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Toni Baroncelli: Measurements

W Mass at Colliders & Other Observables

i

| il 80,440 £0.051

Standard Model: precise relations among many observables, — well
defined ratios and/or relations.
 The mass of the W, of the Higgs, of the top quark are some of these

observables.

* my IS important because it is the best measured observable — check
the consistency of the SM predictions with data.
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All these
measurements
must have an area
of superposition
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Inconsistencies
could give possible
indications of new
physics
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Most Recent Measurements

In 2017, the ATLAS Collaboration at

, . Overview of m, Measurements .
CERN  published the LHC's first LEP Combination | AT AS Prelimi ﬁary - e =
measurement of the W-boson mass, e |

giving a value of 80370 MeV £ 19 MeV. = Ve =?Ta‘d'461b" ---------------------
At the time, this measurement was the DO (Run2) , S—

‘é most precise single-experiment result |

2 and agreed with the SM and all other COF (Run 2) 5 @

g experimental results. S

= In 2022, the CDF Collaboration at = [ .. TSRS 8 S R —

: Fermilab published an even more | LR B el

%g precise measuremen | ¥

= giving a value of It ATLAS 2017 o Mescurement _ S

differed significantly from e
Model prediction and from the other at. ne.

experimental results. —— !;T;izum
In 2023 ATLAS findsCmy, = 80360 Mez) B | ~ i
+16 MeV. my is 10 MeV low an the 80200 80300 80400
revious ATLAS result and is in
° my, [MeV]

agreement with the Standard Model.
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W mass measurement at Colliders

SM
DO | 80478 + 83 &
— Tevatron (pp, 2 TeV)
(| CDF | 80432 + 79 -
: DELPHI 80336 + 67 P )
: L3 80270 + 55 ®
g LEP (e*te™, < 200 GeV)
g OPAL 80415 + 52 =
. ALEPH 80440 + 51 & Y
DO II 80376 + 23 —e—
ATLAS 80370 + 19 —o— LHC, pp, < 13 TeV’ ]
CDF II 80433 + 9 s ]
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Compatibility of m, with SM
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80.3

80.25

_ ATLA|S ~—— m,, =80.360 = 0.016 GeV ]
— Preliminary BN m = 172.84 = 0.70 GeV —
B ce=- m, =125.09 + 0.24 GeV ]
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CDF: 80434 MeV + 9 MeV
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Methods to Measure the W Mass

i

ALEPH | il 80.440+0.051
DELPHI o 80.336 +0.067
L3  — 80.270+0.055
OPAL _._._ 80.415+0.052
LEP2 —— |80 376003
E =491
DO —-— 80.383+0.023
Tevatron - ‘ 80.387 +0.016
; x2idof = 4.2/
World av. (old) -.- 80.385+0.015
ATLAS — ‘ 80.370+0.019 ‘
World av. (new) - 80.379+0.012
M N T
80.2 80.4 80.6
M,, [GeV]

W mass and its width I',,is are the parameters that appear in a Breit-Wigner
expression for the cross-section vs centre-of-mass-energy

Decay W+W_ W+W_ - ch’lvl W+W_ - lvllvl
N qqlqllqlll
Fraction 46% 44% 10%
Topology 4 jets, nomissing 2 jets + missing No jet + missing
energy energy + lepton energy
Machine Method Prespnt
precision
4 1-cross-section at threshold, +33 MeV
e e : .
2-direct reconstruction
+16 MeV
pp . . (CDF and
High p charged lepton from its decay. Due DO) (+9 MeV?)
to the presence of vs the mass is
determined by comparison of the 1916
pp transverse mass my with MC predictions VeV
(ATLAS
Anh/\




Toni Baroncelli: Measurements

W*W~- — e_ve u+'Vu WW™ - e—Ve q~|—Q2 WW- — Q1a2q3-q-4

At LEP two point-like objects collide and this allowed the use of constraints:

« Total energy = Vs (= 2 x beam energy); — v energy known
« Total momentum in 3 directions = 0;

At LEP rate is ~ low, events are clean, no pile-up!

— adjust directions and prand E of objects to satisfy these constraints (fit) — improvement of my, resolution

« If both Ws are reconstructed than also impose mi, = m2, (however in full hadronic topology 4 jets and 3

combinations; use pairing that gives best masses)




Toni Baroncelli: Measurements

Close to the W*W~= threshold (161 GeV), the dependence of the W-pair %“ g o4 e D

production cross section rises as

— The measurement of oy at Vs gives my, (see plot on the right).
The most sensitive Vs to my, was determined to be Vs = 161 GeV, but data
at 172-183 GeV were also analysed to extract my,.

The potential precision is similar to the direct reconstruction method,
described below. However, LEP (mostly) operated at higher centre-of-mass 4 |
energies (NP + precise EW) and only 3% of the full data set was taken at :

_ A2 i
oww X B = \/1 amy, /s [ e My = 80.6 GeVie?

...... My, = 79.8 GeV. /c
...... M w = 80.0 GeV/e?

12

161 GeV.

Threshold Analysis
Experiment | mw[GeV]
ALEPH 80.20 £ 0.34
DELPHI 80.45104
L3 80.7810:%5
OPAL 80.401035

My, = 80.2 Ge\ /«:2
............ My, = 80.4 (‘c\’/c P4

.
)

10

*

.-.‘-'I
e I Larger opening

0'1. augrflons TR T R Lrrird e 7
156 l~8 I60| I62 164 166 168 170 172 174
12.1pb" at 161 GeV Vs (GeV)

The combination gives
mw (threshold) = 80.42 LEP) GeV

Amy,~200 MeV, energy knowledge plays no role!



Direct Reconstruction of m,

The direct mass reconstruction method was used at 172, 183 and 189 GeV centre-of-mass energies.

» W mass is reconstructed using the pairs of jets from each W decay.

» A constrained fit, mentioned before, is used

« fully hadronic and semileptonic channels are used

 In the fully hadronic channel ‘pairing problem’: (12+34, 13+24, 14+23) — combinatorial background.

Toni Baroncelli: Measurements

(a) - (b) -
Example: L3 o N L 150 e ey
| ® Data ggev L3_ | ® Data gggg, 1st pairing LS_
CIM.C. reweighted ] OM.C. reweighted i qqqq some background’
% | M.C. background (a) 7 % | BM.C. incorrect pairing (@ | . . .
| t G 1 & |m@uc vackgouna significant pairing
ggev: aimost no < 40 | 1 5100 - 1 contribution
background, no pairing  §  |u,-rass 022 cev 5 | m-soszorraey '
problem = = | | — similar precision to the
2 @ 50 - 1 semi-leptonic case even if
5 5 statistics is larger

Full leptonic topology limited
statistics (10% decays)

50 60 70 B0 S0
m. . [GeV]
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Getting the Mass and the Width

In the direct reconstruction method, the mass of the W boson is obtained by comparing data to simulated
e'e” » WW-

event samples generated with known values of my, and Iy, in order to obtain those values which describe the data

best.

