Initially:  @,0 > [y

A3 |:> H Hd:()
Iy

7 ¢ fixed, o free to roll

Ims|* < gs

When A = 0, ¢ decreases, tracking o evolution (jmr| < |ms])

Ay

2 ~ Px NO
Finally:  Ims*¢ < 7, |A(¢,a,v(¢) sin 23)| I::> P~ e o EW symmetry

4

broken!
Hu = Uy Hd — Ud

Wednesday, 7 September 16
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Constraints

Assume de-Sitter phase with Hubble parameter H7

. R KR
* [nflaton dominates vacuum energy slms[** . slmr[*o* < 3H7 M}

e @, 0 slow roll ims| < Hy
e Classical rolling @Hgl >H By Hi< I5 | |20,
dt |gr|

2 — 2
e Sufficient number of e-folds v, ~ #1282 > Hi _ g, ( H; > (10 ' GeV)

o] T
* Inflaton SUSY-breaking subdominant

rrs ¥ 1 3 |ms| 3 msusy \ 3
H;y < min{ v, 4.6 GeV x ( Tb) S Sl B ( SUSY )
0.1 ISUSY 1077 GeV 105 GeV
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10°

1072

[Evans, TG, Nagata, Thomas 1602.04812]

_(™ms
Phenomenologically 10_4 e 6
interesting IrEIon! rps = ﬂ’
> - "
o 107°
O,
» 1078
S
10—10
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10_14 ] ] IIIIII| ] ] IIIIII| ] ] IIIIII| ] I\\‘I\IIIII
10* 10° 10° 107 108
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(=10"%rpg =0.1,77A = 1,75ysy = 1

gr=¢

A =

mr
fo

Av
f’

F=Fs=Jfs
__ MSuUsy
rsusy = 7
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Supergravity effects

For super-Planckian field excursions

ra [ 3w
V = fMp (1)‘ wepw - 2] )

£2
\ , 1[}3
2 2
~ Mpo maot

Mg,
Requires no-scale SUSY breaking with field X

1 o 2, [W[°
(WRKW + he) + (K'K; — 3M i’)u)

M3, , \ ) Mp

WXZO ~ (0

V = KM (W*"H-;- -

F . F MSUSY fo ,
- 9 19 — ~ 2 pe— = - - 'V
Gravitino | ™msp = gy = 2 X ( Fs) (10-9 Ge\-’) 10° GeV ) ©

Can be dark

sub-Planckian ' = FS relaxino eaten by gravitino
} matter!

super-Planckian ' > FS relaxino, no longer Goldstino, remains light
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Mass [GeV]

10°

10% 1~

100 -

D.
14

107 T

Generic particle spectrum:

Split-SUSY like

—_— —~

9. W, B
t,h, Z, W

¢ relaxion [due to large amplitude
of periodic potential]

Features:
i) Relaxino/Gravitino dark matter

i) No SUSY flavor problem

iii) Preserves gauge coupling unification
iv) Collider signal long-lived NLSP decay

T,0,0

—_~

G = ¢ relaxino/gravitino
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U\/ Com p ‘ e-tl O n [Based on Kaplan, Rattazzi:1511.01827]
Consider set of chiral superfields ¢;, ®;,S;(i =0,...N)

N N-1
- r 12 11 — 1
W uv = Z /\ (ont z + € Z 1+l + Oi(p;+l) Q; = f,'(_’# R O, - f,'C_?lL
' W—’ =0 =
spontaneous breaking explicitly breaks U(1)V*! to U(1)
. y l.
Massless mode: relaxion ¢ DS =cy Y = L
i=0 ~

Identify remnant U(1) as shift symmetry Sg

) ¢
/: \\
- . ~ 1r A4
PG S T
‘ ’
. . \—_ 2'
Similarly: = ims|”!
b d ~ \\
. R : AT * T K /dﬂ\ 7_\'\+h /dollh_\z\s‘\\_'_}
‘7% . d*ONN=*Z* + h.c. E> \1° € c. \féz\ = L.
| A -~ - ,
=gs |
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Summary

® Dynamical relaxation with two fields can explain
heavy superpartner scale up to 10°GeV

--- preserves QCD axion solution to strong CP problem
--- “naturalizes” supersymmetry

® Sparticle spectrum is split-SUSY like
® Relaxino/gravitino = dark matter

® UV completion possible with multi-axion like
fields
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Questions/Future Work

® What fixes the scale of the explicit breaking?
—-PeV scale: 107'7 GeV <mg <107? GeV

® Alternate ways to generate periodic potential?

® How to incorporate inflation?
--- identify “amplitudon” with inflaton g D-term inflation [in preparation]

® Cosmological constant

--- how to reconcile large number of vacua!?
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