Naturalness: SUSY and other solutions.
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Hierarchy problem?
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Solutions (?)

Symmetry: Scale
SUSY
Nambu-Goldstone

Dynamics: Scanning - Relaxion



Scale Invariance
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Scale Invariance
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What about Gravity?

How is scale symmetry broken?



Brans Dicke gravity: S=| J-g (% o a#¢av¢_%¢4_éa¢le

{ ¢(x) — e°¢(x)

(globally) Weyl (scale) invariant g, () > eg, (x), det(—g(x)) > e det(—g(x))



Brans Dicke gravity:

(globally) Weyl (scale) invariant

Noether current

Inertial symmetry breaking
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Scale breaking order parameter
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Tests?
Heavy states, eg GUTs: om; < M,

— no significant coupling to heavies allowed

i.e. BSM structure must come from light states
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Heavy states, eg GUTs: om; < M,

— no significant coupling to heavies allowed

i.e. BSM structure must come from light states

Inflation
Dilaton - decouples

Neutrino masses and baryogenesis - e.g. vMSMT, m(v;) ~ KeV —GeV

STr‘ong CP pr‘oblem - AXion TFor‘ reviews see:
A.Boyarsky et al 0901.011

Dark matter - V, and/or axion M.Shaposhnikov, Subnucl.Ser. 47 (2011) 167-207

Landau pole?  Giudice, Isidori, Salvio, Strumia
Strong gravity?



SUSY (and GUTS)

Elementary Higgs /

v
Solves big hierarchy problem &m; = M,
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Gauge coupling unification
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SUSY

Elementary Higgs /

Qi
b‘I
(N
~1

v
Solves big hierarchy problem dm, o« M

SUSY

resolution (m)

/ i@ 102 ORI O iler?? e
Gauge coupling unification S — S —
Zon, 5
3
100 > %% )
= 0,?7
53
§ Weak force
2
em\\%‘“‘ce
10 / / unification

0 1 1 1 | I 1
2 O O L O L 0= 102 10° 10 10" 10
energy (GeV)

Low scale SUSY 9



Can low scale SUSY improve on SM?

Dark matter, (g-2),...7

MSSM: 105 +(19) Parameters! .. need simplification

pMSSMI11 fit  LHC 13 + DM
Parameter g—2 g//Z
M, 0.25 TeV -1.3 TeV
M> 0.25 TeV 2.3 TeV
M3 - 3.86 TeV 1.9 TeV
mg 4.0 TeV 0.9 TeV
Mg, 1.7 TeV 2.0 TeV
m; 0.35 TeV 1.9 TeV
msz 0.46 TeV 1.3 TeV
M4 4.0 TeV 3.0 TeV
A 2.8 TeV -34 TeV
7 1.33 TeV -0.95 TeV
tan 3 36 33
x2/d.o.f. 22.1/20 20.88/19
p-value 0.33 0.34
X2(HS) 68.01 68.06
2
X Probability 34% 34%

—  LHC13,w/(g—2), - LHCI3,wlo(g—2),
PMSSE“IU ———. LHCS,wf(9—2), ——— LHCS, wio(g—2),
i "'- V masTERcon)
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-~ i H q
<4 - ceme= - ——eeem .= cemccccecaad
2 ‘,{\‘l
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— LHC13,w/(g—2), —— LHC13,w/o(g—2),
PMSSM11 ___ pLycs,w/(9—2), ———- LHCS,wio(g—2),
81 mas‘l;ef;-, |
6_ .
e m->1=2TeV
< 4| - ]
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0 —— =
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mg [GeV]

Bagnaschi et al 1710.11091 MasterCode
(see also talk by S.King)



The Little hierarchy problem in SUSY
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The Little hierarchy problem in SUSY

Low scale SUSY ? h h
3m°h’
m::M;+#(ln(m2 /m2)+5 )+...:126GeV
477:2 stop t t A~ M
T . _ GUT
ension { 7
Sm? = — i (m2 + &2 log( A ))log( a )
Hu 471'2 stop 371'2 glulno M giyino Mgop

m, - <17TeV ??

