
ConstraingHiggssectorbylow
energyexperiments

MariaKrawczyk

Focus:CPconservingHiggssector(2HDM)

•Directsearches

•Precisionmeasurementsorindirectsearches

•Highenergycolliders:LEP,TEVATRON,HERA,...LHC,LC,PLC

•Lowenergyexperiments:b→sγ,g−2formuon,leptonicτdecay
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StandardModels

SM=1HDM⇒oneHiggsSU(2)doublet

Onescalar(spinzero)doubletφ

Basicparameterv-vacuumexpecationvalueofscalarfield

oneHiggsboson

oneunknownparameterdescribingwholesector:

massorselfcoupling

interactionwithgaugebosons:MV∼gv(v∼246GeV),

coupling∼MV

Yukawainteractionwithfermions:mf∼gf

Directsearches:MHSMlargerthan114.4GeV.
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2HDM⇒twoHiggsSU(2)doublets

Twoscalar(spinzero)doubletsφ1andφ2withvevv1andv2

(withv2=v2
1+v2

2,oftenweusetanβ=v2/v1)

Degreesoffreedom:8fields-3(forlong.componentsofW/Z)=5⇒
fivephysicalHiggsbosons,spin=0,3-neutral,twocharged!!

Othercharecteristics:quantumnumbers-C,P...,

Numberofparameters?Dependsontheformofpotential,

between8to14(minus1forv-constraint,minus1forrephasing)

CPornotCPconcervationinHiggssector

•CPconservation:Higgssector:h,H,A,H±;tanβ,α(h,H)

h,H-CP-even,A-CP-odd

•CPviolation:mixingbetweenh1,h2,h3,moremixingangles

andCPparityofHiggsbosons-notdefined
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moreon2HDM

Interactionwithgaugebosonsandfermions-Higgsbosonsshare

obligations,eg

(g
h
W)

2
+(g

H
W)

2
+(g

A
W)

2
=(g

HSM
W)

2

VariousmodelsofYukawainteractionwithfermions:

ModelII:whereonescalardoubletcouplestoup-typequarks,

othertodown-typequarksandchargedleptons

Thepotentialproblemsrelatedtoφ1,φ2mixing:

•FlavourChangingNeutralCurrentmaybelarge(innatureFCNCsmall)

•CP-violationmaybelarge(innature-smalleffects)
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2HDMmodelswithoutandwithCPviolation

2HDMPotential:quarticandquadratictermsseparated:

V=
1
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+
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2

+λ3(φ†
1φ1)(φ†
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[
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11(φ†
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1φ2)+h.c.
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+m
2
22(φ†
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}

softviolationofZ2symmetry

No(φ1,φ2)mixingifZ2symmetrysatisfied(NOFCNC&NOCPV):
φ1→−φ1,φ2→φ2(orviceversa)⇒λ6=λ7=m2

12=0

14parameters:λ1,λ2,λ3,λ4,λ5,λ6,λ7,m2
11,m2

22,Rem2
12,Imm2

12

HardviolationofZ2symmetry:quartictermswithλ6,λ7(below=0)

Lee,Diaz-Cruz,Mendez,Haber,Pomarol,Barroso,Santos,Hollik,Djouadi,Illana,Branco,Gunion,
Akeroyd,Arhrib,...
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Minimum(vacuum)at(hereλ6=λ7=0):

φ1=

[

0
1√
2

v1

]

φ2=

[

0
1√
2

v2eiξ

]

Note,that
m2

12=[µ2/v2+iδ]2v1v2e−iξ,

soµ=Re(m2
12)v2/2v1v2

Im(m2
12eiξ)=Im(λ5e2iξ)v

1v2

Naiveconclusion:phaseξviolatesCP(“complex”fermionmasses)

However(eg.Branco),phaseξcanberemovedbysuitableredefinitions

ofphasesofHiggsfieldsφ1,2,λ5andm2
12:

φ1,2→φ1,2e−iρ1,2,λ5→λ5e
2i(ρ2−ρ1)

,m
2
12→m

2
12e

i(ρ2−ρ1)

andthesameforfermionfields.So,theξdisappears,wecanput0

(rephasinginvariance).CPVifImλ56=0.
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Masstermsanddecoupling(CPconsv.)

MassesofpseudoscalarandchargedHiggsbosons:

M2
A0=µ2−λ5v2,M2

H±=µ2−
1
2(λ4+λ5)v2

Togetlargemassesweneed:

largeµ(leadingtodecoupling)

ThelightestHiggshhasallpropertiesastheSMHiggsbosonall

heavierHiggsbosonsdecouple...

OR
largeλ4,5(smallµ)

Therearenon-decouplingeffects

Unitarityconstraints-upperlimitsofheavyHiggsbosons600GeV
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λiintermsofmasses,µ2etc.

