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LHC Run 2: SUSY remains elusive...

=

May 2017

]
_ATLAS Preliminary =" > gg j:i géggf\t,zg -

\s =13 TeV ........ SS leptons expected ]
—— SS leptons observed_]
Run 1 expected

Run 1 observed .
> 3b jets: ATLAS-CONF-2017-021 -

R SS leptons: ATLAS-CONF-2017-030
S o 7, Run 1: arivi1507.05525

:_ﬁe tt%?,
36.1 o'

|III|III|III|III|
“3

wnn
PLAd gy
. .

—IIIIIlIII“

|III|IIE|III|I:I|III|II=|III|III|

1000 1200 1400 1600 1800 2000 2200 2400 2600

m(g) [GeV]

(mj 21900 GeV)

=

O

S,
3

85

S

pp — ’[’[ T— ’[ X Moriond 2017
900 | T L
-1 .
800 _CMS Preliminary 35.9 fo” (13 TeV) -
- =SUS-16-033, 0-lep (HT"™) --=-Expected
200E. —SUS-16-036, 0-lep (My,) —Observed 3
- —SUS-16-049, 0-lep stop .
600 —SUS-16-051, 1-lep stop .
- —SUS-17-001, 2-lep stop .
500 —Comb. 0-, 1- and 2-lep stop -
Y s B\ Y ', ]
400F- e \ =
o £ 3 e % . .
300 Al
200F ' =
100 /. -
Y A ]
- ,I/é“ ::’ -: E -
o sef o b ety & 7
200 400 600 800 1000 1200
my [GeV]

(mg > 1050 GeV)
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Z:> Increases tuning in supersymmetric models .

Higgs mass in minimal SUSY

[Pardo Vega,Villadoro 1504.05200]
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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”

% ¢ 8. YOUAREHERE

* Anthropic - we live in a multiverse

s there an alternative possibility!  Yes!



Special point in parameter space:

m3 =0 not related to symmetry

e.g. supersymmetry m%‘[ ~ A2 — A2 4+ ...

Instead, m3% ~ 0 related to
early-universe dynamics!

e.g. self-organized criticality

* (Dynamical evolution sets the SUSY scale!) @ < This talk
—» explains why m; > ! “Hidden” Naturalness




Relaxion mechanism ...c...can ssorss:

Introduce scalar field (relaxion): ¢

Vi(6.h) =86 — A(1 — I2) HP? 4 ag H|* 4R cos

f

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

I Slope controls where relaxion stops!

, A3v

(A < 30 — 1000 TeV)

However:
e Relaxion = QCD axion =—— large 0gcp!

e Alternatively, non-QCD dynamics requires new fermions near electroweak scale
- coincidence!’



In general:
V(g h) = gA>¢+ A*(1 — %HHF + A |H|? +'\i/\ﬁ_”vk)cos

-~

RN RSE

n = 1 Requires new source of EWSB e.g. QCD

2 2 . . .
n =2 AC|H| COS } Gauge invariant - new source not required!
; 4 ¢ ¢ L tential
—> However, quantum corrections generate: AC CcosS ?, Ag’ggb coS ? arﬁirli;r? ia

Introduce second field, 0 einos ecal 1506092171

¢ %HH\Q + A H|" + A(g, 0, H) cos

V(¢,0,h) = g\ + g, A% o+ A*( 7

where A(gb, g, H) = € (6A4 + C¢9A3¢ N CJQJASU + A2|H’2)

[Assuming no (7|H|2 coupling and ¢*A* COSQ? terms]

f



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" GGVJ for g, = 0.1g ~ 10727

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

Instead, apply to SUSY “little” hierarchy! &)



Supersymmetric two-field relaxion mechanism

[Evans, TG, Nagata, Thomas 1602.04812]

