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® h(125.5+-0.5 GeV) discovered at LHC

@® scalars need protective symmetry: SUSY

® m(h)~125.5 GeV falls within narrow MSSM expectation
® m(h) requires highly mixed TeV-scale stops

@® LHC: no SUSY: m(glno)>1.3 TeV, m(sqrk)>1.7 TeV, t1 limits
@® impression: then MSSM EW fine-tuned at .1%

@® claims: SUSY as expected likely wrong (?77)

@® this perception arises due to mis-application of
naturalness measures
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A tale of three measures:
“and one ring shall rule them all”

J. R.R. Tolkien

® Simple electroweak fine-tuning Ao
® Higgs mass fine-tuning Amns
® Traditional EENZ/BG measure Aspc

We shall see that, if applied properly, then
all three measures agree and imply a rich
program of new physics at ILC:

ILC will be a Higgsino Factory!




First: Naturalness in the Standard Model

SM case: invoke a single Higgs doublet

V = —i2¢tp+A(419)>?

2 2 .2
My = My |tree + 0My | rad

3 g° g’
m%‘tfree — 2,u2 5ml21|rad =~ H <_)‘? | | | )\) A?

M3 |tree and dmsi |,..q are independent,

If §m3 blows up, can freely adjust (tune) 2u? to maintain mj, = 125.5 GeV

Asy = 0mi|rad/ (m;/2) Aoy <1= A~1TeV
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#1: Simplest SUSY measure: Agpw

Working only at the weak scale, minimize
scalar potential: calculate m(Z) or m(h)

No large uncorrelated cancellations in m(Z) or m(h)

m%  my, + 3§ — (m§, + TY) tan® 3 2
2 tanZ 3 — 1
Apw = maz; |Cy| / (m% /2) with Cy, = —m%,u t.a.n2 3/(tan®* 3 — 1) etc.

simple, direct, unambiguous interpretation:

o |u| ~myz ~ 100 — 200 GeV

e mj should be driven to small negative values such that —mj, ~ 100 — 200 GeV at the
weak scale and

e that the radiative corrections are not too large: ¥ ~ 100 — 200 GeV

Large A; reduces X%(t12) whilst lifting mj, to 125.5 GeV
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Is Agw really a measure of fine-tuning?
What happens if one doesn’t fine-tune m%{u /1

# of events

The 20 dimensional pMSSM parameter space then includes

M, My, Ms,
mqQ,, my,, Mp,, ML,, Mg,
MQa, MUy, MDy, MLy, TME,,

As, Ap, Ar,
2

- 2
my , My, i, B.

scan over parameters
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Natural value of m(Z) from
PMSSM is ~2-4 TeV




#2: Higgs mass or large-log fine-tuning  Agg

my, ~ p° +my + 0my |rad

dm¥;. 1 3
dt 82

_ 2 2302 9 2352 , 2 2 9 r2 v _ 2 2 2 A2
s My — 3 M, + 75915 + 31, )&t> X, =mp, T~ My, + My, + A;

neglect gauge pieces, S, mHu and running;
then we can integrate from mSUSY to Lambda

. 3f2
ém‘;),u|,.ad ~ —#(771‘2@3 - 772.%;3 + A?)In (Az [m%y; Sy)

m; 5 < 500 GeV

t1,2,

2 2
Ans 5mh/(mh/2) < 10 mg < 1.5 TeV

apparently in violation of LHC constraints!
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What's wrong with this argument?

