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Electroweak Standard Model

Quantum Field Theory
gauge invariant

with spontaneous symmetry breaking



gauge invariance

# powerful symmetry principle
® determines structure of interactions

#® guarantees renormalizability —  precision tests



gauge invariance

powerful symmetry principle
determines structure of interactions

guarantees renormalizability —  precision tests

symmetry breaking

massive leptons and quarks

massive vector bosons of the weak interaction



Electroweak interactions — a successful (hi)story

the symmetry group SU(2) x U(1)
— discovery of neutral currents 1973

the W and Z bosons
— discovery 1983 at SPS (CERN)

the coupling structure from local gauge invariance
— precise measurements at LEP/SLC 1989 - 2000

the Higgs mechanism and Yukawa interactions
— top discovery at Tevatron 1995
— Higgs discovery at LHC 2012
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1. Gauge theories




Constructing QED — main steps

start with Ly = v (iy#90, — m) v for free fermion field v
symmetric under global gauge transformations

P = e, o real

perform minimal substitution 9, — D, = 0, — ieA,
= Invariance under local gauge transformations

=@y A=A, +19,a(x)
» Involves additional vector field A,
s Induces interaction between A, and v

e (VYY) Ay = e jHA,
make A, a dynamical field by adding

Lo=—5Fu,F", F,=0,A —0,A,



Non-Abelian gauge theories

Generalization: “phase” transformations that do not
commute
¢%¢/:U¢ with Uy Uy # Us Uy

requires matrices, i.e. v Is a multiplet

(o)

()

P = : U = n X n -matrix

4.

each vy, = ¢ (x) IS a Dirac spinor




(1) global symmetry

starting point: Lo = ¢ (iy# 9, — m) ¥
where ¢ = (¢, , ¥,

consider unitary matrices: Ul =U"!
W =Uyp = Y=pUt=yU"
= Y =y, PO = PyHo
if U does not depend on x
= Ly IS Invariant under ¢ — U1

U global gauge transformation



similar for scalar fields:

[ o1 )
P2

o=@ =U¢p, o=

o

each ¢, = ¢p(x) is ascalar field, ¢ = (qbi, c ,gbl;)

terms  o¢fg, (9,0)7(0%¢) are invariant

= Lo=(0,0)T(0"¢) isinvariant



relevant in physics:

the special unitary n X n-matrices with det=1

group SU(n)

examples:

SU(2): o= < Z; ) e.qg. Y= ( ZZV ) isospin

SUB): Y= 1o e.g. Y=\ 1y colour




SU(n) matrices U can be written as exponentials

U1, ,0n) =e%Ta  sumovera=1,---N
01,---0n : real parameters
Ty,---Ty: n x n-matrices, generators, T) =T,

infinitesimal 6 : U =1+140,T, (+0(62))

N-dimensional Lie Group

det=1 and unitarity = |N =n° -1

n=2: N =3, n=3: N =28



commutators [7,,73] # 0 non-Abelian

[Taa Tb] — Z'fa,bc 1

Lie Algebra

fue: real numbers, structure constants
fube = —fpae = -+ antisymmetric



commutators [7,,73] # 0 non-Abelian

[Taa Tb] — Z'fa,bc 1

Lie Algebra

fue: real numbers, structure constants
fube = —fpae = -+ antisymmetric

SU(2)|  fabe = €ape  (like angular momentum)

1, = %aa, o, . Pauli matrices (a=1,2,3)



commutators [7,,73] # 0 non-Abelian

[Taa Tb] — fabc Tc

Lie Algebra

fue: real numbers, structure constants
fube = —fpae = -+ antisymmetric

SU(2)|  fabe = €ape  (like angular momentum)

1, = %aa, o, . Pauli matrices (a=1,2,3)

SU(3) T, = %)\a, Ay . Gell-Mann matrices (a=1,...8)

(010\

)\1: 1 0 0 s e

\ooo)




(1) local symmetry

now: 6,=060,(z)fora=1,...N
covariant derivative 9, — D,, = 0, —ig W,

vector field W, is n x n matrix: W (z) =T, Wj(z)
Induces interaction term Lo — Lo + Lint

with  Ling = g VW, = g (U, W) Wo = 5 W

For a multiplet of scalar fields :

Lo = (9,®)("®) — L=(D,®) (D)



L Is invariant under local gauge transformations

U U =UT,
?

W, W, =UW,U " -
g

0,0 U?
for infinitesimal transformations:

1
We — ”r/a — W a Hfb C

crucial property of covariant derivative
D\,U = UD,




(i) dynamics of W fields

need: additional term Ly = e.o.m., propagators
naive: >  (0,W7 — 3,/Wﬁ’)2 not gauge invariant
Instead: F. =D,W,-DW, = F},T,
= 9, Wi — 9,W% —ig[W, W,]
= ¢ [Dy, Dy
gauge transformation:. W, — W, D, — D,
= F, - F,=UF,U"!

= Tr (F), F'™) = Tr (UF, U ' UF*U™Y) = Tr (Fy, Fr)

gauge invariant



Lagrangian:

Lw = —%Tr (F,FHY) = _% Za FSVFCL’“V

components of F,, [using normalization Tr(T,T}) = 3 dap ]

Fo, = 0W2 = 0,W + g fure WEWS

Iy, = Abelian  +  non-Abelian
Lw = quadratic + cubic 4 quartic
Aﬂ \ ~ J/

free part tri- and quadri-linear interactions



1
—— (9, W% — 9, IWH? = propagator
7 (O y propag

1 v
— _5 9Jabe (a,uWya — auWﬁ) Wb"u We

1 %
— _Z ngabc fade ng sz Wd”u we

new type of couplings:

# self-couplings of vector fields (gauge couplings)

# universal coupling constant g for fermions and vector
fields



propagator ), for massless spin-1 particles

(Ogh? — 0"0°] Dpy(z — y) = g, 6*(x — y)
INn momentum space
(— Kk g"" + K"EP) Dy (k) = g,

has no solution (det = 0)
way out: add gauge fixing term L, = —g (%Wu)?

e - ) ot

which now has a solution:

1 kk,

Dpy(k):/{Q—l—ie _gVP_i_(l_g) 1.2




Faddeev-Popov ghosts, BRS symmetry

[important for quantization and renormalization]
gauge group G, generators 7, structure constants f,.
for quantization: £ = Lsym + Laix + Lohost
Lix =13 > F2, F,=0,W%
requires ghost fields ¢, and anti-ghosts ¢,

