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Supersymmetry?

Supersymmetry (SUSY) is a hypothetical symmetry relating
fermions <-> bosons, doubling the degrees of freedom

No hint for SUSY particles seen at the LHC (but a light Higgs ?!)

Still considered the most well-motivated candidate theory for

physics beyond the SM

MSSM
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What do LHC Higgs searches tell us about supersymmetry?

2012-10-10 cHarged 2012



MSSM Higgs sector

Minimal SUSY (MSSM) -> two complex Higgs Doublets: H,,, H
8 scalar degrees of freedom, 5 physical Higgs bosons (SM: 4, 1)

CP conservation: h, H (CP-even), A (CP-odd), and H*
My > My,

At tree-level, the Higgs sector is determined by two parameters:
My, tan s or Mpg+,tanp Vu

Other Higgs masses are predictions:

1
M = 5 [Mj + M7 F \/ (M3 + M2)? — AM3M2Z cos? 23

Mpe = M3 + My, M} ree < M7z cos? 28 < M



MSSM Higgs sector beyond leading order

Beyond leading order, the full SUSY spectrum enters
determination of Higgs masses

My = M, 1o (Mp=, tan ) + AM} (Msusy, Xy, - . .)
To make predictions must fix the soft-breaking parameters

Top-down
GUT-constrained models evolved down to weak scale

Bottom-up
Benchmark scenarios to study phenomenologically interesting

aspects of the Higgs sector without reference to ‘higher’ model
”pMSSM”: MSUSY7 M17 M27 M37 At (Ab7A7')7 %



Benchmark scenarios

Public codes with known two-loop corrections implemented:
FeynHiggs (OS) - SoftSusy, Suspect, Spheno, ... (DR)
Typical difference in calculated M, (theory unc.) of a few GeV

Leading corrections depend strongly on mixing in stop sector

3m Mz  X? X?
M7? ~ Mz + e llog—SJr—t(l— L )]

2m2v2 m; M2 12M2
Decoupling limit: Mg+ > My X; = At — l cot 5
tan § > 1 Ms = (mg, +mg,)/2

Basis for M, -max and ‘no mixing’ scenarios

Xy =0 My < 120 GeV
XPR = V/6Mg XP° =2Mg Mj, < 135GeV



Experimental discovery of a light Higgs™!

—
< .
A
ILI| I|

CMS Vs=7TeV,L=51f" \s=8TeV,L=531b"
GJ T T T 1 T T | T T 1 ] T T T T | T T 1T T ] T T T T |
-] — 1o
© — 20
2 30
o
8 . 4
3 - o

[
1
]
.

'

a

'

.

D

D

0

0

»

o’
,*
4
.
o
.
.
.
! <
l| || || || || || || |

106 56
10‘8 :— —— Combined obs. .
====Exp.forSMH | Trea 66
| —— H-vy * E
. — Ho2zZ
107 | 2w =
I—|=———H—> 11 —
10'12 _—l - 1H|_>|bb1 i ) ) ) S ¢ A A A B i—_7G
110 115 120 125 130 135 14 145
my, (GeV)
o f L I L I T T T 7T I L I T T T 7T l UL I L l L i)
iml 10°E ATLAS Preliminary 2011 + 2012 Data
S 107 —— Obs. Vs=7TeV: [Ldt = 4.6-4.8 b
- 10 ---- Exp Vs =8TeV: [Ldt =5.8-5.9 fb"
L o e S o e s S = 00
810 A 1o
Sl e N 20
10'3 """""'.'-'-'-'-' """"""""""""""""""""""""""""" 36
10
10.5 """""""""""""""""""""""""""""""""""" 4c
10°
10-7 ------------------------------------------------------------------ 5(5
107
107 Lo I N | 60
110 115 120 125 130 135 140 145 150
m, [GeV]
2012-10-10

CMS

Observed significance: 5.0 o

Mg =125.3£0.44 0.5 GeV

ATLAS

Observed significance: 5.9 ¢

My =126.04+0.4 £+ 0.4 GeV

*TBC
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Charged Higgs bosons

Two kinematic regions for charged Higgs production

Light charged Higgs 1E

- - _
~~

1
T
b

MHj: < My — My 1
10~

-
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pp— 1t  t—>bHT

Branching ratio

Heavy charged Higgs

MHi > My — My 1073
100 110 120 130 140 150 160 170

gg/gb — tbH ™ m s (GeV)
-> Talk by S. Heinemeyer
Complementary production modes

pp — HTHT pp— H*WT
-> Talk by R. Pasechnik
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Charged Higgs bosons: Decay modes

