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Fact #1:

The (not that) light Higgs



Fact #1: m, =~ 125 GeV

tuning Vs Higgs mass
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Fact #1: m, =~ 125 GeV

2tuning 5 Vs HQiggs mass ,
0v° X M omj, x v°logms;

in MSSM:
m, =125 GeV & tuned ~1% (~%0 W/0 a-terms)

but already after LEP: m > 114.4 GeV & tuned few-% (<% w/o a-terms)

indirect bound on SUSY

F-terms: NMSSM / ASUSY

1 D-terms: extra gauge groups
/\H — —(92 _I‘g&) _I_)\emt’r‘a .
4 loops: extra vector-like gen.



Fact #2:

The Missing Superpartner Problem



Fact #2: no 1 gen. squarks

Squark-gluino-neutralino model, m(i?) =0 GeV
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solution #1:

“Natural” SUSY



“Natural” SUSY

Dimopoulos-Giudice, Pomarol-Tommasini '95
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“Natural” SUSY

Dimopoulos-Giudice, Pomarol-Tommasini '95

Only need light higgsinos, stops, gluinos
(and light mess. scale A)

10% tuning = U <250 GeV, m, <700GeV, M, < 14TeV



Status of Natural SUSY
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Status: March 26, 2013
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LSP mass [GeV]

g-g production, g— tfi?

Gluino Bounds
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my, (GeV)

Is “Natural” SUSY Natural?

A=10TeV, migp=100 GeV, u=120 GeV
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Is “Natural” SUSY Natural?
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Is “Natural” SUSY Natural?

A=10"TeV, misp=100 GeV, u=120 GeV
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solution #2:

RPV



RPV SUSY

1 1
Wapyv = i HyLi + 5 NijrLiL Ef + )\g_j WLiQ; Dy + 5)\;’} LU DDy



RPV SUSY

1 1
Wrpy u Li + -a' L;Ej, 'z‘ Q;Dj. + B NijiUi DDy

Leptonic RPV:
many leptons in the final state!



RPV SUSY

1 1
Wrpv 1.-: L; + . LB . Qi Dy, + 3 )\;’; LU Dj Dy

Leptonic RPV:
many leptons in the final state!

or
play dirty: “displaced susy”

Graham, Kaplan, Rajendran, Saraswat '12
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Baryonic RPV:
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RPV SUSY

_ 1 | _ )
Wrpv = piHuLi+ SNijiLiLj Ef + Ny LiQj D, + "f Py

Baryonic RPV:

p—>KG = A"510%" =5m,, > GeV
n-n, N-N osc. > A", < 10°

T < detector = A"z 10°(x°), "2 107 (sq)
F sy 1101 10O low

baryon number wash-out...



RPV SUSY

_ 1 | _ )
Wrpv = pily Li + Q__)\ij kLilij B+ )\:1-;;' pLiQi D+ IE?DEDE'

Baryonic RPV: «p->K'G = 1"<10%7 = m,,>1 GeV
n-n, N-N osc. > A", < 10°

T < detector = A"z 10°(x°), "2 107 (sq)
F sy 1101 10O low

baryon number wash-out...

@ Required ingredients:

Higgs fix
low scale mediation (but not too low)

Less “canonical” tuning?

extra susy breaking sector ( m <m,,< 5 GeV)
non-universal gaugino masses More “hidden” tunings?

avoid vanilla spectra: leptons, W, Z ...

hierarchical 1"




“solution” #3:

Dirac gauginos



Dirac gauginos:

the good:
e N=2 symm. — no large log corrections to scalars
» suppressed -channel squark production
» suppressed flavor effects



Dirac gauginos:

the good:
e N=2 symm. — no large log corrections to scalars
» suppressed -channel squark production
» suppressed flavor effects
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Dirac gauginos:

the good:
e N=2 symm. — no large log corrections to scalars
» suppressed -channel squark production
» suppressed flavor effects

wiwe
/ 0

Cs(r) e m?2 52
m? = i(r)eim; 1{:>g( ,:,)
I8 m2
1
the bad:

 in general left with a finite ~log(loop) factor

o at best log(few) expected (extra model building)

larger prod. cross section for gauginos

unification in trouble any improvement?
extra model building for Higgs quartic

tachyons?

Ww!w i'A;

[u’ﬁ\/_




what about combining more mechanisms?

not really an option if the goal is naturalness...

...tuning in theory space!