Embed @, O into chiral superfields S, T

¢~ relaxion
s+ 10, ~
S = \J;‘_Q? +V230 + Fsb0
2_- A\ “amplitudon”
T +.100

T =——== 4250+ Fro8
V2 s

Shift symmetries:
L= \g/) = NG boson

Ss: S—=S+iafs), Sr: S—= 5, ,_f{:NGboson
T—T, T — T +iBfs,
Qi — €%°Q; | Qi—Qi,

H.oH, —s e I, | H,Hg — H,Hy

where Q; = MSSM matter superfields, fe, fo = decay constants
H,, H; = MSSM Higgs superfields



Break shift symmetry to generate potential for ¢, o

. 1 1
Supel’poteﬂtld/ WS,T pm— 57’)’1,552 —|— §mTT2 mg, T = mass parameters

1 1
> V(#.0) = lms¢ + 5 |me|o”

Kahler potential: K=K+ S5*T+1T7) shift invariant

>  no renormalisable coupling of o to H,,, Hy!

a9 S

But ¢ can couple to MSSM Higgs fields via U(S + S*, T +T*)e ‘¢ H,Hy

q

_4HS
mu-term: W, = poe '+ H,H,




Scanning of soft mass parameters

[Batell, Giudice, McCullough 1509.00834]

Assume large initial ¢,0 field value and o ~ ¢, f5 ~ fy, mp ~ msg

D mo~ma~ms (B~ ~msd)

Soft terms:

d40—[(S+S) (T + 7)o" |::> 75'1f\,13f\”411.j.,€N”;{jq5
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Electroweak symmetry breaking

2 2 .2 2 2,2 I

assume
) 2,9 )\AS ubdomi t§v2
= Cuofto + Cy’"é‘? .- Bu = cpopomsod + cg|lmg|“¢” 753? subdominan
L

Order parameter:  D(6) = (m3y, + [uf?) (md, + |ul?) — |Bul?

decreases until D(¢) <0 ——> |EWSB

m5¢*

Jo

Critical value: ~ D(¢4) =0 occurs when Ho ~ ~ MsUSYy

| _r msusy \ (__fo (107 GeV
For: [mg ~ 107" GeV X (105 GeV) (105 GeV) ( D

2 2 2
I::> p~ msusy, M, ~ My, ~ B~ mgygy



The Inﬂaton-RelaXion mOdel [Evans, TG, Nagata, Peloso 1704.03695]

|dentify “amplitudon” ¢ as the inflaton!

D-term inflation (|¢)+| — |o— | —f) where P charged under U(1)
(mge F-Iterm
coupling

W =rTO, d_+ %rn;rT2 - %mSS2 - (m\r +1gsS + igrT + %H Hd) NN
My,

vacuum energy

,"2h2.\\ 2 2,2
S g Ko 1 9o 1 959
E> [V ~ 2 [1+87r21 (2Q2>] +2|m'T| o+ 2|m5| ¢

CMB epoch relaxion epoch

--'



Scalar potential
V(o)

Quadratic

Coleman-Weinberg , ;, ="

Oc Ocme Relaxion epoch

12 /¢ B 4 T\ 2 12 52 2 T\ 2
Slow-roll parameters: ¢ = Mp (oV ~ 9 Mp . o= Mp 'V ~_9 Mp
2V2 \ o 21\ o ' V 002 472

E:> v L :
ECN = A\ — — .
CMB = 163 Nown NCMB 5 Newrn ie. €< |n|



Inflation check list
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Constraints

e Inflaton, relaxion slow roll

img| < Hy dt  3H; 00 3H; l

mio — TA?’\ cos (f )] E> 777,%-0' > g—\/gj\?r
é

4
e Stability of relaxion minimum ;s 5 —

mgyusy f )

d : gs ,
_(bHI_l > Hj |:> H} < J—blmrl‘cﬁ*

. : :
Classical rolling  — ar]

2 _ 2
e Sufficient number of e-folds ~ n, ~ #1282 > Hi g, ( H, ) (10 § Ge\/)

