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1. The discovered Higgs is NOT the SM Higgs

Fact I:
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Fact Il:

The SM cannot be the ultimate theory!

Some facts:

1. gravity is not included

2. the hierarchy problem

3. Dark Matter is not included

4. neutrino masses are not included

5. anomalous magnetic moment of the muon shows a 4 discrepancy

Sven Heinemeyer, SM@LHC, Ciemat, 08.04.2014



Fact | & IlI:

We have a discovery!

The SM cannot be the ultimate theory!

Q: Does the BSM physics have any (relevant) impact on the Higgs?
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Fact | & IlI:

We have a discovery!

The SM cannot be the ultimate theory!

Q: Does the BSM physics have any (relevant) Impact on the Higgs?

A: check changed properties

A: check for additional Higgs bosons
heavier than 125 :5 GeV
lighter than 125 :5 GeV ) possible at the LHC?
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Fact | & IlI:

We have a discovery!

The SM cannot be the ultimate theory!

Q: Does the BSM physics have any (relevant) Impact on the Higgs?

A: check changed properties

A: check for additional Higgs bosons
heavier than 125 :5 GeV
lighter than 125 :5 GeV ) possible at the LHC?

) recent developments?
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Physics beyond the SM:

Interesting (new) physics models

2HDM:
two Higgs doublets more natural than one

(N)MSSM:
solves hierarchy problem, goes towards gravity
automatic electroweak symmetry breaking
gauge coupling uni cation
cold dark matter candidate
(g 2) solved easily

Little Higgs:
(partially) solves the hierarchy problem
cold dark matter candidate

Extra dimensions:
solves the hierarchy problem
cold dark matter candidate

) pick your favorite model now { | pick the 2HDM, (N)MSSM

Sven Heinemeyer, SM@LHC, Ciemat, 08.04.2014



Physics beyond the SM:

Interesting (new) physics models

2HDM: ( dedicated tool development
two Higgs doublets more natural than one

(N)MSSM: ( dedicated tool development
solves hierarchy problem, goes towards gravity
automatic electroweak symmetry breaking
gauge coupling uni cation
cold dark matter candidate
(g 2) solved easily

Little Higgs:
(partially) solves the hierarchy problem
cold dark matter candidate

Extra dimensions:
solves the hierarchy problem
cold dark matter candidate

) pick your favorite model now { | pick the 2HDM, (N)MSSM
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The challenges: (taken from

ggF, VBF, WH/ZH, ttH, BSM Higgs

s

Jet bin uncertainty

Higgs Cross Sections

(inclusive/exclusive) 0 ( HL H+0,1,2-jets
Differential K-factors gluon .
(effect of jet-veto etc.) W/Z
top/bottom Higgs decay
QCD correction NKLO + N™LL v L Branching ratios
EW correction, Mixed QCD-EW Higgs (QCD/EW corr.)

. . New particles
Heavy Higgs Line Shape ~ W/Z

SM Backgrounds & Interferences ¢/ Higgs p+
(soft gluon resummation)

Higgs Mass, Coupling and JFC \

PDF+a_ uncertainties
Renormalization/Factorization scale dependence
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The \solutions":

(taken from

ggF, VBF, WH/ZH, ttH, BSM Higgs

Cross Section

iHixs  (NNLO QCD+NLO EW)
FeHiPro (NNLO QCD+NLO EW)
HNNLO, HRes (NNLO+NNLL QCD)
ggh@NNLO (NNLO QCD)

VBF

VV2H  (NLO QCD)
VBFNLO (NLO QCD)
HAWK (NLO QCD+EW)

VBF@NNLO (NNLO)
WH/ZH

V2HV  (NLO QCD)
VH@NNLO (NNLO)

bbH
bbH@NNLO (NNLO QCD)

Jet-veto

B wioacme o /r::/’!:’”//’

o ". JetVHeto

gluon “~

top/bottom

oY Higgs py
O HqT

ResBos (NLO+NNLL)

T eeE \

PDF: MSTW2008, CT10, NNPDF2.1, etc.

+ private codes.

