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After 8TeV LHC: (C)MSSM and Co.

TLAS SUSY Searches*
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After 8TeV LHC: (C)
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Fine-tuning in the MSSM
@ rely on loop corrections to Higgs mass from (s)top sector

3 3 1
m,27—m2zcos22,3< S i >+4 SYE {2Xt—|—t+ }

with t = In S°ft , X = (At;l;wtﬁ) (1 - (Atlz;,tnmtﬁ) )v Msoft = /My, My,

soft soft
@ Large contr|but|on to m,ﬂu from RG evolution in the supersymmetric

theory (finite corrections are small compared to RG effects for

> msoft)
miy, (Msott) = M3, (/\)—3—”2 [m2 (A) +m? (N +A2(/\)] In { A }+
u u 87.(-2 Q3 u3z t mSOft
Tree-level minimization conditions
2 2
2 _ Mu, = My ) 2 2
M2 = osap  MHe T MHy 2
2b 2 2 2
= Gin2p  Hu T Mhy ~ 24



Fine-tuning in the MSSM 2

i 2 2
with 6 — (mlz-lua m12-1d1 mQ37 mu37 m3[37 At; Ab: er M27 M3)

@ after LEP: XV > 10,
i.e. 10% fine tuning
o after 8TeV LHC: ¥v > 100,

i.e. worse than 1% fine
tuning

80 90 100 110 120
CMSSM Higgs Mass /GeV

[Cassel et al. 1101.4664 [hep-ph]]



Fine-tuning in the MSSM 2

Finetuning measure [sarbieri, Giudice (1988)]

with 6 — (mlz-luz mlz-lda m%‘)37 m537 mgy At; Ab: er M27 M3)

@ after LEP: XV > 10,
i.e. 10% fine tuning

o after 8TeV LHC: ¥v > 100,
. o/
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CMSSM Higgs Mass /GeV

[Cassel et al. 1101.4664 [hep-ph]]
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New tree-level contributions to the Higgs mass

@ additional D-term contributions

@ additional F-term contributions

— e.g. in the NMSSM: additional gauge singlet S
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NMSSM

Superpotential

Whmssm = ASHqH, + 253

Soft breaking terms

dg
Vioft = mi,ddeyZ + mpy |Hu® + m2|S|? — (axSHaHy + ?53 + h.c.)

Bound on lightest Higgs mass mj,

m% cos?2f large tan B
A°v2sin22B  small tan B

m% < m% cos? 28 + A%v?sin? 28 — {
@ No gain for large tan 8 compared to MSSM — small tan g
— relatively large A = 0.7 or additional stop loop contribution

— Landau pole below GUT scale

10



Large A\: Landau pole below GUT scale
e Additional vector-like 5 + 5 SU(5) multiplets delay Landau pole

[Mazip, Munoz-Tapia, Pomarol (1998); Barbieri et al. (2007); Barbieri et al. (2013)]
@ Strong-coupling effects might even correct for 3% discrepancy in
unification [Hardy, March-Russell, Unwin (1207.1435)]
@ New physics at A ~ 10 TeV (ASUSY [garbieri, Hall, Nomura, Rychkov (2006)])
— e.g. Fat Higgs [Harnik, Kribs, Larson, Murayama (2003)]
[Chang, Kilic, Mahbubani (2004); Delgado, Tait; Birkedal, Chacko, Nomura (2004)]
— e.g. within extra dimensional models

Tev ~ . e
000F —— Qua i g

100

01 g n

[Gherghetta, v.Harling, Setzer (2011)] [Larsen, Nomura, Roberts (2012)]
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Large A\: Landau pole below GUT scale
e Additional vector-like 5 + 5 SU(5) multiplets delay Landau pole

[Mazip, Munoz-Tapia, Pomarol (1998); Barbieri et al. (2007); Barbieri et al. (2013)]
@ Strong-coupling effects might even correct for 3% discrepancy in
unification [Hardy, March-Russell, Unwin (1207.1435)]
@ New physics at A ~ 10 TeV (ASUSY [garbieri, Hall, Nomura, Rychkov (2006)])
— e.g. Fat Higgs [Harnik, Kribs, Larson, Murayama (2003)]
[Chang, Kilic, Mahbubani (2004); Delgado, Tait; Birkedal, Chacko, Nomura (2004)]
— e.g. within extra dimensional models

Tev ~ . e
1000 § g

100

01 - Gt

[Gherghetta, v.Harling, Setzer (2011)] [Larsen, Nomura, Roberts (2012)]

— Our assumptions: decouple first two generations of sparticles as well
as third generation of sleptons