. Loop corrections to inflaton mass

. Am. ~ 3 192 K ( Msusy f«;‘»
MK~ B> Am, ~ 33x 107 GeV x (10_2) = ch) < mp

10° GeV



[Evans, TG, Nagata, Peloso, |1704.03695]
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Supergravity effects

For super-Planckian field excursions

11,»’2
V = K/ME (1) W*D;W — 3|”,,| )
p
Hf_J W_J
i mTU mTO'
~

Requires no-scale SUSY breaking with field X

V = KM (u"*"u-}- -

1. |
=(W¥K;W +he)+
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Gravitino mg /o

_ F ~ 9 x (F) ( MSUsy ) ( fo
V3Mp Fs ) \105 GeV/ \ 10°

10\.

) eV

F'=Fg

sub-Planckian

super-Planckian F > FS

relaxino eaten by gravitino

relaxino, no longer Goldstino, remains light

;

Can be dark
matter!




Generic particle spectrum:

Mass [GeV]
10°
TOEEEEE G L Hus
1 } Split-SUSY like
TR — G, W, B
FEEEEREEE tyhy Z, W
. Features:
""""" ¢ relaxion i) No SUSY flavor problem
100 - ii) Preserves gauge coupling unification
iii) Relaxino/Gravitino dark matter
iv) Collider signal long-lived NLSP decay
v) Higgs-relaxion mixing
~
__________ T,0,0
0o - G = ¢ relaxino/gravitino

20



Summary

® |nflaton-relaxion dynamics can explain SUSY-
breaking scale up to 10° GeV

--- preserves QCD axion solution to strong CP problem

--- “naturalizes” supersymmetry

® Predicts split-SUSY-like + “invisible” spectrum
--- relaxino/gravitino = dark matter

--- “invisible” spectrum = sign of dynamical relaxation!

e UV completion possible with multi-axion/
clockwork fields

21



Questions/Future Work

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

Alternate ways to generate periodic potential?

Other ways to incorporate inflation? . r.cm infiton

Cosmological constant

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

--- requires non-anthropic solution?

Ways to search for “invisible” sector

--- beam dump experiments, superradiance, pulsar timing arrays....

22



Extra slides



Generation of periodic potential

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

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

M,
Ly =—mytyty : s(s + id) YNy : (T + io)Yyvy A H, Hahyvy + he
E> N — N¥YN¥N \/‘jgb S PIVNTN \/§QI JYNWN 4"][4 ulfdtd¥ NN else
Fermion condensate:  (Yn1hn) ~ A3 AN = confinement scale
_ i
”QDN”QDN — e Jo lepN (eliminates %G;Vé'“")
¢
¢
E> ‘/pem’od - A(qba g, Hqu)A?\[ COS (_
fe
' \ — gs gr A gs, gr real
Alo,. o HHg) =Ny — —=¢ — —=0 +—H,H ’
where (9 ¢ d') A \/? \/‘E M, ulid my = effective mass
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U\/ COm p ‘ e-tl On [Based on Kaplan, Rattazzi:1511.01827]
Consider set of chiral superfields ¢, ¢i,Si(i =0,...N)

N N-1
11 1
Wov _Z)“S' $i%: — f; +(Z o,+]+ool+l) Oz’zfiCT‘L . (D —fz(_#
i=0 — =0 ——
spontaneous breaking explicitly breaks U(1)N ! to U(1)
Massless mode: relaxion ¢ O S = cy § ,,fo

Identify remnant U(1) as shift symmetry Sg

) ¢
y¢0¢0w0 Couphﬂg E> f¢ Y fO V¢ ~Y ‘/O X COS f_¢
/ 0 1; A - 1,’]\31\[\‘ ,
Y ONUNEN coupling E> Vv ochyeos\ong, ) = AN T Gaw
4
o . \—_ 2'
Similarly: = ms|”!
1 " /dlg’\"'_":*f*%-h(‘ g H‘ /dﬂ \\(’;i\ \ +hC ~ /dﬂl Zh\\ \Q N \ +h(
M) o T T T M5 . J V2N M
d ¢ - ]
=gs |
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