(NLO+NNLL)

MSSM
FeynHiggs, SusHi
2HDMC, CPSuperH

W/Z

Higgs Decay
HDECAY (NLO)
Prophecy4f (NLO)

W/Z

Higgs Properties
MELA/JHU, MEKD
MadGraphd

NLO MC

aMC@NLO, POWHEG,
SHERPA, HERWIG++
MCFM
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The \solutions" ( nal update): (compiled by

Tools for Higgs Phgsics

NLO MC

_ POWHEG MiNLO
Cross Section / . MadGrapn5 aMC@NLO
ggF / SHERPA MEPS@NLO
HIGLU (NNLO QCD+NLO EW) — / — LO MC
jHixs  (NNLO QCD+NLO EW) / ga2VV
FeHiPro (NNLO QCD+NLO EW) <
HNNLO, HRes (NNLO+NNLL QCD) ~NOL NLO ME
SusHi (NNLO QCD) o Jet-veto MCFM, MG5_aMC@NLO
RGHiggs (NNLO+NNNLL QCD) gluon S JetVHeto (NNLO+NNLL)*
agHigas (approx. NNNLO QCD) Wi/
ﬁgH (NLO QCD) © "
XLt Higgs D
VBENLO (NLO QCD) ' - - HlugEgsgaIem{oH)
HAWK (NLO QCD+EW) Higgs Prophecy4f (NLO)
VBE@NNLO (NNLO QCD)
wyzHHEEH (NLO QCD) Higgs pr WiZ

e HaT/HRes (NLO+NNLL
HAWK (NLO QCD+EW) gluon ™~ ResBos ENLD+NNLL;
VH@NNLO (NNLO) e
Higgs Properties
ttH
HQQ (LO QCD) //
bbH '
bbh@NNLO (NNLO QCD // MEESI sm'“l FIHHHDE MQEEupatl |
HH _ SusHi+2HDMC
HPAIR (NLO QCD) D L e AT HIGLU+HDECAY
+ pnivate codes.
* NLO+NNLL in differential Compiled by R. Tanaka, Jan. 2014
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Needed for e cient LHC searches:

best { and agreed upon { predictions for XS and BR
In the SM and BSM !

best { and agreed upon { strategies for property determinati

To take care of this:
The LHC Higgs Cross Section Working Group

| created in 2010 (the year 2 BH) to take care of these issues

Currently 11 subgroups:

production groups:  ggF, VBF, WH/ZH, ttH

decay group: BR

common issues: Jets, NLO MC, PDFs

light mass issues: couplings, spin, CP, ...
MSSM: cross sections, ...

heavy Higgs/BSM:  width issues, BSM predictions

on
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Needed for e cient LHC searches:

best { and agreed upon { predictions for XS and BR
In the SM and BSM !

best { and agreed upon { strategies for property determinati on

To take care of this:
The LHC Higgs Cross Section Working Group

| created in 2010 (the year 2 BH) to take care of these issues

Currently 11 subgroups:

production groups:  ggF, VBF, WH/ZH, ttH
decay group: BR ( dedicated BSM e ort
common issues: Jets, NLO MC, PDFs

light mass issues: couplings, spin, CP, ... ( deviations from the SM?
MSSM: cross sections, ... ( dedicated BSM e ort
heavy Higgs/BSM:  width issues, BSM predictions ( dedicated ...
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2. Higgs bosons in the 2ZHDM

Latest (interim) recommendation: XS, BR in the 2HDM: [LHCHXSWG '13 ]

LHCHXSWG-2013-001

KA-TP-41-2013
LU TP 1344
PSI-PR-13-17
WUB/13-19

LHC Higgs Cross Section Working Group

Interim recommendations for the evaluation of Higgs production
cross sections and branching ratios at the LHC in the
Two-Higgs-Doublet Model

R. Harlander', M. Miihlleitner®, J. Rathsman®, M. Spira’, O. Stal®

SusHi & 2HDMC
Higlu & Hdecay

updates/improvements expected ( Powheg , MadGraph5 , ...)

