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MotivationMotivation
LEP  results on Higgs searchesLEP  results on Higgs searches
95% CL95% CL mmHSMHSM >>>>>>>> 114.4 114.4 GeVGeV , 2 , 2 σσσσσσσσ mmHSMHSM ¼¼ 116 116 GeVGeV
MSSM      light Higgs boson hMSSM      light Higgs boson h00 mmhh ≤≤≤≤≤≤≤≤ 135 135 GeVGeV
Higgs searches      soft SUSYHiggs searches      soft SUSY--breaking parametersbreaking parameters
MSSM:  MSSM:  105 new SUSY breaking parameters105 new SUSY breaking parameters out of controlout of control
mechanism for SUSY breaking:mechanism for SUSY breaking: (flavor blind)(flavor blind)

predictive, relate Higgs sector to other SUSY particlespredictive, relate Higgs sector to other SUSY particles

low energy MSSMlow energy MSSM
(visible sector)(visible sector)
105 parameters105 parameters

SUSYSUSY--breakingbreaking
(hidden sector)(hidden sector)
a few parametersa few parameters

somethingsomething

�� gravitygravity--mediated SUSY breaking  (mediated SUSY breaking  (SUGRASUGRA))
�� gaugegauge--mediated SUSY breaking    (mediated SUSY breaking    (GMSBGMSB))
�� anomalyanomaly--mediated SUSY breaking  (mediated SUSY breaking  (AMSBAMSB))
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Goal  Goal  
Individual analysis for each scenario and MSSM exists (on Individual analysis for each scenario and MSSM exists (on mmhhmaxmax))

We We treat three soft SUSYtreat three soft SUSY--breaking scenarios breaking scenarios equalequal
allow a direct comparison of results/phenomenologyallow a direct comparison of results/phenomenology

ObservabilityObservability
Precision analysisPrecision analysis
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OutlineOutline

•• Introduction Introduction 
–– MSSM Higgs sectorMSSM Higgs sector
–– soft SUSYsoft SUSY--breaking scenario: breaking scenario: mSUGRAmSUGRA,, mGMSBmGMSB, , mAMSBmAMSB

•• Procedure and additional constrainsProcedure and additional constrains
•• ObservabilityObservability of hof h0 0 at current and future at current and future colliderscolliders
•• Precision analyses of hPrecision analyses of h00 decay branching ratio decay branching ratio 

–– Deviations in Deviations in mSUGRAmSUGRA,, mGMSBmGMSB, , mAMSBmAMSB
–– Bounds on Bounds on mmAA and highand high--energy input parametersenergy input parameters
–– Distinguish three SUSYDistinguish three SUSY--breaking scenariosbreaking scenarios

•• Conclusions   Conclusions   
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MSSM Higgs sector MSSM Higgs sector 

�� Higgs potentialHiggs potential

�� Electroweak symmetry breakingElectroweak symmetry breaking

||µµµµµµµµ|, b|, b are replaced by are replaced by mmZZ, tan, tanββββββββ= v= v22/v/v11
Physical states:Physical states: hh00,H,H00,A,A00,H,H±±±±±±±±, , Goldstone bosons:Goldstone bosons: GG00,G,G±±±±±±±±

�� Two Higgs doubletTwo Higgs doublet
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CP-even Higgs h0,H0CP-even Higgs h0,H0

�� In the In the φφφφφφφφ1100--φφφφφφφφ2200 basisbasis
�� Mass matrixMass matrix

�� Tree levelTree level
�� loop contribution to loop contribution to mmhh from from tt--tt sector (dominant)sector (dominant)∼∼∼∼∼∼∼∼

Two loop calculation: Two loop calculation: mmhh ≤≤≤≤≤≤≤≤ 135 135 GeVGeV
Measurement of Higgs masses and couplingsMeasurement of Higgs masses and couplings

information about soft SUSYinformation about soft SUSY--breaking parametersbreaking parameters

mmAA22=2b/sin 2=2b/sin 2ββββββββ

mmhh < |< |coscos 22ββββββββ|m|mZZ < < mmZZ
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Present status of mh prediction in MSSMPresent status of mh prediction in MSSM
•••••••• UsedUsed for LEP analysis until 1999for LEP analysis until 1999
RG improved oneRG improved one--loop effective potential results   loop effective potential results   

