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I: EWSB in the SM
e The Standard Model in brief
e The Higgs mechanism
e Constraints on Mg
lI: Higgs decays
l1I: Higgs production a hadron colliders
IV: Higgs discovery and after
?? EWSB in SUSY theories ??
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fThe SM of the electromagnetic, weak and strong interactions IS: T
e a relativistic quantum field theory,
e based on local gauge symmetry: invariance under symmetry gr oup,
e more or less a carbon—copy of QED, the theory of electromagne tism.
QED: invariance under local transformations of the abelian group U(1) ¢
— transformation of electron field: W (x) — ¥'(x) = e'*¥X) P (x)
— transformation of photon field: A, (x) = A/ (x) =A,(x) —20,a(x)
The Lagrangian density is invariant under above field transf ormations
LoD = —iFWFW +iW D P — m, v
field strength F,, =0,A,—0,A , and cov. derivative D ,=0,—ieA,
Very simple and extremely successful theory!
— minimal coupling: the interactions/couplings uniquely d etermined,
L— renormalisable, perturbative, unitary (predictive), ve ry well tested... J
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f The SM is based on the local gauge symmetry group T
Gsv = SU(3)¢c x SU(2), x U(1)y
e The group SU(3) describes the strong force:
— Interaction between quarks which are SU(3) triplets: q, g,
— mediated by 8 gluons, Ga corresponding to 8 generators of SU( )
Gell-Man 3 X 3 matrices: [Ta TP] = if**°T, with Tr[T?*T"] = 0ap
— asymptotic freedom: interaction “weak” at high energy, Qg = i—; <1
The Lagrangian of the theory is given by:
Lacp = —3G,GE +137,Gi(0, — igsTaGH) v ai (— 22 midiai)
with G2, = 0,G2 — 9,G2 + g f*>°GEG¢
The interactions/couplings are then uniquely determined:
— fermion gauge boson couplings : —gi@VMfy“w
L_ V self-couplings :  ig;Tr(9,V,—3,V,)[V,, V,]+1g? Tr[V,, V,,]!
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|70 SU(2)1, x U(1)y describes the electroweak interaction:
— between the three families of quarks and leptons:  ff, /g = %(1 F v5)f
=210 = L= (%), ,R=eg, Q= (Y. ur, dr
Ye=2Q¢—2I = Y ,=—1,Yr=-2,Yq=3,Yu, =35, Yar =—
Same holds for the two other generations:  p,v,,c,s; 7,v,,t,b.

There is no VR (and neutrinos are and stay exactly massless)

— mediated by the WL (isospin) and Bu (hypercharge) gauge bosons

the gauge bosons, corresp. to generators, are exactly massl ess
T2 = 272; [T?,T°] =ie***T, and [Y,Y] =0
Lagrangian simple: with fields strengths and covariant deri vatives

W2, =0,W2-0,W+gye2**WbW¢ B, =09,B,-0,B,
D,y = (0, —igTa W} —ig'3B,) ¢, T* = 37°
LESM — —iWiVWg” — iB/WB’uV -+ FLi i]:)luf)/’u FLi -+ fRi iDM”)/’u fRJ
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But if gauge boson and fermion masses are put by hand in L
f %M%V“VM and/or m¢ff terms: breaking of gauge symmetry. T
This statement can be visualized by taking the example of QED where
the photon is massless because of the local ~ U(1)q local symmetry:

T (x) = U (x) = OW(x) | A,(x) = AL(x)=A,(x)—1d,0(x)

e For the photon (or B field for instance) mass we would have:

1N\ g2 1N\ 2 1 1 1N\ 2
and thus, gauge invariance is violated with a photon mass.

e For the fermion masses, we would have (e.g. for the electron)

megee = meé(%(l —v5) + %(1 + 75)>e = me(€rer, + €Ler)
manifestly non—invariant under SU(2) isospin symmetry tra nsformations.
We need a less “brutal” way to generate particle masses in the SM:
L —> The Brout-Englert-Higgs mechanism = the Higgs particle H. J
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1. The Standard Model: brief introduction
—> High precision tests of the SM performed at quantum level: 1% —O.%

The SM describes precisely (almost) all available experime

e Couplings of fermions to

e Z W boson properties
e measure/running of Qg
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e SM gauge structure
e Properties of W bosons
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e Physics of top&bottom quarks, QCD
Tevatron, HERA and B factories
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In the SM, If gauge boson and fermion masses are put by hand in Lam

breaking of gauge symmetry = spontaneous EW symmetry breaking
—> introduce a doublet of complex scalar fields: P — (%)  Yea=+1
with a Lagrangian that is invariant under ~ SU(2)p, x U(1)y