These Monte-Carlo samples are of large statistics, typically 106 events. Since the generation of event samples for all
possible parameter values is very computing time intensive, different methods are used to perform the my, and I'yy
extraction in a more efficient, but still precise way (typically re-weight events).

The individual results of the four experiments are combined

taking into account correlations

ALEPH I

DELPHI -—

L3 = -

OPAL _.—._
LEP2 —.I—

80.336+0.067

80.270+0.055

80.415+0.052

' BU.B%@ﬂﬁS%
' y2idof = 49/41

X2/dof is ~good

Direct Reconstruction

WHtW™ — qqly, | WHW™ — qqqq Combined

Experiment my [GeV] my [GeV] my [GeV]
Published
ALEPH 80.429 + 0.060 80.475+0.080 | 80.444 +0.051
DELPHI 80.339 £+ 0.075 80.311 £0.137 | 80.336 = 0.067
L3 80.212 - 0.071 80.325 1+ 0.080 | 80.270 4 0.055
OPAL 80.449 4- 0.063 80.353 = 0.083 | 80.416 +0.053
LEP combination

ALEPH 80.429 £ 0.059 80.477 £ 0.082 | 80.444 £+ 0.051
DELPHI 80.339 £ 0.076 80.310 £0.101 | 80.330 4+ 0.064
L3 80.217 £ 0.071 80.324 £ 0.090 | 80.254 = 0.058
OPAL 80.449 + 0.062 80.353 £ 0.081 | 80.415 =+ 0.052




How Precisely one has to Measure m,?

One could ask: down to which level do we need to know m,?

¢ W
the effect of higher order diagrams: M m
T

* Logarithmic on my — weak
In extended theories, Ar receives contributions from physics beyond the SM.

2 Why,Z
myy o

. mﬁ,(l——z)= (1+ Ar) H
g mZ \/EGF H /"—'M\
E R T 1
2 - ~ 1 1
A W WAVAAAARAMA
= « Dependence is quadratic on m; — more visible ZW Z/W Z/W ZIW
3 ZW
S
:

The current Particle Data Group gives the world average of my, (dominated by the CDF and DO measurements):
world average of my, = 80385 eV
Given the precisely measured values of , Gr and m- , and using m; and my we can use the above relation to derive
SM prediction of my, = 80358 V and my, = 80362 eV (different calculations).

[The SM prediction uncertainty of 8 MeV represents therefore a target for the precision of future measurements of mW.]
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W Mass Reconstruction at Colliders

We have seen that at LEP m,, could be reconstructed using ALL decays of the W. This is possible because

« Electrons and positrons are point-like objects

« The centre-of-mass energy is defined

« The background: both hadronic and leptonic decays

« Conservation of energy and momentum allows to calculate the momentum and direction of one undetected
particle (like neutrinos in the decay W — vl)

At hadronic collider machines there are difficulties in the use of hadronic decays:

« the QCD background is >>>>>>> the EW production of W’s
« High energy W — the two jets W — qq’ are ~merged. Sophisticated techniques look for internal structures in ‘fat
jets’.

In practice all m,, measurements
at hadron colliders are based on
the study of W’s leptonic decays
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N

E——

miss _—

br— = —

Difficulty: p of the neutrino can be calculated only

in the x-y plane.

— how to compute the mass of the W using
measurements in the transverse plane? — my

4 Ef7f+

M,y

One lepton and one
undetected neutrino

Two same flavour
opposite charge leptons

p =y

Neutrino is not ##*"*«, 1 p,

/ measured

(ph + ur)

. lepton & neutrino;
hadronic recoil (u)

Z:  two leptons;
hadronic recoil (u)



Py, 11, Visible particle (like leptons in W decays)

where
The mass of the parent particle M# = [Er(1) + E7(2)]> — [pr(1) + pr(2))° L=~

can be constrained with the — m? +m3 + 2[Er(1)Er(2) — pr(1) - pr(2)] ( pr(1) = Emlss\
observable M+ defined by .______,¢'

Eun [ T T T T l T T T T I T T T T l T T ]
<5 MSTW2008NNLO 1

For mi~m2~0— Mz = 2|pr(1)||pr(2)|(1 — cos ¢12) : 2 usrwaoos

00 - S NNPDFNNLO ]

Toni Baroncelli: Measurements

My > 40 GeV

300 — Ermas > 25 GeV _]
I Priep > 20 GeV |

ox- (pb)

200 —

Important characteristic: the end point of this distribution is Breit-Wigner+

]
, I
MTx = M 3 l‘ / Resolution effect

100 —
T : — sharp fall —
Also the distribution of the pr of the lepton has memory of b | smooth fall

my: the end-point is my,/2 40 0 80 100




Effect on M of Resolution & Breit-Wigner Shape

Also the distribution of the p; of the lepton has memory of my,: the end-point is my,/2

The figure « shows the Jacobian peak of the p
distribution when

0.06 J_ T T T T T T T T T T T T I T T T T J.

« no Breit-Wigner distribution, ideal detector with
perfect acceptance and resolution

» the Wis produced according to a Breit-Wigner
distribution, ideal detector with perfect ~ wmmmmmm——"
acceptance and resolution

« Breit-Wigner distribution, detector with realistic AdddadddArsaa
acceptance and resolution

0.04

Toni Baroncelli: Measurements

0.02

— the distribution becomes broader and broader




Toni Baroncelli: Measurements

my, and M, (and p+)

Strategy:

— Generate MANY s imulated events including physics and detector effects with slightly different
values of my, and I'yJand find which one fits best the experimental M+ distribution.

% =N
950000 —  §O
g =) The minimum of this
Sa0000 [~ = ' th t
A ; my = 81 GeV , I curve gives the mos
30000 |- s | probable value of my,
: N B p—
20000 | = °F
z 5|1
10000 (— = i
8 for
i [ S |
o L T DORL DO S+ - S|t
50 55 60 65 70 75 80 85 90 95 100 O B
Transverse Mass (GeV) w lo}
O i
Also the distribution of the p; of the lepton § i Fif e
has memory of my,: the end-point is my/2 0798 80 502 804 806 508 81

M, (GeV)
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m,, Measurement Strategy: Use £ Boson

« ~107 (10%) W*=tolv (Ztoll') — The sizes of these samples give a statistical error on my, smaller than 10 MeV

* my is sensitive to the strange-quark and charm-quark distribution functions of the proton used in the of templates
(less well known than u(x) and d(x)!)

« Use Z — [/ events to calibrate the detector response: treat one of the reconstructed decay leptons as a neutrino.

The accuracy of this validation procedure is limited by Z-boson sample, ~ 10x smaller than the W sample.

p =y

=k ): Hadronic recaill

S

o

=( \: Hadronic recail

et reconstructed
lepton is
cancelled via

- software

Y



Global EW fits — Input Parameters

) Average of LEP (A¢ = 0.1465+0.0033) and SLD (A¢ = 0.1513+0.0021) measurements, used as two measurements

in the fit.