— di dj . d;
Lonost = (0"a) (D )av ey,  Dp = 0y — ig W), T

# L Is symmetric under BRS transformations
oW = (Df;dj)ab Ch [Wﬁ — Wi+ oW, etc.]

0Cq = —0"W7, oc, = _%g Jabe CoCe



BRS [Becchi, Rouet, Stora] Symmetry guarantees
— renormalizability
— gauge invariant and unitary S matrix

Important: ST identities = symmetry relations between
Green functions, valid to all orders

basic quantity: effective action I'(L)
generating functional of vertex functions

o0 B
0pi0p; ... ‘90:0 - FSOz'QOj...
classical action: Ca(L) = [d4 L

= tree level vertices

general: vertex functions with loop contributions,
building blocks for renormalization



BRS symmetry: invariance of I' under BRS transformations,
S(I') = fd4:1: L% 0p; + - } =0 S. ST-operator

0S5(T) | — 0
5(,03'... QDZO

Slavnov-Taylor (ST) identities

= relations between vertex functions

= determines the structure of the counter terms
for renormalization

all UV divergences in vertex functions can be removed
by (multiplicative) renormalization of parameters and
fields in the classical Lagrangian/action



2. Higgs mechanism




Vector field for massive spin-1 particles
generic vector field A,(z), F,, =0,A4, —0,A,
free Lagrangian L= —1 F, Fr — 12 A AF
e.o.m. [(D + m?) g — 0/‘8”} A, =0
solutions eV kT with k2 = m?
3 orthogonal polarization vectors e,(/)\) with polarization sum
e ) kyk
ANx (A) uhvy
Z € v = TG g
A=1

longitudinal polarization ¢, ~ k,/m  for high momentum



propagator D, (z —vy)

solution of  [(O+ m?) g" — 9#9°] D,y (x —y) = ¢!, 6 (z — y)

IN momentum space

(—k* +m?) g" + k'] Dy (k) = g,

solution

Kk
k2 —m2 e Jvp T T2



problem: weak interaction, gauge bosons are massive

mass terms ~ M? wiwe spoll local gauge invariance

# Dbad high energy behaviour of amplitudes and cross
sections, conflict with unitarity
reason: longitudinal polarization e# ~ % ~ k#

# bad divergence of higher orders with loop diagrams
reason: propagators contain —g,,, + %—";
= additional powers of momenta in loop integration
= spoil renormalizability

renormalizable theories: divergences can be removed by a
finite number of counter terms

gauge invariant theories: counter terms for parameters
(and fields)



Spontaneous symmetry breaking (SSB)

physical system: has a symmetry

ground state: not symmetric

e | e, S

~\ (7

[A. Pich]



example: complex scalar field ¢ # ¢
Lagrangian with interaction V' (potential), minimum at ¢y = v

L= ‘%@2 — V(@

V=V(¢|): L symmetricunder ¢ — e ¢, U(1)

v#£0: @) =e%v#£e¢y notsymmetric

V =V(l¢y]) = V(|go|) :  vacuum is degenerate



write  ¢(z) = n(z)e®®),  nand 0 real
V(o)) =V (n), minimumatn=v: V'(v)=0, V"(v) >0
expand around minimum:  7(x) = v + —= H(z)

Vin) = V() + 3V"(v) - g H + -+
1
L=z0uH|* - §V”(v) A H? + v?0,0> + - -
N——
m%, > (0 mass of H

® H field is massive
® ¢ field is massless, no 62 term: Goldstone field

® special case of Goldstone theorem:

for each broken generator T, with T;, ¢g # 0
there is a massless Goldstone field 6(x)



SSB in gauge theories

1

L= (Do) (D"¢) —=V(|¢]) = ~FwF™, D, =8, —ieA,

4

iInvariant under local U(1) transformations:

gb/(:c) _ eia(az) gb(fl?) _ eia(x) 62’9(3:)77(37)
AL(x) = Aule) + ~0,0(a)
choose a(z) = —0(x): ¢ (z) =n(x)

1

L=(0—ieA)n]® = V() = 3 F, F

massless ¢ field removed (unphysical)



£ = |0 — ieA) (v + SH) — AELF™ v

1 1

I Y 2 2 Al Al 2 2 172
— _ZFMVF +v7e” AL AT + 5[((B’MH) —myH + -
massive A-field, m 4 ~ ev neutral scalar, mg # 0

In this special gauge: no Goldstone field |unitary gauge

A, -field propagator: : <—gw, + k“lzy)
m

k2 —m?2 +ie
A A

\ . J/

-~

polarization sum of 3 pol. states

massive vector field without spoiling gauge symmetry of £




two different gauges

properties ¢ field | A, field
symmetry manifest | H, ¢ 2 polarizations
(transverse)
physics manifest H 3 polarizations
(2 transverse + 1 longitudinal)

¢ — longitudinal polarization of A,




3. Electroweak interaction and Standard Model




preliminaries

Dirac matrices: ~* (u=0,1,2,3), ¥ + A¥~H

:29/,LV

I =~%I)T4°, T any Dirac matrix oder product of matrices

further Dirac matrix: 5 = W%W%S (

Y5y + 94 =0, B=-7, B =1

chiral fermions:

Pl = % 1 left-handed spinor, L-chiral spinor

wR — 1+_275 ) right-handed spinor, R-chiral spinor

projectors on right/left chirality: w4 = 1i275, (wi)Q

0 1
1 0

:wj:



chiral currents:

YL ytiapl = Ewl‘—f v =J¢ left-handed current

B ytp B = qp 410 4 = g right-handed current

JU = gyt = T+ Jh vector current
Jh = yPysp = —JF + Jh  axialvector current
mass term:

myp = m (YLl + YRl

connects L and R !



symmetry group: SU(2); x U(1)y

SU(2); : weak isospin, generators T{ = 3

U(1)y : weak hypercharge, generator Y

Fermion content of the SM:
(ignoring possible right-handed neutrinos)

L L
1% 1%
leptons: Ul — ° ], N
P . ( e" ) <ML )

Y= el T

quarks: e L
(Each quark exists \Ifé} — ( ) , < I, ) ;

L
in 3 colours!) d S
R R R
¢UI — u ’ C y
R R
¢d — d ] S )