Leading logs at twoLeading logs at two--loop levelloop level
program:program: subholesubhole (M. Carena, M. Quiros, C. Wagner ’95)

•••••••• UsedUsed since end of 1999since end of 1999
FeynmanFeynman--diagrammatic twodiagrammatic two--loop results   loop results   

Complete oneComplete one--loop + dominant twoloop + dominant two--loop correctionsloop corrections
program:program: FeynHiggsFeynHiggs (S. Heinemeyer, W. Hollik, G. Weiglein ’98,’00,’01)

�� Remaining theoretical uncertainties in Remaining theoretical uncertainties in mmhh predictionprediction

Precise knowledge of Precise knowledge of mmtt is importantis important

−−−−−−−− Unknown higherUnknown higher--order corrections order corrections →→→→→→→→ δδδδδδδδmmhh ≈≈≈≈≈≈≈≈ 3 3 GeVGeV
−−−−−−−− Uncertainties in input parametersUncertainties in input parameters mmtt,,……,m,mAA,tan,tanββββββββ,m,mt1t1,m,mt2t2,,θθθθθθθθtt,m,mgg

δδδδδδδδmmtt ≈≈≈≈≈≈≈≈ 5 5 GeVGeV →→→→→→→→ δδδδδδδδmmhh ≈≈≈≈≈≈≈≈ 5 5 GeVGeV
∼∼∼∼∼∼∼∼∼∼∼∼∼∼∼∼ ∼∼∼∼∼∼∼∼∼∼∼∼∼∼∼∼
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FD approach of MSSM Higgs sectorFD approach of MSSM Higgs sector

��Use FD approach within onUse FD approach within on--shell renormalization schemeshell renormalization scheme
mmhh, , mmHH given by poles of the hgiven by poles of the h00--HH00 propagator matrixpropagator matrix

��Effective mixing angle Effective mixing angle ααααααααeffeff

��Fortran code: Fortran code: FeynHiggsFeynHiggs www.feynhiggs.dewww.feynhiggs.de

��Most relevant parameters for MSSM Higgs sector:Most relevant parameters for MSSM Higgs sector:
mmAA, tan, tanββββββββ,, mmt1t1, m, mt2t2, , θθθθθθθθtt, , mmb1b1, m, mb2b2, , θθθθθθθθbb, , µµµµµµµµ, m, mgg, M, M11, M, M22..∼∼∼∼∼∼∼∼ ∼∼∼∼∼∼∼∼ ∼∼∼∼∼∼∼∼ ∼∼∼∼∼∼∼∼ ∼∼∼∼∼∼∼∼ ∼∼∼∼∼∼∼∼ ∼∼∼∼∼∼∼∼
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Minimal Super Gravity mediated SUSY-breaking 
(mSUGRA)

Minimal Super Gravity mediated SUSY-breaking 
(mSUGRA)

{   m{   m00, M, M1/21/2, A, A00,, tantanββββββββ, sign, sign µµµµµµµµ }}

mm00 : : common scalar mass at GUT scalecommon scalar mass at GUT scale
MM1/21/2 : : common common gauginogaugino mass at GUT scalemass at GUT scale
AA00 : : common common trilineartrilinear scalar coupling at GUT scalescalar coupling at GUT scale
tantanββββββββ : : low energy inputlow energy input
sign sign µµµµµµµµ : : low energy inputlow energy input
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Minimal Gauge mediated SUSY-breaking 
(mGMSB)

Minimal Gauge mediated SUSY-breaking 
(mGMSB)

{   {   MMmessmess, , NNmessmess, , ΛΛΛΛΛΛΛΛ,, tantanββββββββ, sign, sign µµµµµµµµ }}

