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\Latest news!!!

" We stopped taking data for

the year 2010

I

CMS

ke
" Heavy ion run recorded about
1 O b 1
m End of the year Jamboree at CERN
on 17-th December
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Building blocks of the Standard
Model

Fermions ‘ HSymmefries ‘ [:> {Bosons, Interactions
@ @ ) (@ )
Three families, 1) Poincaré Group /,'r’ QED, g
with leptons ' —
£2 2) Gauge Svmn:i'r/r*ff,:..-/ 7. Wi Weak, g
c . Vp, €p, U(l}y //
Lok tan Gy =—
and quarks suU(2 g
ru] ( )L (electroweak unification)
L
, Up, dp. SU(3 *8 gluons : QCD, g.
G de ) ( )C ) G ..J
Ounly known solution: the Higgs Mechanism
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Problem at this stage

. Masses of the vector bosons W and Z:

0.023 GeV /c?

M,y = 80.399
0.0021 GeV/c2

Experimental results: =
M, =91.1875 <

A local gauge invariant theory requires massless gauge fields

Divergences in the theory (scattering of W bosons)

L]

w w*
g T = w* W "T .‘;'v
e i X / \ s
\ o / 7
b + M + x
/ b s \\
. ’! \\ / %
f"" \‘- W~ W W L
W W
S
for § —>

—iMW W™ — WW)~——
MW
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\Present status

e*e” colliders LEP at CERN and SLC at SLAC + the Tevatron pp collider
+ HERA at DESY + many other experiments (fixed target....... )

have explored the energy range up to ~100 GeV with incredible precision

- The Standard Model is consistent
with all experimental data !

Summer 2009

Measure ment Fit AOM— Dm]‘.:;-:rm
¥ -9

3
« No Physics Beyond the SM observed m, [GeV] ©1.1875+0.0021 01.1874
c . r'; [GeV] 2.4952 + 0.0023 2.4955
(except clear evidence for neutrino masses) o2, (b 41.540 + 0.037 41.478
i R, 20.767 +0.025 20.742
: NO nggs Seen (yet) A.-::: 0.01714 £ 0.00095 0.01645
Direct searches: (95% CL limits) R, 0.21629 + 0.00066 0.21579
e i ey A o000 10008 01008
mH < 162 GeV or mH = 166 GeV Af:'t;c 0.0707 + 0.0035 0.0742
A, 0.923 + 0.020 0.935
A, 0.870 + 0.027 0.668
ASLD) 0.1513 + 0.0021 0.1481
SN0 . £ 2324 ' 'l £ 02314
Only unambiguous my [GeV] 80.399 + 0.023 80.379
example of observed Ly [GEV] 2.098 + 0.048 2.092
: m, [GeV] 173.1+13 1732
Higgs ,
Aisgust 2009 0 1 2 3
(P. Higgs, Univ. Edinburgh)
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The Higgs mechanism

» Scalar fields are introduced ¢ = % [¢' i !_% ] = [¢0] =
+ .
¢; +ig, ¢ : .
1 Yoo |l A i
Potential : V() =u’(p* )+ Mp* ¢)° S ko
]
- Lagrangian for the scalar fields: _ Y .
g, g' = SU(2), U(1) gauge couplings L,=)id,-gT-W,—¢g EB,u. g =V(g)
«Foru?2<0, x>0, 2 2 ¥ e B 2 02 g
minimum of potential: ST P s % H
: 1
 Perturbation theory around P, (x) =— =
ground state: . V2 v+ h(x)
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\Particle content and masses

- Mass terms for the W* bosons:

- Remaining terms off-diagonal in W * and B,

2

1 g —gg"\ (W** 1 _ ,
E1,12(%13,ﬁ;u)[ ]{ =§v2[gW;—g B, ]

-gg' g” )| B

+0 L@;‘W; + gBlu]

' 3
_8gW,+gB,

- Massless photon: A

3 1
W =g s

- Massive neutral vector boson: ZM =
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1 2 12
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\Important relations in the
Glashow-Salam-Weinberg model

gl
- Relation between the gauge couplings: E = tan 6,
o : ; M,
=2 Important prediction of the GSW with a Higgs doublet: v = cosb,
Zz
M2

or expressed in terms of the p parameter:

« From the M, relation the value of the vacuum expectation value
of the Higgs field can be calculated:

1 gz Gy

20> BMZ 2

— v =246 GeV

where Gg = Fermi constant, know from low energy experiments (muon decay)
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\Masses of the fermions

« The same Higgs doublet which generates W* and Z masses is sufficient to give

masses to the fermions (leptons and quarks):
e.g. for electrons: use an arbitrary coupling G_

s e 10 e T
Ly =-G, |(v,.e), o lér + e (@ .90")
¢ €/l
o o P
pontaneous symmelry preaking: = : (u+h(x)]
G,v G

r
Ly=- (,ep +€pe;) — —=(€,e, +Epe, )h
\2 N2
interaction term with

g the Higgs field

* Important relation: coupling of the Higgs boson to fermions is proportional

to their mass
eg (T=0, ¥ =—2)

A, S
L v e
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The Higgs sector

and finally...... a massive scalar with self-coupling, the Higgs boson:

2 2
- Mass: mh = 2V ).

(since A is not predicted by theory, the mass of the Higgs boson is unknown)

1

- Self-coupling: = Aol e Z?Lh4
..... and:

« The additional diagram, with Higgs boson exchange, regulates the divergences
in the longitudinal W\W scattering
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\Higgs boson as UV reqgulator

Scattering of longitudinally polarized W bosons

- - !";f. I"VI,
Wy, Wy, W, Wy, 12
1, I L T b P
o B2 > mE S g
1 y J LB
Y Eavavavay: T . " o X
M T 3 —iIMW*W™ — WW)~—  for s—>o
— L\ ;"_S L\i. | '—L .lﬂa.
W, W, W, W, il :
L L % L W, W,
Higgs boson guarantees unitarity (if its mass is < ~1 TeV)
W, W, : ; W Wy
W, Wy W Wy Sk J_i" L Wy Wi O
—L-l ‘J_’ LL; Y. & ,I_Bj‘ s LF H rfr -!—
1—_‘-’-'{ ._':r\.fl\f\rvi_ T Z .;I"' """ -li i H
e 1 & L & & ;
1 H ) N X o 4 4
1."1_.-" i-'i" i_;,' W, ~ g “..I' H'If ’J o
L L i L H’L W, : " Wy, W
SiMW*W™ = W'W)~m? for s—
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Theory constrain on the Higgs
boson mass

«  Unitarity limit:

If Higgs boson too heavy, the regulation of the WW cross section
Is less effective and unitarity is violated again

= my < ~1TeV (as just discussed)

- Stricter limits from the energy dependence of the Higgs boson
self coupling A

- Stability of the vacuum
- Diverging coupling »(Q?)

VO] o)

= next slides
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\Higgs mass constraints

Stronger bounds on the Higgs-boson mass result from the energy
dependence of the Higgs coupling A (Q2?)
(if the Standard Model is assumed to be valid up to some scale A)

A(Q2)=,10{ ;”ig log(Z%)+...—%10g(2€—2)+_} ST, Ml

T PLELDLELENE LRSS Upper bound: diverging coupling
o} E E :ar;ulrba:vity:ound 3 (Landau PO'E)
I - tability boun = s
= 300 e B Finite-T metastability bound ] Lower bound: stability of the vacuum
b s Bl Zero-T metastability bound - : ; :
y AR Shown are 1 error bands, wio theoretical errors (negatlve Contr!bunon frDm
o80 |- i top quark dominates)
200 -
[ 07 A 37 7 A T L 0P 2 Tevatron exclusion at »95% CL
e B Mass bounds depend on scale A
I~ LEP exc 4
e —— up to which the Standard Model should be
L:
@.ﬂi ..mmnm -
100 6 12 valid
Iogw(AI GeV)
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\Indirect limits from

electroweak precision data

Motivation:

W mass and top quark mass are fundamental parameters of the Standard Model;
The standard theory provides well defined relations between my,,, m, and my,

Electromagnetic constant
measured in atomic transitions,
e+te- machines, etc.