Solving:

λ1v
2

=
1

cos2β
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Hcos

2
α+M

2
hsin
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2
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Remainingλi:

λ5=
1

v2[−M
2
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]

λ4=
1

v2[M
2
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]
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CPconservation:Higgsmassesandcouplings

Physicalcontentofpotential

•Higgsmasses(quadraticcouplings)

•Higgstrilinearcouplings

•Higgsquarticcouplings

Note,ifselfcouplingsareexpressedintermsofmasses,alsoµenters!

ghhh=−3v
[

−cosβsin3αλ1+sinβcos3αλ2−
1
2sin2αcos(β+α)λ345

]

,

=−3g
sin2βMW

[

(cosβcos3α−sinβsin3α)M2
h−cos2(β−α)cos(β+α)µ2

]

,

M.Krawczyk9ConstraingHiggssectorbylowenergyexperiments



BasiccouplingstogaugebosonsV=W/Zandfermionsu,d-types

Independentofpotentialare:

•couplingstogaugebosons:hWW,HWW,whileAWW=AZZ=0

foreg.Z:g2
h+g2

H=g2
HSM

•couplingstofermions(Yukawa)

e.g.ModelII:

Itisusefultoexpressallcouplingsintermsoftherelative“basic

couplings”:

χ
φ
i=

g
φ
i

gSM
i

,φ=h,H,Awithi=V,u,d
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DIRECTCOUPLINGSin2HDM

χ
h
V=sin(β−α)

χh
u=sin(β−α)+cotβcos(β−α)

χ
h
d=sin(β−α)−tanβcos(β−α)

χ
H
V=cos(β−α)

χH
u=cos(β−α)−cotβsin(β−α)

χ
H
d=cos(β−α)+tanβsin(β−α)

tanβ–theratioofthevacuumexpectationvaluesofthetwobasic

Higgsdoublets[(0,π/2)]

α–parameterizesmixingamongthetwoneutralCP-evenHiggsfields

[eq.(−π,0)]
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Patternrelation

WefoundthatforbothhandH:

(χu−χV)(χV−χd)+χ2
V=1

or

(χu+χd)χV=1+χuχd.

Also,

tan2β=
χV−χd
χu−χV

=
1−χ2

d
χ2

u−1

Thepatternrelationwasobtainedhereinthetreeapproximation.

Radiativecorrectionswillmodifyitattheleveloffewpercents.
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Selfcouplingsintermsofobservables

OnecanintroducearelativecouplingforφH+H−,φ=h,H:

χ
φ
H±≡−

vgφH+H−

2iM2
H±

=





1−
M2

φ

2M2
H±





χ
φ
V+

M2
φ−µ2

2M2
H±

(χφ
u+χ

φ
d)

“Finite”for“large”M2
H±(non-decouplingforsmallµ)

importantforγγφloop-coupling.
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Existingconstraintsfor2HDM(II)

CPconserv.2HDM(II)withsoftviolationofZ2symmetry(µ2term):

⇒fiveHiggsbosons:h,H,A,H±

⇒7parameters:Mh,MH,MA,MH±,α,β,andµ2

MODELII(asinMSSM)

Couplings(relativetoSM):hA

toW/Z:χV=sin(β−α)0

todownquarks/leptons:χd=χV−
√

1−χ2
Vtanβ−iγ5tanβ

toupquarks:χu=χV+
√

1−χ2
V/tanβ−iγ5/tanβ

ForHcouplingslikeforhwith:

sin(β−α)↔cos(β−α)andtanβ→−tanβ.

Patternrelationholds:(χu+χd)χV=1+χuχd

I.Ginzburg,MK,P.Osland,hep-ph/0101208
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DATA

LEP•direct:(h)BjorkenprocessZ→Zh,

(hA)pairprod.e+e−→hA,

(h/A)Yukawapro.e+e−→bbh/A

(H±)e+e−→H+H−

vialoop:(h/A,andH±)Z→h/Aγ

Othersexp.•vialoop:(h/A)WilczekprocessΥ→h/Aγ

loop:(H±)b→sγMH±>500GeV(Misiak,Gambino2001)

leptonictaudecay(MK,Temes-hep-ph/0410248)

g-2data(HockerSM-hep-ph/0410081)

Globalfit•(allHiggses)

Chankowskiatal.,EPJC11,661;PLB496,195

CheungandKong-hep-ph/0302111
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btosgamma

StrongconstraintsonnewphysicsfromB̄→Xsγcruciallydependon

theoreticaluncertaintiesintheStandardModelpredictionforthisdecay

BR[B̄→Xsγ]=

[

3.21±0.43stat±0.27sys

(

+0.18
−0.10

)

theory

]

×10−4
(CLEO),

BR[B̄→Xsγ]=
[

3.36±0.53stat±0.42sys±0.54theory

]

×10−4
(BELLE),

BR[b→sγ]=(3.11±0.80stat±0.72sys)×10−4
(ALEPH).