Fine tuning at the electroweak scale -A,,  oysy parameters at EW scale

\ No GUT logs

my  my, + 24— (m§, + Zt) tan? 3 2~ _m2 Y _ ,LL2

2 tan? 3 — 1 a Hey u

' ' \ Baer et al 1207.3343
) ) Top loop contribution
wop _OIMM,  2u
EW.u dln ‘le 27 M; Ellis, Enquist, Nanopoulos, Zwirner
Barbieri, Giudice
A, =30=u=500GelV ~ M;l Light Higgsino

2
4
5( w; j <0.5 TSTaub, Schmidt-Hoberg, GGR



Fine tuning at the GUT scale
Large logs = b= 0O(1)

~2
5 ~2 ~ 2 \‘ M
Mj=%ami+ Y bMi +.. M->2TeV = A>b—~400

2
q.,l g.W.B Mz

—> correlations between parameters b<«1?



Fine tuning at the GUT scale
Large logs = b= 0O(1)

v

MZ=Yami+ Y oM +. —M.->2TeV = A>b—~400

2
q.1 gW.B Mz

—> correlations between parameters b<«1?

T

Focus points - e.g. gaugino focus point - NUGM

6
ot )20, ) =687 | M, P =gl | M,

2 2
Focus point: cancellation between M, and M, contributions if ‘MZ‘ = ‘M3‘ at M

d
167 Em2u=3(2 |y, § (mz, +m
SUSY

... cancels large log - b<<1 Horton, GGR

(Also improves precision of gauge coupling unification) Shifman, Roszkowski
Krippendorf, Nilles, Ratz, Winkler

T Non-universal gaugino masses at GUT scale (orbifolds, mirage mediation...)



T

Fine tuning measure, A

T
Model LHC & Higgs soft DM strong DM
CMSSM 204 266 290
MSSM — NUGM 11 11 110
MSSM — NUGM + u'1 10 1 27, Aoor ~ AL,
GNMSSM — NUGM 10 10 30\
\
Spectrum me = ITeV
12000 R 10000 \
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10000 0h%<0.12 8000 0h2=0.12
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3 6000 ] g 0000 ‘
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Ta b w h £ x 1 a i obg b W h X K P g T
SUSY spectum SUSY spectum

Soft Higgsino mass m,; =0, m_= /i

!

Staub, Schmidt-Hoberg, GGR
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Prospects: Fine tuning reach

CMSSM
current prospects
Cut | LHC & Higgs soft DM strong DM | mz >3 TeV DD mz; >5TeV DD
Amin 134 216 276 231 271 686 -
CNHSSM
current prospects
Cut | LHC & Higgs soft DM strong DM | mz > 3TeV DD mz; >5TeV DD
Bin 114 116 166 227 264 665 677
MSSM-NUGM
current prospects
Cut | LHC & Higgs soft DM strong DM | mz >3 TeV DD mz; >5TeV DD
Anin 11 11 117 17 17 29 29
NHSSM-NUGM (+/,L')
current prospects
Cut | LHC & Higgs soft DM strong DM | m3g >3 TeV DD mz >5TeV DD
Anin 10 10 23 11 11 23 23
pp100 (3000 fb~' 50)

HE-LHC33 (1000 fb™' 95%)
HE-LHC33 (1000 fo~' 50)
HL-LHC (3000 fb~" 50)
HL-LHC (300 fb™' 50)
LHC13 (95%)

0 1

0g < M3y

mg [TeV]

2 3 456 7 8 9 10 11

(DD: Direct detection DM)



(Pseudo) Nambu Goldstone

SM 4 H'H=Y i
( )/50(3) Z
W & Z1 SO(4)~ SU(2), xSU(2),——S0(3)~ SU(2),
BSM
n
W &Z & h &...
e.g.