Sven Heinemeyer, SM@LHC, Ciemat, 08.04.2014
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e 2HDM cross sections (gg — &, bb — ¢): HIGLU [Spira] and SUSHI [Harlander,Liebler,Mantler]

— ngDM 2 ggHDM 2

& (99 — @) = (tw) ow(gg — @)+ (QS—M) obb(99 — @)

£ b

2HDM _2HDM

g q
+ ;EM ;EM th(gg_> Q’)}
- ONNLO — ONLO
AcVNLO(gg — ¢) = AKnnro 05%(gg — ¢), AKNNLO = Lg = =
L

Vs o(gg — h)/pb o(gg — H)/pb o(gg — A)/pb

/TeV | SusHi HIGLU [% | SusHi  HIGLU % | SusHi HIGLU %
7 21.99  21.25 3.4 | 0.07199 0.06996 2.9 | 4.061 4.063 0.06

8 28.02  27.07 3.5 | 0.09895 0.09617 2.9 | 5.639  5.642 0.06
13 63.94 61.79 3.4 | 0.2845 0.2766 2.8 | 16.69 16.70 0.06
14 72.03  69.60 3.4 | 0.3303 0.3212 2.8 | 1945 19.46 0.06

e 2HDM branching ratios: type I-IV:
2HDMC [Eriksson,Rathsman,Stgal] and
HDECAY [Djouadi,Kalinowski, MMM, Spira]
both include higher-order (QCD) corrections

¢ Recommendation: Use
2HDMC, HDECAY for BRs, Sushi, HIGLU for cxn; taken from

Sven Heinemeyer, SM@LHC, Ciemat, 08.04.2014 11



Re-interpretation of SM Higgs search results:

2 —ain 2 2 2 _ 2 2
Ohv v =Sin “( ) hvvisms  YAvy = cos “( ) 9V v:sm
) some coupling strength could remain for the heavy Higgs

CMS {s=7TeV,L=5.1fb";{s=8TeV,L=19.7fb"
I 1 1 1 1 ll!IIIIIII\I!IIIIIIIII!}II\!IIII!IIII!IIIJ!IIII!IIII
o ——Observed oo

—
o

T T T

----- Expected
S Pl Expected <10
: Expected + 20

I

—
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95% C.L. limit on o/ay,

-k
<

I L1l

| ||||||FI|||I||||\|i||||||||||i||\
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my, (GeV)

Bnoonoooodh
L1

) go ahead for stronger limits!
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2HDM type Il analysis by ATLAS,

H! ww()

200 250 300

ATLAS Preliminary ]

OL dt = 13 bl {5=8 TeV .
2HDM Type-Il tanb=6—]

H® WW® enmm
_\ ]

-.- Exp. 95% CL
— Exp. 99% CL
[ Obs. 95% CL
[ Obs. 99% CL

L L

m, [GeV]

) analysis is most sensitive in the parameter space,
where the model is least compatible with My 1255 GeV

Sven Heinemeyer, SM@LHC, Ciemat, 08.04.2014
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3. Higgs bosons in the (N)MSSM:

) Superpartners for Standard Model particles

Standard particles SUSY particles

o Quarks o Leptans ’ Force parlicles Squarks ) Sleptons -,} SUSY force
particies

Sven Heinemeyer, SM@LHC, Ciemat, 08.04.2014 14



The simplest case: MSSM with real paremeters
Enlarged Higgs sector: Two Higgs doublets

0 11 0 p_l
+ + i =
Hy = @H;A:@Vl(1 L= 2,
H 1
0 1 0
Hi 5
H% vot+( 2t 1 2)= 2
V. = miHiHy+ miHaH, mip( aHPHZ +he)
@, 42 2
g+ g g° . .
+ (HiH1  HzH2)?+ = jH1Hj*
—&— G
gauge couplings, in contrast to SM ) mp

physical states: h9; H9;AQ:H
Goldstone bosons: GY: G

Input parameters: (to be determined experimentally)
V2.

; MK: m%z(tan +cot )
Vi

tan =

Sven Heinemeyer, SM@LHC, Ciemat, 08.04.2014
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t=b sector of the MSSM:

Stop, sbottom mass matrices ( Xt = Ag =tan , Xp= Ay tan ).
0 1 0 1
M2 + m2+ X 2
M2= B mg + DTy meXt c o %mtl 0 .
mX Mt?R + m¢+ DTy, 0 mé
0 , , 1 0 , 1
M2z + mg+ DT mpX m o)
M 2 _ % b b by b b g | b E‘) by g
b mpX 1, M2 + mf+ DTy, 0 m2
R
mixing important in stop sector (also in sbottom sector for | arge tan )

SU(2) relation ) M,£~L = M1DL

) relation between My Mg My My 5y

Sven Heinemeyer, SM@LHC, Ciemat, 08.04.2014 16



Most relevant issues about the MSSM Higgs(es):