1/2
T X gy 1
‘/;G F SlF 0, \/l—j
weak mixing angle radiative corrections
measured at Ar ~ f(mg?, log my)

m,, =

Fermi constant
measured in muon
decay

G, dgyy. Sin By,

are known with high precision

Precise measurements of the
W mass and the top-quark
mass constrain the Higgs-
boson mass

LEP/SLC Ar = 3% (an-::_lfo_r the theory,
radiative corrections)
b H X
w w w w W w
____Q___ o e S
t w %W
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Relation between m,, m_and m,

= Prediction for m, in the MSSM and the SM as a
function of the m..

Example: Prediction for My in the SM and the MSSM
[5.H., W. Hollik, D. Stockinger, A. Weber, G. Weiglein '07]

80.70 - _'
- ] MSSM band:
80.60 1~ scan over
[ SUSY masses
> 8050
% overlap:
= SM is MSSM-like
80.40 ) )
MSSM is SMV-like
80.30 SM_—_ SM band:
FRIRER: -1
MSSMIT ] variation of ﬂ»j{ISi’-M
80.20 both models EFEFEEA
| Heilnemeyer, Hollik, IS‘Loc:kinger, Webiar, Weiglein "10™]
160 165 170 175 180 185
m, [GeV]
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The W and top mass measurement

1/2
e Tl . 1
J2G, ) sin@, V1-Ar

CDF Run W —— 80.436 + 0.081
DO Run | ——e—— BD.478 = 0.083
CDF Run 1l —— 80.4132 = 0.048
Tevatron 2007 —— 80.432 + 0.039
DO Run i —a— 80.402 = 0.043
Tevatron 2009 —a— 80.420 = 0.031
LEP2 average g 80.376 = 0.033
World average s & 80.399 + 0.023
1 ] | dJulyos

80 80.2 80.4 80.6

m,, (GeV)

3-104

my, (from LEP2 + Tevatron) = 80.399 = 0.023 GeV

m,,, (from Tevatron) = 173.1 =+ 1.3 GeV

haugust 2006

| :
— LEP2 and Tevatron (prel.)
- LEP1 and SLD

68% CL

A light Higgs boson is
favoured by present
measurements

200

175
m, [GeV]

Ultimate test of the Standard Model: comparison between the direct Higgs boson
mass and predictions from radiative corrections....

Elzbieta Richter-Was
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Fit in the constrained MSSM
O. Buchmuller et al. (2010)

a M theory lll‘l(ii.:.'!_iEil"lT}*l SM cMSSM
) Aty = <
. —0.02761+0.00036
L - 0.02747+0.00012
4 were Without NuTeV - 3 —
<] >< 2 _
2- =
1 1 -
| | Includes:
0 Excluded Ny A Preliminary o E)m,lu'd,ed, - WMAP
20 100 400 30 300 - b sy
m,, [GeV] my [GeV] To
Results of the precision el.weak
measurements: (LEWWG-2009):
m, =875 GeV m,, = 108" GeV
H -26 H -6
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Higgs boson decays

The decay properties of the Higgs boson i i
are fixed, if the mass is known: e B W Y
PN L
W+, Z, &, b, G Tereereeeenr Gr ¥ sl N
\W',Z, t.bCT,cernenen ' 9 Y
I'(H— ff)=N im2 (MM Total width
g C 4\/5; F H H

T(H—=VV)=34, S M; (1-4x+12x")8, 02| TEnGeV) ]

16427

where: 8,=1,6, =2, x=M}/M}, B =velocity 10

(+ W-loop contributions) 1 -
2 2 TN
I'H—gg)= —GFa” 5 M; 1+ E— ! |G 0 .
36~J 2’ 4 6 |~
3 0~ :
M(H = yy) = — e M [ Nee ?] : »
128 = 50 o Lmn 200 500 N IJUun

M, [GeVT
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\Higgs boson decays

The decay properties of the Higgs boson
are fixed, if the mass is known:

W L b e s
H /
\ W-, Z, t,b,c T,

= (e E

H BR (H) -

L -

— Illli —
I 7 "

10-1 =— T - II. k\\—E
= B :
m - - = —
m - -l__.J- | _ —

|99 tt |

10-2 — —

_ |

10-2 1 1 P | 1 1 1 P =

103
(GeV)
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\Higgs boson searches at LEP