The fit without the LEP (SLD) measurement gives Ay = 0.1470 £ 0.0005 (A¢ = 0.1467 £ 0.0005).

(¥) Combination of experimental (0.46 GeV) and theory uncertainty (0.5 GeV).‘"In units of 107°. (“’Rescaled due

to as dependency.

Free . Fit w/o exp. input Fit w/o exp. input .
Parameter fputvalue gy Fit Result in line in Tine, no theo. une.  INPUTL Values and fit results for the observables used
My [GeV] 1251402  yes 125.1 4 0.2 90+21 89 +20 in the global electroweak fit.
My [GeV] 80.379£0.013 -  80.359+£0.006  80.354 & 0.007 80.354 % 0.005
Ty [CeV] 208540042 - 2.001+0.001 2.001 + 0.001 2.001 + 0.001 1. the observables/parameters used in the fit
My [GeV] 91.1875£0.0021 yes 91188200020 91.2013+£0.0095  91.2017  0.0089 - : -
£ Tz [GeV] 24952+ 00023 - 24947400014  2.4941 +0.0016 2.4940 + 0.0016 2. T[he.ll’ experimental values or eSt.I mates o
£ o0, [nb] 41540 £0.037 - 4148440015  41.475+0.016 narszo0os 3. Indicates whether a parameter is floating in the
S RY 20.767+0.025 - 2074240017  20.721+0.026 20.719 + 0.025 fit
g A% 0.0171£0.0010 -  0.016204£0.0001 0.01619£0.0001  0.01619 £ 0.0001 ' . , ,
2 A, @ 0.1499+0.0018 -  0.14704+0.0005  0.1470 % 0.0005 oueooos 4. theresults of the fit including all experimental
T sin?0% (Qrn) 0232400012 - 023153%0.00006 0.23153+0.00006  0.23153 = 0.00004 data.
5 sin?6f;(Tevt) 0231484000033 -  0.231534+0.00006 0.23153 +0.00006  0.23153 % 0.00004 5 f | . th : "
3 A, 06700027 - 06679000021 0.66794+0.00021  0.6679 % 0.00014 . Titresults are given without using the
5 A, 0.923 + 0.020 —0.93475 4+ 0.00004 0.93475 + 0.00004  0.93475 + 0.00002 Correspondi ng expe rimental or
A% 0.0707£0.0035 -  0.0736£0.0003  0.0736 % 0.0003 0.0736 = 0.0002 - : - -
A% 0.0992+0.0016 - 01030400003  0.1032 % 0.0003 0.1031 % 0.0002 p_he_nome nologlgal e.Stl mate in the given row
RO 0.1721+£0.0030 -  0.17224+0.00008 0.17224+0.00008  0.17224 = 0.00006 (I ndirect determi natlon) :
RY 021620 0.00066 - 0215824000011 0.21581£000011 0215812000000 ragylt using the same setup as in the fifth
e [CeV] L7IoH yes 1275 - - column, but ignoring all theoretical uncertainties.
m, [GeV] 4.20 7047 yes 4.20 517 = =
m; [GeV](¥) 17247+£068  yes  172.83+0.65 176.4 + 2.1 176.4+2.0
Aol (M2) (12) 2760 + 9 yes 2758 + 9 2716 + 39 2715 + 37
a.(M2) - yes 01194400020  0.1194 % 0.0029 0.1194 + 0.0028



Global EW fits - 1

w|i |+ . | 1 iloo  Comparison of the results with the indirect determination in units of the
M, 15 total uncertainty, defined as the uncertainty of the direct measurement
Ty ] 0.1 and that of the indirect determination added in quadrature.
M, 0.3
p GGFZ :’2 The indirect determination of an observable corresponds to a fit
: H'f}: 10 without using the corresponding direct constraint from the
2 A% 0.9 measurement.
§ A(LEP) 0.1
T A(SLD) 2.1 Result — Indirect Determination
é sinz?:f{i“(ﬂm} 0.7
% s'“z'B:rlr} ﬁe:ég 3'; \/ o }%esult + O-Ian.Det.
Ao 24
A [ 0.0
Ag - 06 In the context of global fits to the SM parameters, constraints on
:'{E — 2: physics beyond the SM are currently limited by the measurement of the
m, 05 W-boson mass. Therefore improving the precision of the
A0 (V2 02 measurements of my, is of high importance for testing the overall
as{Mgl i 13 consistency of the SM.

3 2 4 0 1 2 3
{Om - Omeas} / Omeas
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ATLAS Paper

Fraction of events

Var./ Norm.

0.12

0.1

0.08

0.06

0.04

0.02

1.01

0.99

Decay channel W —ev W — uv
Kinematic distributions pL, mr p&. my
Charge categories W+, W~ Wt W~

Ine| categories

[0,0.6], [0.6,1.2], [1.8,2.4]

[0,0.8], [0.8,1.4], [1.4,2.0], [2.0,2.4]

---AT,=-200 MeV

- ATLAS Simulation B Nominal

= Am,,=+60 MeV
= s=7 TeV, pp—> W'+X — Amp—£0 MoV
— ---AT'=+200 MeV

L i b
T s N e U n
32 34 36 38 40 42 44 46 48 B0

Fraction of events

Var./ Norm.

0.12

0.1

0.08

0.06

0.04

0.02

'ATLAS Simulation
(s=7 TeV, pp— W +X

B Nominal

Am,=+60 MeV
—Am,=-60 MeV
---AT",=+200 MeV
---AT",,=-200 MeV

L S, €

..... L e LT T Cold -
1Ezzzzomeasl T e L —]
e — L
8 L L
~~85 70 75 80 8 90 95 100
my [GeV]
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U, n|<0.8, g=—1

U, MI<0.8, g=+1
u, 0.8<m|<1.4, g=—1
I, 0.8<n|<1.4, q=+1
u, 1.4<m|<2.0, q=—1
u, 1.4<m|<2.0, q=+1
i, 2.0<m|<2.4, g=—1
i, 2.0<m|<2.4, q=+1

e, |<0.6, q=—1

e, n|<0.6, g=+1
e, 0.6<|<1.2, g=—1
e, 0.6<n|<1.2, g=+1
e, 1.8<n|<2.4, g=—1
e, 1.8<n|<2.4, g=+1

Combination

Overview of the mW fit results in all categories for the (a) p% and (b) my distributions, g denotes the charge of the

decay lepton.

my,. ATLAS Result

ALI'LAS | | |
Vs=7TeV, 4.6/4.1f", e-/u-channel, single- and multi-p§ -fits

= P|_H, total unc. === ¥2, total unc.

75;_

%I—-—I
7!’