TP+Y/2=0Q

T

V% —|—%
TL ’ _ 1
2

TR, 0
t" +5
bt ) 1
2

tR 0
bt 0

o for L, =0 for R

_|_

_l’_

Wl WIN Wi WN



SU(2)r :

gauge boson content

generators T, TZ, T7
- 1 2 13
gauge fields W, Wi, W

. + 1 1 T2
also:  Wj _Ti(WM:FZWM)’

generator Y

gauge field B,

3
Wi



gauge boson content

SU(2);:  generators Ty, T?, T7
- 1 w2 s
gauge fields W, Wi, W

: + _ 1 1 T2 3
also: Wi = = (W, ¥ iWji), W,

U(l)y : generator Y

gauge field B,

notation: @ =~*9,, d=~"a,



Free Lagrangian of (still massless) fermions:
Lotorm = Wiy = WEPUL +i10EPVE + ipRPU + B Py + i Pvd

Minimal substitution:

Oy — Dy =0u—igIY WS +ig13Y B, = D,I;w_ + D5w+,

L 1g2 0 le 1 92W3 — glyLB,u 0
Dy =0u——%= —~ D) 3 L ;
\/5 WM 0 2 0 _QQWM — gly BM
p =0 +igsYRB,
Photon identification: 5 .
. L Z, Cw  Sw W, cw = cos Ow , sw=sin Ow,
rotation™: = , .
A, —Sw Cw B, 6w = mixing angle
i = -~ yh 0 0
oyl = _1,4“( gasw — gicw ) L ieAM<Q1 )
A, 2 0 g2sw — gicwY 0 Q2
* charged difference in doublet Q; — Q2 =1 — g2 = £
Sw
e normalize Y“/® such that ¢, =
Cw %
: 3

— Y fixed by “Gell-Mann—Nishijima relation”: @ = T;" + B)



Fermion—gauge-boson interaction:

c T L 0 W+ L € FL .3 L
Lferm = V2 Ur + /27 ')
ferm,YM NP (W 0 ) P 70" VT
— ez—VVZszp_fZbe —eQ s Ay (f=all fermions, F'= all doublets)
Feynman rules:
f , f
4% - Vpw— A —iQ ey
I3 \/isw H ) 2 H
f

ey, (gfwy + g7 w-) =ieyu(vy — afys)

f S S
with g; = ——Qy, g; = ——Qy ,
Cw Cw Sw
T3 T3
! 2Cw Sw 2Ccw Sw



gauge field Lagrangian (Yang-Mills Lagrangian)

1 a a, v 1 v
ZWMVW {a ——B,u,/B’u

Lym = — 1

Field-strength tensors:
Wi, = 0. W7 —0,Wi + goe™ W Wy, By, = 0,8, —9,B,
Lagrangian in terms of “physical” fields:
Lot = —%(aﬂwj O, W)W — 8
— i(@MZV —0,2,)(0"Z" — 0" ZF) — i(@MAV — 0,A,)(0"AY — 9V A")
+ (trilinear interaction terms involving AW W, ZWTW ™)

+ (quadrilinear interaction terms involving
AAWTW =, AZWTW =, ZZW W=, WTW~-WTW")



Feynman rules for gauge-boson self-interactions:

(fields and momenta incoming)

W ,
ieCwwv [qu(h —k-)p+ gup(k- — kv)y
£
W + gou (kv — k+)V}
with CWW7 = 1, CWWZ = —C—W
Sw
W v,
ie2CWWVV’ [QQW/gpo— — GupYGov — g,uagvp]
W, Vs .
with CWW”y'y — —1, CWWWZ -
2
Cwwzz =——, Cwwww =



Higgs mechanism = masses of W and Z bosons

spontaneous breaking SU(2)r x U(1)y — U(1)g
unbroken em. gauge symmetry, massless photon

_|_
Minimal scalar sector with complex scalar doublet © — (ZO ) Yo =1
Scalar self-interaction via Higgs potential:

V() = — 20D + %(CDTCD)Q, pZ A >0,

= SU(2)1 xU(1)y symmetric

2
V(®) = minimal for  |®| =4/ 2% = % >0

ground state ¢, (=vacuum expectation value of ®) not unique

.. : 0 : : :
specific choice ®y= ( , ) not gauge invariant = spontaneous symmetry breaking

V2

. : : 1 0
elmg. gauge invariance unbroken, since Q®o = (O O) Py =0



Field excitations in &:
. o (z)
% (v + H(x) + ix(x))
Gauge-invariant Lagrangian of Higgs sector: (0~ = (¢
Ly = (D,®"(D"®) —V(®)  with D, =9, — igga—Wa’ + i%BM
lev 2 2
= (0up ) (0"¢7) — o (W, 0"~ — W, 0" )+ - W,
28W 4SW
1 2 62’02 1 2 2 -9
— Z,0" —(OH)" — u " H
+5(0x)" + 2 - 0" x+ IR (OH)™ — p
+ (trilinear SSS, SSV, SVV interactions) : P : e M

+ (quadrilinear SSSS, SSVV interactions) /:X:\ /:*%i

Implications:

ev
®* gauge-boson masses:. Mw = —,
28W

M
My= """ =W AMo=0

QCW SwW Cw

* physical Higgs boson H: My = /2u? = free parameter

* would-be Goldstone bosons ¢, x:

unphysical degrees of freedom



general gauge: Goldstone fields ¢*, y are present

required:  gauge fixing term Ly;,

R¢ gauge:

2 2
L= —gk () = b (F7)" - b (F)

with the gauge-fixing functionals F'“: (& = arbitrary gauge-fixing parameters)
FE = OWT FicwMwo™,  F2 = 0Z —&,Mzy, F' = 9A



e elimination of mixing terms (WF0*¢T), (Z,0"x) in Lagrangian
— decoupling of gauge and would-be Goldstone fields (no mix propagators)

* boson propagators:

1% N — 252 Kk,
e DLW =SS e S e Ve
S i
r—7—;—* D>%(k) = k2 — &y M2’ 5= x
* important special cases:
oty = 1. ‘t Hooft—Feynman gauge
< convenient gauge-boson propagators k?_i%

° &w, &z — oo: ‘“unitary gauge”
< elimination of would-be Goldstone bosons



Fermion masses

fermions In chiral representations of gauge symmetry

Ve
( ) ., erp = Mmassterm me(ELeR ""_ER@L) = M, €€
e

L

not gauge invariant

solution of the SM: introduce Yukawa interaction

= new Interaction of fermions with the Higgs field

gauge invariant interaction, g. = Yukawa coupling constant

Lyuk = Ge [ECDGR + @qﬂwlj]



most transparent in unitary gauge

(o)

KA
|
R
<<
N~
l
gH

S

N R T—

v+ H er,

Je — —— Ye T 5
= ——v|erer +erer| + —= H|erer +erey,
\ y —~—~

Me Me /U

= meee + =< Hee




3 generations of leptons and quarks

Lagrangian for Yukawa couplings:
Lyae = —VEGPr® — UHG 1y ® — V5 Gahg @ + hec.