MSSM Decay mode also ‘fixed’ by kinematics

Light charged Higgs
BR(H" - 77v,) ~1

Heavy charged Higgs
BR(H" — 77v;) ~0.1
BR(H' — tb) ~ 0.9

tan 8 > 1
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In the NMSSM should be complemented with searches for
H* - AW*  HT 5 HiW?
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From branching ratios to MSSM parameter limits
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Charged Higgs implications of a 126 GeV Higgs

S. Heinemeyer, OS, G. Weiglein, [1112.3026]
F. Mahmoudi, OS [work in progress]

Assume a signal for a (CP-even) MSSM Higgs boson signal
is present in LHC data

Experimental result: M; = 125.7 £ 0.6 GeV

Higgs spectrum up to 2-loop order calculated with FeynHiggs.
2 GeV theory uncertainty on M, added linearly:

123 GeV < My < 128 GeV
Top mass (1 o interval) taken as parametric uncertainty

my = 173.2 £ 0.9 GeV
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The Higgs mass constrains the MSSM parameters

M, is an increasing function of the tree-level parameters M, tan 3
My = M, oo (Mp=, tan ) + AM (Msusy, Xy, - - )

For a given SUSY mass scale M ,.,, maximize the contributions
to AM,, from radiative corrections -> M, -max scenario

60?""\"'I""I""I""I""I""I""=f
C MSUsyleeV

ATLAS Direct H+

100 150 200 250 300 350 400 450 500
+ (GeV)
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The Higgs mass constrains the MSSM parameters

M, is an increasing function of the tree-level parameters M, tan 3
My = M, oo (Mp=, tan ) + AM (Msusy, Xy, - - )

For a given SUSY mass scale M ,.,, maximize the contributions
to AM,, from radiative corrections -> M, -max scenario

60?"" IIII"''I""I""I""I""I""=_f
B MSUsyleeV:

50F ATLAS Direct H+ |
N M, = 125.7+-2.6 GeV |

100 150 200 250 300 350 400 450 500
M. (GeV)
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Including exclusion limits

MSSM Higgs exclusion (at 95% CL) taken into account using

HiggSBoundS [3.8.0] -> Talk by T. Stefaniak

SO T T

LEP Excluded
50 ATLAS Direct H+ _]
M, = 125.7+-2.6 GeV

150 200 250 300 350 400 450 500
M., (GeV)
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Including exclusion limits

MSSM Higgs exclusion (at 95% CL) taken into account using
HiggsBounds [3.8.0]

-> Talk by T. Stefaniak

ATLAS/CMS Excluded |l Most sensitive LHC limit
LEP Excluded

ATLAS Direct H+ [~ H / A — 77

MSSM mass relation
Mz = M3 + M,

Lower MSSM limit:

Mpy+ > 161 GeV

150 200 250 300 350 400 450 500
M. (GeV) tan 8 > 4
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tan 3

Upper limitontan 3 ?

X; =2 TeV (Mp-max)

«o ]
c
)
[ e}

150 200 250 300 350 400 450 50t 150 200 250 300 350 400 450 500
M, (GeV) M, (GeV)

= Upper limit from M, is scenario-dependent.
Can consider full region up to 95% exclusion as still open.
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Alternative MSSM interpretation: M, = 126 GeV

“ Viable to have the heavier CP-even Higgs boson at 126 GeV?
-> Yes, in a limited region of parameter space!

1 =1TeV

115 120 125 130 135 140 145 150 156 160 Msusy =1 TeV
M (GGV) XtZQ.SMSUSY
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Alternative MSSM interpretation: M, = 126 GeV

Viable to have the heavier CP-even Higgs boson at 126 GeV?
-> Yes, in a limited region of parameter space!
25

My, = 125.7+-2.6 GeV

20

15

| -

115 120 125 130 135 140 145 150 155 160 Msusy =1 TeV
M. (GeV) X; = 2.3 Mgusy
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Charged Higgs in top decays
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Should be probed very soon in both charged Higgs and
neutral H/A — 71 searches. Complementary approaches!
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Lightest Higgs below the LEP limit

e
Q

(normalized to SM)
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Could have M, = 126 GeV and M, = 98 GeV (small LEP excess)

2012-10-10 cHarged 2012

M, =125.7+-2.6 GeV
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Global MSSM Implications of 126 GeV Higgs: Rates

P. Bechtle, S. Heinemyer, OS, T. Stefaniak, G. Weiglein, L. Zeune, [12XX.XXXX]

Combined measurements compatible with the SM...
+ Higgs mass in the range favored by EW fit

+ Overall rate close to expected for SM Higgs

+ gg/VBF production modes present

+H->VVd look SM
ecays 100 |)4TL|AS| 201-I| ) 20|-|2 gmH=12L-0GeV

W.ZH—bb_ -
.. still one can ask: H s 1t .

