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Abstract: <span>Physics

isat acrossroad that |eads either to Naturalness or the Multiverse. While the
confirmation of gauge coupling unification in the early 90s gave a tremendous
boost to naturalness and to low energy SUSY, the lack of evidence

for new physics beyond the standard model at the LHC points to a paucity of new
particles near the weak scale. This suggests that the weak scale is tuned and

that supersymmetry, if present at all, isrealized at higher energies. This

points to Split SUSY, aframework motivated by the String Landscape. & nbsp;Fine-tuning
& nbsp;electroweak symmetry breaking and the renormalization group evolution of
the scalar masses constrains Split model building and | review the expectations

at the LHC for the different possible Split SUSY particle spectra.</span>
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The Hard Facts

Pre LEP

M,

Pirsa: 13040115 Page 3/74



The Hard Facts
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The connection with the him'm'g‘h.\f |)l'()l)|L‘ll‘l is diminished
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At the Crossroads
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Outline

® [Low Energy Supersymmetry

® Split Supersymmetry
® Models of Mini-Split

® Phenomenology of Mini-Split

® What will the | liggs tell us?
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Inverse Gauge Coupling Strength
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Why Supersymmetry?

MSSM
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Gauge Coupling running at two loops

Page 7/74



SSM and the Higgs at 1256 GeV

® [f minimal particle content

. Need stops heavier than several TeV - tuned \
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SSM and the Higgs at 125 GeV

® [f minimal particle content

2 .2
my, < imsz

. Need stops heavier than several TeV - tuned

2. Increase tree level higgs mass with increased quartic

® New singlet - NMSSM
or

® New U(1) at the TeV scale

2 2 12 2
My e, (mz FgvT)
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The Missing Superpartner Problem

Squark-gluino-neutralino model, m(xtl)) =0 GeV
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Squark and Gluino Production at the LHC
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A Way out for Supersymmetry

\llm-\|u-l|!-- Coudhice (1995)
I livl‘;u‘(‘h_\' Problem [.LHC bounds
Favors IFavors
light sparticles heavy sparticles
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A Way out for Supersymmetry

\luuw|u-l||u Coudhice (1995)
[l””(‘(‘(\.\'h‘[ll‘.\' 1(‘[15i(”1:
l)cpcm] on Different Sp.’u‘liulcs
I livl';u‘(‘h_\-’ Problem [.LHC bounds
Favors IFavors
light sparticles heavy sparticles
Stops | st ['eunil.\f squ;u‘l;s
- 0~
’ —_— oo oo
\ .
" stop uord | gluino
\ y |
| e o
‘.:.\h“m | up squark or

(](n\'n SllllJll'li

TUTOOOTO L — = > = — -

Pirsa: 13040115 Page 13/74



Pirsa: 13040115

Natural SUSY or Splil Families

Bare minimum |ighl spectrum:

® lor less than 10% luning:
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Bounds on Split Families

11, production

Status: March 26, 2013
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The Gluino Sucks
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Electroweakino Bounds

® Naive bound on

® Tree-level tuning introduced
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Bounds on Split Familjes
and Fine-Tuning

A=10TeV, Msp=100 GeV, H=120 GeV




Bounds on Split Families
and Fine-Tuning

- A=10TeV, mysp=100 GeV, u=120 GeV
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® Gluino bounds imply more than 10% tuning (ignoring higgs mass)

1y

® Tuning increases with higher cutofl and higher higgsino mass
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A Split Families Spectrum

Mass ¢

-3000 GeVH Ist and 2nd family Sparticles

1300 GeV + Gluino

600 GeV -l

[hgesinos

|‘.|m'| roweakinos

H A
100 GeVn Bino NLSP
~0 GeV = Gravitino
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A Split Families Spectrum

Mass
® Involves one additional :«‘inglct for
l|u‘ I [l[:""". IMmass
-3000 GeVH Ist and 2nd family Sparticles
; . . z L\ NIt
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A Split Families Spectrum

Mass
® Involves one additional singlet for
l|u‘ I IE:"J". mass
<3000 (‘,L\V-‘ Ist and 2nd family Sparticles
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IJ(' wWecell {JI!IHJ .Lllli f'[[lilll!