MMmessmess : : messenger mass scalemessenger mass scale
NNmessmess : : messenger indexmessenger index
ΛΛΛΛΛΛΛΛ : : soft SUSYsoft SUSY--breaking mass scalebreaking mass scale

SUSY breaking is mediated by SM gauge interactions SUSY breaking is mediated by SM gauge interactions 
through messenger sectorthrough messenger sector
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Minimal Anomaly mediated SUSY-breaking 
(mAMSB)

Minimal Anomaly mediated SUSY-breaking 
(mAMSB)

{   {   mmauxaux, m, m00,, tantanββββββββ, sign, sign µµµµµµµµ }}

SUSY breaking on a separate SUSY breaking on a separate branebrane is communicated is communicated 
to the visible sector via superto the visible sector via super--WeylWeyl anomalyanomaly

mmauxaux : : SUSY breaking scale (SUSY breaking scale (gravitinogravitino mass)mass)
mm00 : : additional mass scale for scalar (to keep madditional mass scale for scalar (to keep ml l <<<<<<<< 0 )0 )∼∼∼∼∼∼∼∼
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ProcedureProcedure

RG runningRG running
HighHigh--energy parameters in energy parameters in mSUGRAmSUGRA, , mGMSBmGMSB, , mAMSBmAMSB

LowLow--energy parametersenergy parameters

FeynHiggsFeynHiggs (FD approach)(FD approach)

Further Further 
constraints constraints 

EW precision data,EW precision data,
nonnon--observation ofobservation of
SUSY particles, etc.SUSY particles, etc.

ααααααααeffeff⇒⇒hh00 production production 
and decayand decay

ObservabilityObservability at at 
TevatronTevatron and LHCand LHC

Constraints on Constraints on 
mmAA,tan,tanββββββββ ......

Precision measurements Precision measurements 
of hof h00 decay at LC and decay at LC and γγγγγγγγCC

Distinguish Distinguish 
three scenariosthree scenarios
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High-energy input parameterHigh-energy input parameter

signsignµµµµµµµµ = = ++ 11signsignµµµµµµµµ = = ++ 11signsignµµµµµµµµ = = ++ 11
1.51.5≤≤≤≤≤≤≤≤ tantanββββββββ ≤≤≤≤≤≤≤≤60601.51.5≤≤≤≤≤≤≤≤ tantanββββββββ ≤≤≤≤≤≤≤≤55551.51.5≤≤≤≤≤≤≤≤ tantanββββββββ ≤≤≤≤≤≤≤≤6060

11≤≤≤≤≤≤≤≤ NNmessmess ≤≤≤≤≤≤≤≤88--3 3 TeVTeV≤≤≤≤≤≤≤≤ AA00 ≤≤≤≤≤≤≤≤3 3 TeVTeV
00≤≤≤≤≤≤≤≤ mm00 ≤≤≤≤≤≤≤≤2 2 TeVTeV1.01 1.01 Λ≤Λ≤Λ≤Λ≤Λ≤Λ≤Λ≤Λ≤ MMmessmess≤≤≤≤≤≤≤≤101055 ΛΛΛΛΛΛΛΛ50 50 GeVGeV≤≤≤≤≤≤≤≤ MM1/21/2≤≤≤≤≤≤≤≤1 1 TeVTeV

20 20 TeVTeV ≤≤≤≤≤≤≤≤mmauxaux≤≤≤≤≤≤≤≤ 100 100 TeVTeV10 10 TeVTeV≤≤≤≤≤≤≤≤ ΛΛΛΛΛΛΛΛ ≤≤≤≤≤≤≤≤200 200 TeVTeV50 50 GeVGeV≤≤≤≤≤≤≤≤ mm00 ≤≤≤≤≤≤≤≤1 1 TeVTeV
mAMSBmAMSBmGMSBmGMSBmSUGRAmSUGRA