SO(5)/SO3):W .,Z,h

SO(6)/SO(3):W ,Z,h,a



SO(5)/SO3):W ,Z,h

SO(5)/S0(4):h*"* (SO(5)——50(4))
SO(4)/S0(3): W, Z,

Y (z) = Le@)/s Yo = (0,0, 0, O’-l)
(z) = —iT*h?(z)V/2

¥ Sin(Z/f) (hl,hQ,h3,h4;hCOt(h/f)), h = /(hd)2

1 ‘ 2 v? t h h?
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) E&SO.].
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Precision tests T (=Ap) (Custodial symmetry), S :{




Fine tuning

V(h)=—ysin*(h/ f)+Bsin*(h/ f),

Fermion resonance contribution

N M A2 A’
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ﬁ _ v T f ]

4 .
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Fine tuning

V(hy=—ysin’(h/ f)+Bsin*(h/ f),

Fermion resonance contribution A
/ M_f,log;;z
N M4 i A2 AZ !
Y, =55 e —5+ce log—2+ﬁnite]
lér g M
7L / f _sin? (1) Y
NoM A } ¢ =sin (< ) f)_ﬁ
;= —| ¢', € log— + finite
lorg, | M,
Tuning
1 A’ 1
A — g A2 > Amin — g > 10 e.g. G/ H symmetric space
o) Y grg’
M, log Ve
1 Csaki, Ma, Shu




Top quark partners

h @ h
. 3 om? A
Om% = G F‘th A = A Th _

2 2
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Banerjee, Bhattacharyya, Ray



Top quark partners < e

3 Sm? A \?[/125GeV? h h
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Top quark partners

m-<1TeV?

V2n? m3 400 GeV
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3 Sm2 A \2/125GeV? h @ h
5772,21: Gpﬁ)?AQ = A> mh—( ) ( b )
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10/ ' ' ' 10
| £=0.06
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(a)
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..but in twin Higgs models, SM X SM', t not coloured!

Chacko, Goh, Harnik
A A S Y A e e o



Scanning - Relaxion I

mi = () special - boundary between broken and unbroken phase

"Relaxion”

Scanning : m; = m; (9)

Higgs mass minimised close to m; =0 when minimising scalar potential




Scanning - Relaxion I

vimd) | /«//

, .
m3 ~ M?

Slow roll - inflation needed

1
/,*/ﬂ < M? |
l \ ’ITZ%L
mj, =0 Graham, Kaplan, Rajendran

m(9)],,>0 AN ~Nh cf fomem oh
o)

(—gz + g0 | +(gM*o+ g9* +.)+ A* cos(¢ / {)

hierarchy problem term QCD (rel)axion

%Q(;ﬂvz;yv
327 f

8 small controlled by shift symmetry: ¢ — @+



Scanning - Relaxion I

vimd) | /«//'/

2 2
my ~ M+

Slow roll - inflation needed

1
/,*/ﬂ < M? |
l \ ’ITZ%L
mj, =0 Graham, Kaplan, Rajendran

2

M
A >H >—
oCD 1 MP

(_1\<2 +g¢)‘h‘2 +(gM*o+ g°0° +..)+ A°h cos(q) /{)

7
M <10°GeV| uv completion: SUSY, composite..

QCD (rel)axion

%Q(;ﬂvz;yv
327 f

8 small controlled by shift symmetry: ¢ — @+



Scanning - Relaxion I

vimd) | /«//'/

, .
m3 ~ M?

Slow roll - inflation needed

1
/,*/ﬂ < M? |
l \ ’ITZ%L
mj, =0 Graham, Kaplan, Rajendran

m,(¢)_,>0
—

(—=M* +go)|H] +(gM*9p+g°¢" +..)+ Ah cos(¢<f)

A%, QCD (rel)axion

f %QG*‘V&W
327 f

8 small controlled by shift symmetry: ¢ — @+

Inflation ends gM’ ~

g< 107 GeV | Natural




Scanning - Relaxion I

38 String monodromy?
6¢ =10"GeV Clockwork/multiple axionsv’  ¢.f. F.Kamenik's talk

V(m?) T ///

D D
my ~ M~

Slow roll - inflation needed

1
mi | < M? | L
2
l \ 77’Lh
M m? =0 Graham, Kaplan, Rajendran

m,(¢)_,>0
—

(—=M* +go)|H] +(gM*9p+g°¢" +..)+ Ah cos((b\/f)

QCD (rel)axion
L 9w ,
21 f

8 small controlled by shift symmetry: ¢ — @+



Scanning - Relaxion I

47
N >10
Inflation potential
HI < A . fine tuned
Vi) | /// 0 Di-Chiara et al 1511.2858

s~

Slow roll - inflation needed

1
/7/17:‘ < M? |
l \ 'ITZ%L
mj, =0 Graham, Kaplan, Rajendran

m,(¢)_,>0
—

(—=M* +go)|H] +(gM*9p+g°¢" +..)+ Ah cos(¢)\/f)

