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Extensions of the Standard Model
Part 2 — Prof. Jorgen D’Hondt

Content:

= Short reminder of the ElectroWeak theory & the Higgs mechanism
" The ElectroWeak fit as constraint on the Higgs boson mass

" Theoretical constraints on the Higgs boson

= Phenomenology of the Standard Model Higgs boson

= Searching for the Standard Model Higgs boson

= Two Higgs Doublet Models (2HDM)

= Problems with the Standard Model

" Quick introduction to Supersymmetry

®" The Higgs sector in Supersymmetric Models (MSSM)

= Constraints on the MSSM & its Higgs sector

\ http://wa3.iihe.ac.be/” jdhondt/Website/BeyondTheStandardModel.html /
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Extensions of the Standard Model

Material:

= Slides will be available via the website of the course
http://wd3.iihe.ac.be/~ jdhondt/Website/BeyondTheStandardModel.html

" |_ecture notes will be handed out
= Some of them will be available via the course website

Important note: whenever we note “Higgs boson” (or mechanism),
we mean the well-known Brout-Englert-Higgs boson or mechanism.

/




Short reminder of EW physics & Higgs mechanism

Aim:
= Get everyone on the same footing.
= Not a full ElectroWeak course! Just a reminder.
= Not intended to be complete!

References:
= Divers books on Standard Model physics
= You will get enough info in the written lecture notes




a Spontaneously broken QED theory A

Let us illustrate the “Higgs” mechanism with a massive U(1) theory
before going to the symmetry group SU(2), x U(1),. The Lagrangian
of QED is:

1 —
EQED — —1 MVF’W/ —I—@D(Z’)/HDM — m)w

This is invariant under the U(1) gauge transformation

w N e—ioz(x)w
1
A,u — A,u + g@ua(x)

Now we wish to give the photon a mass by adding the term

2
UL
£mass — 9 A,LLA'LL

Which breaks the initial U(1) gauge symmetry. Hence need to invoke
a mechanism which introduces a mass without breaking the

\_ symmetry. /
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Spontaneously broken QED theory

Introduce a complex scalar field (I) as
L=Lopp + (DMCI))*(DWI)) V(@)

with the potential V defined as V' (D) ng + A]CI)]4 which is
symmetric under the transformation ¢

We can choose a parametrization as

_ = (2)
o f()

where both fields ¢ and fare real fields.
The potential becomes

A
V(@) =59 + 79"

where the Higgs self-coupling term should be positive (A>0) to get a
potential bound from below. When (11 < 0 a non-zero vacuum
expectation value is obtained. 9

L4
<0[¢%0 >= g3 = B =42 )

A




a Spontaneously broken QED theory A

§(x)

Therefore we can normalize the field f(fﬁ) as ¢— .
0

We can choose the unitary gauge transformation

§()
%

and then (I) becomes real-valued everywhere. The kinetic term in
the Lagrangian becomes

. 1 e’
(D, ®)"(D"*®) — 5 L pOH ) + 7ANAMM

ar) = —

The Lagrangian can be expanded around its minimum qﬁo by
introducing a degree of freedom /1 (a new field) The potential
becomes 2
V(p— ¢pg+h) = h2 - —h3— s
3! 4|
2 2
" and n=6\=3—7"

Do 0 J

Sm

with m% = 2)\¢(2) and ,LL’ =




a Spontaneously broken QED theory A

The I1<inetic term becomes 5
€
§8u(¢0 + h)0" (o + h) + §AMA“(¢0 + h)?

and with 9,,¢9 = 0 this becomes

2 2
CALAG 4 AL APGoh + S AL AR 4 S (D,h)(0"
E L ¢0+6 L ¢0 +§ L +§(M)( )
where the first term provides a mass to the photon m?éx = 62¢3 ,
the second term gives the interaction strength of the coupling A-A-h,

the third term the interaction strength of the coupling A-A-h-h

In the new potential term V(gbg -+ h) also cubic terms appear which
break the reflexion symmetry qb — —qb .

This U(1) example is the most trivial example of a spontaneous
broken symmetry.




o

Spontaneously broken SU(2)xU(1) theory

The bosonic part of the Lagrangian is
1 1
Lposonic = ‘DM(I)P — Mz‘q)‘Q — )“q)’4 - ZB/WBIW T
with @ a doublet field consisting out of two complex scalar fields or

components
¢+
$ =
(%)

We need at least 3 massive gauge bosons, hence need at least 2
complex fields (cfr. Goldstone theorem).