1. Prediction of My

2. Prediction of SUSY Higgs cross sections and branching ratios

3. Search for deviations in XS, BR

4. Search for additional Higgs bosons

Induced by SUSY

Sven Heinemeyer, SM@LHC, Ciemat, 08.04.2014
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3 A) Prediction of M h

precision at the 0:35 GeV level!
ATLAS CMS

CMS Preliminary {s=7TeV,L£5.1fb! ys=8TeV,L£12.2 b

% 3,0_I T | T 11 | T T T | I+I ICI I Ib_l (ljl 1 |_
v -H® gg+H® ZZ N H0®mme
" o5 ’
i + H® ZZ
2.0 -
1.5 -
1.0 -
0.5F -
:I 1 | | I | I | I | I | | I:
0.0 124 125 126 127 128
m, (GeV)
My =125 5 0:2 0:6 GeV My =125 :8 0:4 0:4 GeV
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New development: Improved M calculation

[arXiv:1312.4937

FeynHiggs 2.10.0

www.feynhiggs.de

First and only code that provides:

Combination of

1.) Best available Feynman-diagrammatic result

and

2.) Leading and subleading logs from the top/stop sector

Supplemented by
Improved calulation of theory uncertainty:
(for the points analyzed so far)

) dedicated e ort needed to improve theoretical

Mp < 2:0 GeV

M precision!

]

Sven Heinemeyer, SM@LHC, Ciemat, 08.04.2014
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E ects in the CMSSM: FeynHiggs vs. SoftSusy [O. Buchmusller et al. '13

red: FeynHiggs 2.8.5 (incl. unc.) blue: FeynHiggs 2.10.0 (incl. updated unc.)

) shift to larger masses, not captured by other codes

]

Sven Heinemeyer, SM@LHC, Ciemat, 08.04.2014
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(PBIO)
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3 B) Prediction of SUSY Higgs Cross Sections (and BRS):
\O cial" theory predictions for the MSSM Higgs XS: [LHC Higgs XS WG '12 ]

Masses, couplings: FeynHiggs
Cross sections: combination of Higlu, bbh@nnlo, FeynHiggs, ...

) most relevant cross sections  (bb: Santander matching)
) update for gg'!

Sven Heinemeyer, SM@LHC, Ciemat, 08.04.2014 22



Update for gg! [LHCHXSWG - MSSM '13

]

[E. Bagnaschi et al. '14

[P. Slavich, talk given at HDays13

]

]

Sven Heinemeyer, SM@LHC, Ciemat, 08.04.2014
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Update for gg! [LHCHXSWG - MSSM '13

]

[E. Bagnaschi et al. '14

[P. Slavich, talk given at HDays13

]

]
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Update for gg! [LHCHXSWG - MSSM '13

]

[E. Bagnaschi et al. '14

[P. Slavich, talk given at HDays13

]

]
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Update for gg! [LHCHXSWG - MSSM '13

]

[E. Bagnaschi et al. '14

[P. Slavich, talk given at HDays13

]

]
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3 C) Search for deviations in XS, BR induced by SUSY

Lastet coupling measurement ( framework) including all data:

[P. Bechtle, S.H., O. &ftl, T. Stefaniak, G. Weiglein '14 ]

BR(H ! inv) 3 | | | Very general model:
e Vi u odi 15 g SBR(H! inv:)

using HiggsSignals with
80 channels from
ATLAS, CMS, CDF, D

) no deviations so far!

Sven Heinemeyer, SM@LHC, Ciemat, 08.04.2014 27



3 D) Search for additional Higgs bosons

Search (interpretation) in new benchmark scenarios:

) designed to have My 1255 3 GeV
and to reproduce rate measurements

) designed to exhibit certain features of Higgs phenomenolog

light Higgs phenomenlogy
heavy Higgs phenomenology

Not taken into account on purpose:

Flavor contraints
Precision observables
Dark Matter

) can all be avoided easily by small model modi cation
that do not change the Higgs phenomenology
) do not overconstrain yourself!