I—

804315
803095
8037841
80341*H
8039474
804634

804275
80326*%
80398%;!
80357+
80378%2!
8044720

8033412 80313*13
80312+12% 80332121

80353*1
80300*4!
80306

8036077
80336%;5
803237,

80375%5 80359%0
8040720 8041752
80331747 80345%3

. 80?57T]‘§ 8|037§T1‘§‘
80400 80600
m,, [MeV]

-
80200

(a)

U, m|<0.8, q=—1

U, M<0.8, g=+1
u, 0.8<m|<1.4, g=—1
u, 0.8<n|<1.4, q=+1
u, 1.4<n|<2.0, g=—1
u, 1.4<m|<2.0, q=+1
u, 2.0<m|<2.4, g=—1
u, 2.0<m|<2.4, g=+1

e, n|<0.6, g=—1

e, n|<0.6, g=+1
e, 0.6<n|<1.2, g=—1
e, 0.6<n|<1.2, g=+1
e, 1.8<n|<2.4, g=—1
e, 1.8<n|<2.4, g=+1

Combination

A |TLAI!lS | | |
Vs=7TeV, 4.6/4.11b7", e-/p-channel, single- and multi- my -fits

= PLH, total unc. === »2, total unc.

— 80370'%0 803762
80370%4 80368%%5
80406%3 8041873
80363%4 80352%%
80363'% 803775
80416'%* 80425'%2
80320*135 80330*142
80293"/%; 80329128
80452*22 80430
803572 803665
80320%23 803215
8039825 804033
80410'§ 80443'&
803612 80362%¢

| l ! % l ! 80:\388;%: 8|038\5t§§
80200 80400 80600
m,, [MeV]

(0)
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Most recent ATLAS paper

r— T I T T T T l T
> C ATLAS &= m,, =80.370 + 0.019 GeV
G, 80.5 B m=17284£070GeV
E; - - =125.09 +0.24 GeV
80.451 W 68/95% CL of m,, and m, —
80.4 D -
80.35 I / .
80.3 :— ......... i 68/95% CL of Electrowea .
F Fit w/o m,, and m, ]
- (Eur. Phys. J. C 74 (2014) 3046) -
B 1 1 I 1 1 1 1 I 1 1 | 1 1 1 1 I 1 1 1 1 I 1 ]

60.25 165 170 175 180 185
m, [GeV]

Need to improve:

and Z-boson rapidity cross sections

[ I [ I
ATLAS ® my, | —
“i‘:t-uu"ce”a'"‘y The determination of my, from
— Full Uncertainty .
the global fit of the
HEP Comb. @ BT electroweak parameters has
Tevatron Comb. @-80387£16 MeV an Uncertaiﬂty of 8 MeV —
P Tevatron J—— natural target for t_he precision
of the experimental
=SS smuliRT0119 MoV measurement of my,.
Elect k Fit 80356+8 MeV
ectroweak ri l _YI_ I I
80320 80340 80360 80380 80400 80420
my, [MeV]

Improved QCD and electroweak predictions for Drell-Yan production

The modelling uncertainties, which currently dominate the overall uncertainty of the my,
Better knowledge of the PDFs, as achievable with the inclusion in PDF fits of recent precise measurements of W-

All these uncertainties are crucial for future measurements of the W-boson mass at the LHC.



Toni Baroncelli: Measurements

Measurements of many
different EW processes
have been performed:

Many different cross
sections have been
measured at different
centre-of-mass energies,
spanning over ~9 orders
of magnitude.

The comparison with SM

predictions is also shown.

Agreement is generally
good.

Jan 2019

CMS Preliminary
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LG @ 7 TeV CMS measurement (L < 5.0 fo™) b
@ 8 TeV CMS measurement (L = 19.6 fb™) -

I - Theog éred ction ' .
Ze L 2 CMS 95%CL limits at 7, 8 and 13 TeV

rement (L < 35.9 fb™)
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All results at: http://cern.ch/go/pNj7
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Toni Baroncelli: Measurements

o x B [nb]

Standard Model Total Production Cross Section Measurements status: July 2018

Very similar situation in ATLAS —

. 500 b
g w0 Eae ATLAS Preliminary -
— - Theory
Lk = Run1,2 v5=7,8,13 TeV
106 | LHC pp Vs =7 TeV
T T T T T I T T T T T T T T | T E
e CMS,19pb’,8TeV W - g M 0o 45-460
O CMS,36pb™,7 TeV W~ : o
10— = CDFRunll W — 10°F o LHC pp V5 = 8 TeV
— m| DO Flun | = 3 "n"_*_‘o__ A  Daa 20220317
[ A ]
— v UA1 — 10 3 LHC pp Vs =13 TeV
| Z —] Bl D:a 32-7981!
1 — / — 10° 3 -
E E [ o o O
| | 2 L A0
- - 10E "o s a a o
X L - -
107 - — 1wk w8 =g T
— — 3 =] 20107 o
— Theory: NNLO, FEWZ and MSTW08 PDFs = - I\EF &
[ 1 1 ] 1 - .I_ I *
5 7 10 20 : L] =%
Collider Energy [TeV] : i | = T
1071
PP W z tt t ww I H I Wt WZ ZZ t ttW ttZ tZj

t-chan s-chan

As an example the inclusive cross-section for the production of Ws and Zs is also shown compared to theory.

This is the end of the SM? Do we need to measure some observable to a better precision?
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5 Measurement ATLAS Preliminary
pp — X E=——0=""5"26 (LO) o
Many orders of magnitude!
pp — W L= O e
pp — Z/ y*n______-—“—_ﬂ; NNLO
NNLO+NNLL B . S
pp — tt NLO-+NNLL
o — H MNBLO 99F)
pp — WW W
x 0.1 NNLO
WQME B
pp — 27 T N0
..|.XO.'1.|...|...|...|...|.
4 6 8 10 12 14
\s [TeV]

Q X
7 TeV, 20 ub”, Nat. Commun. 2, 463 (2011)

8 TeV, 500 ub™, Phys.Lett. B761 158 (2016)

13 TeV, 60 ub™, Phys. Rev. Lett. 117 182002 (2016)
Epp->W T pp—>2Ziy

5TeV, 25 pb™, Eur. Phys. J. C79 (2019) 128 (for Z/W)
7 TeV, 4.6 fo™!, Eur. Phys. J. C77 (2017) 367 (for Z/W)
8 TeV, 20.2 fb, JHEP 02, 117 (2017) (for 2)

