o 1 Relativistic kinematics

° °
0O Two body decays: A—>B+C
O Inthkrest frame of the particle A, find the energy and momentum of the particles B and C

VA(ma, mp,me)
VARA, B, TC)

2 + 2, — m2, . —
_mi 2m B=MC 2 P 2
° ° ma
AMma,mp,m¢) = (ma+mp+me)(ma+mp —me)(ma —mp +me)(ma —mp —me)
W I T h I n a n d b eyo n d T h e S M O Application: compute the energies of the final particles in the following decays:
o = p¥, E, ~0.11 GeV E;, ~0.03 GeV
o 7= yy E, ~0.68 GeV
Iﬁc) Mdy =14, 2015 o Q= AK Ej =~ 1.13 GeV By~ ~0.53 GeV
O Inthe rest frame of the particle A, find the speed and the decay lengths (if they decay) of B.and C
Exercises pc? »
v = — dp = —7p
Ep mp

© Application: v = p %, what is the distance travelled by the muon before it decays?
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20 [/ Relativistic kinematics 23 2 Higgs self-couplings

0N-body decays: A=>B1+Bz+...+Bn (B1...Bn are a priori different particles) The Higgs potential is fully determined in terms of two parameters that
© In the rest frame of the particle A, find the minum and the maximum energy of the particle By can fixed by v, ie. mz, and my. Compute the self-couplings of the physical
o check first that the minimum energy of a system of two particles whose momenta add to a fixed Higgs boson after EW symmetry breaking in terms of these two quan‘riTies.

value is obtained when there is no relative motion between the two particles.

O check that two particles with no relative motion behave like a single particle whose mass is the sum

of the masses of the two initial particles G l . f h
ST eneral expression of the p parameter
& e B — 2m 4 -
O Application: compute the range of energy of an electron obtained from thejdecay of a muon at rest If SU(2).xU(1l)y is broken not only Through a doublet, but also Through a
[m 2511 keV < B, < 53 MoV ~ m;i+mfc2 collection of scalar fields in the 2si+1 representation of SU(2)., carrying a
2 hypercharge yi and acquiring a vev vi, show that the p parameter is now
O From the plot below showing the distribution of the electron energy in neutron 8 decay, compute the © .
neutron-proton mass difference R — S § given by
2+ B - o~
o PR Neutron spectrum :l ;) g _ 21(51(31 + 1) — yf)vf
dr o ] 82 P= 3. 2y20?
My —my ~ 1.3 MeV - 1! j S o i 4Y; 5
dE 1 &8
W 4 s> . . .
S ] 58 What are the representations for which one obtains p=1?
i Pg
S T R ST oz
a
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Fu 5 Threshold behavior

Near threshold, the Higgs decay into a pair of fermions is highly
suppressed by the third power of (38 = /1 —4m3/m2). This is characteristic
of a coupling of scalar field to fermions. Assuming that the Higgs were a
pseudo-scalar, show that its decay rate into a fermion pair would be given

instead by
N.m2my,
T(h—ff)="S1L"
( fﬂ 8mv? p
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Fo 5 EW phase transition with H potential

Show that the most general potential of degree-6 for the Higgs doublet that breaks EW
symmetry cah be always be written in the following form with A positive

, 02 ? 1 , VP 8
v = (1P -5 ) + g5 (182 - %)
1) Show that for this potential indeed breaks EW when A% > v?/(2))

2) Compute the vev of the Higgs and the mass of the physical Higgs boson, compute the
Higgs cubic self-interaction (and compare with the SM results)
We recall that the finite-temperature corrections generates a correction to the potential of the form

VZ%(Z m2+% Z m2>

boson fermion

1
3) Compute the thermal mass of the Higgs boson for this model: V = 5cT?h?
answer: vt
¢= 160z <8mf +8miy +4m% +4mji — 1245

4) Keeping only this thermal mass as the finite-temperature correction, show that the phase
transition is 15t order if A < /3v?/m}
5) Compute the critical temperature and critical vev
6) Show that the phase transition is strong (v./T, > 1) for 484 GeV < A < 788 GeV
For the numerical application, you’ll use

v =246 GeV,my = 125 GeV,my = 80 GeV,mz = 91 GeV,m; = 173 GeV
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Fe 4 Unitarity bound

for a 2-to0-2 process, the (angular) differential cross-section is related to the amplitude by
o
-0 |A”

A~ 64n2s

:Partial wave amplitude decomposition: gbe partial waves are defined by

A=16mY (21 + 1)P(cosb) a;

=0
where Pl are the & polynomials (A =1 P =w.naw) =3:72-120. & [ aemanin = g2 )

L 167 >
Show that a; = 7/ d(cos@)P(cos§)A and O = s 2(21 + 1)|a]

-1

=0

EOpTical theorem: using the optical theorem: ¢ = Im (-A|9:0) /s

show that  |Re (q;) | < 1/2

. Lee, Quigg, Thacker ‘77
Consider: W* W~ — W* W~ Chanowitz, Gaillard ‘85

Compute ao for the SM without and with the Higgs. Compare the unitarity bounds with the NDA
estimate of SM cutoff without a Higgs. What is the origin of the missing Vo factor?
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Fu 0/ B function, gauge coupling running

