SUSY, naturalness, landscape, axion...but first, Tom!
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“The appearance of fine- “Z-burst events generate
tuning in a scientific theory air showers above the
. : GZK cutoff”
is like a cry of distress from

nature, complaining that
something needs to be better

explained”

“Everything should be made as
simple as possible, but not simpler”



graduated UW-Madison, 1976 (Vernon Barger)
PDs: Liverpool, Northeastern, SanDiego
Competition on heavy leptons w/ Gottlieb-1983
Seeing the sights in Chamonix with Tom, 1985

| give Vandy colloquium on discovering top quark,
1992 , Tom shows me around Nashville

Vandy seminar, 2007: Direct, indirect and collider
detection of neutralino dark matter: this talk: update!

Thanks to Tom for jobs, promotions!



Whatever happened to SUSY?

Where are the WIMPs?

CRISIS

IN
PHYSICS
?
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Where are the sparticles?
BG naturalness: m(gluino,stop)<~400 GeV
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Where are WIMPs?
pre-LHC prime WIMP real estate now excluded
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These bounds appear in sharp conflict
with EW naturalness”

400 GeV

uR 400 GeV

350 GeV Higes Maw Ul
Cassel, Ghilencea, Ross,2009

eR

. 100 GeV
chargino

A — 1000

as mp — 125 GeV

W EHELEY 50 GeV ,
0.1% tuning!?

Barbier-Giudice 10% bounds, 1987



Introduce notion of practical naturalness:

An observable O is natural if all contributions to O are <~ @O

e c.git O =a+0b—c, and if a > O, then some independent contribution
such as b would have to be fine-tuned to large opposite-sign value such as
to maintain O at its measured value.

e Such a fine-tuning is regarded as unnatural and implausible, and indicative
of some missing element in the theory (see Weinberg, Title page).

e A pit-fall occurs if O = a + b — b+ ¢ where b — large, i.e. contributions
are dependent. combine dependent terms before evaluating fine-
tuning!



Pie baking analogy:

1 kg pie= .2 kg(sugar)+.3 kg(flour)+
.1 kg(water)+.5 kg (apples)+
-.1 kg(evaporation)

Voila! It is very natural!



An unnatural recipe:

1kg(pie)=.2 kg(sugar)+.3 kg(flour)+.5 kg(apples)+
10”4 kg(water)-10"4 kg(evaporation)

mathematically, it is possible-
but success seems highly implausible:
it is fine-tuned and hence
unnatural



Biggest conundrum of SM: ?
1. There is a lowest order mass term

2. Quantum corrections diverge
quadratically with energy scale
of new physics

2 . 2 2
MYy = 2/1 T 5mHsa.1

8 cos? Oy

3.To avoid the pathology of fine-tuning, SM
must be valid only to ~1 TeV

4. Need theory which is free of quadratic
divergences to extend e.g. to GUT scale



...settling the ultimate fate of naturalness Is perhaps

the most profound theoretical question
of our time”

Arkani-Hamed et al..
arXiv:1511.06495

~Given the magnitude of the stakes
Involved,
It Is vital to get a clear verdict
on naturalness from experiment”

This should be matched by theoretical scrutiny
of what we mean by naturalness



#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)

my m¥, + X5 — (my, + X¥) tan? 3 > _m2 YU 2
2 tan? 3 — 1 —F He, u H

Apw = maz; |C;| /(m7/2) with Cy, = —mj, tan® §/(tan’ § — 1) etc.
simple, direct, unambiguous interpretation:

o |u| ~mz ~ 100 — 200 GeV

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

. . . nu <
e that the radiative corrections are not too large: X2 ~ 100 — 200 GeV
CETUP#*-12/002, FTPI-MINN-12/22, UMN-TH-3109/12, UH-511-1195-12

Radiative natural SUSY with a 125 GeV Higgs boson

Howard Baer,! Vernon Barger, Peisi Huang,?2 Azar Mustafayev,® and Xerxes Tata? pRL109 (2012) 16180 2

"Dept. of Physics and Astronomy, University of Oklahoma, Norman, OK, 73019, USA
“Dept. of Physics, University of Wisconsin, Madison, WI 53706, USA
SW T Fine Inctitute for Theoretical Phusics ninersitu of Minnesota Minneanolis MN 55155 TISA



radiative corrections drive m% from unnatural
wu

GUT scale values to naturalness at weak scale:
radiatively-driven naturalness
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#2. What about EENZ/BG measure?