D,® = (0,+ig5Wi+igdLB,)®
B,, = 0.,B,-09,B,
ws, = 0,WF—09,Wi—gfrWiwg

with 7 ¢ the Pauli matrices and | abe the structure constants of the
SU(2)_group.

a auv
Wi, W

/




Spontaneously broken SU(2)xU(1) theory

The B, field corresponds to the generator Y of the U(1), group and
the three ij fields to the generators 7 of the SU(2), group.

T = %7"”
[Ta’ Tb} — 7:fabctrc

Tr [TT?] = %2

When u2<0 the vacuum expectation value of (I) is non-zero.

1 0 2
|D| ﬂ(v) with vV =/ )

The VEV will carry the hypercharge and the weak charge into the v
vacuum, but the electric charge remains unbroken, hence Q =T7°+ —

and we break SU(2),xU(1)y to U(1), with only one generator. :
Expending the terms in the Lagrangian around the minimum of the

potential givescb(:r:) = % ( v +%(a;) )




a Spontaneously broken SU(2)xU(1) theory A

We obtain
1 1 , 1
D, ®|* — 5(auh)2 + §g2(v + )W +iW D)2+ S0+ h)2gW® — ¢'B,|?
and define the following fields
+ 1 (1) (2)
wE = (Wi Faw
Z L gWIL(LS)_g BH
y —

/92_|_g/2
gWF(L?’)—Fg/B,,,

A = e

which we can transform into expressions for Bu and W(Z)

and put this in the above equation for ]D CID‘ and isolate the Higgs
boson interaction terms

_ m? h\? m? & n
LHiggs int = <miijw i TZZMZ“> (1 — ;) — b opd —.h4

. /
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Spontaneously broken SU(2)xU(1) theory

) m2 L 2 m2 € n
»CHiggs int — (m%/VW:W H + TZZNZ’LL) <]. + ;) — —h_ _h3 - Eh4

2 3!
with
i T
mz g+ 9"
m% = 2\ 2
2
— 3%
§ o
where it is convenient to define the Weinberg mixing angle 6,,
/
tanOy = J
g
and therefore
miyy

5 = 1— sin’Oy,

ms, )
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ghhvv =

dhhh —
Jdhhhh =

Spontaneously broken SU(2)xU(1) theory

From experiment we know

myz ~ 91GeV
g ~ (.65
g’ ~ 0.35

Hence we obtain V) ™ 246 GeV

And for the couplings between V=W/Z bosons and the Higgs boson
2

oMy

(¥
2

m
2—@;/
2
my
3 v,
37
02

We observe that the Higgs sector in the Standard Model is

\ completely determined from the mass of the Higgs boson.

/




The ElectroWeak fit

Aim:
= What do we know experimentally on the Higgs boson mass.
= Know how one can make a theoretical interpretation via
radiative corrections on experimental quantities.

References:
= “A combination of preliminary Electroweak Measurements
and Constraints on the Standard Model”, hep-ex/0612034
(and recent updates)
= “Precision Electroweak measurements on the Z boson

resonance”, hep-ex/0509008
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A general aim is to understand how one obtains the so-called Higgs
Blueband plot which is a driving force for many activities in particle
physics.
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Figure 3.1: A conceptual diagram of the SLD Compion Polarimeser. The laser beam, consisting
of 532 nm wavelength 8 ns pulses produced at 17 Hez and a peak power of typleally 25 MW, were
circularly polarised and transported into collision with the electron beam ab & crossing angle of
10 mrad approximately 30 meters from the [P, Following the laser/electron-bean collision, the
electrons and Complon-scattered photons, which are strongly boosted along the electron beam

direction, continue downstream until analysing bend magnets deflect the Compton-scattered /
electrons into a transversely-segmented Cherenkov detector. The photons coatinue undeflected
and are detected by a gamma counter (PGC) and & calorimeter (QFC) which are used to

cross-check the polarimeter calibration.
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EXAMPLE OF THE ACHIEVEMENTS
oF LEP L SLC