! e 600 (‘wV'l
® Requires low scale gauge mediation

to minimize gluino running . .
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A Split Families Spectrum

Involves one additional singlet fo;

[llt‘ I [.E:""". IMass

Requires breaking gaugino
Ll]li\’L‘I'Sillit\-’ to have large hierar 1

IJ('[\\(‘('H t]lllttl .LIUI J'[llillu

Requires low scale gauge mediation
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A Split Families Spectrum
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Bounds on Split Families
and Fine-Tuning

A=10 'l‘eV, nmisp= 100 (‘;t'V, H= 120 GeV
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® [xpected LHC-14 reach for the gluino: 2.5-3 TeV

1000 1200

® Stll have to wait for a few years...
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Bounds on Split Families
and Fine-Tuning

A=10 'l‘eV, nMisp= 100 (‘;t'V, H= 120 GeV
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Split Supersymmetry

Mass A

=10 TeV Scalar Supa‘lp.nlitlvx
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Split Supersymmetry

Mass A

=10 TeV Scalar Supn‘lp.nlitlvx
A

Fermions protected

|)_\' symmetries

d gauge coupling <3000 GeV |
|
A4

po Fermion Superparticles
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Split Supersymmetry

Mass A

=10 TeV Scalar 511;1\'|i).1lli¢]v_\
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Unification in Split Supersymmetry

o

o Streneth

o

plin
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Inverse Gauge Cou
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Works as well as ()I'(Iil].‘ll'_\’ Supersymmetry
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125 GeV Higgs in Split Supersymmetry
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The 125 GeV Higgs and Unification in Mini-Split
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The 125 GeV Higgs and Unification in Mini-Split
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The 125 GeV Higgs and Unification in Mini-Split

lo and 20 contours
for unification Parameter space

for 125 GeV Higgs

mp )

I;Ug |“( m
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The 125 GeV Higgs and Unification in Mini-Split

lo and 20 contours
for unification Parameter space

for 125 GeV ”iggs

0O 1 2 3 4 5 6 7 8 9
mp
I.ng“,[—)

TeV
® | ]iggsin()s have to be ]ighlcr than 100 TeV for Unification

® Scalars below 100 TeV when tanfd > few

® [lavor bounds constrain scalars to be (naively) above 1000 TeV
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The 125 GeV Higgs and Unification in Mini-Split

lo and 20 contours
for unification Parameter space

for 125 GeV Higgs
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o | ]iggsin()s have to be ]ighlcr than 100 TeV for Unification

® Scalars below 100 TeV when lanﬁ > few

® [lavor bounds constrain scalars to be (naively) above 1000 TeV
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A Guide to Tuning the Weak Scale

det ( ™+ mg, =B ) ~ 0
wH“ \p|= + my.,

‘)
® m; <0:
® Higgsinos have to be heavy
2 < 2
iy, | S k7

)
® my >0:

® B, term has to be heavy

|B,| = \/m} m3;
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A Guide to Tuning the Weak Scale

lIl‘I ( ‘J“‘- + i“?fw .’_['),“ " ) a ”
| —[)’“ \p|= + my.,

P
. 'IN.?! < {) H
® Higgsinos have to be heavy
) 2
i, | < k7
2
® my >0:

® B, term has to be heavy

|B,| = \/m} m3;
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Tachyonic Masses from RG Running

ribution

. ) 9 9 X
=cX, =c,——(ms3 me me + gaugino
i e = Cigrg M, F Mg, me,) -+ gaug

{r'”-A Cins ('””} {] 2. {}

® [R fixed point at X, =0:

® Lither the up-type |1iggs or one of the stops runs l.'u‘|1.\'nniv

\ . 9 p 9 D) p 2
® UV fixed point at mj = 3m? and m: = 2m:
u tr t tr,

R

® j\])])c;u‘;lm‘c of l;luh'\f()ns (]c];l‘vm] (]c])cn(]ing on })l‘(),\'imil.\-’ to
the UV fixed point
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Tachyonic Masses from RG Running

ribution

. ) 9 9 X
=cX, =c,——(ms m= me + gaugino
dt b " 872 (M, + tr, + fu} gaugine

{r',;_‘ Cipo cu. b =11, 2, 3}

® [R fixed point at X, =0:

® Lither the up-type |1iggs or one of the stops runs l;u‘h_\'nniv

» . D, y D] D . 2
® UV fhixed point at mj; = 3m: and m: = 2m:
u tr t tr,

R

® Appearance of tachyons delayed depending on proximity to
the UV fixed point
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Model Building in Mini Split

Requirements:

® Avoid tachyonic stops

® Successtul electroweak symmetry breaking

® Scalars between 10 and 10° TeV while | liggsinos lighter than 100
TeV

® Satisty flavor bounds
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Long-lived Gluinos

Gluino decay through the heavy scalars

.( } - :If \[‘ )r "-‘\ !‘.‘" "‘I‘ g
q

Lq_— J
B Fr

Signature:

2 jets and missing energy

Lifetime:

s (1TeVN° [ Qo)
Ty >~ 3 x 10 ‘111( ( ) (

mg 104 TeV
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Long-lived Gluinos at the LHC

5
% 4} Prompt Gluino Decays
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LSP mass [GeV]
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Mgliine > 1.3 TeV for split gluino
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Split Signatures beyond the Gluino:

Electroweakinos and Higgsinos
® Light Higgsinos
® [lectroweakino and Higgsino Yukawa Coupling Unification

® Heavy Higgsinos

® Displaced Winos at the LHC

® The Minimal Model: Two Higgsino Doublets at the LHC

® Displaced Higgsinos at the LHC
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Electroweakinos and Higgsinos at the LHC

Neutralino decays

5 300 T T
& ATLAS Preliminary
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Chargino decays
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Electroweakinos and Higgsinos at the LHC

Neutralino decays Chargino decays
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Electroweakinos and Higgsinos at the LHC
Neutralino decays Chargino decays

/

No analysis for the channel with hW and missing
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Electroweakinos and Higgsinos at the LHC
Neutralino decays Chargino decays

/

No :m;tl_\fsis for the channel with hW and missing energy
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Electroweakinos and Higgsinos at the LHC

Gaugino and Higgsino Yukawa Coupling Unification
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Wino LSP with Heavy Higgsinos

W, Z, A !
1
(S?\\n% W, -
> P
W W W

Am ~ — My ~ 155 — 175 MeV /7
~ — ’ % e)e _— [ A 1 ! '2 X
m P A )0 (2 IVl I~ i./n'A”’;

/"

® Charged wino heavier than Neutral Wino

® cm size tracks with soft pions
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Wino LSP with

Heavy Higgsinos

= Q0served 15% CL e o1 5%
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Higgsino LSP:
The Minimal Model for Unification

\rkanmi-lHamed, D .-.|:‘|_!.. wru (2005

® Only light Higgsinos in the Spectrum
H, q
® Mass sp]illing ~3565 MeV i,

® Soft pions with sub-cm clmrgcd tracks

® No LHC bounds
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Mini-Split Phenomenology

® l)isp]accd Gluinos at the LHC
® Yukawa Coupling Unification

® Displaced Winos and Higgsinos at the LHC
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Naturalness and Higgs Properties

> Top > + > >
Higgs Higgs Higgs Higgs

Gluons » - — - em em e em em e = ] I)]H)lt)n:-‘.