TheweightedaverageforBRγ≡BR[B̄→Xsγ]

BR
exp
γ=(3.23±0.42)×10−4

withanerrorofaround13%.Improvedexperimentalresultscoming-

reducethetheor.uncertaintysignificantlybelow10%needed

Sourcesofuncertaintiesinthetheoreticalprediction:

parametric,non-perturbativeandperturbative

Limits:at95%CL-MH+above500GeV
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DIRECT



LimitsforchargedHiggsboson

Tevatron,LEPdata
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h,A-couplingtogaugeboson,andmassplot

LighthORlightAinagreementwithcurrentdata
hZZ:sin(β−α)andhAZ:cos(β−α)

k=sin2(β−α)
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Precisionresultsfor(g-2)formuon

and

thelightestHiggsbosonin2HDM(II)

hep-ph/0103223v3
hep-ph/0112112Snowmassproc
ActaPhys.Pol.B33(2002)2621
(hep-ph/020807)
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DATAandSMpredictionforg−2formuonaµ≡
(g−2)µ

2

a
exp
µ=11659203(8)·10−10

E821,Phys.Rev.Lett.89(2002)

101804[Erratum-ibid.89(2002)

129903][arXiv:hep-ex/0208001]

aSM
µ=aQED+aEW

µ+ahad
µ

had=vac.pol.1+vac.pol.2+lbl

→

Asignificantrevisiondueto
changeinsignofthelightby
lighthadroniccontributionto
aµlight-by-light(lbl):
previousav:-8.5(2.5)10−10

recent:
Knecht,Nyffeler+8.3(1.2)
Hayakawa,Kinoshita
+8.9(1.5)
Bijnens,etal+8.3(3.2)
Blokland,etal.+5.6

∆aµ=a
exp
µ−aSM

µ
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SMcontributions

Hadroniccontribution[in10−11]

ho(Krause)−100(6)
lbl(Nyffeler)80(40)
vp1(Jeg02)6889(58)

had[FJ02]6869(71)
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SManddata

SMcontribution[in10−11]

QED116584705.7(2.9)
had[FJ02]6869.0(70.7)
EW152.0(4.0)
tot116591726.7(70.9)

∆aµ(σ)303.3(106.9)
lim(95%)93.8≤δaµ≤512.8

[HMNT(ex)]:∆aµ(σ)=297.0(107.2)87.2≤δaµ≤507.4,

[HMNT(in)]:∆aµ(σ)=357.2(106.4)148.7≤δaµ≤565.7

[DEHZ(e+e-)]:∆aµ(σ)=339.0(112)

Jegerlehner,TalkatMarseille,March2002
Hagiwaraetal(hep-ph/0209187v2)
Davieretal(hep-ph/0208177)
19.09.03∆aµ(σ)=234(119)0.076≤δaµ≤467
BNL10.01.2004∆aµ(σ)=301(104.1)96.96≤δaµ≤505
Hocker(10.2004)∆aµ(σ)=252(92)

δaµregioncanbeusedtoconstrainparametersofnewmodels
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HotNews:BNLhep-ex/0401008

MeasurementoftheNegativeMuonAnomalousMagneticMomentto

0.7ppmmuonspinprecessioninamagneticstorageringwith

electrostaticfocusing.Thesameexperimentaltechniqueasinaµ+,and

asimilarprecisionof0.7ppmwasachieved.
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http://www.g-2.bnl.gov/physics/index.html

1 of 101/16/2004 08:04 AM

Overview of the experiment



Theanomalousmagneticmomentsofthemuonandtheelectron⇒an

importantroleinthedevelopmentoftheSM.Comparedtothe

electron,themuonanomalyhasarelativesensitivitytoheaviermass

scalesproportionalto(mµ/me)2.

Thenegativemuonanomalousmagneticmomentfromdatacollectedin

early2001.

aµ−=11659214(8)(3)×10−10
(0.7ppm)

(statistical+systematic)

consistentwithpreviousmeasurementsoftheanomalyforthepositive

andnegativemuonaµ(exp)=11659203(8)×10−10.

Theaverageforthemuonanomalyis

aµ(exp)=11659208(6)×10−10
(0.5ppm)

(correlatedsystematicerrorsbetweenthedatasets)
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Twodatasetsdonotgiveconsistentresultsforthepionformfactor.

e+e−annihilationgivesaµ(SM)=11659181(8)×10−10(0.6ppm)

τdecaygivesresult15×10−10larger.