Figure 1.15: The neutrino scastering and ¢*e annihilation data svailable Lo 1987 constrained
the values of gy and 94 to lie within broad bands, whose intersections helped establish the
walidity of the SM and were consistent with the hypothesis of lepton universality. The inset
shows the results of the LEP/SLD measurements at a scale expasded by a factor of 65 (sce
Figure 7.3). The favour-specific measuretnents demonstrate the universal nature of the lepton
couplings unambigucusly on & scale of approcimately 0.001.
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LEP RESULTS IN THE LEPToN SECTOR
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Figure 2.11: Contour lines (68% CL) in the K- Aps plane for e*e™, u* " and r* v final states
and for all leptons combined. For better comparison the results for the 7 lepton ame corrected
to correspand to the massbess case. The SM prediction for my = 011875 GV, wy = 178.0 GeV,
miy = 300 GaV, and ag{mi) = 0.118 is also shown as the intersection of the lines with arrows,
which correspond to the vaniation of the SM peediction when m,, my sad ag(mi) are varied
in the intervals m, = I178.0 £ 43 G&V, my = 300"7% GeV, and ag(m) = 0.118 + 0.003, /
mp«-uwly The arrow showing the small dependence on the hadrosic vacuum polarsation
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increasing values of these parameters




MERSUREMENT ©OF THeE LEFT- m‘éwr As;nne‘nu/
ey SLc
NEEDED For, A PRecisE DETERMINATION OF e

COUNT THE NUMSER OF k2 BOSONS Pnoo?ceg
LEFT AND RIGHT Long I TUDINALLY POLARISED
ELECTRONS 2 PR

T Weve 20

92— 0.100 = 0.044 = 0.004
93 —a0.1656 + 0.0071 = 0.0028
94-95 - 0.1512 =+ 0.0042 = 0.00Mm
96 ~=~ |0.1583 = 0.0067 = 0.0010
97-98 - 0.1491 =+ 0.0024 + 0.0010
Average - 0.1514 + 0.0019 + 0.0011
) . . | 2?/DOF=7.4/4 Prob.=11.4%

0.10 0.12 0.14 0.16

Al
L(4—4 m’-ex)
A+ (qu sit"&?é)z'

9::}’} = 02309} 2 o. 0oolf

(]
Am.’:

=




| gpren As‘/mnmq Me'A suunems
ViR MEASUREMENTS Of Am |p,_| Ag
pETRINED FRoM A FT
oV s
2000 SLD e'e’—e’e 97-98
1500

~ left polarised & beam
1000 °Might polarised & beam

0:
800 : SLD Z°-*y 97-98

05_‘1 P RIS S PR TS TS P
-‘LQ -0.4 0 0.4 08

Ap < 4513 1 o.001

I
= sM’QfZ =z ©.2309 20.00026




“THE 7 PolARISATION MERSUREMENTS

TEVENLS O THE DEPENDENE oF KINEMATIZ
PISTRIBUTIONS OF THe oBbSERVED - beuu,
o THE HUGTY of THE PARENT Z LEFTOV

= BXTRACT T, A AFuNcrion OF NG,

ALEPH €3 0.1451+0.0060
DELPHI —Cm. 0.135940.0096
L3 — 0.1476:0.0108
OPAL e 0.1456::0.0095
A_(LEP) . 0.143970.0043

= (A" wz&\ + 2~A£ wﬁt
?t(wal) = (A= m"ﬂc) - AF"& . 6“_

ALEPH —- 0.1504:0.0068
DELPHI . 0.138240.0116
L3 o 0.678:0.0130
OPAL —F— 0.145410.0114
A (LEP) . 0.14980.0049

006 008 0.1 012 014 016 018 02 022 o024

A
Al (LEP)=0.1465%0.0033 "
2
¥ Rotaiw = sin‘BfII: 0.23473 £ 0.2 0041




Heaw FLAVOR PAETIAL WIDTH
( Whinh b- Mll c- *‘ﬂ“\ﬂ
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Figure 513: RY and R measurements wsed in the hesvy Savour combination, corrected for
their dependencs on paramoters evalusted in the melti-parameter fit described in the text.
The dotted lines isdicate the size of the systematic error.
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Figure 5.14: Ay and A} measurements used in the hesvy flivour combinstion, correctad for
their dependence oo parameters evalusted in the multi-parameter it described o the text. The
A‘},’ measurements with D-mesons do not contribute significantly to the average and are not
shown in the plots. The experimontal wsults are derived from the ones shown in Tables C.3
ta C8 cambining the different centre of mass difrgies. The dotted lises indlcste the size of the
systetnatic erroe.
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Figure 5.1%: A, and A, measurements used in the heavy flavour combination, corrected for
their dependence on parameters evaluated in the multi-parameter fit deseribed in the text. The
kdoncd lincs indicate the size of the systematic error.
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4 The general concept of the ElectroWeak fit

Aim is to predict the Standard Model parameters which are not

predicted by the theory (eg. m,) and this via measurements and
Standard Model relations.