13 TeV, 81 pb™', PLB 759 (2016) 601 (for W)

13 TeV, 3.2 fb™", JHEP 02, 117 (2017) (for 2)

2 ppotl

7 TeV, 4.6 fo™', Eur. Phys. J. C 74:3109 (2014)

8 TeV, 20.3 fb™", Eur. Phys. J. C 74:3109 (2014)

13 TeV, 3.2 fb™", Phys. Lett. B 761 (2016)

B pp—tq

7 TeV, 4.6 fo’", PRD 90, 112006 (2014)

8 TeV, 20.3 fb™", Eur. Phys. J. C 77 (2017) 531

13 TeV, 3.2 fb™", JHEP 1704 (2017) 086

O pp—oH

7 TeV, 4.5 fo™', Eur. Phys. J. C76 (2016) 6

8 TeV, 20.3 b, Eur. Phys. J. C76 (2016) 6

13 TeV, 36.1 fb!, Phys. Lett. B 786 (2018) 114

T pp— Ww

7 TeV, 4.6 fo™', PRD 87, 112001 (2013)

8 TeV, 20.3 fb™", JHEP 09 029 (2016)

13 TeV, 3.2 fb™!, Phys. Lett. B 773 (2017) 354

T oo WZ

7 TeV, 4.6 o™, Eur. Phys. J. C (2012) 72:2173

8 TeV, 20.3 fb’!, PRD 93, 092004 (2016)

13 TeV, 36.1 fb'!, arXiv:1902.05759

Z pp — ZZ

7 TeV, 4.6 fo™!, JHEP 03, 128 (2013)

8 TeV, 20.3 fb!, JHEP 01, 099 (2017)

13 TeV, 36.1 fb!, Phys. Rev. D 97 (2018) 032005



¥ The Discovery of the Top

| hadronic
- ,ets/ W-decay

v
w

Ut
|

Tevatron!
“—

_ Antiproton
- A » ‘

(%]
+=
C
(9}
£
()
—
>
(%]
©
=
o
O
c
o
—
5%}
o0
i=
]
=

leptonic m
W_decay - | : jet

ol '

| D-jet




Toni Baroncelli: Measurements

The Discovery of the top. The Tevatron

The Tevatron:
* proton-antip

roton collider

« 1-km radius synchrotron, with superconducting magnets
* beam accelerated from 150 to 980 GeV two interaction points for the CDF and DO detectors.

Fermilab Accelerator Complex

NuMI

MiniBoone
Accumulator
( Debuncher -
=~
8 —)/ 50 GeV Switchyard
—
—

Main Injector

Recycler

B0 Detector
and Low Beta

Tevalron

150 — 980 GeV

~ 25 years

&

{

Timeline:

» 1976 Initial proposal of a pp callider at Fermilab by transforming

an existing accelerator into a storage ring — accumulation and
cooling of antiprotons.

« 1978 Fermilab decided the construction of the accelerator.
Design goals were: a luminosity of 11 - 103%cm™2s~1 at vVs=1.8
TeV.

« 1981 Tevatron starts as fixed target accelerator

« 1985 Tevatron operates as a pp coallider, first collisions,
experiments in construction

« 1987-1989 first ~test run of the Tevatron, 5 pb-1 of data

___collected

« 1992-96 Run la & Run Ib — upgrade of the collider to a
luminosity of 5 - 103tecm™2s~1, 180pb-" collected

« 2001-2011 Runll top luminosity 5 - 1032cm=2s~1




Toni Baroncelli: Measurements

Introduction: the top Quark

The top quark is

the heaviest known elementary particle
Completes the third family of quarks

its lifetime which is too short to build hadronic bound states.

The large value of the top quark mass
indicates a strong Yukawa coupling to the
Higgs, — could provide special insights in
our understanding of electroweak symmetry
breaking.

Together with the W boson mass, it
constrains the Higgs boson mass through
global electroweak fits.

The top was discovered in 1995 at the
Tevatron.

Different periods of data taking at the Tevatron

Runla | RunIb | Run II
Energy (center-of-mass) 1800 1800 1960 | GeV
Protons/bunch 1.2 2.3 2.9 x 101
Antiprotons/bunch 3.1 5.5 8.1 x 1010
Bunches/beam 6 6 36
Total Antiprotons 19 33 290 %1010
Proton emittance (rms. normalized) 3.3 3.8 3.0 o mm-mrad
Antiproton emittance (rms, normalized) 2 2.1 1.5  mm-mrad
B* 35 35 28 cm
Luminosity (Typical Peak) 5.4 16 340 %103 cm2sec!
Luminosity (Design Goal) 5 10 200 %103 cmZsec™!




top Production and Decay

rk-Antiquark Annihilati - — +
Quark-Antiqua nihila |c:-nit The primary mode, in A tf w+e E L, g7 bq” ﬁm_b’ _(45‘7%)
which a t pair is B. it —|Wth b g7 bl vyb +_f+ vebq" 7" b,(43.8%)
oroduced from a gtf C. tT—-|WIbW bt tvbt'~ 7y b. (10.5%)
vertex via the strong Always 2 b-jets
% t interaction, was used by S
£ Gluon-Gluon Fusion the DO and CDF | I SM: ~100% t - Wb I
: + collaborations to discover W- > hadrons Ty e
: the top quark in 1995.
E One pair of tops produced _
= t W ;3_;-{ 8.-
2 8 - o
5 All Hadronic + "
g T
t-channel . The second production mode of top A @ >
9 quarks is the ew production of a single B
top quark from a Wtb vertex.
Vi = Tau + Jets

U e

» Cross section ~ half that of tt pairs
foes o B
* signal-to-background ratio is much Lepton + Jets Dilepton

One top produced worse

W+ >




Topologies in tt Decays

SM top decay: « These events always contain two b quarks
~ t> Wb (BR~ 100%)
W=~ hadrons L _H € « TheW decays characterise the topology of the event:

« All hadronic — 6 jets (2 b jets) with large QCD background.
Problem is jet-pairing, many possible combinations (W
mass.

([ Example: Top Lepton+Jets Decay‘

Lepton + jets — lepton,
neutrino + 4 jets; lepton
and missing energy
suppress QCD
background. 4 jets,
pairing problem even if
= Tau + Jets less than in the full
hadronic case high-pt lepton: pr > 20 GeV
* Di-lepton — 2 leptons, 2
neutrinos 2 b jets; clean,
little background but 4 high-pr jets: pr > 40 GeV
(10% BR) + ambiguities |
due to 2 neutrinos |

All Hadronic

Toni Baroncelli: Measurements
hadrons
S19P + Ne |
S1or + uoydan

Lepton + Jets Dilepton neutrino: MET > 30 GeV

U e




Toni Baroncelli: Measurements

Heavy flavour hadrons (—"b hadrons”) are unstable (life-time ~ 1.5 x
10-12's) and decay after a measurable path (mm’s).

First approach: hadronic decay of the b-hadron —

1. charged tracks do not extrapolate back to the primary vertex
2. A secondary vertex detached from the primary vertex is
present in the event

The topology close to the primary vertex has to be studied — vertex
detector

Second approach: leptonic decay of the b-hadron —
b decay to lv+X — ~soft lepton close to a jet

dg track based indicator distance
of minimum approach to the
primary vertex

Lxy distance between the
secondary vertex and the primary
vertex in the xy plane




The Experiments: CDF & DO

Already a ~ large modern detector:
barrel part + forward/backward disks

Half detector shown the
other half is symmetric

EL-740 f1.