[arXiv:1302:7033

]

Sven Heinemeyer, SM@LHC, Ciemat, 08.04.2014

28



m hm°d+ scenario:

) My 125:5 GeV nearly \everywhere"

my =173 2 GeV,
Mgysy = 1000 GeV ;

=200 GeV ;

Mo =200 GeV ;

XS =1 :5Mgysy
Ab: A = Ay,

Mg = 1500 GeV ;
M1~ = 1000 GeV
3

Sven Heinemeyer, SM@LHC, Ciemat, 08.04.2014
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m hm°d+ scenario:

) e ect of non-SM Higgs decays:

) strong impact from  H=A ! -~V ~JQ; ~ =

) disover heavy Higgses and SUSY at the same time!

Sven Heinemeyer, SM@LHC, Ciemat, 08.04.2014
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Phenomenology at very low tan . Just one rst example:
Msysy = mgzlo TeV, Xt=Mgysy =2, Mo = =1 TeV

Mg,sy = 10000, X /My o, =

10

M, <100

e 100<M, <110
110<M, <120

e 120<M, <125

e 125<M, <130

e 130<M_ <140

N N

x 1 1 1 | 1 1 1
200 300 400 500
M, [GeV]

2

O

(0¢]

\l

tanb
SN (@) ] (@)}

w

N

) lowertan  values possible! Relevant? ) \new" relevant decay channels!
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H! hh:
Mgsysy = Mg = 10 TeV, Xt=Mgysy =2, Mo = =1 TeV
10 - - Mgy = 10000, X/M o\ = 2

N e 0.8<BR(H->hh)<0.9

9 Z_ 0.7 <BR(H ->hh) < 0.8

C e 0.6<BR(H->hh)<0.7

8 Z_ 0.5 < BR(H -> hh) < 0.6

B e 0.4<BR(H->hh)<0.5

. Z_ 0.3<BR(H ->hh)<0.4

C ' e 02<BR(H->hh)<0.3

N 1<BR(H->hh)<02
o o _
c - ]
8 I l I I ]
S l i
4 :_ ° I I l _:
- B I i
o -
I ]
20 l ' I I § ‘ ~
%‘_ | $ 3 ! | L $ | L

00 300 400 500
M, [GeV]

) important at low tan

) new benchmarks necessary ...

Sven Heinemeyer, SM@LHC, Ciemat, 08.04.2014




Al nhZ:

MSUSY = mg: 10 TeV, Xt:MSUSY :2, M2 = =1 TeV
10 - - Mg gy = 10000, X/Mg o, = 2

N 0.7<BR(A->hZ)<0.8

9 Z_ 0.6 <BR(A ->hZ)<0.7

N 0.5<BR(A->hZ)<0.6

8 - 0.4 <BR(A->hZ) < 0.5

L 0.3<BR(A->hzZ)<0.4

. - 0.2 <BR(A ->hZ) < 0.3

B 0.1 <BR(A ->hZ) < 0.2
o o ]
c - ]
© N ]
5F -
. -
3 =
- R E .
C i ]
21— _
SRERE | ] :
N ! ! ! | ! ! | ! ! ! L

%OO 300 400 500

) important at low tan

M, [GeV]

) new benchmarks necessary ...
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The \exotic" solution:

the discovery is interpreted as the heavy CP-even Higgs

In principle also possilbe:

Mp < 125:5 GeV
My 125:5 GeV

Consequences:
all Higgs bosons very light
easy(?) discovery of additional Higgs bosons at the LHC

Constraints:
direct searches for the lightest CP-even Higgs
direct searches for the heavy neutral Higgses
direct searches for charged Higgses
avor constraints (BR( Bs! * ) etc)

Sven Heinemeyer, SM@LHC, Ciemat, 08.04.2014
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The \exotic" solution:
the discovery is interpreted as the heavy CP-even Higgs

In principle also possilbe:

Mp < 125:5 GeV
My 125:5 GeV

Consequences:
all Higgs bosons very light
easy(?) discovery of additional Higgs bosons at the LHC

Constraints:
direct searches for the lightest CP-even Higgs
direct searches for the heavy neutral Higgses
direct searches for charged Higgses ( strong constraint in the MSSM!
avor constraints (BR( Bs! * ) etc)
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The general possibility:
the discovered Higgs is the second-lightest one

more contrived in the MSSM with real parameters

\easier"(?) possible in the MSSM with complex parameters
\easier"(!) possible in the NMSSM

) light Higgs can be singlet like
can more easily escape detection

Is such a light Higgs detectable at the LHC?