The measured observables (sin?0y ., My, ...) do depend on the free
Standard Model parameters (m,, my, a, Gg, m,).

Hence we can constrain the value of the remaining unknown free
parameters (my).

All measurements should predict the same Standard Model
parameter values to believe in the consistency of the Standard

Model.
This is done within a global least-square fit: the EW fit
Example

m,, measured © my=my,(m;, my, o, Gg, m)

~
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The general concept of the ElectroWeak fit

TEVATRON 80.420 = 0.031
LEP2 80.376 = 0.033
Average 80.399 + 0.023
%*/DoF: 0.9/ 1
NuTeV A 80.136 = 0.084
LEP1/SLD 80.363 = 0.032
LEP1/SLD/m, 80.365 = 0.020
8‘0 86.2 80.4 86.6
mW [GeV] July 2010
CDF 173.0 1.2
DY 1742 £ 1.7
Average 173.3+1.10
¥?/DoF: 6.1 /10
+ 13.3
LEP1/SLD 172.6 ~ 155
N + 11.5
LEP1/SLD/m,,/T, & 17927 45
1é0 1%0 1é0 1éo
mt [Gev:l July 2010

July 2010
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The free parameters in the fit

» The Standard Model gives a unified description of Electro-Magnetic &
Weak interactions, hence the weak coupling is related to the EM
coupling = only 2 coupling constants remain independent

1) o : EM interactions (fine structure constant)
2) o, :strong interactions

= Among the fermion masses only the top quark mass plays an
important role (all others are well enough determined and can be
assumed fixed) as they have m; << m, and do not influence the
observations at high energies significant: m,

= Among the boson masses the Z boson mass (m,) is very well
measured while the W boson mass not that presice. The free
parameter my, has been replaced by G, hence m,, becomes a
quantity derived from the SM relations or the EW fit.

= The Higgs boson mass (m,).

\9 the free parameters are o (m,?), a(m,?), m,, m, m,, G, W,




o(m,?), a(m,?), m,, m, m, G;

observables measured directly by
LEP, SLC, Tevatron.

* These predictions go through
radiative corrections calculated
to some precision

= blueband in the plot
(eg. 2-loop fermionic and bosonic
corrections for the calculation of m )

= On each of the input parameters
there is some uncertainty, hence we
derive a confidence interval where
the observed quantity should have
its value give the SM relations

k - reflected in the Ayx?*(m,,)

4 The ElectroWeak fit: the result

* Five relevant input parameters of the Standard Model relations

= Given these parameters we can obtain indirect measurements of the

m,

~

=158 GaV
L ]
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Interpretation
Measurement Fit  10™°-0™|/c™e?
o 1. 2 3

m,[GeV] 91.1875=0.0021 91.1874 wz/o direct Higgs searc?hes:

I,[GeV]  2.4952:0.0023  2.4959 Lmin=164 2 Prob (3%, 13)=0.
ol [nb]  41540x0.037  41.479 with direct Higgs searches:

R 20.767 = 0.025 20.742 Vomin=17.8 2 Prob (y2,.,,14)=0.
AY 0.01714 = 0.00095 0.01645

A(P) 0.1465 = 0.0032  0.1481

R, 0.21629 = 0.00066 0.21579

R, 0.1721 £0.0030  0.1723

AQP 0.0992 = 0.0016  0.1038

AY° 0.0707 + 0.0035  0.0742

A, 0.923 = 0.020 0.935

A, 0.670 = 0.027 0.668

A(SLD) 0.1513+0.0021  0.1481

sin’0”(Q,) 0.2324 =0.0012  0.2314

m, [GeV] 80.399=0.023  80.379

r,[GeV]  2.085=0.042 2.092

m, [GeV] 173.3 = 1.1 173.4

\July2010 0 | 1 | 2 | 3
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Statistical interpretation: consistency of the SM

YY]YYYY]'YYYY YY:YIYYYY
@frtten-

&

~ #* distribution forn__ =14
| Toy analysis incl. theo. errors
| | Toy analysis excl. theo. errors

Number of toy experiments
8 8 8 8 8 8
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_p-value = 0.231+0.004
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e

~p-value =0.189 4+ 0.004 |

p-value for (data |SM)




4 Summary of the day
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Although new particles or new phenomena are not visible yet, one
can test their possible presence in radiative loops in the processes
we observe today. The loop corrections make the observed variables
dependent on yet unobserved phenomena given a pre-defined model
(in this case we have studied the Standard Model).