 Silicon strip detector to measure
tracks close to the interaction point
to identify secondary vertices

50'-0"

1524 mm)

l
|
-

EL-706ft.

g .
2 % l  Superconducting solenoid + tracker
= - ' inside
E | « em and had calorimeters
£ |
& LSy e ~* muon chambers
G proton | e, re@Rb@roton
:kj:_———[ e 0 B VERTEX TPE.
n N END PLUS
N .
o R SelomeTer 26 mlong and 10 m high
o
| Interagtion Point I
DO had a similar structure
ND PLUG MOVED BACK
— **  FOR ACCESS
EL-T10 11, & =&

O mm,




The Discovery of the top in CDF

e~ <———1 CDF during installation

< 7=~ - = = 13 = ~ ¥
P e - ® L T sy i

SRR A, tt— W"’bW‘E—} qﬁ"bq”ﬁ"’_f_),  (45.7%)
B. tt—=WT bW b—qq7 bl vsb+ T vebq" 7" b(43.8%)
C. tT—-WTbW—b—{tybl'"vpb. (10.5%)

Always 2 b-jets

| A: all hadronic, B: lepton + jets, C: leptons |

Selections ( optimise S/4/S + B)

Toni Baroncelli: Measurements

A: Lepton + jets B: Di-lepton
IXW->lv(l=ep 2XW >lv(l=epn
pt > 20 GeV pt > 20 GeV
> 3 jets (of which 2b) 2 jets (from b-decay)
(1 secondary vertex) EMUSS > 25 GeV

OR (1 soft lepton from b-

decay p> 2 GeV 75 GeV < mgeyy, < 105 GeV



Top Mass Reconstruction (2 methods)

AEEEEEEEEEEEEEEEEEEENEEEEEEEEEEEEENEENEEEEEEEEEEENEEEEEEEEEEENEENEEEEEEEEEEEEENEEEEEEEEEEEEENEEEEEEEEEEEEENEENEEEEEEEEEEENEEEEEEEEEEEEEEEEEEEEEEEEEESR ullllllll.

: Direct my,, reconstruction in the I+jet channel: take the hadronic side (‘jet side’) and compute :

: * my =invariant mass of jet, and jetg 1

: « JES = Jet Energy Scale: scale factor which multiplies the jet energy. You look for the JES which gives the best

: reconstruction of my, .
F Mop = invariant mass of reconstructed hadronically decaying W + jet :
£ : Template method: generate —
2 fxample: Top Lepton+Jets Decay'\| : ©  Many samples of tt events with my,, varying in small steps 2 :
= i+ Take one observable with memory of m,,, and compare with data :
: . : * Best agreement — my,, :
© .0' . > L > E T I B N AL B .
Fg : 8 : A'TLAS' Eop : 8 600} 1.?:&3:22 B?l?enainty % g},rr':'é’g:zg{:hsev —: E
o = wn | Simulation 167.5 GeV i o C [ Wrong / no match B Single top i
= . - B —172.5 GeV |~ 55ppf. WM NP/fake leptons Z+jets =
- £ o —177.5Gev | £ E WWiwzizz ATLAS 3

D t 5 [ 1 & o (s=8TeV,20.2fb" |

A O - \ ] 300 3

. p* / - £ 005 - = 1.

K ‘e, . . £ - ] 200~ 4 :

2 2 . S - . = 4 =

o 4 L 1 100 =

: og : I | I 1 - 0: o E

m° = invariant mass of 55 1%/’ R 2 !

. © 08F {1 S .

lepton + jet,, S sk 3 B osg il b NP

) GG £ 40 60 80 100 120 140 160 40 60 80 100 120 140 160 °

(vi non included — my,“" < myqy) » M [GeV] miee [Gev]



Discovery of the top at CDF & DO

Year Number Selected Events (CDF+DO0) top mass (GeV)
A: Lepton + jets B: Di-lepton 174 + 1053
1994 _ :
(evidence) 86 (background:37) 12 (background:2.5)
§ 1995 signal incompatible with background: CDF: 174+ 8+ 10
(discovery) CDF 4.9 DO 4.60 DO: 199 + 22¥19
=
§ CDF DO
§ °f E 2 - ~ 6
i B e | 8 a- 1
E % st = 1:" 2 - | :‘\\
' mol'/' B B e B A B
o JL 100 200 100 200
R A L e P Fitted Mass (GeV/c?)
Reconstructed Mass (GeV/ic™) wonem R:'c]m;mm:::} M:li; {é;ﬂ‘uffcglﬂ wm




The Evolution of m, from Tevatron to LHC

oo reliminary Miop Summary, Vs =7-13TeV March 2022 Important improvements with time (and going to LHC):
------- World comb. (Mar 2014) [2] e e my = 174.30 + 0.35 + 0.54 (CDF + D0)
[ stat
bowemeow 6w | ® ™ me=173.34% 036+ 0.67 (CDF + DO + LHC)
LHC comb. (Sep 2013) LHctopwa 173.29 + 0.95 (0.35 + 0.88) 7 TeV [1]
World comb. (Mar 2014) 173.34 + 0.76 (0.36 + 0.67) 1.96-7 TeV [2]
ATLAS, I+jet5 172.33 £ 1.27 (0.75 £ 1.02) 7 TeV [3]
a ATLAS, dilepton 173.79 + 1.41 (0.54 £ 1.30) 7 TeV [3]
o ATLAS, all jets 175.1£ 1.8 (1.4 £ 1.2) 7 TeV [4]
g ATLAS, single top 172.2£2.1(0.7 £ 2.0) 8 TeV [5] 10° =
5 ATLAS, dilepton 172.99 + 0.85 (0.41+ 0.74) 8 TeV [6] -
§ ATLAS, all jets 173.72 + 1.15 (0.55 + 1.01) 8 TeV [7] —
s ATLAS, l+jets 172.08 + 0.91 (0.39 £ 0.82) 8 TeV [8] —
= ATLAS comb. (Oct 2018) 172.69 +0.48 (0.25 + 0.41) 7+8 TeV [8] =
g ATLAS, leptonic invariant mass (*) 174.48 + 0.78 (0.40 + 0.67) 13 TeV [9]
= CMS, I+jets 173.49 £ 1.06 (0.43 + 0.97) 7 TeV [10] 102
cr:g CMS, dilepton 172.50 + 1.52 (0.43 + 1.46) 7 TeV [11] =
= CMS, all jets 173.49 + 1.41 (0.69 £ 1.23) 7TeV [12] = - ¢ LS
K CMS, l+jets 172.35 £ 0.51 (0.16 £ 0.48) 8 TeV [13] 2 B + cus
CMS, dilepton 172.82 £ 1.23 (0.19 £ 1.22) 8 TeV [13] oﬁ B
CMS, all jets 172.32 + 0.64 (0.25 + 0.59) 8 TeV [13] ¥ AILAS&CMS
CMS, single top 172.95 + 1.22 (0.77 £ 0.95) 8 TeV [14] 10~ ® uice
CMS comb. (Sep 2015) 172.44 +0.48 (0.13 + 0.47) 7+8 TeV [13] = . NNLO+NNLL (pp)
CMS, l+jets 172.25 + 0.63 (0.08 + 0.62) 13 TeV [15] = B CDFys=18TeV
CMS, dilepton 172.33 + 0.70 (0.14 + 0.69) 13TeV [16] C . NNLO+NNLL (p5)
CMS, all jets 172.34 £ 0.73 (0.20 £ 0.70) 13TeV [17] = A DOVsA8TeV
CMS,; single top 172.13 £ 0.77 (0.32 = 0.70) 13 TeV [18] = ¥ CDF & DOys=1.96TeV
CMS, boosted jet mass 1726 £+2.5(0.4 £ 2.4) 13 TeV [19] | | | | |
Blwoeimier | BATASCONRBNS  hmmormeoes 1 2 4 6 8 10 12 14
* Preliminary IEPJC 75 2015 158 (] P 72 2012 2202 e V5 [TeV]
[5] ATLAS-CONF-2014-055 [12] EPJC 74 (2014) 2758 [19] PRL 124 (2020) 202001
| | | {71 wEP 03 2017 18 | 10 Ensc 77 2017) 308 |
L L1 1 1 1 L L1 1 1 I I L1 1
165 170 175 180 185 The o was measured from ~2 TeV to 13 TeV and