Higgs-Strahlung: e+ e- — Z H WW-Fusion: e+ e- —» vv H

k J
k J

L
L

Higgs decay branching ratios for my =115 GeV/c?:
BR (H— bb) = 74%, BR (H— tt, WW, gg) = 7% each, BR(H — cc) = 4%

Decay modes searched for:

- Four Jet channel: HZ — bb qq

- Missing energy channel: — bb vv

- Leptonic channel: — bb ee, bb un

- Tau channels: — bb wr, and TT qq

Elzbieta Richter-Was Lectures on LHC physics
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Results of the final LEP
ahalysis

Final results have been published: CERN-EP/ 2003-011:

Based on final calibrations of the detectors, LEP-beam energies, final Monte Carlo
simulations and analysis procedures.

The reconstructed bb mass for two levels of signal purity (loose and tight cuts):

25 LEP 5= 200209 Gev Loose 7 | LEP  5=200209 Gev Tight
+  Data IS + Data
1] Backgroumnd | Background

- MR ]
B Sianal (115 Gevich B signal (115 GeVic'y

[ = 10% Geved

L iata 1%

Backd 14 1.2
3 [Signal | 2.9 2

-
"

§ Lall = 109 Gevie®
|| Data 1 17
| Backgd  116.5 153
| Signat 1 7.1

Events / 3 GeV/c’
Events /3 GeV/c’

0 20 40 60 S0 100 120 %9 20 30 60 80 100 120
2 2
myrec (GeV/eT) myrec (GeV/eT)

Clear peak in the background prediction in the vicinity of m, due to the e*e — ZZ
background, which is consistent with the data.

Elzbieta Richter-Was Lectures on LHC physics
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Final combined LEP results

b,
oz @
E —— Observed
-------- Expected for backgroond
% 0.1 = Expected for signal
R plus hackgroumnd
-
Rt
E 0.08
= A
=
0.06
=
==
0.04
0.02
Lis e
1 5Cl,

LEP
my = 115 GeV/e®

CLS+B

Likelihoodratio Q:=Llg.g/Lg

| | 1 —CLy  Clgye ]
LEP 0.09 0.15
ALEPH 33 x 107 087
DELPHI 0.79 0.03
L3 0.33 0.30
OPAL 0.50 0.14
Four-jet 0.05 0.44
All but four-jet 0.37 0.10
= 0.09 -

Signal significance = 1.7 o

Test statistics: -21InQ
M,, > 114.4 GeV/c2 (95% CL)
expected mass limit:  115.3 GeV/c?
(sensitivity)
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\Direct limit searches at the
Tevatron

Tevatron Run I Preliminary, L=2.0-5.4 fb™"

:_P'_I"I_y",: A 'r L7 I L | o
”"M L=EP Excluslon e 1 :: Tevaironk
e B Exclusion
e | |

it/SM

-a---- Expected ;
_Qbserved

._
p
i i" -
53
%ﬁ»;
1

=3 -—_ 5
o .__%):::::5:::::”3 E:Emmd ]
&) I T e S i
Lo OOOAAKAY =
D ‘],-( Xy
VRS = B | NNe
i TR R, ¢ "°"$mbe'ﬁ ?°°°
100 11 120 130 140 150 160 170 180 190 200
H(GeWc )

Exclude mass region between 162 and 166 GeV (95% C.L.)

(First exclusion since LEP,
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‘Cross-section and production

rates

Fermilab SSC

|CEHT| l Llllicl

Rates for L = 10°* cm2s1: (LHC)

1 T
e Gtﬂt i E?w 109
18 A4S £ * Inelastic proton-proton
i " reactions: 109 /'s
1 mb— i 10
- R e - bb pairs 5 106 /s
s — 10% _ﬁ - tt pairs 8 /s
[w] ¥
S 1ubl = 5
& | e™am/E — on TSNS e 150 /s
j=] n > s &
£ - o L ee 5. .45
o o —»Bvi-_ CDF (p p) =]
SR . E: - Higgs (150 GeV) 0.2 /s
— =200 Gev e « Gluino, Squarks (1 TeV) 0.03 /s
I &
1 pb— rnz,_{:zlav —_— 3
Large production rates, however,
N i overwhelmed by large backgrounds from:
™ my=500GeV T—__
1 1 1 i i i
Soy Gby 0 e 50 oo - jet produc,ttlon via QCD processes
/5 TeV - tt prodl_J(:tlon (for_lepton final _states)
- W/Z + jet production (lepton final states)
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Phenomenology of pp collision