In zeal for simplicity, have neglected that in SUSY

2 .2 , - |
my, and omy, lred are not independent

the larger the value of '771.';)1u(;'\), then the larger is the ca,ncelliilg correction 5777%Iu|md

The dependent terms should be grouped together

s = 2+ (% (A) + 67

where instead both p* and (mj;, + dmj; ) should be comparable to mj | hys-

After re-grouping: Ans >~ Apw
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#3: EENZ/BG traditional measure

Such a re-grouping is properly used
in the EENZ/BG measure:

ey 71 2
JInmy
J1n a;

Apc = maz; [c;] where ¢; = ’

Here, the a_i are parameters of the theory

2 2 A2 Al [
my  my, —my, tan® 5 e
= i = H, — H

2 tan? 3 — 1
t

express weak scale value in terms of high scale parameters

2
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Express m(Z) in terms of GUT scale parameters:

WLQZ ~ —Qm%{u — 2,u2 (weak scale relation)

—2p*(msusy) = —2.18u7 all GUT scale
/ parameters
3.84 M3 + 0.32M3 My + 0.047My M3 — 0.42M?

+0.011M,M; — 0.012M7 — 0.65M3A, — 0.15M A,

—0.025M; A + 0.22A7 + 0.004m3 A,

—1.27772.31}u — 0.053772%,‘1

+0.73mp), + 0.57mf;, + 0.049m}, — 0.052m7, + 0.053my, rbe Kobavash Omura
+0.051m3, — 0.11m¥, + 0.051m%, — 0.052m2, + 0.053m3,, e
-I-().O.Sl'm.g?l — O.llm%.-1 + 0.051772%1 — 0.052771%l + 0.053771.2El :

—'2772.2,u (msysy) =

For generic parameter choices, Apg is large

BUt If: MQy o = MUy =MDy s =MLy 3 = ME; 53 = mye(1,2) then ~ 0.007‘771%6(1, 2)

Even better: mi, =mi, =mi@G)=mi =>  —0.017m2

For correlated parameters, EWFT collapses in 3rd gen. sector!
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To properly apply BG measure, need to identify
independent soft breaking terms

Supersymmetry Flavor-bhind VSSM
breaking onigimn (Visible sector)

(Hidden sector) | N€Tactions

examine gravity
mediation

For any particular SUSY breaking hidden sector,
each soft term is some multiple of gravitino mass m(3/2)

2 2
Tn-Hu — aHu : 7713/2,
2 2
Mm@, = Qs My)2,

Ai = aa, -m3),

M; = a;- ms/2,

Since we dont know hidden sector, we impose parameters
which parameterize our ignorance:
but this doesnt mean each parameter is independent

e.g. dilaton-dominated SUSY breaking: mg = M3, With myj, = —Ag = V/3mg
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Writing each soft term as a multiple of m(3/2) then we
allow for maximal correlations/cancellations:

mzz = —2.18u* +a - mg/z

for naturalness, then

2 2 . .
H ~ My and a - m§ /2 ™ m%
my ~ —2p*(weak) — 2my (weak) ~ —2.18u*(GUT) +a - mg/.2

then 2 (weak) ~ a - m? 2

—Mmy 3/2 MMz

lilll A BG — A EW

nssp—1
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Applied properly, all three measures agree:
naturalness is unambiguous and highly predictive!

9 T T T T T T T T

m; (TeV)

| 1 | 1 | 1 | |
0" 1™ 10

Q (GeV)

Radiatively-driven natural SUSY, or RNS:

H. Baer, V. Barger, P. Huang, A. Mustafayev and X. Tata, Phys. Rev. Lett. 109 (2012)
161802.

H. Baer, V. Barger, P. Huang, D. Mickelson, A. Mustafayev and X. Tata, Phys. Rev. D 87
(2013) 115028 [arXiv:1212.2655 [hep-ph]].
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All contributions to m(Z) and m(h) are comparable
to m(Z) and m(h):
model is natural in EW sector!

mSUGRA RNS2
Clu) g
C(H.,) (1) ] C:> 0
Lt Ci <0
10° | 10° b, = 7025.0 GeV
L myp2 = 568.3 GeV
— Ap = —11426.6 GeV
C\] 3 tanﬁ = 8.55
~
NNw’ - 10° -
::\-‘
~
S
i
C 10' 10' |
m%/?
10° | 10° |
107 107

Apw = 3780

/ natural model: all

unna’rural model contributions to m(Z)
are comparable to m(Z)
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Typical spectrum for low Agw models

10

m (GeV)

first /second generation
matter scalars

stops, sbottoms,
gluinos

wino

bino

Higgs higgsinos

gauge bosons

There is a Little Hierarchy, but it is no problem

[URSSVILEYD
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SUSY mu problem: mu term is SUSY, not SUSY breaking:
expect mu~M(Pl) but phenomenology requires mu~m(Z)

® NMSSM: mu~m(3/2); beware singlets!