ho ! hihq possible, but strongly suppressed for Mp, = 63 GeV
so far no LHC searches for a Higgs with Mp, < 100 GeV
Possible: SUSY ! SUSY h;,eg. ~9! ~%h;

Sven Heinemeyer, SM@LHC, Ciemat, 08.04.2014
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LHC Higgs searches below 100 GeV:

@ |
crucial to cover extended 1t LEP
. L (a .
Higgs sectors - @ (s = 91-209 GeV
_ i SM branching ratios ff |
needed to re-check LEP exclusions
B —— Observed 7
( 2:x \excess" around 98 GeV) 4 T Expected for backgroup
10 =
Best channel? hq! ?7? ]
You tell me!
-2
10 Ll [ R R R R R [ R

‘ |
20 40 60 80 100 120
m,,.(GeV/c)

) we cannot encourage you enough to perform this search!

Sven Heinemeyer, SM@LHC, Ciemat, 08.04.2014 36



4. Conclusinos

LHC: |we have a HIGGS DISCOVERY !l ) My ' 125:6 0:35 GeV

It is impossible that it is SM Higgs

Impact of BSM physics on Higgs sector??
Impact on couplings of the discovered Higgs
search for additional Higgs bosons

Implications in the 2HDM, MSSM, NMSSM, ...

The discovered Higgs could be the lightest or second-lightest Higgs
of each model ) various, di erent implications

2HDM: new recommendations for XS, BR

MSSM: new improved My prediction
new improved XS calculations
new benchmark scenarios for heavy Higgs searches

Sven Heinemeyer, SM@LHC, Ciemat, 08.04.2014 37



Apply - it's worth it! :-)

Sven Heinemeyer, SM@LHC, Ciemat, 08.04.2014
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Back-up

Sven Heinemeyer, SM@LHC, Ciemat, 08.04.2014
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Where is the light Higgs in the \heavy Higgs case"?

) low My values, strongly reduced couplings

Sven Heinemeyer, SM@LHC, Ciemat, 08.04.2014
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low- M scenario:

)

My

125:5 GeV can in principle be realized

my =173 2 GeV,

Ma =110 GeV ;
Mgysy = 1500 GeV ;
Mo =200 GeV ;
X 95 2:45M
t & SUSY
Ab: A = Ay,

Mg = 1500 GeV ;
M,r = 1000 GeV
3

Sven Heinemeyer, SM@LHC, Ciemat, 08.04.2014
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low- M scenario:

)

my =173 2 GeV,
Ma =110 GeV

Mgysy = 1500 GeV ;

M, =200 GeV :

X OS5 2:45M sy

Interesting prospects also for the charged Higgs searches

Ab: A = Ay,
mg:1500 GeV ;
M, = 1000 GeV

3

Sven Heinemeyer, SM@LHC, Ciemat, 08.04.2014
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Latest ATLAS results for charged Higgs searches: [ATLAS '13 ]

—— | | LI | | I LI | | | LI | I LI | | I LI | | I | LI | I LI | | | |

T - ATLAS Prellmlnary Data 2012 ]

= T —— Observed CLs /5= 8 Tev i
® ol T Expected =o€

—_— — N\ ] —

o £ [+ Qdt=195f"  :

- + 2S 3

1072 — —

_I | 11 | | I 11 | | I | 11 | I 11 | | I 11 | | I | 11 | I 11 | | | L

90 100 110 120 130 140 150 160

my+ [GeV]

) model independent limits!
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Latest ATLAS results for charged Higgs searches: [ATLAS '13 ]

o 60
% — — - Median expected exclusion
+ [___1 Observed exclusion 95% CL
50 Observed +1s theory
Observed -1s theory
- Expected exclusion 2011
40 Observed exclusion 2011
30
20
10
0
90 100 110 120 130 140 150 160
m . [GeV]
) exclusion of light M inthe m®'® scenario! ...low- My?
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Application of charged Higgs limits on low-

My scenario:

[HiggsBounds 4.1 ]

) that (particular incarnation of the) low-

My scenario is excluded?
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Application of charged Higgs limits on low-

My scenario:

[HiggsBounds 4.1 ]

) that (particular incarnation of the) low-

My scenario is excluded?
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M prediction: some numerical results

[FeynHiggs 2.10.0 ]