_ | log m?2
| B = max;|5 00 Do

p; are the theory parameter:

— 1 Pi I m2

Depends sensitively on ““theory parameters”

Soft term parameters introduced to
parametrize our ignorance of SUSY breaking

In many (stringy) models, soft terms correlated
[e.g. calculable in terms of m(3/2)]

Then ABG ~ AEW

In landscape picture: a statistical
selection of soft terms
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How much is foo much fine-tuning?

WeakHiggs
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HB, Barger, Savoy

Visually, large pPne-tuning has already developed byt! 350 or Agy ! 3C



bounds from
naturalness Delta EW

(3%)

350 GeV 350 GeV
400-600 GeV o TeV

450 GeV 3 TeV

550-700 GeV 10-30 TeV

h(125) and LHC limits are pertectly compatible
with 3-10% naturalness: no crisis!



Typical spectrum for low Agw models
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There is a Little Hierarchy, but it is no problem

LI mgo



Gravity safe, electroweak natural axionic
solution to strong CP and SUSY u problems
HB, Barger, Sengupta, arXiv:1810.03713

1. Global symmetries fundamentally incompatible with gravity completion
2. Expect global symmetry to emerge as accidental (approximate) symmetry
(Kamionkowski-March Russell, etc.)
from some more fundamental gravity-safe (e.g. gauge or R-) symmetry
3. Krauss-Wilczek: gauge symmetry with charge Ne object condensing
leaves charge e fields with Z_N discrete gauge symmetry
4. discrete R-symmetries which arise from
compactification of extra dimensions in string theory

A model which works: hybrid CCK with Z(24) discrete R-symmetry

W'l f,OH,U*+ f4QH4D“+ f i LH4E“+ f-LH N® +
My NCNC/2+ L X 2HyHa/mp + X 3Y/mp + 1 X PYImBF o' °

¥ Lowest dimension PQ breaking operator contributing to scalar PQ poten
tial ! 1/m &: enough suppression so that PQ is gravity-safe
¥ Also forbids/suppresses RPV/p-decay operators

¥ p! 1, f2imp



hyCCK model with Z(24)*R symmetry

HB, Barger, Sengupta

solves SUSY mu problem via SUSY DFSZ

generates U(l)_PQ as accidental, approximate gravity safe
(V~phi* [ 2/mPA8) global symmetry; axion sol’'n to strong CP

generates fa~10"| | GeV via SUSY breaking
generates R-parity (stable LSP)

proton stability

allow neutrino see-saw

anomaly-free



It is sometimes invoked that maybe we should abandon naturalness:
after all, isnt the cosmological constant (CC) fine-tuned?
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galaxy condensation
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In a multiverse with 107500 vacua with different CCs,
then the value of the CC may not be surprising since
larger values would lead to runaway pocket universes
where galaxies wouldnt condense-
anthropics: no observers in such universes (Weinberg)

The CC is as natural as possible subject fo the condition
that it leads to galaxy condensation



To handle string landscape and concomitant multiverse,
Douglas introduced concept of stringy naturalness

An effective field theory (or specific coupling or observable) T; is more natural in
string theory than 75 if the number of phenomenologically acceptable vacua leading

to 17 is larger than the number leading to T5. \

(anthropics hides here)

This embodies Weinbergs prediction of CC

Can we apply similar reasoning to magnitude of weak scale?
m(weak)”=m(W,Z,h)~100 GeV



dP/dO ! fprior af selection

What is f(prior) for SUSY breaking scale?

In string theory, usually multiple (710) hidden sectors
containing a variety of F- and D- breaking fields

For comparable <Fi> and <Dj> values, then expect

_ 2N +np ! 1
Fprior ! Mgof; Douglas ansat.

arXiv:0405279

Im (Fy)

Under single F-term
SUSY breaking,
expect linear increasing
statistical selection
of soft terms

“ Re (F,)

Figure 1: Annuli of the complex Fy plane giving rise to linearly increasing selection of soft

SUSY breaking terms.



What about f(selection)?