® Giudice-Masiero: mu forbidden by some symmetry:
generate via Higgs coupling to hidden sector

® Kim-Nilles: invoke SUSY version of DFSZ axion
solution to strong CP:

KN: PQ symmetry forbids mu term, o~ N2/ Mp

but then it is generated via PQ breaking 5
m3/2 ~/ mh/Mp

Little Hierarchy due to mismatch between
SUSY breaking and PQ breaking scale? fo < my,

Higgs mass fells us where 10** GeV
o ~ 6.2peV
to look for axion! " He ( fa
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Sparticle production along RNS model-line:

—~—gg
= W.W
s10E +w:w; LHC14
ST EE R
- higgsinos | %
B Ll
102 :E . v w122
: W
10 N - W2z,
- XX b, : +W,2Z,
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i fiilr..gauginos | gy
E "'1_ A :( X : * e 9 8 w2i3
- i T T X * 9
Yo .- X d » w 2
10-1 S '*.’; -""'-:, X ~fg 4
3 RS ST 1 1%,
- - i} M"'*,‘_.B"i_ﬂa — ~
102 ® g “'"“‘.* Ny -5 '
= o o + ‘ ."&; . .
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*higgsino pair production dominant-but only soft
visible energy release from higgsino decays

*largest visible cross section: wino pairs=> SSdB
*gluino pairs sharply dropping

Radiatively-driven natural supersymmetry at the LHC (with V. Barger, P. Huang, D.
Mickelson, A. Mustafayev, W. Sreethawong and X. Tata) JHEP1312 (2013) 013.
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Landscape of RNS

NUHM2: m=5 TeV, tanf=15, A, =-1.6m, m,=1TeV, m, =173.2 GeV
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Physics at a Higgsino Factory (with V. Barger, D. Mickelson, A. Mustafayev and Xerxes
Tata), arXiv:1404.7510.
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Smoking gun signature: light higgsinos at ILC:
ILC is Higgs/higgsino factory!

ILC1:mg = 7025 GeV, myp = 568.3 GeV, Ag = —11426.6 GeV, tan 3 = 10, p = 115 GeV, my = 1000 GeV

104 3 php — W - '-l -7z
p e Wi W2 71 Zs
- - -2121 —2323
3 ---7Z ZyZy
107 -7 Z3Zy
A ZZy = = =Z% . .
g o(higgsino) > o(Zh)
10 | R P
P
gwp )
Na -
PR
I N =
E ‘l '_—-q-____-- -----—-__-:
S ' /' -----------------
1 N 27 TS ssSS LTI o . .
100 ol - 10-15 GeV higgsino mass
X U ]
I WM. o ¥V ememmmmmm==T b
B | | gaps no pro. lem
I in clean ILC environment
10-3: IE: E | 1 | l' | l | | |
200 300 400 500 600 700 800 900 1000

/5 (GeV)

ILC either sees light higgsinos or natural SUSY dead

19
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Dark matter from RNS: thermally-produced
higgsinos cant comprise all CDM!