Similar techniques can be applied on other models (eg. website
http://gfitter.desy.de/ ).
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Theoretical constraints on the Higgs boson mass

Aim:
= Get a feeling how one can test that a theory is consistent.
= How far can we stretch the EW theory until it does not make

sense anymore?
= Example for the yet unobserved Higgs sector in the
Standard Model, but techniques can be applied elsewhere

Content:
® Perturbativity & unitarity
" The triviality bound
" The vacuum stability bound
" The fine tuning constraints
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Perturbative constraint & unitarity

The scattering of vector bosons at high energies is divergent due
to their longitudinal polarization. Take V =W or Z traveling in the
z-direction with 3-momentum magnitude k.

—

k' = (Ek; k) = (Er; 0,0, k)

with
2 1.2
EZ =k

—m?

The three polarization vectors are (resp. right handed, left
handed and longitudinal):

i (k) =
e (k) =
er (k) =
which satisfy (a,b =+

kueg(k)

—

€ (k) ey, (

75(0;1,4,0)
%(0717_270)
1 .
m—v(kaovank)
,',L)
= 0
k) = —dw

~




/ Addendum: Polarization for massless particles \
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Perturbative constraint & unitarity

When E, >> m,, the longitudinal polarization is divergent. Diagrams
with external vector bosons have divergent cross sections.
Consider the process W, W, — W/ W,

(i) Four point interaction

w-V &LL\@ | ;)_.T-' l/J -
. > "/7 )

/Z»—,_/\
w"’ < LY

-+

(il) Gauge exchange of photon/Z ip the s- and t-channel

+ o + ,,\,;-f _‘.L (
l/\[ Z///lzb (/2 .‘, w %LLLTJ/(

[ (ﬁ;‘
1 (&

-

V‘/'ir . L/ ;’l‘,.
W W~
(iii) Higgs exchange in the s- and t-channel
N ST 1 AWA WA %”Lm.& o)t
;'”VJJJJ\.. Lll’ W W) i\H

Y
= & T >
- - 2 )




/ Addendum: Mandelstam variables (Peskin & Schroeder p.156-158) \
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Perturbative constraint & unitarity

The amplitude can be written as (s.Weinberg, Vol.1, sec 3.7)

A= AP + AW s+ AO)

From computations we learn that (when s,7 >> m%/, m,% )

2

A 2T 4

Perfect cancellation between the diagrams. But the amplitude
remains proportional to the Higgs boson mass. If the Higgs boson
mass is too large the theory becomes strongly interacting and we
cannot perform expansions versus A.
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Perturbative constraint & unitarity

At the loop level the process
WIW =™ — (WW)igop — WTW ™

has an amplitude of
2)\2 W 1 - L) I

t W !
T L\5 L ,\//Vq,l ) L)
1672 % o ’4,'/} - AN

The one-loop amplitude becomes equal to the tree-level amplitude
when A ~ 16 =2, hence the Electro-Weak theory should break down
whenm, > 4.6 TeV.

More rigorous via partial wave analysis: m, < 870 GeV
When taking also the WW->22Z process into account: m, < 710 GeV




The triviality bound

The couplings should remain finite at all energy scales Q.

— (0.41;0.64; 1.2)
Yt = \/i% ~ 1

)\_ 2v2

Via the renormalization group equations we can evolve the
couplings to higher scales Q.

dt T 10 167‘(‘23
dges  _ _ 19 _93 QO
ddt T 6 1§7r2
_ 9
f = 7 7 2 2, 9,2
ﬁ = ( g7 — 492 — 893 + 5y7) - 2
= (24A2 X297 4995 + 12y7) + 2 (91 + 29795 + g5) — 6y})

For large nggs boson masses the term A2 dominates and after
integration one obtains Landau pole or a limit on the value of Q
for which the theory is still valid. (4%202 )

LP = TMhpETP

2
Smh

/




The vacuum stability bound

When the Higgs boson mass is light the term -6y,* will dominate:
d\ L
dt — 16m2 N

hence for higher scales Q the value of A could become negative,

hence the vacuum instable (V<0). With the constraint A(Q)>0 for

all values of Q we obtain an underlimit on the Higgs boson mass.
After integrating the part of the RGE which is A independent from
Q, to Q we obtain:

2
2 U (3 4 249 4 4 Q
my, > ) (g (2_591 + £ 9192 +92> — 6%) In (@)

Hence a lower limit for the Higgs boson mass for a given Q scale
to keep the vacuum stable (without the presence of new physics
phenomena beyond the Standard Model).