Originally, people adopted fEwFT ~ Mpeak/ Msof

to penalize soft terms straying too far from weak scale

This doesnt work for variety of cases

® Too big soft terms can lead to CCB minima: must veto such vacua
® Bigger m(Hu)"2 leads to more natural value at weak scale
® Bigger A(1) trilinear suppresses t1, t2 contribution to weak scale

Adopt mu solution which leads to natural, weak scale value of mu~100-350 GeV

Then for statistically selected soft terms, m(weak) is output, not input

Must veto too large m(weak) values: nuclear physics screwed up
(Agrawal, Barr, Donoghue, Seckel, 1998)

Factor four deviation of weak scale from measured value => | Ew < 3C



Log (V/V,)

Agrawal, Barr, Donoghue, Seckel result (1998):
weak scale cannot deviate by more than
factor 2-5 from its measured value
lest disasters occur in nuclear physics
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statistical draw to large soft terms balanced by
anthropic draw toward red (m(weak)~100 GeV):

then m(Higgs)~125 GeV and natural SUSY spectrum!
Denef, Douglas, JHEP0405 (2004) 072
Giudice, Rattazzi, NPB757 (2006) 19;
Dutta, Mimura, PLB648 (2007) 357
HB, Barger, Savoy, Serce, PLB758 (2016) 113




Making the picture more quantitative:

2 _ 2 Z Z 2
deac [mhidden , Mweak ! ] - 1:SUSY (mhidden ) af EWFT af ccdmhidden

0.5 1
— N=0
— =1
04 — =2

116 118 120 122 124 126 128

m(h)~125 most favored for n=1,2

HB,Barger, Serce, Sinha



What is corresponding distribution for gluino mass?
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typically beyond LHC 14 reach (may need HE-LHC)



and m(t1)?
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first/second generation sfermions pulled
to 10-30 TeV thus softening any SUSY flavor/CP problems
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Dark matter from SUSY
with radiatively-driven naturalness

Short answer: both axion and (thermally-
underproduced) higgsino-like WIMP

Typically 80-90% axions;
10-207% WIMPs

Should ultimately see WIMPs

Axion coupling suppressed by presence of higgsinos-
axion detection much tougher :(
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Conclusions:

e SUSY very much alive: natural for mu™100-300 GeV

* EW naturalness: higgsino-like WIMP

* QCD naturalness: axion

e SUSY mu problem/Little Hierarchy: SUSY DFSZ axion-PQ gravity-safe
* DM=higgsino-like WIMP+DFSZ axion admixture?

en-ton SI noble liquid detectors should probe all p-space

* axions: must probe broader and deeper!

o (HL)-LHC: direct higgsino pair prod => SDLIMET signature!

¢ HE-LHC33 TeV may be required for gluinos/stops
* ILC500 is ideal for light higgsinos



Happy 70th Tom!



Mainly higgsino-like WIMPs thermally underproduce DM
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But so far we have addressed only Part 1
of fine-tuning problem:

In QCD sector, the term WLQEWF};" must occur

—_

But neutron EDM says it is not there: strong CP problem

(frequently ignored by SUSY types)
Best solution after 35 years:
PQWW/KSVZ/DFSZ invisible axion

In SUSY, axion accompanied by axino and saxion

Changes DM calculus:
expect mixed WIMP/axion DM (2 particles)



mixed axion-neutralino production in early universe

¥ neutralinos: thermally produced (TP) or NTP via -a, s or G decay:

D re-annihilation at T3*
¥ axions: TP, NTP via s! aa, bose coherent motion (BCM)
¥ saxions: TP or via BCM

b s! gg entropy dilution
b s! SUSY: augment neutralinos
b s! aa: dark radiation (! Ngis < 1.6)

¥ axinos: TP
b al! SUSY augments neutralinos

¥ gravitinos: TP, decay to SUSY



DM production in SUSY DFSZ:
solve eight coupled Boltzmann equations
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usual picture => mixed axion/WIMP

.
'
2 .
e ————

——rrer— v v —~ —v e swe ( L1 A T
w RNS |
] 10-7} Radarniew
! 1020 w—
} e Aviow
Increasing <o,v> ! 10 Aviow BCM
5 .
* 1 - I(. Su‘llnﬁ'
.................. 1 A 10° 74 =107 GeV Saxion BCM
4( ] é 1077 fo= 10" GeV \ Ao
— » i
................. } S l” 10} f, = 3113, H=- l’.- l‘. - | | G ravinno
¢ 1 107" my =10 Tev ‘
< ‘ “l":“- my = w, =S5TeV l
1 10~ |
| 10-30F 1, A= 00063
Nm 1 10" 15| . ) l
.! 0, h" « 0157
\ : 1079 an_, = 1863 x 107! |
a o o aaaaal N 1 ~-45
—) . - S I[l 3 ' ) 1 . . ) ) - . .' . . T T ‘ ‘
* s ';” race o' 10t 10t 10t 108 10 107 108 10" 10" 10 10 10" 10 't
X*m 0 -