Parameters:
q

M = 1000 GeV

= 1000 GeV

M»> = 1000 GeV

mg = 1600 GeV
tan =10

Vary Mg, Xt to analyze e ects
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Mp(Xt=Mg):

145 | 'T T 'TTT 'T T 'T T | T T | T T1 | T T | 'TTT | T T1 | 'T T |
—— Mgygy =1TeV FeynHiggs 2.10.0
Mg,q, = 2 TeV ]
140 M ]
M i
M i
135 y .

| | T T 1 | T T 1 I [T T 1 | 1T T 1 | 1T T 1
1 | L1 1 1 | ]

120

1525 20 -15 10 05 00 05 10 15 20 25
XM, [GeV]
) Increase with Mg, maxima at X{=Mg= 2
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Mp(Mg) for various approximations:

) 3-loop good for

155

150

145

120

115

B I I I I I I I I I I I | I I I I | ]
K FH295 FeynHiggs 2.10.0 ]
| = 3-loop i
[ == 4-loop ]
- 5-loop _- =
— = 6-loop - _
- o - X/M =2 -
[ = T7-loop - My =2 7
- TN o - =====
L ~ — “T——'-?"?- -—-— ]
- —=== -
B P i
- P ]
A ]
:If i
*/ T~ X, =0
B | | | | | | | | | ]
5000 10000 15000 20000
M, [GeV]
Mg < 2 TeV, 7-loop: 1 GeV for Mg =20 TeV

[FeynHiggs 2.10.0

]
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Mp(Mg) compared with H3m: [FeynHiggs 2.10.0 ]

155 I I I | I I I I I I I I | I I I I |
, |
== == 3-loop, O(a,a,’) FeynHiggs 2.10.0 7
150 = 3-l00OP full A,=0, tanb = 10 —:
m—— | L+NLL
— H3m
145
140

IIII|IIII|IIII|IIII|IIII|III\|III

130
125
120
115 | | | | | | | | | | | | | | | | | | |
5000 10000 15000 20000
M, [GeV]
) 3-loop O #Z s; §  Dbeyond 3-loop important for precise My, prediction!
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A simple exercise on stop masses:

) Dominant one-loop corrections: Mﬁ G mf‘log

mt.lmt.z
I’T]2
t

The MSSM Higgs sector is connected to all
other sector via loop corrections
(especially to the scalar top sector)
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A simple exercise on stop masses:

) Dominant one-loop corrections: Mﬁ G mf‘log

mtlmt.z
I’T]2
t

The MSSM Higgs sector is connected to all
other sector via loop corrections
(especially to the scalar top sector)

) only certain combinations of stop parameters
are compatible with the Higgs discovery.

) clear prediction for the LHC?
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A simple exercise on stop masses:

] ; m.. M
) Dominant one-loop corrections: MZ G m¢log %Zﬂ
t

The MSSM Higgs sector is connected to all
other sector via loop corrections
(especially to the scalar top sector)

) only certain combinations of stop parameters
are compatible with the Higgs discovery.

) clear prediction for the LHC?

For this exercise make sure:
) use the best available Higgs mass calculation!
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A simple exercise on stop masses:

Domi | ions: M2 G milog — i,
) ominant one-loop corrections: A mi log =
The MSSM Higgs sector is connected to all
other sector via loop corrections
(especially to the scalar top sector)
) only certain combinations of stop parameters
are compatible with the Higgs discovery.
) clear prediction for the LHC?
For this exercise make sure:
) use the best available Higgs mass calculation! FeynHiggs! :-)
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Stop masses: [P. Bechtle, S.H., O. S, T. Stefaniak, G. Weiglein, L. Zeu

Mp =125 :5 3 GeV

?. best-t point

red: 2<2:3

orange: 2 < 5:99

blue: all points HiggsBounds
allowed

gray: all scan points

) My 125:5 GeV requires large X and/or large M gysy

ne '12 ]
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Stop masses: [P. Bechtle, S.H., O. S, T. Stefaniak, G. Weiglein, L. Zeu

) light and heavy stops compatible with

Mp =125 :5 3 GeV

?. best-t point

red: 2<2:3

orange: 2 < 5:99

blue: all points HiggsBounds
allowed

gray: all scan points

Mp ' 125:5 GeV

ne '12 ]
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Stop masses for My =125 5 GeV