My, [GeV] found to be in agreement with SM predictions



Higgs Searches at LEP

The HIggs, the
(once!) missing
piece of the
Standard Model




I:l 4 H 6 July 2010 M im: = 158 GeV
H E H

AR ~log(my) | W E::-Theory uncertainty @ :
ZIW ZIW  ZIWW Z/W L Aoy, = '
S 1 —0.02758+0.00035 ]
s L ' L i - 0.02749:0.00012
% “’W\OVWW chzl 4 - "-.‘ +++ incl. low Q° data -
W g W 2
= o
- ]
EW-Fits: |
Mi = 89 GeV 1 \% ]
Mu < 158 GeV @ 95% CL 0 Excluded '\ Preliminary
30 300




Where to Search for the Higgs Boson?
Higgs Mass not predicted by the SM. a(: TifEsms 1
<

o my): Lifmyg 1T >

o

>

LEP 1990 — 2000: LEP | (~90 GeV) + LEP I 90 — ~200 GeV 8

LHC 2010 — 2040 (?): 7, 8, 13 TeV é’
—[ r r [ T T [ r [ T 1 [ T T [ T T LHC

100

Toni Baroncelli: Measurements

Higgs Mass (GeV)
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L7
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25

0 1959 1992 1994 1996 1998 —

Year




Toni Baroncelli: Measurements

Cross-Section (pbarn)

10 " T T 3
104 I.EP-I i
E hadrons E
10 *E- =
10 *- 5
10 =
E | my =55 GeV :
- HOZO -
1 E =
: my; = 55 GeV :

-1
10 F =
: 70 GeV :

2
10 £ =
E [P S PR Bheru-SRr R B ,
0 50 100 150 20
(GeV)

Center-of-Mass Energy

LEP, “Large Electron Positron” collider

Variable cms energy: 90 — 200 GeV

L T T Tt R rrrirprrrrprerriperrrrprrrrp ey g
my = 55 GeV o(pp —»H+X) 1107
[ s=1atev| 3
m, = 175 GeV _3105
CTEQ4M 3

-
.
Y
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-
-
-
-
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S
e

L.
g,
=

E
------
LI
------
L
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o
events for 10 pb

1072 E ~..h:‘ . :;::: 3 103
2 '- X e GO HE
103 F |M.Spiraetal. gg,qa_,Hbﬁ""«-....,_%_:"'--..“,,‘._‘:;:-Z'::';':-:-;.:.:.. 102
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M, (GeV)
LHC, “Large Hadron Collider”



Toni Baroncelli: Measurements

WW fusion

Production of Higgses at LEP:

The Higgsstrahlung mechanism
The WW fusion diagram (& ZZ fusion mechanism)

-

\_

OHig gsstrahalu%
kinematic limit: cms energy

used to produce m, and
my — mEg™ =+/s —my

(...some margin by the tail

of the Breit-Wigner
distribution)

J

> 2> Oww fusion

can produce H up to v/s
however small cross section
limits drastically the statistics

Period Energy (GeV)

Luminosity (pb™!)

1995
1996
1996
1997
1998
1999

130/136
161
172
183
189
192

6.2
12.1
11.3
63.8

196.4

30.

mp® =98 GeV




Higgs Production at LEP

L I L B L B :
Higgs boson production cross section | Cross section
LEP2, vs = 199.5 GeV |-f--mmm-- > . .
’ ! H+ th
Fingl state Z ©e” AyHng
i roduced @Cms energy of 199.5 GeV.
8 ff-shell
§ The Higgsstrahlung cross section drops rapidly
= when
5 [ T = my = Vs —m;
= T _EZ‘
O
------ 22 fusion, Heve- R
_________________ © The two other mechanisms are not kinematically
T limited, but are statistically limited
| ‘8|0| ~ ‘8|5| - ‘glo‘ - |9|5| - ‘1('|.'IOI - ‘1C|J5I - ‘11|0| - ‘115

my (GeV/c?)



Toni Baroncelli: Measurements

Higgs Decay

The H couples to pairs of fermions with
a strength proportional to the mass of
the fermion itself

The H — decays to the heaviest
kinematically accessible pair of ff

=
-|= = ]
E bb
& H - ff
2

0.1F T+‘L'_

E L3

=
g9
0.01F
i de il T I . B B | "'ﬁ. 1

110 120
my(GeV/c %)

70 80 90 100

Topologies

H—bb > Z—qg 4-jets
H—bb . } Z—vv missing

energy

Hobp =~ Z—TT t-channe
Hotv * Z—q@ t-channel

b e lepton
H==hb ,> z ﬁﬁ- channel

Rates

51%

15%

2.4%

5.1%

4.9%

Backgrounds

WW > qaqq

ZZ ~ qqqq
QCD 4-jets

WW > qqlv
ZZ > bbw

WW > qqtv

ZZ > bbtt

/7 » qQTt

QCD low mult. jets

/Z >~ bbee
ZZ > bbpy




Analysis Strategy of the Higgs Search

The ~largest accessible Higgs mass at LEP was ~115 GeV @ LEP cms 200 GeV

Analysis strategy: compromise between
« of statistics and — (small) signal is hidden by a large background — almost invisible
* Need to reduce background — (even smaller) signal is ~insignificant over a ~reduced background

. The searches at LEP was driven by Z decay channels (since H — bb)

the four-jet final state (H — bb)(Z — qq) Including one very special case... (H — bb)(Z — bb)
« the missing energy final state (H - bb)(Z — v¥)

Toni Baroncelli: Measurements
[ )

« the leptonic final state (H — bb)(Z — I*t17) where £ denotes an electron or a muon,

« and the tau lepton final states (H — bb)(Z » t¥t~) and (H » t™t7)(Z - qq)

Two approaches:

» Selection cuts based on kinematical variables and topologies

« MVA analysis — use global variables & neural networks — one indicator per each event to distinguish signal and
background (more efficient)



Looking for an Higgs Boson: how?