A Natural []iggs is not the SM [liggs

Pirsa: 13040115 Page 55/74



The hints for a SM-like 125 GeV Higgs
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The SUSY Higgs with Light Stops

(%.};j:j_ _ ()();h _
E()U() ()O(j
o 2
Gluons - - > = = “1‘-__".':'_\ + Gluons —— - = - ”i;':'.i:’{!"'
fﬁbf}h ()h(}h
© A0
o @
& .S

Proportional to the PB-function

bo

2 2 2 J
o(gg — h) L [ my ms my A7
g | / r t 41t
+ - 5+ o b b
osy(gg — h) 4\ m; ms ms ms
1 2 1 2

SUSY Higgs production at the LHC enhanced (suppressed)

(=]

with small (!;u'gv) stop mixing

Current bounds allow only ~10% deviations
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The SUSY Higgs with Light Charginos

Higgs Higgs
- —— == Photons + -——h - - Photons
- { ‘) * ¢ )
Unsasy |+ 12 miy sin 23
"SM - r d - 2 S W=
| hsy s 17 ppmy, — my, sin 23

® Requires lzlr'gc mixing and small umﬁ

® [Enhanced (suppressed) when myo p positive (negative)

Maximum increase 1n |1—>yy ~ 20%
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What if...

..the LHC discovers slightly displaced gluinos

® We learn:

® The SUSY breaking scale: Build a higher energy collider
(if we can)

® Possibility of Yukawa coupling unification: The ILC (f
the gauginos and higgsinos are accessible)

® The SM is tuned
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Single Universe

.l.[lt' existence of ( ‘r‘l[‘l'.[l' ]

Dyvacuum < 1072001

Planck
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Single Universe Many Universes

The existence of Galaxies

120 |
10 '\/]'|:111r'|~.

vacuum

“Divine” Intervention Environmental Selection
| Inae, |".H|-. f \\-IH‘H f
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The Many Universes of String Theory
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The Many Universes of String Theory
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The Many Universes of String Theory
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The Many Universes of String Theory
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The Many Universes of String Theory

i

¢
——— \v e
——
» o
. —— -
e -

Extra dimensions of St ring 'l'lu‘m‘.\f im})l.\-' a Plenitude of Universes

[Laws of Nature (l(‘]n-ml on the Slh‘l})t‘ of the extra dimensions
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The String Axiverse

f\nlhropicully Constrained

CMB

Polarization Inflated

Away

< AN >
T 1 T AR T
1035 4% 1078 3x 1018 108

Decays

2 x 1020 3% 1010

. , QCD axion
Axion Mass in eV =
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The String Axiverse

f\nlhropicu”y Constrained

CMB
Polarization Dedlbs Inflated
s o Away
« A\ >
T T T AN T
1033 4% 1028 3% 1018 10
2% 1020 3% 1010

. . : QCD axion
Axion Mass in e\
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The String Axiverse

f\nlhropicu”y Constrained

CMB

Polarization Inflated

Away

‘1 N g

Decays

A

103 4% 108 3% 1018 108

2 x 1020 3% 1010

. . . QCD axion
Axion Mass in e\

\ > |
‘“\ BOSS and 21-cm line experiments
\ ;_\! (I(‘l(‘(‘l sllla[n'v.\.\iun Ullﬁlﬂ;lll M‘ill(‘ structure
L
. -rm-ﬂf/-.ﬂ-.
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The String Axiverse

f\nlhrupicu”y Constrained

CMB
Polarization Decavs Inflated
e Away
« ; ; A\ ; >
103 4% 108 10°
3% 1010

. . ; QCD axion
Axion Mass in e\

... Axions spin down astrophysical black holes
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The String Axiverse

CMB

Anth |‘0picu|1y Constrained
Polarization

A

Inflated
Decays

Away
103

AN\
ANY

108

3% 1010

. . . QCD axion
. | Axion Mass in eV

| / /

\ / /
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The String Axiverse

f\nlhropicully Constrained

CMB

Polarization Inflated

Away
o\, >

108

Decays

A

1054 4 % 1078
3% 1010

. , QCD axion
Axion Mass in eV -

Monochromatic gl‘.‘l\'il.’llinn;ll waves

lll‘l(‘t‘lt‘(] In .‘u]\'.‘lm‘v(] LIGO
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The Large | ladron Collider will tell us!
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