R/ Ry

KJ Bae, HB, Lessa, Serce

much of parameter space is axion-dominated
with 10-15% WIMPs






sl
107 RNS ¢&=1
103
o f ® BBN Allowed
10°¢ ® BBN Excluded
o 04 < ANeff< 1
101;_ L ANeff > 1
100;_ ® Axion CO
10_15 QCI_)M h==0.12
T 0 i,
1072} RRCGT-
10_3-9 | IIlOI - I11 Hlmll;: | I13"14 -------11_- | ”“”16
10 10 10 10°- 10°- 10 10°° 10
Ja (GeV)
3.0t RNS &, =1
2.5¢
2.0t
<
1.5}
1.0t
0.5¢
OO Ll L ’*- TR TR
10? 1010 1014 101 1016

higgsino abundance

axion abundance

mainly axion CDM
for fa<™10712 GeV;
for higher fa, then
get increasing wimp
abundance

Bae, HB,Lessa,Serce



Direct higgsino detection rescaled
for minimal local abundance ! ! Ph?/0.12
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Prospects for SD WIMP searches:
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Prospects for IDD WIMP searches:
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Prospects for discovering
SUSY
with radiatively-driven naturalness
at LHC and ILC



Sparticle prod’'n along RNS model-line at LHCl4:
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higgsino pair production dominant-but only soft
visible energy release from higgsino decays

largest visible cross section: wino pairs

gluino pairs sharply dropping



gluino pair cascade
decay signatures

Agy < 30 & 123 GeV < my, < 127 GeV
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will need HE-LHC (27 TeV) to probe unified SUSY models



Top squark searches:
HE-LHC can see entire natural p-space:
discover or falsify natural SUSY!

Agy < 30 & 123 GeV< my, < 127 GeV
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Distinctive new same-sign diboson (SSdB)
signature from SUSY models with light higgsinos!
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wino pair production

This channel offers added reach of LHCl4
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fornSUSY; it is also indicative of wino-pair prod’'n

followed by decay to higgsinos

H. Baer, V. Barger, P. Huang, D. Mickelson, A. Mustafayev, W. Sreethawong and X. Tata,

Phys. Rev. Lett. 110 (2013) 151801.



See direct higgsino pair production
recoiling from ISR (monojet signal)?

monojet, LHC14
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typically 1% S/BG after cuts:
very tough to do!



What about pp! Z1Z,j with Z, ! Z171' 7

Han, Kribs, Martin, Menon, PRD89 (2014) 075007 ;
HB, Mustafayev, Tata, PRD90 (2014) 115007 ;




2%leptons+1(0 b-)jets from Madgraph+Pythia, LHC14
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2'leptons+1(0 b-)jets from Madgraph+Pythia, LHC14
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use MET to construct

m” 2(tau-tau)

2’leptons+1(0 b-)jets from Madgraph+Pythia, LHC14

L=100f5" 1 Signat: ue150GeV, mg=1ToV




HL-LHC14 can see most of nSUSY
p-space via soft OS dilepton+MET channel

Aew < 30 & 123 GeV < my, < 127 GeV
NENENLEE N N L B L B LR R N RN BLECE B BRI RS NLEC R
160F— cms(35.9m7") - nAMSB =
[ ATLAS (36.1fb~" + nGMM Ve

< 140F_ . cus (3(000 fb'1)) * NNUHM3 W0
((B 120FL- - CMs (300 b7") ¥ NNUHM2 sodant -

0 50 100 150 200 250 300 350 400
my [GeV]



Smoking gun signature: light higgsinos at ILC:
ILC is Higgs/higgsino factory!

ILC1:mg = 7025 GeV, my;p = 568.3 GeV, Ag = —11426.6 GeV, tan 3 = 10, p = 115 GeV, my = 1000 GeV
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HB, Barger, Mickelson, Mustafayey,
Tata
arXiv:1404:7510



~

ete™ — X7 X1 — (lvex?) + (g7’ xY)
measure m(jj) < my+ —myo and E(j5)
soft visible particles since small higgsino mass

ga

How do these signals look in the detector? (2)

Vs =500 GeV




+ -01-0 -0 n+ ul 1.0
ete | EOEQ| KO 4 (mHnl 10)

1-°2

measurem(!*!' ) <mo! meo and E(!*!")