Analysis Strategy for one final state topology:

o |
Q235 LEP  :=200-209 GeV Loose
4 N >_ i
Choose a mass & optimise selection as much signal @ 4 Data
(S) and as little background (B) as possible. Use MC O 20 F Background
%) o Y
g > . 4 S I Signal (115 GeVi/c?) .
- Count selected events in data - Nsel?cted -
g Calculate background events (simulation) Npgck ground ‘E 15 H Al 100 GeV/e:
s . 7 2 [paa | 19w
§ Nselected = "|Backgd | 1165 158
5 \/ Npackground 10 1 Signal 10 71
) a
?
Significant excess ST
Another mass o '
J iscovery - +
J/ n [Tt + 1] | + | +

0 20 40 60 80 100 120

m, rec (GeV/c’)

Do a seminar & publish )




Combining Different Channels
(A LOT more by Biagio Di Micco)

Higgs search at LEP = small signal + large background — two ways to increase statistics:

« Combine different experiments — 4 experiments — statistical significance of signal increases by V4 = 2
« Combine different channels of the same experiment (= one final-state and one centre-of-mass energy)

o my°¢ the reconstructed Higgs boson mass, and a

o G(many event variables): how “Higgs-like” is the sample:

» G<0orG<<0—likely it is Higgs (one choice, it could be the opposite, G>0)
» G>0o0rG>>0— likely it is background (one choice, it could be the opposite, G<0)

Toni Baroncelli: Measurements

The distribution of data in the plane (mp?¢,G) is interpreted

In two hypothetical scenarios:
» The distribution contains background only £,
« The distribution contains signal plus background L.,

In a search experiment one very good indicator is the likelihood ratio

Q = Ls4p/ Ly (use —2In(Q))



Toni Baroncelli: Measurements

Statistical Analysis

One cannot tell on an event-by-event basis whether one event is signal or background — statistical analysis.

‘ Q = Lgyp/ Ly
S -
< 0.05 —  Signal-like Background-like
S - a) b
% 0.04 = ----stb ground only
\ B 1l|--|—-~|"I
% 0.03 [ =% " e For each event compute
ﬂ\\ [ I‘Jr f an
B h i . )
§ 0.02 “,HI . L.b |§th§ fraction of the b
N— - e distribution “less background
- faty like” than Q
0.01 - ) » L.,pis the fraction of the s+b
ﬂl ] distribution “more signal +

0

E back d like” than Q
packground |~40 =30 -20 -10 40 ackground like” than
and signal Loun —2[n(Q)




Statistical Analysis

"\ [
02f — -
0.18} g 0. 05 :— @ LS+b
0i14 § E a) _b
u 012 \I’ 0. 04 — o S+b
@ & 01 ["Q —
o 0.08) 2 — R
(S I Wi "
% EZZ‘ E 0 03 - 'r.": 1 "l“'||'1
g 002} % I ': II:_
= . | 0. 02 ﬁ“ E J
g -25 -20 -15 -10 »5Like“(:1°°d5 10 15 20 25 t’ : Event 1 | l'll II
0.01 " ,
Bl s+b like b-like =
0 o b e
N 40 =30 -20 -10 0 10 20 30 40
Ly = J background(x)dx Event 1 5 3 -ZIH(Q)
Ly Very Small large
oo small
Loy = j background + signal(x)dx
measurement Loip Large Small Very
small
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Events / 3 GeV/c

_ LEP  5=200-209 Gev

4 Data
I:l Background
Il signal (115 GeV/c))

Tight

i all >109 GeV/e?

- Data 18 4

F|Backgd| 14 12

r|Signal | 29 22

L. e Sl 1 PR S

0 20 40 60 80 100\_L0

m, rec (GeV/c?)

Monte Carlo predictions:

Events / 3 GeV/c

=
=]

Loose

The points with error bars show the data.

Distributions m;¢ for two different signal purities.

red for an Higgs boson of mass 115 GeV.

T LEP  5=200-209 Gev Loose
—+— Data E : n oc
L xperiment E,,.(GeV) Final state mis© (GeV/c?) In(1 + s/b)
- I:I Background topology at 115 GeV/c?
[ [ Signal (115 GeV/c?) ] 1 | ALEPH 206.6  Four-jet 114.1 1.76
2 | ALEPH 206.6 Four-jet 114.4 1.44
H all =109 Ge‘Wcz 3 ALEPH 206.4 FOHI‘-jet 109.9 0.59
[ Data 119 17 4 | L3 206.4 Missing energy 115.0 0.53
| Backgd| 1165 15.8 5 | ALEPH 205.1 Leptonic 117.3 0.49
__Signal 10 71 6 | ALEPH 208.0 Tau 115.2 0.45
7 | OPAL 206.4 Four-jet 111.2 0.43
8 | ALEPH 206.4 Four-jet 114.4 0.41
9 | L3 206.4 Four-jet 108.3 0.30
= 10 | DELPHI 206.6 Four-jet 110.7 0.28
| 11 | ALEPH 207.4 Four-jet 102.8 0.27
. 12 | DELPHI 206.6 Four-jet 97.4 0.23
[ : LR R 13 | OPAL 201.5 Missing energy 108.2 0.22
0 20 40 60 80 100 120 14 | L3 206.4 Missing energy 110.1 0.21
15 | ALEPH 206.5 Four-jet 114.2 0.19
rec (GeV/c”) | 16| DELPHI 206.6  Four-jet 108.2 0.19
17 | L3 206.6 Four-jet 109.6 0.18

LEP final result;

« 17 candidate events
« 15.8 background events expected
» 7.1 expected signal events for m, = 115 GeV




The Upper Limit of mp©¢

« The solid curve represents the observation

« The dashed curve background expectation; -————--.

» (Green band 68% probability around <background>

» Yellow band 95% probability around <background>

data

« The dash-dotted curve signal plus background
expectation (when the signal mass given on the abscissa

. is tested). —_—
Background-like

Toni Baroncelli: Measurements

Broad region of data just below O — no
significant signal detected

- Signal-like Simulated sig+backg

(expected)

——— Observed .
———————— Expected for backgronnd

- Expected for signal plus background Very negative values of -2In(Q) would

indicate the very likely presence of a signal

L PR P BRI N B B E RU |

106 108 110 112 114 116 118 120

2 a lower bound of 114.4 GeV/c? is set on the mass of
mH(GeV/c ) the SM Higgs boson at the 95% confidence level.




Particle Physics
Toni Baroncelli

Haiping Peng
End of Discoveries INYI®



The Combination Mechanism (ADLO)

For each given channel and bin in the (m},°¢,G) plane, the experiments give

« the number of selected data events,

« the number of expected background events, and

« the number of expected signal events for a set of hypothetical Higgs boson masses.

The expected signal and background estimates make use of detailed Monte Carlo simulations by the four
experiments: all known experimental features, the centre-of-mass energies, integrated luminosities of the data
samples, cross-sections and decay branching ratios for the signal and background processes, selection
efficiencies and experimental resolutions with possible non-Gaussian contributions.

Toni Baroncelli: Measurements
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