The full calculations at higher order (more loops) is done.

/




K All together: theoretical bounds on the Higgs boson mass \

If the Higgs boson is to be found at 60 GeV then this means the

vacuum is instable in the absence of new physics. Only when the
mass is between 130-180 GeV the vacuum can remain stable up

to the Planck scale.
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The fine-tuning constraint

The radiative corrections to the Higgs boson mass induce a fine
tuning problem. At one loop

The integral can be cut-off at a momentum scale A

3A2
822
hence to cancel this we need m,? ~ (320 GeV)?

To cancel the radiative terms up to the GUT scale A ~ 1076 GeV
we need to cancel up to 32 digits after the comma.

mj, = (mp)? + (my, + 2miy, + my — 4mj7)




The fine-tuning constraint

Requesting up to 10% (or

1%) fine-tuning the allowed
range for the validity of the
Standard Model is reduced.
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Phenomenology of the Standard Model Higgs boson\

Aim:
= Main decay properties of the Higgs boson
= Be able to calculate towards the phenomenology of Higgs
physics

Content:

= Decays to quarks & leptons
= Decays to Electro-Weak gauge bosons
= Loop induced decays into photons and gluons




The decay of Higgs bosons

The Higgs boson couplings are directly proportional to the mass of
the particles involved, hence it tends to decay to the heaviest
particle allowed by phase-space.

For the vector bosons we have the hVV term in the Lagrangian

LhVV — \/\/iGpm%/hV”VM

While for the fermions the couplings are given as

m
Gng ~ " = \/\@Gme

U

with
2

Gp = —2
2V 32m%v

~




4 The decay of Higgs bosons into quarks & leptons

~

Born approximation:

g GFNC 2 13 4m?"
I'Born(h — — T pMm B =1/1—
Born( fr) 4/2n h fﬁf f m%

with N_ a color factor.
There are loop corrections to this from diagrams like

d . 9

N ’Q‘ \~4,\\;;—~‘_——‘ 6)/ \.\\ ‘q—
The decay width becomes

_ 3C;F 2
r h — — mpm
~nzol qq) 4on R

Absorb the large logarithms into a redefinition of the quark masses,
MSbar scheme

Mg — Mg(mp)

/




The decay of Higgs bosons into quarks & leptons

After QCD radiative corrections up to 3™ order

3G
T'(h — qq) = 4\/§F7Tmhm3(mh) 1+ Ay + A

With

_ —92 —3
Agg = 5.67— + (35.94 — LI6N;) =5 + (164.14 — 25.77N; + 0.26N7) —

7T2

) 9 m2
A2 =% s g (M) 1 Y a
T on2 ! 3% (mt i 9 o9’ m3

as = ag(myp)

N; the number of accessible fermion flavours

~




/ The decay of Higgs bosons into Electro-Weak gauge bosons\

The decay widths are directly proportional to the hVV terms in the
Lagrangian. Difference between “real” and “virtual” gauge bosons:

| L‘-IZV'—bO-J"; .,,";(;c"; $“b9d."? dec A/v b“ e
\J:}V &, \-»;‘, \/ « V /"{A d
i A OF_JJ s I)Jj f\/ ’yr”y/ T
T _LLLZ I V - \“LLL\ 5
n Y e V. hy T
5 { . L N

For two real bosons

G 2
Fm,équzzHfzhamkr—&d1—4x+1zﬁ)
70
2
r =Y ow =2 dz=1
mp

Hence when the Higgs boson mass is much larger than the mass of
the vector bosons, we have

. T'(h— WW)~2 -I'(h— ZZ2)

/




For large Higgs boson masses

T(h— WW + ZZ) ~ 0.5TeV (

my, )3
1TeV

the width becomes similar to the mass itself around m,=1.4 TeV.

hence the branching ratio can be non-zero below the kinematic
threshold

3G ms
'h— VvV = "L Vi, 6 Rr(z
with 7 10 40
oy =1 6, = 5 ?SmQQW + ?sm49W

2:3/2 2x

Vaxr — 1

/ The decay of Higgs bosons into Electro-Weak gauge bosons\

When there is a 3-body decay one of the vector bosons is off-shell,

3(1 -8 2022 dr —1 1 - 3
Rr(xz) = ( vt e )arccos ( v > — x(2 — 13z + 472%) — 5(1 — 6z + 42%)log(x)