The Alternative
(Min1) Split SUSY
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Arkani-Hamed, Dimopoulos
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EDM and collider bounds
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Split SUSY spectrum

Arkani-Hamed, Dimopoulos
A Giudice, Romanino '04

> 10 TeV scalars Avoids problems with flavor,

EDM and collider bounds

Hierarchy protected
by R-symmetry

\/ Preserves successful
~TeV Jermions Gauge Coupling Unification
and Dark Matter
125 GeV one tuned Higgs

Why to insist on SUSY?



An analogy
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“Min1”-Split SUSY

m,~125.5 GeV fixes A(m,,) ) + )
. m) + g“(m ,
SUSY fixes ~ A0m) = =" cos?20




m,~125.5 GeV fixes Mm,,)

“Mini”-Split SUSY

lg° (1) + g ()]

SUSY fixes ~ Am) = ] cos” 23
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m,~125.5 GeV fixes Mm,,)

“Mini”-Split SUSY

_ Pt
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Split Phenomenology



Gluino Mass in TeV

Phenomenology: Gluino
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Phenomenology: EWinos

Neutralino decays

Heavy Higgsinos:

Chargino decays

Bino LSP : x*¢° —» Wh+MET y*x —» WW+MET
Wino LSP: Am~170 MeV — 10cm stubs (trig. on ISR+MET )
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Phenomenology: EWinos

Neutralino decays Chargino decays

Light Higgsinos:
Usual EWino searches
Possibility of testing all couplings and measuring ranf8 at LC



Only Higgsinos:

Am~355 MeV — <lcm stubs harder to see
if light gravitino h/Z+G decay

Phenomenology: EWinos

Neutralino decays Chargino decays

95% CL upper limit onc [pb]
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Higgs couplings and Naturalness



Naturalness and Higgs Properties



Naturalness and Higgs Properties

Gluons k == % Photons
Higgs

A Natural Higgs is not the SM Higgs



Naturalness and Higgs Properties

Gluons % —»- —-—— - - - - X Photons

A Natural Higgs is not the SM Higgs

2

W ,
Pgg—sh = 1+ — ~ 1+ tuning

Tit=
i



ATLAS Preliminary (Simulation)

(s =14 TeV: [Ldt=300 b ; [Ldt=3000 fb”
.det=300 fb! extrapolated from 7+8 TeV
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Wish List

e “Natural” SUSY - fill in the cracks:
« EWino searches (direct w/o sleptons)
 BR-invariant stop/sbottom searches (ISR+MET, ...)
e Full decay modes for “natural” gluinos (:b, ttbb, thbb)

 DRPV - widen the tested spectra
e w/ simplified model gauginos (6:2:1) + squarks
or better wino(+stop left) vs gluino

« Mini-Split SUSY
« EWino searches (besides WZ+MET):
WW+MET : Wh+MET : long-lived Wino, Higgsino



Back-up Slides
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Natural SUSY

Mild cancellation (10% tuning) requires
<250 GeV, msmps700 GeV, Mgzuin051°4 TeV

o

Gluino Sucks




my, (GeV)

Is “Natural” SUSY Natural?

A=10 TEV, ngp:,u:EUO GeV
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Is “Natural” SUSY Natural?

in progress with:
Arvanitaki, Baryakhtar, Gherghetta, Huang, Van Tilburg

oty U(1)',, for the first two generations

1+ M Gauge Mediation (+ some Higgs mass fix)

m ()

CKM mixing from: \;Q); H 4D3 >

ms, w, my, M123 18,

e, constraints — m,, 2 few TeV

= M, >10"GeV = few % tuning



bRPV SUSY: » Higgs fix

e low scale mediation (but not too low)
e extra susy breaking sector ( m <m,,< 5 GeV)

e non-universal gaugino masses
o avoid vanilla spectra: leptons, W, Z ...

e hierarchical A"

a “simple” model:

SU3)xSU2)xU(1)
Hu’ Hd
_ _ - (B)*
UD'D'+®DD' + MpD'D' [y~ UDD
Myl

high

. y o 2 o o 2 :
GM: F, wi5+5 MpM) v = P ) <[>2 S

M2 M2

in progress with:
Arvanitaki, Baryakhtar, Gherghetta, Huang, Van Tilburg



more 1n general




more 1n general




Tuning the EWSB...

et ( |ﬂ.|2 ) méu— |2_BH ) ~ 0, tan 7 = \/}}Z%{d + |H-|2

—Bu ™+ 'm.%[d ';r;fz-?qﬂ + |pl?



Tuning the EWSB...

_B:l |,u.