Dominant hard scattering
Cross section:

.QCD Jet Production”
quark/gluon scattering

o IKX
- G091

o = 3 syt ey Yo oot Yo a2 G s, 22 22
. 4 A Val e

I R
Sum over | Parton PP \ _Dete-::tlon of !-Ilggs boson decays
initial states Pistributions iy into qq (bb) final states
it Order o Renormalization (without associated signatures)
Scale Scale is hopeless !!
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\Production cross-section

SRERELECE B T ™ N b B 5 PR P B Y LN B
102 L o(pp = H+X) [pb] ]
N x Vs =14 TeV ]
B — — INLO i
w L e, SRS NLO /NNLO .
Tt T iy :
1 E' “‘L"'--____“_L EH"'-.____E_EH- =
1 ; » .H."\X- e T - .:H_-‘—E-H-xh‘ ——]
10 E qq—>Hqq "7~
10 -2 ;_ R * .. _ e —— gelqq — ttH (NLO) -]
5 §— HZ o 2
3F ———
10 F 3
E MRST
4 F
10 1 1 L I 1 1 1 I 1 Ll 1 I 1 L L1 I 1 L L1 I 1 L1 L | Ll 1 1 I Ll 1 1 I L L1 1
100 200 300 400 500 600 700 800 900 1000
My, [GeV]

T,

1L

| T
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‘Higgs cross-section for various PDF
parametrisations

NLO gg—H at the LHC (s =7 TeV) for M, =120 GeV

‘-E 13_ AN R R B B B N L L BN N B N B B =l B B G(PP—:‘HJ—X} [l:lh] \';: 14 TeV
& - e N R L EL L S LR LR B B BRI L
T 125 —
o] C
12 i -
- B = 68% C.L. PDF ] 10 ¢
15— ® MSTWOB — B
P e B CTEQG.6 . i — NNLO
11-_,;_.--"' 4 NNPDF2.0 E i NLO
= ¥ HERAPDF1.0 - LO
L Vertcalerror bars  ~ o ABKMO9
13,5;31:;:1%?2? GJRO8 1 T Ay )P . ST e R R e
IS S I S R T AN SO SR S NN TN SR SO N ST S N B 100 120 140 160 180 200 220 240 260 280D 300
0.114 0.116 0.118 0.12 0.122 0.124

M, [GeV]
ag(M2) 2

" Significant effect resulting from struture functions
parametrisations and from o,

" Uncertainties from renormalisation and
factorisation scale.
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Production cross-section at
LHC

the Tevatron and

M. Spira et al.

T T T T T LB B S S
2 a(pp—H+X) [pb] ]
pb 0 F Vs =14 TeV 3
M, = 175 GeV ]
L CTEQ4M
1 =r \\.1—-. __________
](:'-l E .\\ Aq HW -
-2 g ]
10 r -~ 1 i .
_ﬁf i ‘=q__“1_- e 2.4 i 3
10 F e S
f ;|C|-;I:I?.‘--§
]”,-4 1 Fre] P 1 e L e L e,
0 200 400 GO0 800
M,, [GeV]

qq — W/Z + H cross sections

g9 —~H

‘Tevatron
1a T T T T T T |
a(pp — H+ X) [pb]
/& = 1.06 TeV
MSTW2008
1 m; = 173.1 GeV

.. 4

0l g

0,01

LIXL1)]

QU H e
qq—qqH -=----Cllltene. T

pp—tiH

114 120 130 140 150 160 170 18D 100 200

I‘«"IH [GQV]

~10 X larger at the LHC
~70-80 X larger at the LHC

Elzbieta Richter-Was
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\Production cross-section at
the Tevatron and LHC

1000 VIS 2010
- ratios of parton luminosities
- at7 TeV LHC and Tevaltron
= 100 |
£
=" - . y
B - >a5 times larger _#
= B -
= at 100 GeV T 4-5 times
- 10 —
larger at Zoo3
GeV -~ :
=qq
1 edl|
10’ 10®

