The scale-invariant NMSSM
and the 125 GeV Higgs boson

Benedict von Harling

SISSA

in collaboration with
T. Gherghetta, A."Medina, M. A. Schmidt
[1212.5243]



Standard particles SUSY particles

@ 30

\) Gauge coupling unification

Dark matter candidate

74% Dark Energy

22% Dark
Matter
A A
N 52 [/\%JV—nglnﬂJr...] k
167 ms 4% Atoms
s

N [/\%v+...]

1672



ATLAS SUSY Searches*
CP 2013

Status

Model e

-95% CL Lower Limits

Ty Jets ET [mum

Mass limit

ATLAS Ppreliminary

J'Lm (4.4- 20.7) fo

' Vs=7,8Tev
Reference

MSUGRACHSSH
NSUGRACHSSM

Inclusive
searches

(GGM (Hgosino-bno NLS)
GoM (rggsino
Gravino LSP.

3% gen

§ med

20,

0
0

25
5%
53
ca
%5
>3
%35

1 vawral G

wss)

EW
direct

)
R0 L), @)
ik 84

Drect 7 proc, ong-vea 5
Stabe g, R

GMse, gml o 2e,

sk

Long-lived
particles

g ek, 8 2,

teutt

0
2em

Scalar guon 0
WA intractin (05, Dirac ) 0

f5=7Tev
full data

2 selection of the availabl

0
2e.u(s9)

0
26,59
2

20

2eu@)
3e.u@)

0zep

¥Glongived 2 2y
¥ aau =Py 1o

sem

265

g
5

W

W

W

o
W Ties
W o
sets
9 o3b

jots
—-—

115Tev

B80GeV.

704 GeV. |

LTV i@

mih <200 Gev. ") =0t

)
1> 10%ev
i)

50 Gev. ity << i)
mi <200 Gev. iy =5 Gev

ooev i) = 0cev

6 =0Gew i) -0stoily
i) g

. mix =0 setans decou

oa< )

L <<,  dscoupe

3 s
partial data full data,

1

Mass scale [TeV]

ignal cross section uncert

ATLAS-CONF-2013.047

ATLAS.CONF-2013.047
208,468
ATLAS-CONF-2013.007
1208.4
ATLAS.CONF-2013.026
2000753
ATLAS CONE 2012144
1116
ATLAS.CONF-2012.152
ATLAS.CONF-2012-147

ATLAS.CONF-2012.145
ATLAS.CONF-2013.007
ATUAS-CONF-2013.054
ATLAS-CONF-2012.145

ATLAS.CONF-2013.053

ATLAS-CONF-2013.024
ATLAS. CONF-2013.025
ATLAS.CONF-2013.025

ATLAS.CONF-2013.049

ATLAS CONF-2013.035

ATUAsCourzn1a e
e

12104826
ATLAS.CONF-2012:147




ATLAS SUSY Searches* - 95% CL Lower Limits

ATLAS Ppreliminary
ILdt =(a4-207) " {5=7,8Tev

| _fass limit Reference
o

ATLAS-CONF-2013.047
26" ATLAS-CONF-2012-104
ATLAS CONF-2013.054

ATLAS.CONF-2013.047
ATLAS.CONF-2013.047

3o, o) =08t 208.4658

v ATLAS-CoNF-2013.007
22084688
ATLAS CONF- 201326

40 orTev 12000753

uud 1ol

ATLAS-CONF-2012-144
fsenery
ATLAS.CONF-2012.152
ATLAS.CONF-2012-147

ATLAS.CONF-2012.145

-« Exp. for SMH Higgs
H— bb

—Ho1t

| == Combined obs.

ATLAS.CONF-2013.007
ATLAS-CONF-2013.054
ATLAS-CONF-2012.145
ATLAS.CONF-2013.053
ATLAS.CONF-2013.007
206.4305, 12092102

sud v il ol

CMS Preliminary
s=7TeV.L=5.11"
Vs=8TeV,L=5.31"

ATLAS Preliminary 2011 + 2012 Data
— Obs. 5=7TeV: [Ldt-48487"

e Exp. V5= 8TeV: |Ldt=5.8-5.9 "

0zen
2em
2y
1o

Long-live:
particles

2en

teptr
1em
e

e

0
26.u(s9)

Scalar guon 0

116 118 120 122 124 126 128 19
Higgs boson mass

BE BEED

VM interacton (05, Dirac ) 0 mono-et

f5=7Tev =8Tev
fulldata | partial data full data,

Only a selection of the available mass limits on ne

(GeV)

300 400 500 600
my, [GeV]



ATLAS SUSY Searches* - 95% CL Lower Limits ATLAS  Preliminary

A S J'Lm =@4- 207" (5=7,8Tev
Aass limit Reference

o

ATLAS-CONF-2013.047
P ATUAS.CONF-2012-104

ATLAS CONF-2013.054
ATLAS.CONF-2013.047

" ‘ATLAS CONF 2015.047
3o, o) =08t 208.4658
o ATLAS-CoNF-2013.007
22084688
ATLAS CONF- 201326
4o LorTev 12050755
. ATLAS ConF-2012-144
Laiaer
ATLAS CoN 2012 152
ATLAS CoNF 2012 147

Lol

m

ATLAS.CONF-2012.145
ATLAS.CONF-2013.007
ATLAS-CONF-2013.054
ATLAS-CONF-2012.145

¥ IO Y Y T

ATLAS.CONF-2013.053
ATLAS.CONF-2013.007
206.4305, 12092102

ATLAS Preliminary 2011 + 2012 Data
— Obs. 5=7TeV: [Ldi-464.81"
we- Exp. Vs=8TeV: |Ldt=585.9fk"

300 400 500 600
my, [GeV]




Saving SUSY  (vany peope .1




There are two issues here:

4/ . Q = J N
g, .. 2
@ Why is the Higgs so heavy?