92
+m H,

o ( i |9_Bﬂ ) ~0,  tanf= \/r?%d + |ul?

my, + ul’




Tuning the EWSB...

—B::_ |

9
+m H,

det ( [1l® + iy, |Q_B p ) ~ (), tan J = \/ mi, +

i, + P




RGE and tachyons 1in Split

L= s X gY,;; Z—Tr(Ym2) — (gauginos)



RGE and tachyons 1in Split

dt H Ar



RGE and tachyons 1in Split

N\
@ \
e
’& N
dm? §

L= Xy 4+ =Yi—Tr(Ym?) — (gaDye0s)

dt h 4w

=0 if m,_ =m,_ + GUT B.C.




RGE and tachyons 1in Split

=0 if m,_ =m,_ + GUT B.C.

\yt\z

Xe = 872

(m?{u + m?L + ng)



RGE and tachyons 1in Split

W\
dm? 6

L= Xy 4+ =Yi—Tr(Ym?) — (gaDye0s)

dt h 4w

=0 if m,_ =m,_ + GUT B.C.

_ ‘yt‘z
872

2 2

X, (mHu +m; + ng)

IR fixed point: X — 0 = tachyon



RGE and tachyons 1in Split

I& &\
@ \
e
D
dm? | §)

dtz — gY;; j—:;Tr(Ym2) — (ga»&os)
=0itm_=m_ + GUT B.C.
_ ‘yt‘z 2 3 2
XKop = - (mHu +m; + mER)

IR fixed point: X — 0 = tachyon

- : 2 .02 L2 1.9,
UV fixed point ™z, :m;, *my, =1:2:3



How much you can run...

—20—15—10 -0.5 0.0 05 1.0 1.5

LDgE(mEL/mHM)



How much you can run...

—20—15—10 -0.5 0.0 05 1.0 1.5

LDgE(mEL/mHu)



M~p(g)/gm,

Anomaly Mediation
Giudice, Luty, Murayama, Rattazzi '98

Light AMSB
~100 TeV

S‘% ° .Uz“'Bﬂ“'myzz
g § Giudice-Masiero or explicit y-term
<

S & e tanf3 ~ 4
iy S « m, % can run negative

\ ~1 TeV » Light gauginos (W- or B-ino LSP)

GUT still OK
Flavor Problem



Anomaly Mediation
Giudice, Luty, Murayama, Rattazzi '98

Heavy AMSB
m,~m,, gA > ~10° TeV - B~ m, 2>
§ qg Giudice-Masiero-ish
<l S
8 & o tanf ~ 1
o IS o I’I’lHM2 >0
M~p(g)/gm,, v ~100 TeV * Heavy gauginos

(higgsinos can be light)
GUT OK
No Flavor Problem



Gauge Mediation

Hidden assumption of natural GM:
Efficient breaking of R-symmetry in SUSY breaking sector

Very easy to get parametrically lighter gauginos:

— by suppresion of R-symmetry breaking in the hidden sector
— by accidental cancellations such as gaugino screening
Arkani-Hamed, Giudice, Luty, Rattazzi '98

Example: W = Mp (CD1CI)1 + (DQ(EQ) + X DD, X =M + Fo?

a; M F3 (MB F3 F5)
my, = O

67 Mg M, | \ D 0T, MY

» Advantage over AMGB: no flavor problem
e Advantages over natural GM:
 gravitino can be heavier than LSP — thermal dark matter

* U-Buno longer a problem



U(1)' Split SUSY

MSSM + U1)":

U(1)' = cos(8) U(1), , +sin(8) U(1),

SUSY breaking mediated by U(1)’

(< mediators only charged under B-L)

- -
" -

- ~ s a
§ g 2P N E
ac—IAagal,—al,



U(1)' spectrum with no D-terms
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U(1)' spectrum with D-terms

1x10"—
8 102}
GXIW%
4x10'|

2x1m? '

_2x 102

| ik ' |
I3 X B-1
| | |
| | |
| | |
| | |
| |
|
|
|
|
|
I -
2 I %
s s
| & '
| | hu | e,
| L | PR o
—-0.5 0.0 0.5




ml/2 (GBV)

2 x 104t
1><104;

5000}

2000
1000}

500}

2007

19

U(1)' fermion spectrum
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Higgs couplings in Split

SM — 5
I, 17 ppmy, —myy, sin 23
600 . - 600
| | |
| ! :
| I p
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I 1
I 1
4002 . 40 ;
> 1
8 1
R=
§300-_ ______________
200;
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