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Massive Vector Bosons in the SM

m,, = 80.40 GeV

W and Z bosons are massive
m, =91.18 GeV

Masses of vector particles can be described by:

L=m, WW'+m,Z, 2"

However, this Lagrangian is not gauge invariant under gauge
transformations

long-standing problem...
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nvariance

ulfilled if m = 0

nvariance requires massless gauge bosons!
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SM

S represented by

y) and singlets (right chiral states):

C t
s|y |b|;
Cp [y
Sp by

of fermions given by:
L=m,d,d,+m,d,d, + ..

violate gauge invariance in a similarway if ¢ - y'=pywy
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Ication

isospin_3
B weak hypercharge

electroweak symmetry breaking

What breaks the symmetry and makes the Z-boson massive?
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Higgs mechanism

The problem with the gauge invariance can be solved by introducing
a new scalar isospin doublet field ® (instead of a mass constant)
which respects gauge invariance.

L=(D,®)(D"®) +..+ y,0 d;dp+ y,0 uup +... CI)z(O)
ﬁYukawa couplingsﬁ

vector boson masses fermion mass terms

with the covariant derivative:
D, = 0, +(igW,o.+ig'YB,)

This field creates simultaneously vector boson and fermion masses
and breaks electroweak symmetry if the vacuum expectation values
(vev) of the Higgs field is non-zero!
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ation

Higgs field
in complex plane

inimum to be on the real axis (symmetry breaking):
d=v+y+i&

can hat potential: —w ¢ ¢ — A(¢ o)

2
2_—"U
2\

minimum if: Vv (vev if lambda negative)
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ggs Field

- y,0d, dy +y, ¢ uu,+...

e e B T e B e S e e |

N depends on lambda
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Interactions

O D)+ y,0d,dy + y,0u u,+..

lons: tan®, = % (Weinberg angle)

2

m, = VZ (g° + g~ — v=246 GeV
H
W.Z / » H e
/ / \
/ \
_____ 7 \ Y,
> AN
N
N W.,Z
N
W,Z W,Z N H

also here, coupling proportional to mass!
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ctions

1
V2

O =it,d"

0
v+h

————— coupling proportional to mass
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g lambda is not known!
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F(h—-WW™) = %1/1—rw (1—rw + 3rfy)

Gp M}
L(h—2Z)= JEAVI-17(1—17+31%),

ry = AMZ /M3
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Production of Higgs Bosons in
Hadron Collisions

(a) (D)

g g Qs
TECTETEE T
H° HO
gluon fusion dominates! ty  >------- W/ Zo--—mm - -
299809009 1
g qd, d,
g ¢
Hu
'I: __________
-
9 !
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SM Higgs production

SM Higgs production
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qb — qtH

TeVALHC Higgs working group
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95% CL Limit/SM
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Statistics and Limit Setting

chi* fit: g y, measurement
> Z (y,-—ptl-) . model prediction (nuisance parameter)
L = L + o. uncertainty (statistical and systematical)

I

chi? fit with correlated errors:
2 -1 . .
X = Zi Z]- (yi—ul.)covij (yj—uj) cov; covariance (error) matrix

Parameter Fit:
u, = Mi(x1 X, “"Xn> x, model parameter

95% confidence level

68% confidence level

good fit if:
> /degrees of freedom ~ 1
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ter fit) from 4 experiments:

+26  (95%)
+1o (68%) confidence level bands
-26  (99%)

ross section)

95% confidence level

68% confidence level

good fit if:
> /degrees of freedom ~ 1
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nsities

ability density was used

-~ used for statistical uncertainties

Note, Poisson distribution approaches Gaussian distribution for large
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Limit Setting Philosophies

Bayesian Method:

+ based on the experiment posterior, exclusion limits are calculated
+ low probability models are excluded
+ probabilities are assigned to models using a prior

“natural method” but choose of prior is arbitrary

Frequentist Method:

+ based on Monte Carlo toy experiments probabilities are assigned to all
possible experimental outcomes

+ exclusion limit is set by that model which excludes this experimental outcome
with certain confidence interval

computationally expensive and might give unphysical results
(e.g. negative cross sections)
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,,,,,,,,,,,,,,,,,,,,,,,,,,,

1-CL

excluded

CL = —=

A.Schoning

26

ethod

(background + signal)
L choose cross section as “prior”

Probability:

A e—%(xz(cr)—x?n)

additional constraint:

O = Op; because Og,=0

CL = confidence level
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ts depends on choice of prior!
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* Frequentist limit: exclude all theories which produce

the data at small probability o

less than 1-CL (typically:

CL=0.95)

=P (N<N,)<1-CL

o: also called
p-value

mu=1.7 " mu=2.9 ~

28

mu=4.1 "

mu=5.3"

S.Schmitt

Frequentist limit:
sum (integrate)
over observations
upto N_

Repeat for each model

1-P-F

95%

excluded

~ set limit with 95% confidence level for mu=4.6
+~ experiment has a 5% probability to happen

aaaaa
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Frequentist Method

In case of many observables x_a combined discriminator variable is often
ginec: D = D(xl,xz,x&...Xk)

+ large discriminator means high probability
+ small discriminator means low probability

Often, the output from artificial neural nets or other multivariate methods is used
as discriminator variable

A

Background
Background +Signal

' calculate smallest signal with:

a<1-CL

measurement D

A.Schoning 29 LHC Recent Results, Searches WS 2012/13



tist Method

ement value with P(BG)< (1-CL)

measurement

unphysical solution!
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Use ratio of two probabilities CL_ instead of o to test against CL

CLSB=(x=J' P(X|signal+bgr)dX - CL.,
s= |

CL,=[, . P(X[bg)dY CLy

X=X,

o Standard model has CLS=1 and is never excluded

:'? Observed X é‘ - | Observed X
E I near bgr maximum g-' " | downward fluctuation
o 04 o
o i =)
> z
@© I @©
S 02 S
o [ o
0.1-
CLp~0.6 HE CLp~0.05
CL~1.7« -2 0 2 . 4_ CL~20
Test statistic X Test statistic X

S.Schmitt
s > CL; by definition!

31 LHC Recent Results, Searches WS 2012/13



Another Example CL_, Method

Definition: A smai Background Background +
1
CL — CLSB 0.1 — 2—0

S °
CL,
.

measurement D

4 Background Background +
0.1
0.2 =—
0.5

measurement D

4 Background +

0.1 large Background

05 =—
0.2

measurement D
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Another Example CL_, Method

Definition: A small Background : Background +
CLy= == 001= 01'—%1 5
CL, : i
measurement D
A Background Background *
o= 201
0.5
measurement D
A Background +
0.01 large Background
0.05 = —
0.2
excluded at 95% CL

measurement D
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95% CL Limit/SM
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