Higgs Bosons
in the Standard Model




The Standard Model

Successful model of strong and electroweak
Interactions among elementary particles

e neutral current interaction
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SU(3). x SU(2);, x U(1)y gauge theory

matter
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Masses prohibited by symmetries

gauge bosons gauge symmetries

guarks and leptons chiral gauge symmetries

in reality,




sponteneous symmetry breakdown

A symmetry of lagrangian is broken by
the ground state (vacuum)

eX. O(2) symmetric model of scalar fields




invariant renormalizable potential

| A
V = -5 (o + %) + Z( ‘%)’

)\ must be positive, //° can have any sign.

1? < 0 — degenerate mass /—pu?
1> > 0 = wine bottle potential 4 V
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Upon quantization, one picks up a vacuum

(Olo(2)]0) = vo, (0|7 (x)]0) =0

-
fluctuation around the vacuum: \ \ / ?
o(2) = v + (x) 71X
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Goldstone’s theorem

For each spontaneously broken continuous
symmetry, there arises a massiccs scalar
particle, whose quantum number is the same as

that of the generator of the broken symmetry.

® Does not rely on perturbation
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local (gauge) symmetry

! r)+im(x)) = olx complex scalar field
7 (0(x) +im(z)) = () p
L=0,0"0"p+ pdp* o — Mo ¢)°

10 :
invariant under U(1) trf.  @(x) — e ¢(x) (¢ : const.)
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It we require
D,o(x) — (0, + igA;(x))ew(xW(x) _ ew(x)D“¢(ZE)
the gauge field must transform as

Au(x) o A7) = Au(z) §8w<x>

Add the gauge-inv. kinetic term of the gauge field to the lagrangian
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When ;1= > 0, (0|o(2)]0) = %U()@i.()

% Vo + N ew(x)

Expressing ¢o(x) as ¢(x

1 1 It
Ll ilio. 5%778#77 deal Ao gl Vo + 1N g
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The NG mode completely disappers.

The gauge tield acquires mass. m2 = g2’

spontaneous
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Higgs field in the Standard Model

breaks the gauge symmetry:

() = j; c (2,%) of SU(2), x U(1)y

a

L~ (D,®)D"d with D,® = (a +iga A2 ) | ;ngM>q>
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gauge boson mass term
o Pl w4 i Y(0)

(Du{®)) D (@) (AL +iA2) —go A3 + 1B, ) \ v,

o — Cof

vp [92 ((A)° + (A)°) + (924, + 91B,)°]

mass eigenstates
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1
(D, (@) DH(D) ~ m%VWjW—“ + §mQZZMZ“

|

P — e 2
o= 292710 my = > g5 + g1 Vo

The value of vy 1s determined by the Fermi constant (/.

o o °
gauge 1nteraction of the fermions
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2
cC __ + —
V LG = =g H (@)@

dL €1,

Comparing this to definition of the Fermi constant,

Gr 9% 1 1

1/2
) ~ 246.26GeV
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another important role: generation of fermion masses

L~—mip = —m (1 + i)

no caucc-invariant mass term in the SM!

Yukawa interaction (gauge eigenstates)
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Parameterize the Higgs field as ®(x) = U(?(x)) ((Uo N @?{E))/ﬂ)

NG mode---absorbed by the gauge bosons

Lyv—— (u)<1—|— SO)UAUA—mff)(l—Fﬁ)JAdA— (€)<1—|- gD)éAeA
Vo Vo Vo

where the fermion masses are proportional to the Yukawa couphngs
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Properties of the SM Higgs boson

» Mass
at the tree level, M) = 2)\v; (vg = 246GeV)

No reason why my, lies 1n the weak scale.