Elzbieta Richter-Was Lectures on LHC physics

29



\Higgs boson decays

A, Djouad, J. Kalnowskl, M. Spira
T T T 1 T T T T T T1

L1 1il]

T T TTTa

)
|

10-1

|II|
,
_\_\_\_‘-\.\_‘
HJ
/

ER (H)
T Tt
B
Lbiiaiial

; AR\ G
N / H'l“ /
1072 f 18 =
s FE |
- il ]
- / i :
£ F A N J il 2
£ LI N q
10-2 T - f/‘J |'Jlr ":“l- .I\ L b L } 1 L L1 i o
102 103

at high mass:
Lepton final states

(viaH — WW , ZZ)

at low mass:
Lepton and Photon final states
(via H—> WW?*, ZZ%)

Tau final states

The dominant bb decay mode is only

useable in the associated production
mode (ttH, W/Z H)

(due to the huge QCD jet background,
leptons from W/Z or tt decays)
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‘Main channels for low mass
search (Tevatron)

L+ B wss g biyy WH —* {vbb
Largest VVH production cross section,
however, severe backgrounds

{+bb: ZH — tfbb
Less background than WH
Smallest Higgs signal

EMss + bb: ZH — vvbb
3x more signal than ZH — & bb
(+WH — fv bb when lepton non-identified)

Large backgrounds which are difficult to
handle

Elzbieta Richter-Was Lectures on LHC physics



\Number of events produced
Including decays for 1fb

. Events produced at each Tevatron experiment in 1 i’ |

i WH (H—bb) Signal, m,, = 115 GeV:
g 60 oxBR = 14 fb (per lepton)
@ 50/
40 == _ .
30!  — WH - bb Large backgrounds: W+jet production
ZH - wbb b
20 —— ZH =5 IIbb W+bb: 0xBR = 4x10* fb
10t —— H— WW = Iviv W+cc: 0xBR = 1x105 fb
1 —— e L | W+qq: oxBR = 2x108 fb
‘P10 120 130 140 150 160 170 18
Higgs mass (GeV) Additional backgrounds:
WW: oxBR = 13 pb
t: oxBR =7 pb
single top: oxBR = 3 pb
+ multijet QCD background
Elzbieta Richter-Was
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General search strategy

(i) Select events consistent with Z/W + 2 jets
(large W+jet and Z+jet backgrounds)

(i)  Apply b-tagging

(most discriminating variable: dijet inv. mass)

even after b-tagging S:B ratio remains small,
— needs advanced (multivariate) analysis

tools

Pre-b-tag
~ S/B = 1/4000

'l'l 50 100 150 200 250 2300 350 400

(iii) Optimize separation power Dijet Mass (G2V)
by multivariate discrimination
(neutral networks, § [ D@ Preliminary W * Zjet/ 1 b-tag £ Do Preliminary W+ 2jet/2b-tag
i 1200 L=50M" Weet @ L=50fb" Wet
matrix elements, ....) i " =L N E”““TM
1000F Eg:)z'“ =£r:::.rcr
Major input variables: ik Dinoson Dioson
- duet maSS B 118 Caw el Oy 115 @ (x10)
- Py of the dijet system I
- Py of Wf i 00 1b-tag 2b-tag
- Sphericity - S/B = 1/400 S/B = 1/100
- AR, Ad;, An; ]
iir 2% = : :
UO 50 100 150 200 250 300 350 400 50 100 150 200 250 300 350 400
Dijet Mass [GeV) Dijet Mass (GeV)
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\Multivariate method

50

D@ Preliminary

100 18N 20N 2EA %

E D& Praliminary W1
o

ool L=53Mm"

65 1 15 2z 25 3 35 4 45 5
AR of two leading je1s
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W + 2 jet / 2 btag

“F D@ Preliminary W+ 2let/ 2 tiag

I M Jei

l Ewphcr

: ‘{; 0 | 5%:;;&«
Lo =]

: IF'!F4L [[] e }'l‘runu--:l

L=53Mm" I Weiet
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W+ 2 jet/2 b-tag
« Data
CW+jet
=Multi Jet
Whbb/cT
- -

t
@l s-top
[CDiboson

115 Gal (=10

D& Preliminary

L=531fb"

l]'lllllllllrl'rl'T'lr'!'l

%07 075 08 08 09 095 1
DT RF discriminant for m,=115 GeV
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WH, H-=Ivbb