QCD (rel)axion

%Q(;ﬂvz;w
32n° f

& small controlled by shift symmetry: @ — @+ QQCD - 0(1) X




Scanning - Relaxion I b

47 M
N >10 Problen -
Relaxion
3GeV < H. <100 GeV | 1andscape
V(m3) I /4//‘/ i P
2] < A2 o Slow roll - inflation needed
M\ including thermal effects

Nelson, Prescod-Weinstein

2 /. j
mh(¢) |t=0>0 Qa - 11-12
(10 Gel
(=M +go)|H[ +(gM*9p+ 89" +..)+ Ah cos(¢/ f)
\

QCD (rel)axion

L 9pn
327

uv

/

small controlled by shift symmetry: —> 0+
g y y y ¢ ¢ HQCD — 0(10—10)




Scanning - Relaxion TII

¢

pe=A/g" =0
Hook, Marques-Tavares

m; (¢)|=0 <0 Fonseca, Morgante,Servant
A
1 ¢
V(o h) = A — gA3¢ + 5 (=A% + g'Ap) h* + Zh4 + A} cos (?)

small controlled by shift symmetry: ¢ — @+



Scanning - Relaxion II

V(¢) N N
t=0 : —%(gzzWW— ngB): no coupling to photon
| / (e.g.SU(2), x SU(2),, x U(1)
A S0(6)/ SO(5))

B-L’>

Rapid roll - particle production needed

P Hook, Marques-Tavares
mz ( ‘P) |¢ . <0 Fonseca, Morgante,Servant
e
1 | A
V(o h) = A* — gA\*p + 5 (—A2 + g'A9) h? + Zh* + A} cos ( \
T w2
4 e 10-3_— ~ - s /
b gh+ g AR+ smﬂ+i<FF>=o S %
TEARY] b TN
V + (k2 + m k ?‘]V 0 10-:;— .A.C.D°E\% N
’ TR Slow-roll /
resonant production when o~A = 2m, f w_ljo: B T %

m,=0.1GelV" — A Higgs mixing - FCCpp, A<5 TeV, SHIP, A<10 TeV



Summary

® Spontaneously broken Scale Invariance v/
Breaking and inflation natural
BSM at EW scale
Ultraweak couplings, QUf ,Landau pole?

® SUSsY A>30

Elementary Higgs
UV complete, SUSYGUTS, gauge coupling unification, neutrino masses

Not guaranteed to find SUSY at LHC or DM searches

® Pseudo Nambu Goldstone A>10

Needs UV completion at low scale
Top quark partners within LHC range - but might not be coloured
Partial compositeness promising for flavour structure

® Relaxion 4
Needs UV completion at intermediate scale
<¢> > M ,, N ~10", ultraweak coupling..technically natural but original version looks contrived

Explosive particle production model looks more promising
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Observable Source Constraint
Th./Ex.
- mq [GeV] [39] 173.34+0.76
Aot (Mz) [40] 0.02771 + 0.00011
Mz [GeV] [41,49) 91.1875 + 0.0021
I'z [GeV] [43] / [41,42] 2.4952 + 0.0023 £ 0.001susy
Ohaa [Db] [43] / [41,42] 41.540 £ 0.037
R [43] / [41,42] 20.767 = 0.025
Arn(£) [43] / [41,42] 0.01714 + 0.00095
Ae(Pr) [43] / [41,42] 0.1465 + 0.0032
Ry, [43] / [41,42] 0.21629 = 0.00066
R, [43] / [41,42] 0.1721 + 0.0030
Arn(b) [43] / [41,42] 0.0992 + 0.0016
Arn(c) [43] / [41,42] 0.0707 + 0.0035
Ay [43] / [41,42] 0.923 + 0.020
Ae [43] / [41,42] 0.670 + 0.027
Afr [43] / [41,42] 0.1513 + 0.0021
sin” 04 (Qm) [43] / [41,42] 0.2324 = 0.0012
Mw [GeV] [43] / [41,42] 80.385 + 0.015 + 0.010susy
ar —agm [44] / [45] (30.2 £ 8.8 + 2.05ysy) x 10°1°
— My, [GeV] [46,47] / [48] 125.09 + 0.24 + 1.5susy
- BR,.," [49]/ [50] 1.021 + 0.066exp
+0.070ru sm £ 0.050TH susy
— Ry [51]/ [37,38) 2D likelihood, MFV
- BRELM [50,52] 1.02 +0.19gxp + 0.18sy
— BRy. {4 [53]/ [50] 0.99 + 0.29:xp + 0.06sy
-~ BRyL LY [54,55] / [40] 0.9998 + 0.0017xxp + 0.00901x
-~ BRp.OM [56]/ [57] 2.2 +1.8%xp + 0.207n
- AMg Y [54,58] / [50] 1.016 + 0.074sxm
AM!;XP]SM —
— W [54,58] / [50] 0.84 + 0.12su
- Agg TV [54,58] / [40] 1.14 + 0.10expiTH
—  Qcomhb? [59,60]/ [28] 0.1186 + 0.0020:xp+0.0024 1y
— op' [31,32] (mgo,0y') plane
Heavy stable charged particles [61] Fast simulation based on [61,62]
- - aq.g— i) 5] o - BR limits in the (ma, mgo), (mg, mgo) planes
—H/A—=77" [63-65] 2D likelihood, o - BR limit