The Higgs self-coupling ) 1s a free parameter.
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e triviality bound

effective self-coupling at scale () (neglecting other couplings)

A
A(Q) N 1 437:\2 log Q? diverges at ()ax = UO€27T2/3)\

o
Yo

If the theory is valid up to cut-offt A = A < Q)pax.
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e unitarity bound Lee, Quigg, Thacker, Phys. Rev. D16 (°77)

potentially dangerous coupling:
Higgs and the longitudinal component of the vector bosons

MWW, - WW,) =167 ,(2J + 1)a,(s)Py(cos )
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® experimental bounds

LEP2 experiments (95%CL)

my, > 114.4GeV  direct search at /s = 189 — 209GeV
Phys. Lett. B565 (*03) 61

L] L]
mp < 185GeV EW precision measurements
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http://lepewwg.web.cern.ch/LEPEWWG/
http://lepewwg.web.cern.ch/LEPEWWG/

Production
eTe™ collider

Higgs strahlung
main 1in LEP2

The production cross section of the SM Higgs boson

my=120 GeV ——

m,=160 GeV ——
m,=180 GeV ——

900

€ = = = Ve
%%

oo h
%%

@+ > > De

Vector boson fusion
important for /s > 1TeV

The production cross section of the SM Higgs boson

Ecm=350 GeV ——

Ecm=800 GeV ——
Ecm=1000 GeV ——

1

100 200 300 400 500 600 700 800 900 1000
Higgs mass (GeV)

Senaha, D-thesis
Higgs Bosons in the SM and Beyond, Nov. 27, 2008 @ Saga-Yonsei Joint Seminar 24



in LHC

q > > q




Higgs production cross section vs Higgs mass

o(pp—~H+X) [pb]
Vs = 14 TeV

M, =175 GeV
CTEQ4M

gluon fusion
gg—H

qq—Hqq
VB-fusion

B AN 30 fb_l1 iI.l the IOW lumingsity phase
300 tb in the high luminosity phase

Higgs Bosons in the SM and Beyond, Nov. 27, 2008 @ Saga-Yonsei Joint Seminar 26
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Branching Ratio of the SM Higgs boson

Higgs mass (GeV)

Higgs Bosons in the SM and Beyond, Nov. 27, 2008 @ Saga-Yonsei Joint Seminar



Can LHC discover the Higgs boson ?

ATLAS SM Higgs sensitivity

-1 H — vy
JL dt =30 fb tH (H — bb)

(no K-factors) H — 779 = 41

ATLAS H - WW" — v
qqH — qq WW"
qqH — qqtt

1 qqH — qq WW"
fLdt=101fb qqH — qqtr
VBF, combined

(no K-factors) VBF, + yy + ttH(bb) + ZZ"
ATLAS

Signal significance
[y
(=]
[\

Total significance

Signal significance
J—
=
[}

L L ‘ L L L ‘ L
180 200

m,, (GeV/c?)

L L L ‘
100

L L ‘
120

! ! ! ! |
140

160

T c
100 120 140 160 180 200
m,, (GeV/c?)

For an integrated luminosity of 30 tb-!, the full mass range can be
covered by ATLAS with a significance exceeding 5o.

Higgs Bosons in the SM and Beyond, Nov. 27, 2008 @ Saga-Yonsei Joint Seminar



Beyond the Standard Model

How to extend the SM:

% gauge symmetry
ex. SU(Q)L X SU(Q)R

% fermion generation
- light generations
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supersymmetry

symmetry between bosons and fermions

(p(x), Yr(x)) complex scalar and chiral fermion
chiral multiplet

(A 0 (:1:) D (:13) ) massless vector and chiral fermion
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Why supersymmetry?

® solution to the hierarchy problem
difference between the weak scale and cut-off scale (mpi, mcur)

correction to scalar mass expected to be O(mw)




@ more likely gauge coupling unification
behavior of the effective couplings depends on particle content

Standard Model

(72]
——
()
-
(O]
| S
>
(7))
®
(O)
=
C .
9
R
O
(O]
—
o

‘
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Blair, SLAC Summer Institute 2005
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@ naturally contains a candidate for Cold Dark Matter
CDM particle

stable (7>age of the Universe), weak-interacting, massive

R-parity

internal symmetry noncommuting with SUSY generator

R(psm) = +1 Bl

RN, | @ @ 33 Q Q .: ? @ (@} ’ é o - e A B b G R T




How to construct a Supersymmetric SM?