Ls = (D"®)(D,®) — *@'® — \(27®)*
1? > 0: 4 scalar particles. ’
11? < 0: @ develops a vev:

(02(0) = (°, )

with vev = v = (—u2/)\)z

— symmetric minimum: instable
— true vaccum: degenerate

—> to obtain the physical states, :
write Lg with the true vacuum: Re®)
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|70 Write & in terms of four fields 67 2 3(x) and H(x) at 1st order: T

105 (x)72(x)/V ~ 02+i0
Q)(X) — e9 (x)T2(x)/ %(?/—I—H(x)) ~ %(Vz_:_H_liQ:;)

e Make a gauge transformation on P to go to the unitary gauge:

P (x) — e T B (x) = %(&FH(X))

e Then fully develop the term  |D,®)|? of the Lagrangian Lg:
D,®)? = |(9, — ig1 2 W3 — i%B,) &/’
(%igzé(ngerngu) _ig22i(wi—iwﬁ) > (0 )

— B2 (W1+iw2) Outs(g2Wi-g1By) | \WTH
=3(0.H)?*+ 583 (v+H)* (W, +iW3 2+ 5(v + H)?|g. W), —g:B,, |2
e Define the new fields Wlf and Z, [A , is the orthogonal of Z,,]:

3 3
Wt — L (w1l W2 g2W: —g1B, g2 Wi +g1By,

\— with sin? Oy = gz/\/gg T g% = e/g2 J
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f. And pick up the terms which are bilinear in the fields W= Z. A: T
2 - 1N\ A2 1n\A2
= 3 degrees of freedom for Wf, Z1, and thus M=, My:
Mw = 3vg2, Mz = 3v/g5 +g7, Ma =0,
with the value of the vev givenby: v = 1/(v/2Gg)'/2 ~ 246 GeV.

—> The photon stays massless, U(l)QED IS preserved.

e For fermion masses, use same _doublet field P and its conjugate field

~

® = i, P* and introduce Ly Which is invariant under SU(2)xU(1):
'CYuk:_fe(é, D)L(I)eR — fd(l_l, (_i)LCI>dR — fu('[_l7 a)L&)uR + ..

—%fe(ﬂea eL)(V4m)er - = —%(V + H)érer - -

— fev _ fuv fav
= Mg — V2 my, — NoBR my = V2
With same P, we have generated gauge boson and fermion masses,
while preserving SU(2)xU(1) gauge symmetry (which is now hi dden)!
L What about the residual degree of freedom? J
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It will correspond to the physical spin—zero scalar Higgs pa rticle, H.
The kinetic part of H field, (9, H)?, comes from |D,®)|? term. T
Mass and self- interaction partfrom  V(®) = p2®Td + \(®TP)2:
V= 2(0,v+H)( ) +30,v+H) (O, )
Doing the exercise you find that the Lagrangian containing H i S,
Ly =1(0,H)(0"H) -V = 2(0"H)®> — \Wv?*H? — \WwH? - 2 H*
The Higgs boson mass is given by: ~ M# = 2\v? = —242.
The Higgs triple and quartic self—interaction vertices are
gps = 3IM% /v, gue = 3iM3F /v?
What about the Higgs boson couplings to gauge bosons and ferm lons?
They were almost derived previously, when we calculated the masses:
Laiy ~ M2(1+H/V)? | L, ~ —mg(1+H/v)
= GHff = lmf/V guvv = —2iM% /v, guavv = —2iMg, /v?
L Since v is known, the only free parameter in the SM is Mg or . J
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fPropagators of gauge and Goldstone bosons in a general ¢ gauge: T
9

’\/\/\/\/\/\/\/ nd ( = o0: Landau gauge
B /7
> M2 e | Iuv + (C 1)q2—§M‘2/

¢ = 1: 't Hooft-Feynman

e In unitary gauge, Goldstones do not propagate and gauge boso ns

have usual propagators of massive spin—1 particles (old IVB theory).

e At very high energies, s> M2, an approximationis M-y ~0. The

V1, components of V can be replaced by the Goldstones, Vi — w.

e In fact, the electroweak equivalence theorem tells that at high energies,
massive vector bosons are equivalent to Goldstones. In VV sc attering e.g..