11



EW symmetry breaking
MSSM minimization conditions

2 2

my, —m
m2 Huy Hq 2 2 2
=——<2—my —my, —2
mz cos 28 Hy Hy ©
m2 2 2 2
0=my —my, —my, —24

We obtain the following minimization conditions in the NMSSM [ = Avs

2 2(ax+Akvs)vs
and mA = sin2p ]
2 2
my, —m
2 _H Hq 2 2
m% _(210572/3_’”’_’ de 2\ VS
2(a) + Akvs)v.
2. 2 < s)Vs 2 2 2,2
AvE = sin2p — my, — My, — 2A°vs

2
=Xk v? sm2ﬂ—2/s2v2 A2v2 — Ny sin2f — axvs
2vs
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Beyond tree-level

Defining
ﬁﬁ_,uzm,z_,u—l-divgvl, ﬁv,z_,dzm,z_,d—i-divgvl, r’ﬁ%zm§+divgvl
the minimization conditions at NLO can be written as
m’ =—ﬁ7i’cuos_2:%’d — i, — mE, — 2222,
A2 :2% — i, — AR, — 2222

2
~ . ave |
M2 =Akv?sin 28 — 2k%vZ — A%v? — 2)‘— sin2f — a,vs
Vs 13



Fine-tuning in the NMSSM

Finetuning measure(garbieri, Giudice (1988)]

YV —max

dln v?
Blnf,( )

: 2 .2 2 2 .2 2
with & = (my, , mi, Ms, A, K, ax, ax, Mg,, My, My, Aty Ap, My, Ma, M3)

Finite one-loop corrections alleviate tuning by 10-20% compared to tree-level (cf.
[Cassel, Ghilencia, Ross (2010)])

= max

dlnv C/|n£j(msofc)
z d|n§J msoft dlnf,(/\)

14



Fine-tuning in the NMSSM

Finetuning measure(garbieri, Giudice (1988)]

YV —max

dln v?
8|n§,( )

: 2 .2 2 2 .2 2
with & = (my, , mi, Ms, A, K, ax, ax, Mg,, My, My, Aty Ap, My, Ma, M3)

Finite one-loop corrections alleviate tuning by 10-20% compared to tree-level (cf.
[Cassel, Ghilencia, Ross (2010)])

= max

dlnv dlngj(msoft)
Z dlhgj msoft dlnf,(/\)

For example in the case of sz neglectlng finite one-loop correction:

dlInv? ‘
dlInm_ (A)

} dv?
Msoft dmlz_/u (msoft)

< ¥V
8r2 2 ~

3)’»: mQ3(/\) n[ A

a: 2 1 & K 1
deuE/msoft) - _2#5 = (ta“ﬁ) dmg, (msogt) — A3 cot2f + O (M)

14



Large X helps

6

dv? K
@ — 77— ~ -zcot?2
dmfz.[u (msoft) A3 ﬂ

— large A reduces finetuning
@ black A =20 TeV, orange A = 100 TeV, yellow A = 1000 TeV

15



Large ) helps

6 4000

ot

ot

dv? K
0 —/—— ~ Fcot2
dmfz.[u (msoft) A3 ﬂ

— large A reduces finetuning
@ black A =20 TeV, orange A = 100 TeV, yellow A = 1000 TeV

@ right: XV < 20: better than 5% VEV tuning

o large A allows larger stop masses

15



Large )\ hurts
m? ~ m% cos? 28 + A%v?sin? 28 + ém,z,’stop + (5mf,’s

@ For large A: Avsin28 > my: cancellation required

@ generally 5m,2775t0p >0

@ partly cancelled by mixing with singlet (cf. [agashe, cui, Franceschini (2012)])

@ In our scan, it amounts to at most 40% of m% cos? 28 + A%v?sin? 28

— loop corrections from Higgs-singlet sector lead to required cancellation

16



Large A\ hurts
m? ~ m% cos? 28 + A%v?sin? 28 + 6m,2,7stop + (5mf,’s

@ For large A: Avsin28 > my: cancellation required

@ generally 5m,2775top >0

@ partly cancelled by mixing with singlet (cf. [agashe, cui, Franceschini (2012)])

@ In our scan, it amounts to at most 40% of m% cos? 28 + A%v?sin? 28

— loop corrections from Higgs-singlet sector lead to required cancellation

Higgs mass tuning

2
fi dmh,tree

dlIn m%
A max |-
& |m2  d§

h —
> " = max dIn;

&i

with & = (A, K, ax, ax, m%,a, mL2,3, mi,At,Ab, My, Mo, M3) and fix v, 4.5

16



Large A\ hurts 2

Higgs mass tuning
2
¥/ = max cllubisy A max & IMhiree
& | dIng; & m,2, dé§;
with & = (X, &, ax, ax, my,, ma,, m3., A¢, Ap, My, Ma, Ms) and fix vy,4,s