�� Positive Positive µµµµµµµµ:  favored by g:  favored by gµµµµµµµµ--2 and 2 and BR(bBR(b!! s s γγγγγγγγ))
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Additional constraintsAdditional constraints
LEP Higgs exclusion boundsLEP Higgs exclusion bounds
Precision observable:Precision observable: ∆∆∆∆∆∆∆∆ ρρρρρρρρSUSYSUSY ≤≤≤≤≤≤≤≤ 3 3 ×××××××× 1010--33
Experimental bounds on  SUSY particle massesExperimental bounds on  SUSY particle masses
mmtt=175 =175 GeVGeV ((δδδδδδδδmmhh/ / δδδδδδδδmmtt = 1 GeV/1 = 1 GeV/1 GeVGeV))
No SUSY No SUSY CPCP--violating phasesviolating phases
RR--parity conservedparity conserved
Success REWSBSuccess REWSB
No color/charge breaking minimaNo color/charge breaking minima
LSP uncolored and uncharged LSP uncolored and uncharged ((neutralinoneutralino LSP inLSP in mSUGRAmSUGRAandand mAMSBmAMSB))
Restrict to positive Restrict to positive µµµµµµµµ:  favored by g:  favored by gµµµµµµµµ--2 and 2 and BR(bBR(b !! s s γγγγγγγγ))
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•• LEP Higgs searches : exclusion region in mLEP Higgs searches : exclusion region in mh0h0--tantanββββββββ

•• Slight excess of 116 Slight excess of 116 GeVGeV HiggsHiggs
–– interpolated as light CPinterpolated as light CP--even Higgs with SMeven Higgs with SM--like couplinglike coupling
–– corresponding SUSY particle spectrumcorresponding SUSY particle spectrum

•• Strong suppression of hStrong suppression of h ! ! bb possible inbb possible in
mSUGRAmSUGRA andand mAMSBmAMSB

Previous workPrevious work
S. Ambrosanio, A. Dedes, S. Heinemeyer, SS, G. Weig lein NPB 624, 3 (2002)

AMSBAMSBGMSBGMSBSUGRASUGRAMSSMMSSM

3.83.83.13.12.92.9≤≤≤≤≤≤≤≤0.5 or 0.5 or ≥≥≥≥≥≥≥≥2.42.4tantanββββββββminmin
125125123123127127135135mmh0h0max  max  (GeV)(GeV)
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Higgs productionHiggs production

γγγγγγγγγγγγγγγγ!!hhγγCC

ee++ee--!!ZZ!!ZhZh
VVVV!!hh

LCLC

gggg!!hh

qq,ggqq,gg!!tttt!!tthtth

VVVV!!hh

LHCLHC
qqqq!!VV!!VhVh
(V=W,Z)(V=W,Z)

TevatronTevatron

ΓΓΓΓΓΓΓΓ(h(h!! bb,ccbb,cc,,ττττττττ++ττττττττ--,,µµµµµµµµ++µµµµµµµµ--): higher): higher--order correction includedorder correction included
ΓΓΓΓΓΓΓΓ(h(h ! ! γγγγγγγγγγγγγγγγ,,gg,WWgg,WW): ): HdecayHdecay
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Channels for Higgs studyChannels for Higgs study

γγγγγγγγγγγγγγγγ ! ! h h !! bb, WWbb, WW**, , γγγγγγγγγγγγγγγγγγCC

ee++ee-- ! ! Z Z ! ! ZhZh !! Zbb,Zcc,ZZbb,Zcc,Zττττττττ++ττττττττ--,ZWW,ZWW**,,ZggZgg
WWWW!! h h !! bb,ccbb,cc,,ττττττττ++ττττττττ--,WW,WW**,,gggg

LCLC

gggg ! ! h h !! γγγγγγγγγγγγγγγγ, , VV VV ! ! h h !! ττττττττ++ττττττττ--, WW, WW*, *, γγγγγγγγγγγγγγγγ
qq,ggqq,gg ! ! tttt ! ! tthtth !! ttbbttbb