\s =7 TeV: |Ldt= 4647fb1

H-ww S viv ,
\s=7TeV: [Ldt= 4.7 b S e—

IS H -> 'YY enhanCEd? \s=8TeV: |Ldt=581"

Hovy

\s=7TeV: |Ldt=4.8f" 5 PS
\s = 8 TeV: ILdt 591" :

Does H -> Tt exist? H— 77" = 4

\s=7TeV: [Ldt= 481" e
\s=8TeV: |Ldt=58 b :

i Combined i
DOeS H -> bb eX|St? \s=7TeV: JLdt=4.6-4.8" U= 1.4+0.3 —.—

\s=8TeV: |Ldt=5.8-5.91b"

What about the Tevatron? | | | 11 ! 1i |

Signal strength (u) »
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Statistical procedure

Standard %2 measure

» 2 re
V= NZ (Ri = Ri)* | (My — M) M =125.7 GeV
— o’ (AMy)? AM, =1GeV
Nobs = Natras + Noms + Nother (SM Vi:R; =1)

Correlations neglected (since they are not available)

Predictions take into account channel efficiencies as weights (w,)...

> 1 WporBR(h — v7y)
> wkagMBR(h — )M

... where available (yy). Other final states: “naive” prediction.

R’W —

Flavour (BPO) and g-2 taken into account using Superlso
-> Talk by F. Mahmoudi



LHC data set

e LHC Data

126.5 GeV (ATLAS)
125.3 GeV (CMS)
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MSSM Results
Light Higgs case

cHarged 2012
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e LHC Data

Best fit for LHC rates

B MSSM best fit
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B/ N DA AN N N AR M
BPO +i(g-2) included :

Rate modifiers

All points: 121 < M, <129 GeV
2 Allowed by HiggsBounds

B Ay <230
Ax? < 5.99

RVV

, s , S S S N N N
AX =X _Xmin 051015%2 25 30 35 4.0
R R L B 4"":.'"r ' '
' BPO + (g-2) included : $RO+(g 2) mcIuded

R"C"C
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Reduced couplings for Higgs production

2.0""!""|""!llll|llll!lll|!||||
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ghVV

Production rates are close to SM -> Mainly decay rates modified
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Higgs mixing to suppress bb, tt, enhance yy

)

Reduced coupling to down-type fermions, “small o«

I9nob Ghrr sina SIN Qef

— T — 7 —_—

9Hsbb ~ 9Hsurr ~ COS[ cos 3

a tree-level mixing angle for CP-even Higgses
O approximates coupling behavior beyond LO

Largest suppression of fermion modes prefers large X,, u
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Direct yy enhancement: Light staus
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Up to 50% enhancement directly on yy width
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tan B

Tree-level Higgs parameters

Wlth BPO + g-2 No BPO or g-2

200 300 400 500 600 700 800 9001 00( 200 300400 500 600 700 800 9001 00(
M (GeV) M, (GeV)

Largest/smallest values for tan 3 disfavored in full analysis

Decoupling limit M g+ — oo viable solution in Higgs sector
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MSSM Results
Heavy Higgs case
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e LHC Data

Best Fit Rates

B MSSM best H fit
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Tree-level parameters in heavy Higgs case
30"|""|""|""|""|""|_""!T"'!""

25 : .......

20

tan 3
o
T

120 130 140 150 160 170 180 190 200
M, (GeV)

= Allowed H solutions in the ‘LHC wedge’, but extrapolating...

.. other states (A/H+) should be accessible soon!
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Conclusions

No sign of a charged Higgs (yet), its mass is unconstrained by theory.
But: the MSSM predicted a light Higgs boson, compatible with what
has now been discovered by ATLAS/CMS

MSSM Interpretation I: Lightest Higgs (h)
- > Light charged Higgs bosons (Mg« < m;) ruled out
- > Overall rates favor suppressed Higgs couplings to fermions,
enhanced yy and (smaller) enhancement of VV channels
- > Higgs decoupling limit viable (but not the only) solution
MSSM Interpretation Il: Heavy Higgs (H):
- > Small corner of parameter space with light H* still exists
- > Best fit rates similar to those for light Higgs case
- > Should be accessible soon. Lightest Higgs hidden below LEP limit

H* limits from other Higgs searches (h, A, ...) only apply in the MSSM
Need to independently exclude (or discover) H* over full mass range!
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MSSM Lightest Higgs Mass

Higher-order corrections are particularly important for M,
My = M, tree(Ma, tan 8) + AM} (Msusy, Ai, M;, ...

Long development to know these corrections very precisely

Dominant 1-loop corrections

Complete 1-loop

RGE-improved 1-loop

Dominant 2-loop 0(%2043 + ygozs + yf + ?JZL)

Leading 3-loop O(y2a?)