/
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4 The decay of Higgs bosons into Electro-Weak gauge bosons
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Reference for these and following plots: arXiv:hep-ph/0503172v2
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4 Loop induced decays into photons and gluons

Photons and gluons are massless hence do not couple to the Higgs
boson, nevertheless they can appear in loops:

/:T-\/x\.\,-\ 6///2> ) /g;;,,

These diagrams contribute according to the mass of the particles in
these loops. Hence we can probe physics far beyond the scale of
the mass of the Higgs boson. For example the new heavy charged
or colored particles appearing in models beyond the Standard
Model.

Looks like these diagrams are only relevant when m, <130 GeV.




All together: branching ratios
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All together: zoom into the branching ratios
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Figure 2.27: The SM Higgs boson decay branching ratios in the low and intermediate Higgs
mass range including the uncertainties from the quark masses my = 178 £ 4.3 GeV, my =
4.88 +0.07 GeV and m. = 1.64 £0.07 GeV as well as from a,(Mz) = 0.1172 £+ 0.002.




Searching for the Standard Model Higgs boson h

Aim:

= Learn how with a phenomenological approach one can
identify the relevant experimental signatures to search for (in
this case) Higgs bosons

= Experiments are designed to discover phenomena (eg. the
Higgs boson), hence we have to be able to judge on the
experimental design parameters needed to make this
discovery possible

Exercise (typical exam question):
Can we discover the Standard Model Higgs boson at the LHC
(14 TeV) in the pp—>ttH channel? Try to estimate the
significance of this process after some event selection
enhancing this signal. Which integrated luminosity is needed to
have a significance larger than 5. Motivate your arguments.

J




g Main Higgs boson production processes
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process

cross section

comment

Oot(pp — X) 110+ 10 mb different models
Otot(pp — X) 111.5+ 1.2+3] mb | COMPETE Coll.
process CTEQSL CTEQ6M comment
Z-boson 48.69 nb 50.17 0107 nb
Z +jet(g +q) 13.94nb 12.73 4. nb | Po = 20 GeV
qq — Z 7 44.21pb 46.777°% nb | Py =20 GeV
W#-boson 158.5 pb 161.3% 152 nb
W+ +jet(g + q) 41.42nb 37.‘24f§:?5§”§ nb | Py =20GeV
Wy 56.21 pb 56.427131 nb | Py =20 GeV
W+W- 69.69 pb 75.07 % o pb
w*z 26.69 pb 28.76 7 oao pb
qq — ZZ 11.10 pb 10.78*102% pb
WQQ my, = 4.8 GeV, m, = 1.5 GeV, TopReX
Wee 1215 pb 108675137 pb | Mz = 3.0 GeV
Wee 33.5 pb 31.37 1% pb | M = 50 GeV
W*bb 328 pb 2077105 pb | My; = 9.6 GeV
W*bb 34.0 pb 31351 e pb | My; = 50 GeV
Zbb, my = 4.62GeV | 780.6 + 3.66 pb MCFM My; > 9.24 GeV
| dijet processes | 819 pb 583 0% yb | Pp=20GeV |
| v+ jet | 182 nb 133:({?{.’/’ nb | Py = 20GeV |
| v | 164 pb 137712 b [Py =20GeV |
bb, my, = 4.8 GeV 479 ub 187:?272;% pub
tt, m = 175 GeV 488 pb 49373317 pb
tt, my = 175 GeV 830 4+ 90 pb NLO+NNLO
tt bb 10 pb AcerMC 1.2
inclusive Higgs mpy = 150 GeV 23.8 pb
inclusive Higgs my = 500 GeV 3.8 pb

q )

Main backgroun

processes
(LHC@14TeV)

Main channels involve a
lepton (electron or muon)
because the amount of jet
production at the LHC is
enormous.

Hence need at least one
lepton in the final state of
the process where we
look for the Higgs boson.
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Searching for the Standard Model Higgs boson A

The estimation of the amount of signal event S is obtained from
the remainder after subtracting the estimated background
component B from the event sample with N events after a specific
event selection: . g

S =N — B Signi ficance = ————
VS + B

Background estimate for example from side-band analysis.