0, "h* low by factor 10-15

. 50<AEW<100
=
[ | ——an?=0.11
107 -
ot ey
Cond o KRN
C\] - N \' * ' "’:‘?’« b
< - s O S
C] o é\“ﬁ“r"’
? -2 PR, T e .,
10 " RTeN f»fgf;l’"
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3 :f."&".- 'u-” .’
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The QCD fine-tuning problem
o (QCD chiral symmetry: expect 4 light pions

e 't Hooft solution: #-vacuum but then additional term:
9

® é =X, -+ CLT'g(thM) 292 F““ F‘“

e 0 <1019 (neutron EDM)

e solution: PQ) symmetry and axion a

For DM abundance calculus,
presence of axion changes everything:
spin-0 saxion and spin-1/2 axino with mass ~ TeV

expect mixed axion-higgsino CDM: 2 particles!
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As a bonus: axion provides elegant solution
to the SUSY mu problem:

In MSSM, Higgs/higgsino mass mu is
supersymmetric and not soft breaking:
expect mu~M_P but m(h,Z) require mu~m(weak)

PQ charges for H(d), H(u) forbid mu term,
but H(d), H(u) can couple to axion supermultiplet:
SUSY DFSZ axion model Kim-Nilles

PQ symmetry breaking:
i~ f2/Mp ~ 100 GeV for f, ~ 10" GeV

Higgs mass tells us where fo look for axion and wimp!




mixed axion-neutralino production in early universe

e neutralinos: thermally produced (TP) or NTP via @, s or G decays
— re-annihilation at 75"
e axions: TP, NTP via s — aa, bose coherent motion (BCM)

e saxions: TP or via BCM

— s — ¢gg: entropy dilution
— s — SUSY: augment neutralinos
— s — aa: dark radiation (ANgss < 1.6)

e axinos: 1P

— a — SUSY augments neutralinos

e gravitinos: TP, decay to SUSY

Tuesday, May 13,2014

23



saxion decays in susy dfsz

a) SUA, £,=10'%> GeV, £=0

O]. b ¥
. —— higgses
0.001 .
- ] —— gauge bosons
l 10 — 1} — fermions
s 107} | 4 — neutralinos
— charginos
107°F ) |
—— sfermions
10—11 N |
0 2 B 6 8 10
—— higgses
001}
i —— gauge bosons
- 10-5k — fermions
) | —— neutralinos
% 10‘85r -‘_""“--——---_________ 1 — charginos
| — sfermions
1071 g .
5 ] --- axions
ol L ‘ T . N ---- axinos
0 2 4 6 8 10

m;s (TeV)
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axino decays in susy dfsz for rns

a) SUA, £,=10" GeV

1 _| T T T T T2
001 1 — neutralino and neutral Higgs
>F.‘ —— chargino and charged Higgs
S 104 7 —— neutralino and Z boson
Qg : :
<Q —— chargino and W boson
107 1 —— fermion and sfermion
| 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 |
0 2 4 6 8 10

mg (TeV)
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coupled Boltzmann equations

dn ns ns
7 _ 7
dt1 = —3Hnz, + ["22 "'Z'l] (ov) 7, (T) +ZBR (5 = Z1)Tjm; ("J "j_—l) +49)

nZ‘l pzl
dn~ n = .
< — “3Hng+ [’% B "’26'] (ov)g +Y_ BR(j — G)[jm; (nj - ﬁj,—,,—?) %
] J
N4 ns
2 _BR(G — j)Tgmg ("c“: - n@n—]) ot (3.3)
j i/ PG
d v
g = ~3Hne+ [ —ni] (ov)s = 3T 2BR(s = j)Tom, (n - ﬁs@?) =, (34)
t _ 2 ) o
dnCO
dst = —3HnJ? —Tnd" (3.5)
5 St + (13 1d] o0+ 3 BRG ) (1,22
dt ,— = brs
—BR(a — j)Tama ( ﬁan’> ’;‘“ (3.6)
dng \ n
:;t = —3Hng + [a2 —n2] (ov)a + Y 2BR(j — a)Ljm; (nj - m%) %, (3.7)
J a J
dng® co .
a —3Hng " + Z BR(j — a)U'jn;/;, (3.8)
j
45 _ ZBRz—)X)Fm n; — n; ZB Talth - (3.9)
dt ' ‘ ' i b-- nanb )