* (;,Gy, G4 =3 x 3 matrices in 3-dim. space of generations (¥ masses ignored)

O>I<
e d = ig?d* = ( ¢ ) = charge conjugate Higgs doublet, Y; = —1

Fermion mass terms:
mass terms = bilinear terms in Ly, obtained by setting ® — ®y:

v — vV —— v
Lom, = ——pLGup;t — — LGty — —
! \/§wl lwl \/§¢ w \/5

— diagonalization by unitary field transformations (f = [, u, d)

/= UM suchthat L URG (U = diag(my)

= standard form: L, = —mfzﬂ_%@E?Jrh.C- = —msiy

w—ngng + h.c.




Quark mixing:
* ¢+ correspond to eigenstates of the gauge interaction

. @Ef correspond to mass eigenstates,
for massless neutrinos define % = UMY — no lepton-flavour changing

Yukawa and gauge interactions in terms of mass eigenstates:
\/_m 7 E—— \/_mu
L (o OL IR + oI ) + (" RV + 0 hvIh)
\/_ 2mg

LYuk —

A e A m+ . = A
(" DLV + o dRVIL) — Thisgn(TEp)x brysts
myg

T(%LH)W@L

T WL(V*?W— VT)%

ULo’ 20y — €—Qf¢fz¢f — Qs A

= 0 .
£ferm,YM — \/568 \Ij% (W_ W ) wL +
\%%

_|_

QCwSW

* only charged-current coupling of quarks modified by V' = U (U})" = unitary

m (Cabibbo—Kobayashi—-Maskawa (CKM) matrix)
* Higgs—fermion coupling strength = L
v



Features of the CKM mixing:
e |V = 3-dim. generalization of Cabibbo matrix Uc

* V' is parametrized by 4 free parameters: 3 real angles, 1 complex phase
— complex phase is the only source of CP violation in SM

counting:

#real d.o.f.\  (#unitarity \ #phase diffs. of B #phase diffs. of B #phase diff. between
inV relations u-type quarks d-type quarks u- and d-type quarks

=18—9—-2—-2-1=14

* no flavour-changing neutral currents in lowest order,
flavour-changing suppressed by factors G,,(m2, — m;,) in higher orders
(“Glashow-lliopoulos—Maiani mechanism”)



The Standard Model Lagrangian

i’

# renormalizable = precision calculations
# quantum effects in precision observables detectable
# involve Higgs mass dependence



4. Phenomenology of W and Z bosons
and precision tests




features of the ew Standard Model

# Higgs boson probably found, all other particles
confirmed

# consistent guantum field theory
s In accordance with unitarity
s renormalizable = predictions at higher orders

o formal parameters: g2, g1, U, A, g, VokMm
physical parameters: o, My, Mz, Mg, ms, Vokum



Basic parameters and relations

ew mixing angle: sw = sinfyw, cw = cosbw
gauge coupling constants:  go ==, g1 = =
vector boson masses: My = 3gov = o
Mz = QSsvvcw — J\C{Z/V
S%V =1 - %—%V
neutral current (NC) couplings: af = g Tgf

vp = o2 (T] — 2Qssw)



observables and experiments

* Muon decay: I = ve T
determination of the Fermi constant
po .
W Gu = ez + ...
V2M3Z, (M2 — MZ,)

e Z production (LEP1/SLC): ete" = 7Z— ff

et various precision measurements at the

e_M Z resonance: My, I'z, onwad, Ars, ALR, etc.

= good knowledge of the Z f f sector

 \W-pair production (LEP2/ILC): eTe™ — WW — 4f(+~)

e+
%Aﬁi — measurement of My
e Ty — ~WWIZWW couplings
_+_

W
7
W . .

e — quartic couplings: yvyWW, vZWW

Veh

o7 e




experiments at hadron colliders

* W production (Tevatron/LHC): pp,pp — W — ly(+7)

P — measurement of My

- w — bounds on YW'W coupling

e top-quark production (Tevatron/LHC): pp,pp — tt — 6f

— measurement of




" H -
‘@i M (igz >2J(M) —ig"_ jle)

—\2v2) ‘P g-ME

~ . _ > 7w
g = mp, < M, M= g I I

Fermi model  with point-like 4-fermion interaction:

M = G—\/% Jéu) Jr(e) low-energy limit of SM

2
g2 _ 62 L T L T

—

S

SMZ — 8L MZ — 2552 MZ . 2(1-M2, /MZ)MZ,

Gp = 1.16637(1) - 107° GeV 2



cross section [nb]

N
o

w
o

=
o
T

/ resonance

o

LEP: A
[ ALEPH 3
DEL PHI i\
L3 ‘;‘ A
. OPAL R
# N e f
* data

86 8 90 92 _ 9 & .
cmsenergy [GeV]

_ qle) —ig"" (f)
M o J'LL S—M%—fiMzrz Jl/

propagator with finite width 1", (unstable particle)

FZ:ZJCF(Z%JC]F)? F(Z%ff) 127T(U]20_|_a?c)



differential cross section at s = M%:

do (02 +a2) (V3 + a%) (1 + cos? ) + (2veac)(2upay) - 2 cos b

= forward-backward asymmetry App = % = %Ae Ag

2Vra
Ap = 2f é
f vf—kaf

polarized cross section for €L.R’

= left-rightasymmetry App = 298 — A,

OL+OR

asymmetries determine sin? Oy




Input from experiments

LEP1/SLC: ete” —-Z > ff
LEP1: ~ 4 x 10° events/experiment
4 experiments (1989 — 1995)

LEP2: ete™ > WtTtw-—
@(10%) W pairs (1996 — 2000)

Tevatron: qf — W — v, qq
(pp) q7 —tt, t > WTb — ...

low-energy experiments (u decay, vN
scattering, ve scattering, atomic parity
violation, ... )



experimental results (selection)

My [GeV] =91.1875+0.0021  0.002%
-[GeV] = 2.4952+ 0.0023 0.09%
sin2g. =Pt =0.23148+0.00017 0.07%
My [GeV] = 80.385+ 0.015 0.02%
my [GeV] =173.2+0.9 0.52%
Gr [GeV™2]=1.16637(1)107° 0.001%

loop effects are at least one order of magnitude larger than
experimental uncertainties



precise experiments need precise calculations

"Iﬂ}:h |

MmAtLE
OLCURS |

“I think you should be more explicit here in
step two.”