« For simplicity, let's consider MSSM with very SM-like Higgs:

2
= Ve-mhioht = (B ~y -
20

» Higgs mass: m,2, =4m* =

In MSSM at tree-level:

« With these m* and 0 =

* Need to raise o to allow for right (h) and m,!




Ways out of @:

*+ Heavy stops (large méa, mL2,3 or Az):

= 0 = Otree + Oloop can be sufficiently large.

« But then also m> = mZ,.. + m1200p with m1200p > Vaw-

+ Better: NMSSM = MSSM + singlet S and

W D ASH,Hy =V D A(HyHg)?
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There are two issues here: \‘ & 4
@ Why no superpartners at the LHC?

» Raise superpartner masses to satisfy bounds.
» But do so in a clever way!

Strong LHC constraints on
first-generation squarks.

Fortunately, they are not very
important for naturalness!

Assume split spectrum: heavy
first- and second-generation
squarks but light stops and
sbottoms.

natural SUSY ! decoupled SUSY

[Papucci, Ruderman, Weiler (2011)]

« In addition: Make Higgs vev less sensitive to loop corrections
= NMSSM
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The scale-invariant NMSSM

Superpotential

K
Whamssm = ASHyHg + 553
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Superpotential

K
Whmssm = ASH Hyg + §53
Soft breaking terms & D-term potential
a
Viort = miy,|Hdl® + miy, [Hul> + m2|S|* + (axSHaH, + ?"53 + h.c. + Vp)

Bound on lightest Higgs mass mj,

m% for tanf > 1

m% S m22C052 2ﬂ—|—A2V2 Sin2 2/8 — { A2V2 'FOI’ tanﬂ =1

* No gain for tan 8 > 1 compared to MSSM = tanf ~ 1
* mp =~ 126 GeV at tree-level = relatively large A = 0.7
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Studled by [Barbieri, Hall, Nomura, Rychkov (2006)] and dubbed ”)\SUSY”
A 2 0.7 = Landau pole below Mgy
UV-completion should kick in before this Landau pole

E.g. within extra-dimensional models

[Larsen, Nomura, Roberts (2012)]

[Gherghetta, BvH, Setzer (2011)]

Or within Fat Higgs models

[Harnik, Kribs, Larson, Murayama; Chang, Kilic, Mahbubani; Delgado, Tait]

Can be consistent with gauge-coupling unification

[Hardy, March-Russell, Unwin]



Goal
« Find the "Golden Region" of small fine-tuning (better than 5%)

How to quantify fine-tuning:

%
d |Og f,‘

Fine-tuning better than 5%
& XV <20

Y = max
1

[Barbieri,Giudice (1988)]

Assumptions to minimize fine-tuning:
* NMSSM with largish A
*» split sparticle spectrum

* low messenger scale (Amess = 20 TeV )



Technical details
« Markov-Chain Monte-Carlo (MCMC) to scan parameter space

. (MOdlfled Version Of) NMHDECAY[EIIwanger, Gunion, Hugonie] to CaICUIate
sparticle spectra including most important loop-corrections

Range of input values
Constraints

« LEP and Tevatron bounds on

. 0< A3, |k <275
sparticle masses

My < 8TeV
500 GeV < M3 < 8 TeV
mQs,us < 5TeV, myg, < 8TeV
A < 5TeV, |Ap| < 8TeV
|Ax] < 2TeV, |Ag| < 1TeV
tan B > 0.08, |peg| < 1TeV

» LHC bounds on heavier Higgses
& stops, sbottoms and gluino

« limits on Higgs couplings
+ flavour constraints

« electroweak precision tests
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Large A helps
* Minimization conditions in NMSSM:

2
V2_ _mHu _|_
_7A2

» Effect of stops on m,24u, e.g. for m%\)3:

3y? A
§m? = -2t m% lo [ mess] 4.
Hy 872 Qs '08 -

« Contribution of m%k to fine-tuning measure:

d log v?

X const. X —3

20>V >
- - ‘ dm,2_,u v2

dv? m
dlog m%3

dv? 1

2 2
W X ﬁ = max(mQ3) oK< A







Large A hurts
» Higgs mass in NMSSM:

m? = m%cos? 2B + A*v?sin? 2B + 6m2,, + (5m1200p
« Large A and (EWPT =) small tan g:

m7 ~ 10 x (126 GeV)? + corrections

» Quantify this fine-tuning with

d log m?
dlog&;

Zthax‘

i

» Define total fine-tuning as

Ztotal = Zh < ¥V
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focused on neutralino LSP in scan
but if Amess = 20 TeV associated with messenger sector as in
e.g. gauge mediation = gravitino LSP with m3,, ~ 1072eV
expect our result to be not significantly affected because
+ lightest NMSSM sparticle almost exclusively neutralino in scan
» LHC bounds on sparticle masses roughly similar for neutralino and
gravitino LSP
can have neutralino LSP e.g. in warped constructions of

[Larsen, Nomura, Roberts (2012)], [Gherghetta, BvH, Setzer (2011)]
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« Considered optimal-case scenario for naturalness in

SUSHE

« There is a large region of parameter space with small
fine-tuning (better than 5%)

« Tuning in my limits A to be around 1.

« Find stops up to ~ 1.2 TeV, gluinos up to ~ 3 TeV
Naturalness does not require very light stops or gluinos
Possibly no coloured particles below 1 TeV

Challenging to test entire parameter space of natural

SUSY at the LHC



Thank you very much for your attention.
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