20

€

15 *h

10t

sh

10°

_OC
£
-
.
p

2.5

ot
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Combined fine-tuning

10%

@ In a statistical sense, if two quantities are not correlated, the
probability involving both is P(AN B) = P(A) x P(B).
@ black A =20 TeV, orange A = 100 TeV, yellow A = 1000 TeV

18



Combined fine-tuning
R .. E5%

10%

k)
0.5 1.0 1.5 2.0 2.5 500 1000 1500 2000 2500 3000 3500 4000
A Migofe|GeV)

In a statistical sense, if two quantities are not correlated, the
probability involving both is P(AN B) = P(A) x P(B).

black A = 20 TeV, orange A = 100 TeV, yellow A = 1000 TeV

right: ¥V < 20: better than 5% VEV tuning

green "Y'V < 20, blue 20 < ¥h¥¥ < 100, red XX > 100

brown band: MSSM with g = 200 GeV, tan 8 = 20 and ma = 1 TeV
[generated using FeynHiggs]
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Numerical Scan

@ Markov Chain Monte Carlo

@ We used a modified version of NMHDECAY, which is part of NMSSMTools
3.2.1, as well as MicrOMEGAs 2.4.5 for DM

@ We scanned linearly in 14-dimensional parameter space

tanB | tanB > 0.08 || mq, | Agmq, < mqg, <5TeV || M 0< M <8TeV

7 lul <1TeV || my, | Dgmy, < my, <5TeV || M 0< My <8TeV

A 0<A<3 Mg, 0< my, <8TeV Mz | 0.5TeV < M3 < 8TeV
K |k| <2.75 || A: |AzA: < |Ae] <5TeV || v 174 GeV

A | AN <2TeV || A |Ap| < 8TeV A 20,100, 1000 TeV
Ac | |Acl <1Tev

= We did not sample the full parameter space. Therefore, there is no
statistical interpretation of the scatter plots.

@ Likelihood function: product of Gaussians for the Higgs mass centered at
126 GeV and for the VEV finetuning centered at 0.

@ We impose the hard cuts summarised in the table as well as
2 2 2
1€(A) — E(msost)| < |E(N)| for & = mg,, m,,,, mg,, At, Ab
similar to "gluino sucks the stop mass up" [Arvanitaki, Craig, Dimopoulos, Villadoro(2012)]

@ We conservatively impose the collider, EW precision and flavour constraints.20



Electroweak Precision Tests (EWPT)

@ impose EWPT at 20 with my ;er = 117 GeV  [PDG(2012)].
So = —0.04 £0.09, Ty = 0.07 &= 0.08 and correlation of 88% at 95% C.L.
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Electroweak Precision Tests (EWPT)

@ impose EWPT at 20 with my ;er = 117 GeV  [PDG(2012)].
So = —0.04 £0.09, Ty = 0.07 &= 0.08 and correlation of 88% at 95% C.L.

@ Consistent with previous analyses[Barbieri et. al.(2006); Franceschini, Gori (2010)], we find
@ Higgs and singlet scalars do not contribute much to S, T

@ (3rd gen) squarks: tan § can not be too large unless cancellation
tan B # 1 breaks custodial SU(2) — contribution to T
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Electroweak Precision Tests (EWPT)

@ impose EWPT at 20 with my ;er = 117 GeV  [PDG(2012)].

So = —0.04 £0.09, Ty = 0.07 &= 0.08 and correlation of 88% at 95% C.L.

@ Consistent with previous analyses[Barbieri et. al.(2006); Franceschini, Gori (2010)], we find
@ Higgs and singlet scalars do not contribute much to S, T

@ (3rd gen) squarks: tan § can not be too large unless cancellation
tan B # 1 breaks custodial SU(2) — contribution to T

@ Neutralino/chargino sector imposes strong constraint on A as well as tan 8

My 0 —cosfBsinBymz sinfBsinfymz 0
M, cosBcos@ymzy —sinBcosbymy 0
Myo = | . . 0 — i —Avsin g
. . — 0 —Avcosf
. . —25u
(0 X7 . _ M- V2myy sin B
Myx = <X 0 ) with X = <ﬁmw cos B u
in gauge-basis 4° = (B, W3, H9, H, 5) and ¢+ = (W+, Hf, W=, H,)

21

@ We find tan § < 5 depending on A



SUSY searches

Assuming a neutralino LSP, we conservatively exclude the following regions:

@ gluino search: g — b[_))zcl) [ATLAS-CONF-2012-151]
mg < 1310 GeV if mgo < 650 GeV
@ shottom search [pDG (2012); CMS-PAS-SUS-12-028; ATLAS-CONF-2012-106]
my < 89 GeV
150 GeV < mj < 650 GeV if mgo < 230 GeV
@ stop search [PpG(2012); ATLAS (1208.1447, 1208.2500)]
my < 95.7 GeV
220 GeV < mz < 500 GeV if mgo < 160 GeV
@ chargino search [pbc (2012)]
my+ < 94 GeV

The neutralino/chargino searches by ATLAS/CMS did not lead to
further constraints.