example: 1-loop diagrams for 1 decay amplitude

W self-energy W v, vertex correction box diagrams

A
) /f\ g w z p
", SR TR & S 0 W (ANt 4
w W w W w W w w W > %74 =
l

¢ oy Wz W
VUG A AN NN (A w{:}m e W W
H, x Uy, Uz Uy, UZ ¥, Z o) H

H’X/ = e = ¢, = H/, = ’YaZ < ’YaZ < \%Y4 <
¢ o Ye UL Z WS ¢ WS Z



Example of loop integral:

e ~ ] 4
(2= m2) [<q+p>2—m2}

qg+p

0o ¢3d o0 d
q — OO . N/ q_4q:/ 1 > OO
q q

= integral diverges for large q

= theory in this form not physically meaningful

needs (1) regularization

(i) renormalization



Regularization:

theory modified such that expressions become
mathematically meaningful

= ‘regulator” introduced, removed at the end

e.g. cut-off in loop integral

> 4 A
/Odq —>/Odq; A = 0o at the end

technically more convenient: dimensional
regularization

/d4q —>/qu, D=4—¢ D— 4 at the end



Renormalization:

e absorption of divergencies

e determination of physical meaning of parameters
order by order in perturbation theory

add counterterms that absorb divergent parts

# parameters in £ are formal, “bare parameters”

go = g + o0g foracoupling, mg = m + om for a mass

#® ¢, m are “physical”, i.e. measurable



— m?2 + dm

OoN

mass renormalization, m
Physical mass: pole of propagator

Inverse propagator up to 1-loop order:

) y
N

p? —m? > (p?) — 6m?

on-shell renormalization: §m? = Re>(m?)



charge renormalization: ¢y = e+ de

de cancels loop contributions to eey vertex in the Thomson limit

k—0 .
A, — ey, foron-shell electrons

e

= e = elementary charge of classical electrodynamics

2
e

fine-structure constant «(0) = in = 1/137.03599976
7

de contains photon vacuum polarization II7(k* = 0) :

I(0) = I7(0) — I(M3) + I1'(M3)

~ ~

non-perturbative perturbative



photon vacuum polarization
WO

I(M2) — I(0) = Aa —  a(My) = —= !

1— Aa 129

Ao = Adjept + Adnaq,

Acgepy = 0.031498 (3 — loop)
Aan,g = 0.02750 = 0.00033

= 0.02757 = 0.00010
arXiv:1010.4180
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A @7 9 / Rhad (S )
Onag = —— M, Re ds’ —— R
37 A2 s'(s" — Mz — ie)
0
QTN S
Burkhardt, Pietrzyk 2005
6L |
5L I i
4 | |
¥ Ly “‘ ‘
i |
NI
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|
Rhad &
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_|_ - * ¥ CESR,DORIS
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Mw — M 7 correlation




Mw — M 7 correlation

T

Gr _
V3 2, (1 M3, /03)

My = 80.939 + 0.002GeV  from Gp, a, My

My = 79.965 £ 0.005GeV  with o — a(My)

My = 80.385 £+ 0.015GeV  exp. 370 /28¢c




with loop contributions

Grp ge! 1-loop examples
= > 2 g2
V2 20y, (1 — Mg, /M7)
: (1 + Af,a) e top quark
p t e
_ W W
Ar:  guantum correction ) WV
[0 b e
Ar = Ar(my, My) e Higgs boson
2 z o c
Ar=Aa— TAp+--- >W<
0 SW vy, W Ve
Ap ~ |
p M3, e gauge-boson self-couplings
u W e
A
determines W mass vy > ve

MW — MW(CY, GF) MZ) e, MH)

full structure of SM
complete at 2-loop order



2-loop examples



effects of higher-order terms on Ar

0.045 |
004 |
~
< ,
0.035 |
| ()
, ()
0.03 ——= Arl@ 4 Ar(ga()m + Arng
| — Arl® 4 Argly + Arte?)
0 200 400 600 800 1000

variation of Ar by 0.001 = /My = 18 MeV
3-loop (Ap) =  O0My = 12MeV

present exp. error: AMy, = 15MeV / theo: 4 MeV



LEP Electroweak Working Group

80.5
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1

1 1 I
[ JLHC excluded

| —LEP2 and Tevatron

LEP1 and SLD
68% CL

-
-
--------




/ resonance

) 2
S | LEP:
S x| ALEPH A
g DEL PHI
o OPAL

5 20

=
o
T

e I . c
cmsenergy [GeV]

o effective Z boson couplings with higher-order Agy 4

vf%g‘f/:vf—l—Ag{;, af%gf;:af—l—Agf;

e effective ew mixing angle (for f = e):

1 e M2
Sin2(9€ff:—(1—Reg—Z> :l{°< ——V;>
4 9ga Mz



w e
Wﬁﬁ " Z’ v Ve Z
g N H/ e
< § I g
Z / Z Z
b Ve Z ;
) ) .

W v, Z, W
W
Z e Z Ve
e e Ve e
VA \\ e VA \\ e
) d) H "~ Z H "~ 144

2-loop examples for Z couplings

mg\/gm

complete 2-loop calculation available for sin? 6.



EW 2-loop calculations for Ar
Freitas, Hollik, Walter, Weiglein

Awramik, Czakon

Onishchenko, Veretin

EW 2-loop calculations for sin? 0.
Awramik, Czakon, Freitas, Weiglein

Awramik, Czakon, Freitas

Hollik, Meier, Uccirati

universal terms at 3- and 4-loops (EW and QCD)
van der Bij, Chetyrkin, Faisst, Jikia, Seidensticker

Faisst, Kilhn Seidensticker, Veretin

Boughezal, Tausk, van der Bij

Schroder, Steinhauser

Chetyrkin, Faisst, Kiihn Chetyrkin, Faisst, Kiihn, Maierhofer, Sturm
Boughezal, Czakon



Importance of two-loop calculations

0.2325 -—_—._____-___.—-—-—"""__
0.232] e
C1§)0°2315:" ________________ 1 exp
Nﬁ : T
A 0.231F -
el —— 1loop
0.2305%¢ -~  ------ +QCD+1lead.31loop
I s +21o0p
200 400 600 800 1000
. 9 M?2
lowest order: sin“fy =1 — -5 = 0.22290 £ 0.00029

exp. value:

VA

sin? O, = 0.23153 + 0.00016



Global analysis within the SM

200 March 2012

— High Q2 except m,
68% CL
180 - _
m, (Tevatron)_
160 Exclgdeld“””l N
2 3
10 10 10

M, [GeV]



before the top quark was discovered (< 1995):
Indirect mass determination = m; = 178 £8 f%g GeV

LEP + SLD + Colliders + vN Data
40 ] 1 T T ' T T =T T T ] LA B B |
i
30- ]
~ 1
>~ _
257 B
m,=1TeV ]
207 “m,= 300 GeV
. m, = 60 GeV ]
1 Preliminary N

100 150 200 250

m, [GeV]



before the top quark was discovered (< 1995):
Indirect mass determination = m; = 178 £8 f%g GeV

LEP + SLD + Colliders + vN Data
40 ] 1 T T ' T T =T T T ] LA B B |
35- -
30- -
~ i
>~ i
25-_ 7
m,=1TeV -
207 “m,= 300 GeV
. m, = 60 GeV ]
1 Preliminary N

100 150 200 250

m, [GeV]

top discovery: Tevatron 1995 m; = 180 & 12 GeV



before the top quark was discovered (< 1995):
Indirect mass determination = m; = 178 £8 f%g GeV

LEP + SLD + Colliders + vN Data

407 A Vit L
35- -
30- -
AN
<
257 N
:,"' my=1TeV -
20 ‘m,=300GeV
o m, = 60 GeV ]
1 Preliminary
100 150 200 250
m, [GeV]

top discovery: Tevatron 1995 m; = 180 & 12 GeV
today: m; = 173.2 £ 0.9 GeV



The way to the Higgs boson

development of bounds from direct and indirect searches

800

600 — =

400 [— =

Higgs mass [GeV]

200 — =

l L \ \ \ !
0
1995 1996 1997 1998 1999 2000 2001

year




Global fit to the Higgs boson mass

6 July 2011 — ml_i;nit =:161 GeV

| 3 Aaf?a)d:
=N 3} —0.02750£0.00033 ]

T === 0.02749+0.00010 . .
A S ol lowGPdan 7 - blueband: Theory uncertainty

= 31 4 “Precision Calculations

) | atthe Z Resonance”

: CERN 95-03
14 . . .

] 3 [Bardin, WH, Passarino (eds.)]
0 Excluded e o

30 100 300

M, [GeV]

My < 161 GeV  (at 95% C.L.)



6 March 2012
L]

M imie = 152 GeV
u LJ

My = 9473) GeV

| Aaﬁ?d =
57 . % —0.02750+0.00033
T B e 0.02749+0.00010
4 - % % ees incl. low Q7 data
>< _
I 37
2_
1_
JLEP LHC
0 excluded oy, A excluded
40 100 200
M, [GeV]
My < 152 GeV  (95%C.L.)

after the 2011 results
from the LHC

on the Higgs boson mass



5. Higgs bosons




Higgs potential:

V=—p? (ele)’ + ) (ol)’

v+ H(x)

Higgs field in unitary gauge: ®(z) = % ( 0 )

H(x): real scalar field, describes neutral spin-0 bosons

minimumof V: v = \2/—/%, My = uv?2

H2+J\24_§H3+M?1H4

v

M is the only free parameter



Higgs potential: | V = —z? (<I>T<I>)2 + 2 (<I>TcI>)4

Higgs field in unitary gauge:  ®(z) = ( + (l){( ) )
v X

H(x): real scalar field, describes neutral spin-0 bosons

minimumof V: v = \2/—/%, My = uv?2

_|_
general gauge: cb(:c)( ? ix) (o >



gauge invariant Lagrangian of the Higgs sector

Ly = (D,®(D"®) - V(®) with D, =9, — igga—Wa’ + i%BM

= (0,67)(0"¢7) — 2 L (WiHoreT — W 0Me )+ e” 2W+W 7

25w 43W

2 2
e v

1
Z,0"x —(OH)? — u°H*?

1 2
+§(3X)

~N ~N ~N
~N

+ (trilinear SSS, SSV, SVV interactions) - s e

7 7

+ (quadrilinear SSSS, SSVV interactions) /:x:\ /:*%Ni

= H-V-V gauge interactions, V=W and Z



gauge invariant Lagrangian of the Higgs sector

Ly = (D,®(D"®) - V(®) with D, =9, — igga—Wa’ + i%BM

lev 2 2

W*W M

= (9u0")(9"67) — 28W(W+a“¢‘ Wi 0 6%)+

Lo+ = g0 Lony - 2
+ (trilinear SSS, SSV, SVV interactions) >~ _www

7 7

+ (quadrilinear SSSS, SSVV interactions) /:x:\ /:*%Ni

= H-V-V gauge interactions, V=W and Z

Lyue = = 3p (my + LH) bphy + -+ (ffx, 67F)

= H-f-f Yukawa interactions



5
N
N

GFMH m2
A7+/2 1

I'(H— ff) = N, N¢ = 3 (1) for quarks (leptons)

 GpMj}, 1 My
I'H—->VV) = — F(r) (2)2, r=—-—



Higgs boson decay channels

branching ratos BR(H — X) = L(H—X)

— T'(H—all)
_'g 1 :_ T T |bB | T T T T T T I\/VVI\/ _E %
= - Sk
5 f
s | 18
=) Q
+ 10l 1
x 77 -
o) . .
” ‘_~ ]
(@) B _
(=2
I — —
107 =
: vy Zy :
10'3 1 1 1 1 1 1 1 | 1 1 1 1 1 | 1
100 120 140 160 180 200
M, [GeV]
v(Z) v(2)
H H
_____ _I_ _— =

! ! loop-induced (rare) decays






Higgs decays into 4 fermions

also below V'V threshold with one or two V off-shell

fi
a) b) c) i
V 2
H 4 H H
f
% f3
/ fi
3 ; 5 [ T T T T
' ] . BR(H — Z2)
0.1 3 E
0.1 . } 5
s
/ 0.01 7 4body —— -
0.01 &/ - K 3-body ----- : ]
- K 2-body -=---- .
/ :
I .
I .
B :
7 .
! .
. " :
0.001 : : L 0.001 &I : : L
100 120 140 160 180 100 120 140 160 180 200
My [GeV] My [GeV]

[Djouadi]



H—-VV = 4f

needs also background pocesses + h.o.