AVEi..ve 5 vEie..ve) = O (—-D)"Aw! Wt — wlow
L L L L

/

Thus, we simply replace V by w in the scalar potential and use w ;
_ M2 _
V==SHEH2+wi+2wiw) =2 (H? + wi +2whw)?
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3. Constraintson Mg

First, there were constraints from pre—LHC experiments... : T

Indirect Higgs searches:

H contributes to RC to W/Z masses:

W/Z W/Z

Fit the EW precision measurements:
we obtain My = 92755 GeV, or

® -
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Direct searches at colliders:
H looked forin eTe” —ZH
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Scatterlng of massive gauge bosons V1 Vi — Vi, Vg at high-energyT

T S

Because w interactions increase with energy (" terms in V propagator),
s> M3, = o(wrw™ — ww™) o< s: = unitarity violation possible!

Decomposition into partial waves and choose J=0 for S > M%V:

M2 M2,
o= 20 [ M Mg (11 )
For unitarity to be fullfiled, we need the condition \Re(ag)\ <1/2.

. . s>Mi M2
e At high energies, s> M#%, M3, we have: ag — -

unitarity = My < 870 GeV (Mpy < 710 GeV)

s<<1\/112_I

e For a very heavy or no Higgs boson, we have: ag — ——32;‘,2

unitarity = /s $1.7TeV (/s < 1.2 TeV)

LOtherwis,e (strong?) New Physics should appear to restore un itarity. J
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he quartic coupling of the Higgs boson A (X M%I) Increases with energﬂ

If the Higgs is heavy: the H contributions to A is by far dominant

~
fo\

-, S o - ~ N ’
~ -, ~ - ~ - -, N 4
~ -’ S - ~ - 7S s
IN -, > J ~ ’ \ -, N v
N N - N v
i Il 1
x ) > )< x
PRERN \ PR ~ /N
S [ - \ / ~ 777N
~ - ~_- ~ 7
~ _- ~ o - ~ 4
~ - ~ 7’ ~ 7\

The RGE evolution of \ with Q2 and its solution are given by:

dA(Q?) 3 3 Q2]
— )\2 2:>)\ 2:)\V2 1——)\V210—
o If Q% <« v?, A\(Q?) — 0,.: the theory is trivial (no interaction).
o If Q% > v? A(Q?) — oco: Landau pole at Q = v exp (417{:%’2).
The SM is valid only at scales before A\ becomes infinite:
If Ac = Mg, A S 41 = Mg < 650 GeV
(comparable to results obtained with simulations on the lat tice!)
If Ac = Mp, A S 41 = My S 180 GeV
\_(comparable to exp. limit if SM extrapolated to GUT/Planck s cales) J
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The top quark and gauge bosons also contribute to the evoluti on of A.
(contributions dominant (over that of H itself) at low M values)

Lo . %E -----
F
H ...L 1 ____. H @ . davweee--
The RGE evolution of the coupling at one—loop is given by

MQ2) = A(V?) + gz | 125 + & (283 + (g3 + 82)%)| log %
If \is small (H is light), top loops mightlead to ~ A(0) < A(Vv):

v is not the minimum of the potentiel and EW vacuum is instable

= Impose that the coupling A stays always positive:
mé 2
ANQ?) >0=M; > %, [—12V—; + = (2g3 + (83 + g%)z)} log %
Very strong constraint: () = Ac ~1TeV = My 2 70 GeV

(we understand why we have not observed the Higgs bofeore LEP 2...)
Llf SMup to high scales: Q = Mp ~ 10®* GeV = My = 130 GeJ
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3. Constraintson My: triviality+stability

Combine the two constraints and include all possible effect S:

f— corrections at two loops T T T ﬂ
— theoretical+exp. errors
— other refinements - - - >

Ac~1TeV = T0<SMu <700 GeV = 4
Ac~ Mp; = 130<Mg <180 GeV "

600 m, = 175 GeV

o (M;) = 0.118

|llll|llll|lll

. o . . 200
Cabibbo, Maiani, Parisi, Petronzio =
Hambye, RIeSSG|mann 0 | I | ] I | ] I | ] I [ 1 |7
103 10® 109 1012 1015 1018

o A [GeV]
A more up-to date (full two loop) calculation in 2012:

Degrassi et al., Berzukov et al.

At 2-loop for mP°'°=173.1 GeV:

fully stable vaccum Mg 2 129 GeV...
but vacuum metastable below!

metastability OK: unstable vacuum

but very long lived Tiunel < Tuniv--- Higes massm n G
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