LHCLHC
qqqq ! ! V V ! ! VhVh !! VbbVbb (V=W,Z)(V=W,Z)TevatronTevatron

�� Higgs boson decayHiggs boson decay

�� Higgs study channelsHiggs study channels
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Observability of h0Observability of h0

TevatronTevatron
�� V V ! ! VhVh !! VbbVbb suppressed suppressed 
not more than 10%not more than 10%

�� discovery potential as good discovery potential as good 
as SM Higgsas SM Higgs

LHCLHC
�� gggg ! ! h h !! γγγγγγγγγγγγγγγγ suppression suppression 
of 50% or moreof 50% or more

mSUGRAmSUGRA
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Observability of h0 (cont’)Observability of h0 (cont’)

LHCLHC

mGMSBmGMSB mAMSBmAMSB
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Observability of h0 (cont’)Observability of h0 (cont’)
LHCLHC
�� qq,ggqq,gg ! ! tttt !! tthtth !! ttbbttbb suppressed no more than 10%suppressed no more than 10%
�� VV VV ! ! hh

no suppressionno suppressionsuppressionsuppressionsmall small mmAA, large tan, large tanββββββββ
suppression at small suppression at small mmAAWW WW ! ! h h !! WWWW**, , γγγγγγγγγγγγγγγγ

enhanced everywhereenhanced everywherediffer < 10%differ < 10%WW WW ! ! h h !! ττττττττ++ττττττττ--
mGMSBmGMSB, , mAMSBmAMSBmSUGRAmSUGRA

LCLC
�� easily observable even with strong suppressioneasily observable even with strong suppression

γγγγγγγγCC
�� similar to LHC VV similar to LHC VV !! h h !! ττττττττ++ττττττττ--, WW, WW**, , γγγγγγγγγγγγγγγγ
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Precision analyses of Higgs couplingPrecision analyses of Higgs coupling
•• concentrate on LC and concentrate on LC and γγγγγγγγCC
•• focus on Higgs sectorfocus on Higgs sector

11%11%h h !! γγγγγγγγ γγγγγγγγ
5%5%h h !! WWWW**γγγγγγγγCC
2%2%
3%3%h h !! WWWW**
4%4%h h !! gggg
6%6%h h !! ccccLCLC
4.5%4.5%h h !! ττττττττ++ττττττττ--
1.5%1.5%h h !! bbbb

h h !! bbbb

�� Anticipated precisionAnticipated precision

§§ nnσσσσσσσσ: : §§ n n ££ precisionprecision

direct detection of Adirect detection of A00 difficultdifficult
deviation from SM Higgs couplingdeviation from SM Higgs coupling
⇒⇒ indirect bound on indirect bound on mmAA
differdiffer from previous analysesfrom previous analyses
-- all but one parameter kept fixedall but one parameter kept fixed
require knowledge of SUSY require knowledge of SUSY 
parametersparameters

-- scan over parameter spacescan over parameter space
reduced sensitivityreduced sensitivity
“worst case” scenario“worst case” scenario
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Sensitivity in mA-tanβ planeSensitivity in mA-tanβ plane

11σσσσσσσσ mmAA ≤≤≤≤≤≤≤≤ 1000 1000 GeVGeV

11σσσσσσσσ mmAA ≤≤≤≤≤≤≤≤ 500 500 GeVGeV

mSUGRAmSUGRA

22σσσσσσσσ mmAA ≤≤≤≤≤≤≤≤ 700 700 GeVGeV
33σσσσσσσσ mmAA ≤≤≤≤≤≤≤≤ 550 550 GeVGeV

LC: hLC: h!! WWWW**

suppression in  hsuppression in  h!! bb, bb, ττττττττ++ττττττττ--
enhancement in henhancement in h!! cc, WWcc, WW**
⇒⇒ 35 35 ≤≤≤≤≤≤≤≤ tantanββββββββ ≤≤≤≤≤≤≤≤ 5555
sensitivity in sensitivity in γγγγγγγγC C worseworse
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Sensitivity in mA-tanβ plane (cont’)Sensitivity in mA-tanβ plane (cont’)

mGMSBmGMSB
mAMSBmAMSB

LC: h LC: h !! WWWW* * no enhancementno enhancement 55055070070010001000mSUGRAmSUGRA
3 3 σσσσσσσσ2 2 σσσσσσσσ1 1 σσσσσσσσmmAAmaxmax ((GeVGeV))