Bredensteinetal. — PROPHECY



H—ZZ — 11t~ 171

CMS Preliminary Vs=7TeV,L=5.1fh™";Vs=8TeV,L=19.6 fo™

%) N ] ] > 35 [ T | T T T | T T T | T T T | T T T | T T T L
G 30 Daa ATLAS Preliminary S * Data §
L ) \ : .
s f B Background zz u_ 77" _al % 30[ I z+x -
5 250 B Background Z+jets, tt "\ C DZV* 77 N
G b []signal (m =125 GeV) S o5f ' -
- > C D m, =126 GeV]
201 7, Systunc. Vs =7 TeV:JLdt = 4.6 fb* W r i
- Vs = 8 TeV:[Ldt = 20.7 fb™* 20 - -
15 st k
101 10F |
o 5’1

= 16 0 80 100 120 140 160 180

Mo [Gev] m,, [GeV]

signal + background



The direct search for the Higgs boson

Higgs production at LEP:

excluded My < 114 GeV

Higgs production at the Tevatron:




Higgs production at the LHC

q 10
ey
o L
g TATTTTTTTT . q Wi =~
ggF oy > =H  VBF o 1%
t T
. © 1
> t K
q Wz -
W,z S o 107
ttH > H° i
2
t
q VH H 9 -
a 102E
At

Handbook of Higgs Cross sections,
arxiv:1101.0593, arXiv:1201.3084

\s=8TeV

11 1
LHC HIGGS XS WG 20

I ER

. E
250 300
M, [GeV]



“| think we have it ...”




“1think we have it...”

... which one?




A Standard Model Higgs boson at the LHC?

Vs=7TeV,L<51f" {s=8TeV,L<19.6fb"

I I I I | I I
ATLAS Preliminary i m, = 1255 GeV Combined CMS Preliminary m, =125.7 GeV
: u=080£0.14| p =065

W,ZH - bb =
Vs=7TeV: [Ldt=4.7 " —
Vs=8TeV: JLdt=13 0" : H— bb
H_ 1T § n=1.15+0.62
\s=7TeV: [Ldt=4.6 o P
Vs=8TeV: [Ldt=13 0™ '
H - ww® - by H— 1t
\s=7TeV: [Ldt=4.6fb" —e— u=110%£0.41
\s =8 TeV: [Ldt=20.7 fb™* :
H- w :
Vs =7TeV: [Ldt = 4.8 fb D —e— H— vy
\s=8TeV: ILcil:ZOJ bt E n= 0.77+0.27
H- 2z - 4 :
Vs =7TeV: [Ldt=46 6" i _e—
Vs=8TeV: [Ldt=20.7 o™ : H— WW

- : p=0.68+0.20
Combined p=1.30%0.20 ;
\s=7TeV: [Ldt=4.6-48fb" | _e—
Vs =8TeV: [Ldt=13-20.7 fb* H_ ZZ
I I I I I I I pn=0.92+0.28

_l O +1 11 1 1 I 11 1 1 l 11 1 1 I 11 1 1
0

. 1.5 2 25
Signal strength (u) Best fit o/cSM

H mass ATLAS (GeV) H mass CMS (GeV)
125.5 + 0.2 + 0.6 125.7 + 0.3 = 0.3

Theory: o(pp — H) - BR(H — X)



o(pp — H+X) [pb]

cross section for Higgs-boson production — theory

Ns=8Tev 7t NLO: Spira, Djouadi, Graudenz, Zerwas '91,’93

Dawson 91 ~80%
NNLO: RH, Kilgore ’02
Anastasiou, Melnikov ’02 ~30%

Ravindran, Smith, v. Neerven ’03

Resummation:

Catani, de Florian, Grazzini, Nason ’02
Ahrens, Becher, Neubert, Zhang '08

0 1c ‘ o/ | 0%
80 100 200 300 400 1000 (o)
M, [GeV] Electroweak:
t Actis, Passarino, Sturm, Uccirati '08
¢ ___H Aglietti, Bonciani, Degrassi, Vicini '04
f Degrassi, Maltoni '04

o
Djouadi, Gambino '94 5 /)

Mixed EW/QCD:
Anastasiou, Boughezal, Petriello ’09

Fully differential NNLO:

Anastasiou, Melnikov, Petriello '04
Catani, Grazzini '07

[courtesy R. Harlander]



Effective Theory:

10

10

t oy Me>My
t
opp~H+X)lpdl _
NLO LHC :
HIGLU |

N
|||||||| Lo v b v v by v b v o by v by v v Ly

100 200 300 400 500 600 700 800 900 1000
M, [GeV]

) mt—>OO



380

60

40

20

Moch, Vogt '05

[
\ S(pp — H+X) [pb] -
N M, = 120 GeV B
~N
— \ -
——————— ~
e ]
i S—ee
/ =~ - . ~ e —
i NLO ~
B - N3Loapprox L:C.). T g
 —-—-- N’LO ]
l
0.2 0.5 1 2 3



Impact of electroweak contributions at NLO

2.7

2.3

K factor

2.2
2.1

1.9

100 150 200 250 300 350 400 450 500 18
Mpg [GeV]

26 r
25 r

ppo>H+X  Vs=14TeV
MRST 2002

24 r

NNLO QCD — — -
NNLO QCD + NLO EW ——

100 150 200 250 300 350 400 450 500

My, [GeV]



Theoretical bounds on Higgs boson mass

perturbativity — upper bound
unitarity — upper bound
Landau pole — upper bound

vacuum stability — lower bound



perturbativity
decay widths into fermions: D(H = ff)=Tee K

decay widths into vector bosons: T'(H — VV) = ['yee - Ky

1_5_I T T T

1.3

KV’ Kf

12
i Lattice — x

1.1}

1.0 L | X trlee level |
400 600 800 1000 1200
My (GeV)

[Ghinculov; Frinck, Kniehl, Riesselmann]



unitarity

scattering of longitudinally polarized W bosons:

WLWL — WLWL

W. W
Y, 4
W. %%

_|_

E2
— —92—2 —l— 0(1) for E — oo
MW



Extra contribution from scalar particle:

v v hiate oy
Mg=  H_____ + H
H |
E2
W

M =My + Mg

= terms with bad high-energy behavior cancel for

gwwH = g My

for s >> Mg, witht = —5 (1 — cosf),

]\42 M? M?
~ 2 H H
M= 2 ( —I_S—M%—I_t—MIQ{)




partial wave expansion:

Z (20 + 1) P(cos8) a;
=0

unitarity condition:  |q;| <1
project on [ = 0 partial wave:

1 1

agp = 16—7'(' B dcos M(S,t)
M My My
87?@2[+3—M12{ s o +M2
Mp

for s>> M3

Q

ap <1 = My <872GeV




Landau pole

Higgs self coupling is scale dependent, A\(Q)

variation with scale () described by RGE
5 dA 3

L 2
solution:
B A(v) . B M]%{
N e T T e

diverges at scale () = A¢ (Landau pole)

A (4%21)2)
C = U €exp
3M2




self-coupling diverges at

A Amr?e?
= PV X
¢ P\ Bz

maximum Higgs mass by condition Ao > My

= Mgy < 800 GeV



vacuum stability

top-quark Yukawa coupling g; ~ m; contributes to the running Higgs
self coupling \(Q) through top loop  ~ g}

F

variation with scale () described by RGE

2 ﬁ _ 3 )\2 mél
dQ? — 4r2 g

approximate solution:

log Q
2724 v

3m;

AMQ) = Awv)—

AMQ) <0 for @ >Ac — vacuum not stable

high value of Ax needs My large enough



combined effects:

d\ 1
iy (12)\2—39f+6)\gt2 +)
800

600 m, = 175 GeV = —
~ -
o a (M,) = 0.118 ]
= 400 [ —
= B _
200 — —

0 1 | L1 | L1 | L1 | L1 | ]

103 106 109 101R 1015 1018
A [GeV]



Instability scale in GeV

10'8 1018 - \ \
u lo band i i
M 1A b 07 Gey 1o bands in
t = A T U, (
Mz) =0.1184 + 0.0007
1010 - (M) = 0.1184 = 0.0007 - 1016 z)
| >
S
104 7 g 10"
=
2
12 . e 12
10 :% 10
1 2
10" 1 10"
108 | | | | | | | | | | | | | | | | | 108 I T T T T T T T I N S T MU (YT T R T T RO B B
115 120 125 130 135 170 171 172 173 174 175 176
Higgs mass M), in GeV Top mass M, in GeV

[Degrassi et al. 2012]



Status of the Standard Model

Ve | 4 7 V~+
Elek.-Neutrino Myon-Neutrino Tau-Neutrino -
<3eV < 190 keV < 18 MeV (¢”]
o
ﬁ
)
-]
e v T Z
Elektron Myon Tauon
511 keV 105.6 MeV 1777 MeV
7/
3\
Up-Quark Charm-Quark Top-Quark e@
~ 2 MeV ~ 1.5 GeV 173.1 GeV c
[a]
=
d b ]
S n
Down-Quark Strange-Quark Bottom-Quark
~ 5 MeV ~ 150 MeV ~ 4.5 GeV
7
Photon ‘W-Boson Z-Boson Gluon
0 80.40 GeV 91.1875 GeV 0

H

Higgs-Boson
126 GeV

(sooryaed aejyeun)

(soo13ed 9910))

SUOTULID,

suosoqg



SM input now completey determined =- PO uniquely predicted

theo exp
sin? O 0.23152 = 0.00005 == 0.00005 | 0.23153 = 0.00016
My (GeV) | 80.361 = 0.006 £ 0.004 80.385 = 0.015
;‘ 80.5 B T T T T | T T T I- | T T T T | T n‘;kinI-I-e‘llatlrorlI a‘I,é;‘;gle T T T T ]
U ikl | e e
E; 80.45 — 8% and 95% CL fit contours —
= w/o M, m and M, measurements _
80.4 f M,, world average = 1o f
80.35 —
80.3 — =
80.25 ;—' ‘ &0 C;ﬁﬂﬂaﬂghgiz
"? | | | | | | | ’1’ | | | P" | 1 | | | | | | | | | | | |

140 150 160 170 180 190 200
m, [GeV]



few observables with not-so-good agreement

# in general, SM is in overall agreement with data

# yet a few quantities prefer to stand a bit apart (~ 30)
» the forward-backward asymmetry for b quarks,
A%, at the Z peak
» the anomalous magnetic moment of the muon

s the forward-backward asymmetry for top quarks
at the Tevatron, pp — tt

no conclusive situation



SM Higgs:
® )\ H*term ad hoc
® Higgs boson mass: free parameter ~ /X

® no a-priori reason for a light Higgs boson



SM Higgs:
® )\ H*term ad hoc
® Higgs boson mass: free parameter ~ /X

® no a-priori reason for a light Higgs boson

SUSY Standard Model avoids these questions

H v) + HY
Hy = . | Hi = -
couples to u couples to d

e SUSY gauge interaction — H* terms
e self coupling remains weak



spectrum of Higgs bosons in the MSSM: 0, HY A0 H=
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spectrum of Higgs bosons in the MSSM: 0, HY A0 H=

500 -
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m$ strongly influenced by quantum effects, e.g. ¢, ¢

.Q?A
l
8



sensitivity to mass/mixing parameters

myo prediction at different levels of accuracy:

150 T T T | T T T T | T T T T | T T T T | T T T T | T T T

140

130
120
110
100
90
80
70
60
50
40
30
20
10

m, [GeV]

-— tree-level
full 1L
— 2L (FeynHiggs)

-2000  -1000 0 1000 2000
X, [GeV]

tang = 3, MQ:MAleeV, mg = 800 GeV

Xt : top-squark mixing parameter

Xi=A;—pcotp



allowed region for top-squark mass and mixing

Theory uncertainties included No theory uncertainties

X;/Msysy  LEPExcluded X/ Msusy LEP Excluded
M, = 126+-3 GeV M, = 126+-1 GeV

[Heinemeyer,Staal, Weiglein '12]

compatible with light top-squarks
ongoing experimental search
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The success of the Standard Model

Impressive confirmation by a huge data sample from
low to high energies, no significant deviations

guantum effects have been established at many o
perfect indirect and direct determination of the top quark
now being repeated for the Higgs boson

new particle around 126 GeV strong candidate for the
Higgs boson

If confirmed: Standard Model closed

Happy End of a successful story ?
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Shortcomings of SM

no mass terms for neutrinos  [introduce vy ... |

hierarchy problem v <« Mp;, Mg < Mp

large number of free parameters g1, g2, v, m¢, Vo
no further unification of forces

missing link to gravity

nature of dark matter?
baryon asymmetry of the universe?



® next steps with upgraded LHC
— confirm the Higgs boson properties
— check versus electroweak precision measurements
— or find deviations, new structures:
o more Higgs bosons (doublets, singlet, .. )
# supersymmetry (minimal or non-minimal)
# new strong sector, substructure
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