H =R/R=\/pr/3M}
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DM production in SUSY DFSZ:
solve eight coupled Boltzmann equation

Tr = 10" GeV
fo =101 GeV
0;=3.106, so=fo, £=1
Mmg = 10 TeV

m; = m; =5TeV

Q; h? = 001206
1

O, k% = 0.1076
ANeff = 1.178x 10>

T

Rad
—Z1

Axion TP
Axion CO
Saxion TP
Saxion CO

Axino

SUA

Gravitino

10! 10> 10° 10* 10°

10° 107 10%® 10° 10'° 10'! 10%* 10'* 10™ 10%°
R/Ry

HB, Bae, Chun;
HB, Bae, Lessa, Serce
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10% SUA ¢&=1
103-
¢ BBN Allowed
102 ¢ BBN Excluded
® ANeff > 16
o *»04<ANeff <16
=, 10f
G
1 a
P
1072
-3 ) : . : . .
10° 1010 1011 1012 1013 1014 101 1016
fa(GeV)
30 SUA é=1
25t
20}
.
1.5}
1.0t
0.5t
10° 101° 101 1012 1083 10 1055 1016

Ja(GeV)

mainly axion CDM
for fa<l0”11 GeV;
for higher fa, then
get increasing wimp
abundance
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Direct higgsino detection rescaled
for minimal local abundance

1 vh
i ‘xll -

m(higgsino) (GeV)

HB, Barger, Mickelson
arXiv:1303.3816

L3> —-XMZ,Z,h

1) - 1 1
('l»‘r("z )Slll o — 'Ui ) (1)

COS a) (9'03 1,,(1)

— Uy )

b | =

new LUX results

Deployment of Xe-1ton
coming soon!

Can test completely with ton scale detector
or equivalent (subject to minor caveats)
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Indirect detection via wimp annihilation
suppressed by square of reduced local abundance

1077
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Conclusions: status of SUSY post LHC8

SUSY EWFT non-crisis: EWFT allowed at 10% level in radiatively-driven natural
SUSY: SUGRA GUT paradigm is just fine

naturalness maintained for mu~100-200 GeV; t171-2 TeV, t272-4 TeV, highly mixed;
m(glno)~1-5 TeV

RNS spectra characterized by mainly higgsino-like WIMP: standard relic
underabundance

LHC14 w/ 300 fb”-1 can see about half of RNS parameter space

e+e- collider with sqrt(s)”500-600 GeV needed to find predicted light higgsino
states

Discovery of and precision measurements of light higgsinos!

DFSZ invisible axion model: solves strong Cp and mu problems while allowing for
mu~m(Z)

Expect mainly axion CDM with 5-10% higgsino-like WIMPs over much of p-space

Ultimately detect both axion and higgsino-like WIMP
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Backup
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Case with standard overabundance of bino-like WIMPs

5
10 SOA £=1
104-
103
-y 102-
a 10t
1} ¢ BBN Allowed e ANeff > 16
¢ BBN Excluded 04<ANeff< 16 o "'-..".
10_1_______________________L’C_D-‘I_"”_:_”f__l._#_
1072 Y
10725 10 11 12 13 14 15 16
10 10 10 10*~ 10 10 10*° 10
fa(Ge\'T)

Excluded over most of f, range except f, > 2 x 10!° GeV
where there can be significant entropy dilution so long as ms < 2m
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Mixed axion/higgsino DM in KSVZ with
xi=0

(m,,m,,,A,, tanP, u) = (400 GeV, 400 GeV, 0, 55, > 0)
10° + BBN Allowed

10’ * BBN Excluded

10-9 1 IIIIIIII | IIIIIIII | llllllll | llllIlII | IIIllIII | llllllll | | IIIIIII I~l L Lty

10° 10 10" 1012 10" 10™ 10" 10'¢ 10"
f.(GeV)
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mixed axion/higgsino DM in KSVZ with xi=|
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