70070085085013001300mAMSBmAMSB
60060075075011501150mGMSBmGMSB
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Sensitivity to high-energy parametersSensitivity to high-energy parameters
mSUGRAmSUGRA
�� mild bound on mmild bound on m00
�� stronger bound on mstronger bound on m1/21/2 350350450450650650mm1/21/2max max ((GeVGeV))

--3 3 σσσσσσσσ--2 2 σσσσσσσσ--1 1 σσσσσσσσmSUGRAmSUGRA
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Sensitivity to high-energy parameters (cont’)Sensitivity to high-energy parameters (cont’)
mGMSBmGMSB
�� deviation from SM couplingdeviation from SM coupling
not sufficient to constrain not sufficient to constrain MMmessmess and and ΛΛΛΛΛΛΛΛ

�� small deviation small deviation ⇒⇒
lower bound on lower bound on MMmessmess and and ΛΛΛΛΛΛΛΛ

mAMSBmAMSB
�� 2 2 σσσσσσσσ, 3 , 3 σσσσσσσσ deviation  deviation  
wide range of mwide range of m00 and and mmauxaux

66££1010447.57.5££101044mmauxauxmaxmax ((GeVGeV))
1100110014001400mm00max max ((GeVGeV))
3 3 σσσσσσσσ2 2 σσσσσσσσmAMSBmAMSB

mAMSBmAMSB VVhVVh!!cccc
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Distinguish SUSY Breaking ScenarioDistinguish SUSY Breaking Scenario
•• if we know ranges of if we know ranges of mmAA, tan, tanββββββββ from LHC from LHC 
•• if we see deviations of coupling at LCif we see deviations of coupling at LC

500 500 GeVGeV ≤≤≤≤≤≤≤≤ mmAA ≤≤≤≤≤≤≤≤ 600 600 GeVGeV
tantanββββββββ ≥≥≥≥≥≥≥≥ 3030AMSBAMSB

GMSBGMSB

SUGRASUGRA
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ConclusionConclusion
Investigate relevant production and decay channels of hInvestigate relevant production and decay channels of h00
-- TevatronTevatron, LHC, LC and , LHC, LC and γγγγγγγγCC --mSUGRAmSUGRA, , mGMSBmGMSB andand mAMSBmAMSB
ObservabilityObservability
-- TevatronTevatron:: as good as SM Higgs;as good as SM Higgs; LC:LC: ensuredensured
-- LHC:LHC: gggg !! h h !! γγγγγγγγγγγγγγγγ, , γγγγγγγγC:C: h h !! bb, bb, ττττττττ++ττττττττ--, small , small mmAA, , problematic  (problematic  (mGMSBmGMSB,, mAMSBmAMSB) ) 
Precision measurement of BR at LC and Precision measurement of BR at LC and γγγγγγγγC C 
�� bound on bound on mmAA and tanand tanββββββββ:: mmAA<1 <1 TeVTeV for for 22--3 3 σσσσσσσσ deviation deviation 
-- biggest sensitivity from LC: biggest sensitivity from LC: h h !! WWWW**, cc, cc
-- suppression in  h suppression in  h !! bb, bb, ττττττττ++ττττττττ--, , enhancement in h enhancement in h !! cc, WWcc, WW**

⇒⇒ 35 35 ≤≤≤≤≤≤≤≤ tantanββββββββ ≤≤≤≤≤≤≤≤ 55  (55  (mSUGRAmSUGRA))
�� bound on highbound on high--energy input parameters energy input parameters 
-- mm00 ((mSUGRAmSUGRA), ), mm00 ((mAMSBmAMSB))

Distinguish different SUSY breaking scenariosDistinguish different SUSY breaking scenarios