The one-loop B function giving the running of the coupling constant of an
SU(N) gauge symmetry is given by
~dg 1 b3 . da 1 oo
_dlogﬂ__ﬁ 09 le dlogu__% o

where the coefficient bo is computed to

11 2 1
by = ?Tg(spin—l) - gTQ(chiral spin-1/2) — ng(complex spin-0)

T2(R) is defined from the traces of the product of two generators of
SU(N) in the representation R
Tr (T*(R)T"(R)) = Ta(R)6*

1) What should be the sign of bo to get an asymptotically free theory?
2) Compute afu) from ol o)
3) Compute bo for U(1)em with a single massive electron.
What is the value of the Landau pole of QED, ie the energy at which cem blows up?
At which energy do we get a 1% departure from «(0) ?
4) Compute the coefficients bo for the 3 gauge groups of the SM
5) Compute the coefficients bo for the 3 gauge groups of the MSSM
6) In N=4 supersymmetric gauge theories, a supermultiplet contains 1 spin-1 field, 4
spin-1/2 chiral fields and 6 real spin-0 fields in the adjoint representation. Compute
the coefficient bo for that theory? What do you conclude?
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EW oblique corrections

J The oblique parameters are defined from physical observables:

AW’LV[/ = —

Ot'an O-F O((’DWLM/ Oé’fﬂw
2(cg — 50 85%

(e} 040252
As?e = S)— 920
Tr e%)o c%fszo

2(1 — 4s3)al¥ 8(1 — 4s3)s3ck 0
Al = — s 1 T
LT (- 432 (@ - >@+ ara-mn@-a)" o

0

We are using tem, GF and mz as input parame‘rer's )
. (=1/2 4 s%)* — stg
Seff is defined via the LR asymmetry in Z-decay: 4 W .
co and so are SM tree-level values of the sin and cos of the weak mixing angle

9 Alternatively, the oblique parameters can be computed by looking at the gauge
oson self-energies:
oblique parameters = modified propagators of W* and Z

£:7H+,(p2)VVf:W/,H H;;( )VV“VV;“ — 35 (p?) W- ”Bﬂf—HBB( )B“B“
g Qe S = QH/ (0) ~ <H33(0> — H+7(0)) ﬁ _ Qem, U=T1r (0> 11 (0)
T 482 — /3B T=amT = S E— T 482 - 33
W g myy W
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Fu 1)s from higher dimensional operator

We want to compute the oblique parameters when the following dimension-6
operator is added to the SM

1
L= pHT W, HB,,

In the unitary gauge, show that this operator gives only a correction to IT3o equal to

@

’L‘2

AH.{iB = A2

)

dswew

Conclude that §=—"—"
\/ioéemc;'FA2

Because of the kinetic mixing, the Z and the y are not obtained from the usual weak
rotation from W3 and B. Find the correct expressions of Z and .

@® @

The expression of e in terms of g and g' receives some corrections compared to its
SM expression. Derive these corrections.

@

Write mw in terms of the input observables: o, Gr and mz.
And rederive the expression of S
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Fu U)T from higher dimensional operator

We want to compute the oblique parameters when the following dimension-6
operator is added to the SM

1 2
L= |H'D,H|
a A
In the unitary gauge, show that this operator gives only a correction to Ils3 equal to
2,4
g-v

2 Allss = ~%x2

1

Conclude that T=———
2\/§OZGF A2

S
J Write mw, and s.¢f in ferms of the input observables: o, Gr and mz.
And rederive the expression of T
2 2.2

cEmw —S5¢
Amy = 0 Asg = —$
4V2(ct — s2)GrA2 & 2v/2(s% — 3)G A2
@ Check that T measures the deviation to p=1 m2
P p=— WQ ~1+4+aT
CWan
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Fu y Composite Higgs anomalous couplings

The Higgs boson doesn't have to be an elementary particle. It could be a
bound state emerging from a strongly coupled sector. Below the
compositeness scale of the Higgs, f, the dynamics of such a composite
Higgs boson is well captured by the SM Lagrangian supplemented by a few
dimension-six operators:

£ = D+ 52 Q) + 4\t = N = S — gy (#7uf (14 4102 ) +1c)

1) Compute the corrections to the Higgs self-couplings to the lowest order in {=v?/f?

. 2 3
(check that h = ( + %) h+ %hf + %h—z is canonically normalized)
v v

2) Compute the coefficients a,b,c for the effective Lagrangian:
v? i h  h? —— h
Lewss = 2 (Du2'D,Y) {1+ 20 +bog ) — AMLXYR | L+ e

3) What is the high-energy behavior of the amplitudes for WW—WW and WW— hh?
4) Compute the corrections to the decay width of the Higgs into a pair of fermions
5) Compute the corrections to the decay width of the Higgs into a pair of bosons
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