) My 125:5 GeV requires large Xt and/or large

) watch out: FeynHiggs was not used! ;-)

[A. Arbey et al., '11

M susy

]
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Complication I:

The MSSM Higgs sector with CP violation
0 1 1 0 P _ 1
+ + i =
Hy = @H;A:@Vl (1t )= 2,
H1 1
0 1 0 1
H 1 + .
Ho = @ 22 A= @ 2 . D _ A ¢
H5 vot( 2+ 1 2)= 2
V. = mfHiH;y+ miHaH, mi( gHPHY +he)
® 2 2
g+ g g- . .
+ (HiH1 HaH2)®+ = jHiHj?
—8— [#)
gauge couplings, in contrast to SM
physical states: h9 H9;AQ:H
2 CP-violating phases: ,arg( m12) ) can be set/rotated to zero

Input parameters: (to be determined experimentally)
Y

Vi
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The Higgs sector of the cMSSM at the loop-level:

Complex parameters enter via loop corrections:
. Higgsino mass parameter
Atp: :trilinear couplings ) Xyp: = Agp: fcot ; tan
M 1.2 : gaugino mass parameter (one phase can be eliminated)

M3 : gluino mass parameter

) can induce CP-violating e ects

Result:

(A;H;h ) I (hz;ho;hy)
with

mh3>mh2>mhl

) strong changes in Higgs couplings to SM gauge bosons and ferm

g complex

lons
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The NMSSM Higgs sector

MSSM Higgs sector: Two Higgs doublets

0 1 0
Hl
Hl - @ 1A= @
Hf
0 1 0
Hl
H2 = @ gA: @
H5
V o= (-mf+j  jP)HiHp+(-m5+ |

2 2

g-+9

j°)HoH >

2
g- . .
e GELE H2H2)2+?JH1H212

(Z3 invariant NMSSM)

mfs( apHfHS +h.c)
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Complication II:

The NMSSM Higgs sector (Z3 invariant NMSSM)
NMSSM Higgs sector: Two Higgs doublets + one Higgs singlet
0 1 1 0 P _ 1
+ + | =
Hy = @H;A:@Vl(1 L= 2,
H1 1
0 1 0 1
Hi 5
H % vot( 2+ 1 2)= 2

S = vs+ Sgp+ IS
Vo= (mi+ F SiAHIH +(m3+ F S [))HoH2  mip( apHiHS +he)

R, 42 2
# ST (HiH1 HaHp)?+ T jH1H,?

+§ CaHfHD+ S %2+ mEiSi+( A (aHFHES+ A S%+he)

Free parameters:
A My jtan [ o = Vs
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Higgs spectrum:

CP even :hq;ho;hg
CP odd :aj;as
charged : H™' :H

Goldstones : GY;G*:G

Neutralinos:

I
: e

compared to the MSSM: one singlino more

| _0..0._0..0._0
Y71 T2 T3 T4y TS
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Mass of the lightest CP-even Higgs:

2 — 2 2 . 2
Mi-tree :NMSSM = Mh:tree :Mssm + Mz —sin” 2

g2
Mass of the CP-odd Higgs:
MSSM :MK: m%z(tan +cot )= B (tan +cot )
NMSSM :"M£"= o Be (tan +cot )
with B, = A + s; o = S ) one very light aj

Mass of the charged Higgs:

1
MSSM :M& = MA+ M& = M+ Evzg2

R 2 2 9 2
NMSSM i Mg = Mg+ vo =
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Mass of the lightest CP-even Higgs:
2 2

Mp-tree :NMSSM = Mh:tree :MSSM T

Mass of the CP-odd Higgs:

MSSM : MK . m%z (tan +cot )=
NMSSM :"Mg"= o B (tan  +cot
with B, = A + s; o = s

Mass of the charged Higgs:

2
I\/I%g—zsin2 2

B (tan +cot

)

)

) one very light aj

1
MSSM :M& = MA+ M& = M+ Evzg2

: 2  _ 2
NMSSM :MZ = M2+

) M MSSM ‘tree M rIl\IlMSSM ;tree, one |ight

2 &
2
ai, M

MSSM :tree
H

M

NMSSM :tree
H

Sven Heinemeyer, SM@LHC, Ciemat, 08.04.2014

59