No pair of SM boson and fermion
with the same quantum numbers

One must introduce a superpartner for each SM particle.

chiral multiplets (sfermion, fermion)

QA o (QVALa QAL) UA e (aile ui&R) DA o (CEXRa félR)
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We need a pair of Higgs doublets.

~S

H,=(?,,®,) Hy=(d,o,)  (Higgs, Higgsino)

® gauge invariant SUSY Yukawa term

W~ fl2QaUsH, + fupQaDplli+ fiyLaEsH,

<

different quantum numbers
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Minimal Supersymmetric Standard Model
(MSSM)

matter and Higgs = chiral supermultiplet

~

QA R (QVALa C]AL) UA o (ﬁzcélRa UJCLXR) DA — ( f4R7 dzcélR)
La=(lar,laz) Ea= (€58 ir)

~

(By, )  Hyg = (g, D)

gauge boson = vector supermultiplet
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= ey (FSLHILLE + [S)HIQL Dy — fUYHIQYUp — | HiH))

/’

the only mass parameter
in the supersymmetric lagrangian

parameters in Lsusy

/5 gauge couplings: g3, g2, 91 Yukawa: f,p (u,d.e)
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Higgs sector in the MSSM

After eliminating the auxiliary fields 1), we obtain the Higgs potential,

4 )

Vo = m2® d, + m2d0! d, — ¢, (uBOLd? + h.c.)
g5+ gf(

9,
OiD, — L d,)? + %2|<1>;<1>u|2

(m% =m + |M‘27 m% = M + ‘/ﬁ)z)
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vacuum structure (tree-level)

(Pa) = % (%1) () = % (v2 :j:lz'vg)

1 1
Vo) = 5””?”% + img(vg + v; + vy) — |pBluivs

g5+ g7
k20

2
2 2 2 12 , Y3 92 9
(—vi + v; +v3 + vi)° + =vjv;

3

minimum:

(for m7 + e > 2|uB|?)
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Higgs mass (tree-level)

vo cos Bo+hg+ia, ¢_|_
U

(I)d(x) — f ) (I)U('T) — vo sin Bo+hq +1aq,
d V2

0°V,
a%’a%‘

mass® matrix = (

) ¢ = fluctuation fields

eigenvalues
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m% < min{mzz, mi}, m%, > max{mzz, mi}

Excluded by LEP2

large corrections from top and stop loops
Okada, Yamaguchi, Yanagida, Prog. Theor. Phys. 85(°91)1
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Vo — Vg : effective potential

neutral nggS bosons KF, Tao, Toyoda, Prog. Theor. Phys. 109 ("03) 415
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Experimental bounds on Higgs masses

allowed region for the lightest neutral Higgs boson

m; = 169.3, 174.3, 179.3, 183.0GeV
99.7%CL 95%CL

mh—max

Excluded
by LEP

Theoretically
Inaccessible

0 20 40 60 80 100 120 '14(2')
m, (GeV/c")

mj-max benchmark scenario

allowed region for the pseudoscalar Higgs boson

Tevatron Preliminary
MSSM Higgs —tt
95% CL Exclusion

DG (1.0 fb)
B CDF (1.8 fb™)

no mixing

100 120 140 160 180 200 220 240
m, (GeV/c?)
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Phenomenology in the MSSM

@ SUSY corrections to SM amplitudes




Branching Ratios of the CP-even Higgs bosons

SM Higgs branching ratios
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Theoretical issues

® Supersymmetry Breaking
soft SUSY-breakng parameters
scalar mass, A, B, gaugino mass

® /.~-problem
There is no principle to determine the value of

R
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Epilogue

A Higgs boson may be discovered
within 55 years at LHC.

In order to find which Higgs it is,
- We must know |ts propertles __

: _4z.»m




A SUSY particle may also be discovered.
squark and/or gluino

When a SUSY particle is discovered,
my > 135GeV —— MSSM is excluded.
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