95% CL Limit for m =115 GeV/c2|Observed (Expected) [x o.,]] Comments
.CDF Matrix Element 5.6 fb! | ....3:6(35) ......|2and3-jefs
_.CDF Neural Network 57 fbt |~ 45(35) | 2-jets
D@ Random Forest 5.3 fb-! 4.1 (4.8) 2 and 3- -jets
,SVSV  C iminary, L=5.6f" £ F .
150w:1c’:;it;at: Vv DF Preliminary, L = 5.6 Equ}D@ Preliminary W 213”.2 %_;?ag
W f L=53fb" IW-jet
o F [JWH (115 GeV) 35} B Muiti Jet
c Bl Single Top L. = v Eﬁﬂbﬁcﬁ
S 100 [t of 8 F /4 B s-top
I': 5 DW+HF 2 25:_ I:Ig}aoson
_ 2 of T ]
= [[EwsF 3 e g "R
T | i Other E-‘- F_—‘-i.l“ﬁl T
'E 50H [JWH115x5 I-;!!u"lﬂ - LIk E 15
© [ :“1' : i\ =
O 5 06 07 08 09 1 10
Event Probability Discriminant
Ol tettint a aan apeare tetatess g
0 02 04 06 08 1 0
07 075 08 085 09 095 1
Event Probability Discriminant DT RF discriminant for m =115 GeV
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V H, MET bb

- Large signal statistics, but has large background from
multi-jet processes
» Has signal contributions from:
— ZH->vvbb, WH->(l)vbb (I not identified)
- Event Selection
— large missing transverse enerqgy (>406eV DJ, >50G6eV CDF)
— 2 or 3 jets (>206eV DY, »35,25,15GeV CDF), > one with b-jet ID
— Exclude identified leptons, avoid overlap with other VH searches
* Main Backgrounds
— QCD multijet (MET from Instrumental effects)
— W/Z+jets, top, diboson (Real MET)
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vV

%5 BkgEstUnc
- CDF Run II Preliminary. 5.7 {b™
= 1 I I I | I 1 I I | I I I 1 | I ==}
A :
Q B Higes DT
#1501 P Multijet
5 B W-+HE g
- _
=) Bl z+urF
Bl Diboson i
B Single Top |
1001~ Bl Top Pair ]
—e— DATA |
s Signal (x10) |
50 —
0 =]
-2 -1 0 |
N_Ngig
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H, MET bb

95% CL Limit for m =115 GeV/c2|Observed (Expected) [x oy ]

CDF Neural Network 5.7 fb-1

D@ Decision Tree 5.5 fb-!

................................ 2.3(4.0)
3.4 (4.2)
Analysis sample (lwo asymmetric blags)
-III|II1]I11|Ill[ll!|lll|ll1]l11]lII[rT_f_-
" MIDT > 0.0 DO Preliminary (5.5 fb") -
120 _ +Da -
100} it Wvshiw
: .+. Vald,
80— + | + I Multijet
B -+ CJvHx 10
60F + ' 7L + .
40 - +—+— ki
20F .
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06 -04 02 0 02 04 06 O
Final Discriminant
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ZH -llbb

- Low signal statistics, but cleanest channel
— Fully reconstructible final state, Z resonance

- Event Selection

— Select Z candidate decaying into ee or pp
— 2 or 3 jets (>20,16GeV DG, >25,15GeV CDF), >=1 with b-jet ID

« Main Backgrounds
— Z+jets
— Diboson, ttbar
« Reconstruction of Z resonance controls background rates,
allowing for looser lepton selection requirements

|+

Elzbieta Richter-Was Lectures on LHC physics 38



ZH >lIbb

95% CL Limit for m =115 GeV/c2|Observed (Expected) [x o.,,]

CDF Neural Network 5.7 fb-1

6.0 (5.5)

D@ Random Forest 5.2 fb-!1

CDF Run Il Preliminary (5.7 fo™)
] Double Tag (High S/B) o data [ WWWZZZ
o [] Z+1f jets [ ] Fakes
l:| M, = 120 GeVic* x 25 Bziw [
lZ+ec