How do these signals look in the detector? (1)

Neutralino mixed production with leptonic decay

+ — ~0 ~0 ~() ~O€—|—€—

€ € —7X1X2 7 X1X1

= | ( (g0 s
/ ’\\ electron pair \

| o (compact EM showers) \ .

Vs =500 GeV

(SES
muon pair

(track reaches muon
detector)

¢



Simple'1

Natural™’



Baryogenesis scenarios
for radiative natural SUSY

thermal leptogenesis

* non-thermal (inflaton decay)

oscillating sneutrino

Affleck-Dine (AD)

gravitino problem plus
axino/saxion problem:
still plenty room

- -
§ cE E"’..-Z
Moy & R i
g 3 ft N = Lepto 1
o & - &+ 1 Non Th - Lepto N
0* : © N AD-Lepto
— r < myl
0¥ SN

: s s a s B — .
10° 10 10°
my 2 (GeV)

fo =10, 10'2 GeV

Bae, HB, Serce, Zhang, arXiv:1510.00724



#2: Higgs mass or large-log fine-tuning ! Hs

It is tempting to pick out one-by-one
quantum fluctuations but must combine log divergences
before taking any limit

2 2 2 - 92
my, ~ p° + my + 0my |rad

dt — 8r2

dl?l:;{u 1 3 2,\[2 3 2\[2 3 25’ .3 2\' 2 2 2 2
_391*’ 1 — 2gqiVis +ﬁgl‘ +'ft“' t Xt — ng + mU3 + rnHu t At

neglect gauge pieces, S, mHu and running;
then we can integrate from m(SUSY) to Lambda

3f 2! 2
? " t 2 2 2
!mHu | W I“Q3 + |||U3 + t In(' /m SUSY)
| ws ! Imi/(mi/2) < 1C Mz = 900 GV

mg < 1.5 TeV
old natural SUSY then A; canOt be too bi



m2 (GcV:)

What's wrong with this argument?

In zeal for simplicity, have made several
simplifications: most egregious is that one
sets m(Hu)"2=0 at beginning to simplify

mg (1) and !'mg are not independent

violates prime directive!

The larger mg (! ) becomes, then the
-+ larger becomes the cancelling correctio

No EW Breaking

l E|+07 | 2E-|r07 | 3E—|r07 | 4E+07 HB’ B arg e r’ S avoy

m’, (GUT) (GeV)



To fix: combine dependent terms:

mi ! ui+ mg (!)+ !'m§  where now bott
2 2 2 1 2
ueand mg (M) + Imy  are™ m3

After re-grouping: b hs P Ew

Instead of: the radiative correction! mg ! ms
we now have: the radiatively-correctedmg ! ms



Recommendation: put this horse out to pasture

1

2 2 2
sz + my, + At In(' /m SUSY)

3f t2 -

2 n
'mg Y g%

R.ILP.

sub-TeV 3rd generation squarks not required for naturalness



I ew IS highly selective:
most constrained models are ruled ou
except NUHM2 and Its generalizations

J. Ellis. K. Olive and Y. Santoso, Phys. Lett. B 539 (2002) 107; J. Ellis, T. Falk, K. Olive an
'Y. Santoso, Nucl. Phys. B 652 (2003) 259; H. Baer, A. Mustafayev, S. Profumo, A. Belyaev anc
X. Tata, .J. High Energy Phys. 0507 (2005) 065.

scan over p-space with m(h)=125.5+-2.5 GeV:
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HB, Barger, Mickelson,Padeffke-Kirkland, PRD89 (2014) 115019
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Applied properly, all three measures agree:
naturalness is unambiguous and highly predictive!
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Radiatively-driven natural SUSY, or RNS:

(typically need mHu~25-50% higher than mO)

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]].



I Axion cosmology l

Axion field eq'n of motion: 8 = a(x)/ fa
- 0+3H(T)0+ A 252 =0
— V(0) = m3(T) f2(1 — cosb)

— Solution for T' large, m,(T") ~ 0:

£ /N (GeV)
loll lol!

= const.

— mg(T') turn-on ~ 1 GeV

a(x) oscillates,
creates axions with p ~ 0:

Q.k’ (vaceem me s-akgameat)
IS ~ " - [~

production via vacuum mis-alignment

Qgh? ~ [sxlo-“ev]7/6 0212

mg,

astro bound: stellar cooling = f, 2 10°GeV