2012-10-10
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Scanning parameters

Random scan of 7 “pMSSM” parameters (~¥10 M points)
(+m, varied in 20 interval)

Min Max MQ1,2 — MU1,2 — MD1,2 = 1TeV

M 4 90 1000 AMp, = My, = Mo,
tan 1 60 M;, , = Mg, , = 300 GeV
Mo, 200 1500 ot

A —3Mo, 3Mo, Ty

[ 200 3000 Mb B TT t
M, 200 1500 3 = 11eV |

M, 200 500 M, fixed by GUT relation

MSSM predictions calculated using
No additional MSSM uncertainties assumed on rates/xsections

Two cases: either light or heavy CP-even Higgs @ 126 GeV



LHC data: signal strength modifiers

Signal strength data R, taken for different Higgs masses from
ATLAS and CMS, corresponding to two best-fit values

Normalized rate predictions compared at mass for experimental
observation, regardless of calculated MSSM Higgs mass.
-> incorporates MSSM uncertainty on the M, prediction.

Data treated separately for 7 and 8 TeV for consistent predictions.

For ATLAS WW, ZZ only results for 7 TeV, 7+8 TeV is public

8 TeV results “reconstructed” assuming uncorrelated Gaussians
(Rx)7+8 _ (Rx)7 n (Rx)s 1 1

= +
3 3 3 2 2 2
0748 07 g 07,48 o g
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Additional constraints and observables
“Hard” limits (not included in ?):
- Higgs constraints at 95% CL (up to LHC-7) :
- Sparticle masses from the PDG
- Neutral LSP (but no CDM constraint applied)

v? evaluated with / without B-physics observables and (8-2),:

Observable Experiment SM prediction Total unc. used
BR(B — XsY)E,>1.6cev  (3.554£0.244+0.09) x 10-%  (3.08 +0.24) x 104 0.7 x 1072
BR(Bs; — ptu™) < 4.5 x 1072 (95% CL) 3.5+£0.4 x 1077 0.5 x 107
BR(B — 7tv,) (1.64 4+ 0.34) x 10~ (1.01 4+ 0.29) x 10~ 0.45 x 1074
da, (30.2 + 8.8) x 1019 0 9 x 10719
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Summary of fits

Only LHC data LHC + BPO + (g-2),
Case min x* dof x?/dof p | min xZ, dof xZ./dof p
SM 27.6 34 0811 0.77 42.3 38 1.11 0.29
MSSM-h 23.2 28  0.828 0.72 28.3 32 0.886  0.65
MSSM-H 24.5 28 0.874 0.65 31.0 32 0.969 0.92
dof = Nobs — Npara

Fits are in good shape (almost too good) for both the
SM, MSSM-h, and MSSM-H interpretations

Since (g-2)M deviates by more than 3 o, the SM receives
a major punishment when this is included



Example points

Parameter  M; ~ 126 GeV Mg ~ 126 GeV
M4 (GeV) 277.0 107.3
tan 3 17.49 15.88
Mg, (GeV) 567.46 738.79
A; (GeV) 1344. 1733.
u (GeV) 2400. 1411.
My, (GeV) 1239. 953.6
Ms (GeV) 459.5 245.9
Calculated
My, (GeV) 125.8 86.4
My (GeV) 235.7 125.4
M4 (GeV) 277.0 107.3
Mg+ (GeV) 280.0 130.5
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Constraints on the stop sector

Can also determine lower limit on dominant contribution to
radiative corrections (in decoupling limit)

Theory uncertainties included No theory uncertainties

10 1 2 2 3
Xi/Msusy  LEPExcluded Xt /Msusy LEP Excluded
M, = 126+-3 GeV M, = 126+-1 GeV
myg, Z 150 GeV
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NMSSM interpretations of the LHC Higgs signal

Scan of parameter region “orthogonal” to MSSM scenarios above
(i.e. no light staus, no h -> bb suppression by doublet mixing)

Both A1 and ha interpretations viable for M,, = 126 GeV

8 """"""""""""" o L L L L A

Black points: HB(2011),
g-2 and flavour OK

Black points: HB(2011),
g-2 and flavour OK
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Sizeable enhancements of the two photon mode possible
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NMSSM enhancement of h -> yy

hi
YY

R
e CE O RS Se NI e

Higgs with enhanced yy rate has a suppressed h; — bb mode due
to a non-zero singlet component -> Genuine feature of the NMSSM

0 0.10.20304050.60.7080.9 1
Ui 2

Similar enhancementof h;, - WW, ZZ

h1
YY

R

Y —
F
6F
5
4_
3t
2F
1_ ]
0°0.10.203040506070800 1
U512

observed as in the MSSM case

Note: Ryw < Ry
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