So,Thedifferenceofa
exp
µandtheSMthee+e−orτdataforthe

calculationofthehadronicvacuumpolarizationis2.7σand1.4σ



Hadroniccontr.-thissummersummary

Hadroniccontributiontothemuonmagneticanomaly-anewestimate

usingpreciseresultsonthepi+pi−spectralfunctionfromtheKLOE

Confirmationofthepreviouse+e−annihilationdatainthischannel,

Disagreementwiththeisospin-breaking-correctedspectralfunctionfrom

tau→pi-pi0nudecays.

2.7standarddeviationsfromtheBNLmeasurement!

Whencomparedtotheworldaverageofthemuonmagneticanomaly

measurements,dominatedbytheresultsfromtheBNLexperiment,

aµ=(11659208.0±5.8)10−10
,
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Respectivee+e−andτ-basedpredictionsdisagreedatthelevelof2.5

and1.3standarddeviations,whenaddingexp.andth.errorsinquadrat
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2HDMcontributiontoaµ:a2HDM
µ=ah

µ+aA
µ+aH

µ+aH±
µ

•lighthscenario:a2HDM
µ≈ah

µ

•lightAscenario:a2HDM
µ≈aA

µ

onelooptwoloop

Zochowski,MK’96,MK’01;Dedes,Haber’01Changatal.,Cheungatal,Wu,Zhou,MK’01,’02..

Twoloopcontributionslargerthanone-loopformass∼fewGeV!
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Variouscontributionsforcouplings=1 2HDM(II):
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Combined95%CLconstraintsforhandAin2HDM(II)’2004

scalarhforβ−α=0,µ2=0
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thick

lines:
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&
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g-2
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LEP
data,
etc

Newestimations⇒allowedregionsforAonlyifallexistingdataare

takenintoaccount

Awithmass25-70GeVand25<tanβ<115inagreementwithalldata
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Leptonictaudecays

InSM-treeWexchange,treelevelin2HDM:ChargedHiggsbosons
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LoopcorrectionsinvolveneutralHiggsbosons

dominantcontributionsatlargetanbeta
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Thepartialdecaywidthsandbranchingratios:

τ→eν̄eντandτ→µν̄µντ.

The’04worldaverageddatafortheleptonicτdecaymodesandτ

lifetime:

Bre|exp=(17.84±0.06)%,Brµ|exp=(17.37±0.06)%

ττ=(290.6±1.1)×10−15
s.

Notethattherelativeerrorsoftheabovemeasuredquantitiesareofthe

0.34-0.38%,thebiggestbeingforthelifetime.

TheSMpredictionforthesebranchingratioscanbedefinedasthe

ratiosoftheSMpredicteddecaywidthstothetotalwidthasmeasured

inthelifetimeexperiments,namelyBrl|SM=Γl|SM/Γtot
exp=Γl|SMττ.

Therefore,onecanparametriseapossiblebeyondtheSMcontribution

byaquantity∆l,definedas

Brl=Brl|SM(1+∆l).(1)
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InthelowestorderofSM

Bre|SM=(17.80±0.07)%,Brµ|SM=(17.32±0.07)%.(2)

Togetherwiththeexperimentaldatathisleadstothefollowing

estimationsforthepossiblebeyondSMcontributionstotheconsidered

branchingratios,

∆
e
=(0.20±0.51)%,∆

µ
=(0.26±0.52)%.

Usingthemwederivethe95%C.L.boundson∆l,fortheelectronand

muondecaymode,respectively:

(−0.80≤∆
e
≤1.21)%,(−0.76≤∆

µ
≤1.27)%.

Onecanseethatthenegativecontributionsareconstrainedmore

stronglythatthepositiveones.
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Conclusions

•In2HDM-variouspotentialspossible

•LargemassesofHiggsparticlecanbeobtainedintwodifferentways:

→bylargeµparameterrelatedtothesoftterminthepotential

→bylarge(butnottoolarge)couplingsλi

•TheselfcouplingofHiggsparticles,likeghH+H−,ifexpressedin

termsofmasses,dependsonµ

•TheH→γγprocess,duetoloopwithH+,issensitivetothis

coupling.ItcanbeusedtodistinguishbetweenSMandSM-like

2HDM(II)

•LighthotAevenwithmass∼10GeVinagreementwithdata
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Whatthatmeans:SMinagreementwithdata?

2HDM(II)-inagreementwithdataeveninsuchextremecases:

withthelightestHiggsboson

•verylight,withmasseg.fewGeV,

andwithveryweak(orno)couplingtoZ/W

•SM-like,withmasseg.115GeV,couplingsasforHSM

(relativecouplingsχV,χu,χd=1)

Challenge→SM-likescenariosintheextensionsoftheSM
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LightorLittleHiggs?
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