Fine tuning from a likelihood fit:

SUSY parameters If vincluded as a “Nuisance” variable
/ / ) 1/2
L(data | %-) o< Jdvc?(mz — mg)5(v—£—m7] ]L(data | yi;v)

1
— A—q(S(nq(lnyi —ln}/f))L(data| Yi:V)

~

Fine tuning measure 4,=(Xa2)"

Ghilencea, GGR

Probabilistic interpretation:

%2
Z}few — Zozld +2lnAq Aq < 1009 5£dfj<1

(should be averaged over #df)




Higgsino mass origin

® Sequestering

In strongly coupled near conformal sector hidden sector running can
drive Higgs mass to zero leaving Higgsino mass unchanged

Luty Sundum

Dine et al

Murayama, Nomura, Poland
Perez, Roy, Schmaltz

v

2 2
— ‘LL'Hqu |99 —,U'z (‘Hu‘ +‘Hd‘ ) “Soft” even with singlets



SUSY SU(5) fit

LHC 13

+ DM

Parameters
myp | ms | myo | mpy, my, Ap | tanp
1050 | -220 380 -5210 -4870 -5680 12
(890) | (-80) | (310) | (-4080) | (-4420) | (5020) | (11)
Best fit masses
T1 p) er, €R Ur qL t1 to
470 660 630 678 570 2130 | 1840 2180
51 82 ’&R JR _(~) A/IH,A mitll mig,fcf
1940 | 2090 | 2000 | 1980 | 2310 | 1620 460 860
. . 2
Contributions to X
Afp Ay Apg(?) App(b) Arg(c) Ai(Pr)
3.40 0.35 0.78 6.79 0.82 0.08
Ry BR(b — s7) | BR(B, — 7v;) Qqoh?® ot BR(Bs,g — ptp™)
0.26 0.00 0.18 0.00 0.00 2.0
sin? g My R, RK =)/ (9-2), M,
0.60 0.07 1.04 00 | 828 0.01
OPad %}Zi ex | H/A— 777~ | HiggsSignals | LHC Er || Total
254 | 178 | 1.04 0.00 67.95 03 || 100.34
2
32.4 2 - ° °
A X~ Probability 9% (37%)

dfl, 23
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Model scan: I III.

2 mGMSE mAMSE HCAMSE m{D.0) m12,0) m(122)m(1/21) m(1.0) m{1.1/2] m(1.]) noAMSB

3 8 8 8

Radiative breaking natural SUSY (RNS) T L
Wi qFJ'I oy e

NUHM?2 :m (1,2), m,(3),m,,, A, tan B, u, m, T
mg, <5TeV Baer et al 1702.06588
m <3TeV

|

m. . <300GeV(500Gey?) = SUSFDM
Tests
HL—LHC3000/b™": m, ~12TeV =A,, <30  pp—W:Z:— same sign dibosons

‘LL’VZSOGQV pp—)2122+jet—)21211+l_+jel‘

e'e” \/; =0.5-0.7TeV : Higgsino pair production