22



Higgs searches

o _ _olh) x BR(h— X)
X = O'(hSM) X BR(hSM = X)

@ Higgs resonance at 126 GeV
[ATLAS (1207.7214), ATLAS-CONF-2012-162; ATLAS-CONF-2012-170; CMS (1207.7235), CMS-HIG-12-045]
0.81 < Rzz < 1.32, 0.74 < Rww < 1.40,
0 < Ryp < 1.10, 0.27 < Ry, < 1.15,

@ Heavy Higgs searches [cMms-pas-Higgs11-024,CMS-PAS-Higgs-11-041]
o(si) x BR(s; — ZZ)
O'(hSM) X BR(hSM — ZZ)
o(si) x BR(s;i = WW)
O'(hSM) X BR(hSM — WW)
@ Charged Higgs ppc(2012)]

<0.09

<0.2

my+ 2 79.3 GeV

23



Flavour Constraints

We use the following flavour physics constraints

@ B-meson mixing [HFAG (1207.1158)]

AM, = (17.719 4+ 0.086) ps !
AMy = (0.507 £ 0.008) ps~*

@ rare B—decays [HFAG (1207.1158)]

Br(B" — 7tv;) = (1.67 £ 0.60) x 107*
Br(B — Xsv) = (3.55+ 0.48 +0.18) x 10 *

o recently measured rare decay BY — utpu™  [Lhcs (1211.2674)]

Br(BY — utu~)=32739112 % 107

24



Dark Matter

10%

TR T Ty
t L
. ’,.JJ-,

loog

o

100 200 300 400 500 600 700 800
my[GeV]

o WMAP-7 constraint: Q;sph® < Qwmap_7h* = 0.1120 + 0.0056
@ green (singlino), blue (Higgsino), orange (wino), red (bino) DM

@ Purple points overclose the Universe or are excluded by XENON100
= but they are viable if the gravitino is the LSP.
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Dark Matter 2

\LOOO

A mostly Bino with Higgsino admixture is viable DM candidate
We find:
o lightest chargino mostly Higgsino with m,+ 2 200 GeV
o charged Higgs my+ 2 750 GeV
t-channel annihilation via chargino and LSP-chargino coannihilation
via charged Higgs are suppressed

Dominant annihilation channels:
~0 ~
et b i W Xt h
>h < >h4i 70:17 7(//
0%l b X7 we XY “

on resonance for CP even Higgs-mediated annihilation (p-wave)
s-wave CP odd Higgs-mediated annihilation

Why did we not find more points, which fit WMAP-77

scan linearly in parameters — large values are prefered, M; generally
large

26



Particle spectrum

104

mass [GeV]

102 :

i

h 5253 41 GQHif(U )Zg )Z(g) )24)255(1 5(2 tl ta by by 9
particles

@ all colored particles can be above 1 TeV with tuning better than 5%
@ but light EW sector required
mz

. L o m m
@ due to limits on invisible widths: ma, 2 % and mge 2 5% (or 52)
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Higgs diphoton rate

Ry,
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Higgs diphoton rate
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Outline

@ Conclusions
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Conclusions

@ natural SUSY is not excluded (yet)

@ TeV-scale stop masses allowed with 5% tuning for a cutoff scale of
20 TeV

@ a large value of A reduces tuning in Higgs VEV, ¥V
@ but introduces an additional tuning in the Higgs mass, ¥h

= consider combined tuning XV¥."
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Conclusions

@ natural SUSY is not excluded (yet)

@ TeV-scale stop masses allowed with 5% tuning for a cutoff scale of
20 TeV

@ a large value of A reduces tuning in Higgs VEV, ¥V
@ but introduces an additional tuning in the Higgs mass, ¥h

= consider combined tuning XV¥."

Particle spectrum

We find for the particle spectrum with a combined tuning, ¥YX", better
than 5(1)% with A = 20 TeV

o lightest stop mz, < 1.2(2.6) TeV

@ gluino masses mz < 3.0(4.6) TeV

o lightest EW sparticles (charginos/neutralinos) mg < 400(600) GeV

— We have to wait for the 14 TeV LHC
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