/
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Cross sections for Higgs boson production

| I | I | | I
olqqg — HV) pb ] olqqg — HV) pb ]
/5 = 14 TeV _ _ /5 = 1.96 TeV
1 - 0.1 =
01 - 0.01 = -
| ! L e ] [ | | | | ]
100 150 200 230 300 00 120 10 160 180 200
My [GeV] My [GeV]

Figure 3.3: Total production cross sections of Higgs bosons in the strahlung q¢ — H + W /Z
processes at leading order at the LHC (left) and at the Tevatron (right). For q@ — HW , the
final states with both W+ and W~ have been added. The MRST set of PDFs has been used.
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Cross sections for Higgs boson production

L0 | I | I

o(qq — Haq) [pb] ] o(qq — Haq) [pb)
Vs =14 TeV ] Vs = 196 TeV

WW+Z7

l)l 1 1 1 1 1 1 1 ‘\ ““l | | | |
100 LO0O0 100 120 140 L6O 180 200

My [GeV] My [GeV]

Figure 3.12: Individual and total cross sections in the vector fusion qq — V™V* — Hqq
processes at leading order at the LHC (left) and total cross section at the Tevatron (right).
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Cross sections for Higgs boson production

100 g . ————
: o(gg — H) pb
CTEQ6

my = 178 GeV

10 |

te. V5 =196 TeV

0.1 g

““1 L adl 1 L 1 1 1 1
100 1000

My [GeV]

Figure 3.18: The hadronic production cross section for the gg fusion process at LO as a
function of My at the LHC and the Tevatron. The inputs are my = 178 GeV, m; = 4.88
GeV, the CTEQ set of PDFs has been used and the scales are fized to pp = pp = My.
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Figure 3.30: The ttH and bbH production cross sections at the LHC (left) and the Tevatron
(right). The pole quark masses in the Yukawa couplings are set to my = 178 GeV and
mp = 4.88 GeV and the MRST PDFs are used. The renormalization and factorization scales

Cross sections for Higgs boson production

T IIIIIII

I
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have been set to ppr = my + %Af[ u for pp — ttH and ppr = %mb e i.M u for pp — bbH.
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Cross sections for Higgs boson production
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Figure 3.46: The Higgs boson production cross sections at the Tevatron in the dominant
mechanisms as a function of My. They are (almost) at NLO with my; = 178 GeV and the
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MRST set of PDFs has been used. The scales are as described in the text.
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Cross sections for Higgs boson production

100 T . : S —
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Figure 3.47: The same as Fig. 3.46 but for the LHC.
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Cross sections for Higgs boson production
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Reconstruction efficiencies

The reconstruction and identification of physical objects is never

perfectly efficient (eg. detector acceptance). Below some
benchmark numbers.

Isolated leptons (from W or Z decays) have ~80% efficiency to be
reconstructed when the transverse momentum is above 20 GeV.

Jets with a transverse momentum above 30 GeV will be
reconstructed in 90%, but will individually radiate in ~15% of the
cases gluons, hence loosing their kinematic information for mass
reconstruction.

B-flavoured jets can be identified with an efficiency of about ~50%,

while c-jets will be mis-identified as b-jets in 10% of the cases and
udsg-jets in 1% of the cases.




b-tagging at hadron colliders
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Discovery potential for SM Higgs boson

~
@ v
£ H vy + WHtHH - 77) E (L dt=30m> -y )
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Figure 3.49: The significance for the SM Higgs boson discovery in various channels in AT-
LAS as a function of My. Left: the significance for 100 fb~' data and with no vector boson
fusion channel included and right: for 30 fo=! data in the My < 200 GeV range with the
qq — qqH channels included [234].
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Discovery potential for SM Higgs boson
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Figure 3.50: The required integrated luminosity that is needed to achieve a 5o discovery
signal in CMS using various detection channels as a function of My [235].
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Two Higgs Doublet Models (2HDM) B

Aim:
= A first example of how the Standard Model can be extended

References:




Problems with the Standard Model A

Aim:
= Learn to use a phenomenological approach to identify the
problems of a model (eg. Standard Model)

References:
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Quick introduction to Supersymmetry

Aim:
= Extend the Standard Model with supersymmetry and learn its
particle content
= Learn the Minimal Supersymmetric Standard Model (MSSM)
= Get to know its parameter space

References:




The Higgs sector in Supersymmetric Models (MSSM)\

Aim:
= Extend the Higgs sector which you know very well to the MSSM

References:
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Constraints on the MSSM & its Higgs sector

Aim:
= What do we know about the MSSM Higgs sector
= How to approach these searches from a phenomenological
angle

References:
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