—
n
PR I I

Number of Events
[ %]
=
[

—
=
a1l s 3 3

n

B 01 02

—— Data
— Z+LF
[0 Z+HF
Top
Diboson
I Multijet
- ZH %100

03 04 05 06 07 03 0.9

0 0.2 0.4 0.6 0.8 1
NN Output 10% Slice along Z+jets vs, ZH axis RF Qutput
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Other low mass channels

95% CL limit for m,,=115 GeV/c2 |Limit [X oyl

.EDF H>yy Observed (Expected) | 24 (20)

D@ H->yy Observed (Expected) | 16 (19)
D@ WH->1vbb Observed (Expected)| 14 (22)
'CDF VH->qgbb Observed (Expected) 9 (19)

H=>yy WH=>tvbb VH->qqbb

n h= ¢ signal at M =120.0 wx _— =
z I Signal scaled to expected lmit {187 « SM) 2 D preliminary (4.0 f&7) WIS Rensont Hel 2:""‘“ “'“:’ T —M =120 Gawict
ﬁ e e = Bignal sealed t obsarved limit (22.8 = SM) = — e ‘g : :.z Trieen . W ot e
5 (I ggmmund Wodsl E o 1 I Ruee IF Preliminary
e CDF Run Il Preliminary E 1200 ;
E £
% 1000 :.LL g‘i*].
= I -
2 s00 * n E 5
I by g .
00 - ey, ——
| I 1Y
400! e S
200 — j _— o -
i.-..__‘-i: ed i
110 115 lll:::.ie\f 0z 0.4 DTU:' o |r:: 1 -1.5 -1 0.5 L b 1.5
ISCcrnmina
R " -
Limits for h— 7 v (5.4 fb™) DS preliminary, 4.0 fb' . Limits for combined VHNB_F _CHanngl_[d fb™)
= 90 = E LRl = COF Reen 1 Profiminary
woE CDF Run Il Preliminary - d F
= E —=— Obsarved limit | r -
I 705 —+— Expectad limit Central Photons = I § r
[ 1 sigma region L = L
I E0E- [ z sigma region 025 E“fE
= S0 F s
LS r =5
g a0 § 10
30E 'g 10— "g E — Observed
20FE- € F E ---- Expected
= —— Observed limit E - +1c
10F % . Expected limit = Clt2e
ok I | L T i . | E 1 | | 1 1 1 1, ]
100 110 120 130 140 150 A B N N N T T
M, 1458 o Y20 CETH] T Se0 {100 105 410 115 420 125 130 :"35 s:ﬂufé:w.—}im
Higgs Mass (Gell) g
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\Number of events produced
Including decays for 1fb!

. Events produced at each Tevatron experiment in 1 ' I

0 70
=
g 60
i 50-
40 :
ZH —» whbb
20 —— ZH =5 1Ibb
10 e H = WW = IV
r —— = Tolal
a oo g g T4 e
‘P1D 120 130 140 150 160 170 180
Higgs mass (GeV)
Elzbieta Richter-Was

aqg — H -WW-llvv)  Signal, my, = 160 GeV:

oxBR = 40 fb
Associated WH and qgH production increase
signal by ~30%

Significant di-boson backgrounds:

WW: oxBR =13 pb
v WZ: oxBR = 4.0 pb
W ZZ: oxBR=1.5pb

I+

Additional backgrounds:
t: oxBR =7 pb
single top: oxBR =3 pb

+ multijet QCD background
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H — €€ vv

Dominant decay for my>135 GeV: H — W*W

Leptons in final state
— exploitation of gg—H is possible

Signal contribution also from W/Z+H and qqH production
— Consider all sources of opposite sign di-lepton + E miss

Split analysis in ee, uu, and eu final states

Backgrounds: Drell-Yan, dibosons, tt, W+jet, multijet production

aevents/2.5 GeV
s 8 38 3§ 3§

-

10" Diboson

Al 5
0O 20 40 B0 80 100 120 140 160 180 200 -
— 5 I 10 1] 20 40 60 80 100 120 140 160 180 200
M, [GeV] - M,.[GeV]
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H— €€ vy

Dominant Drell-Yan background can be
reduced with cuts on E.mss and its

Dﬂ Prellmlnary
Flun 421"
H— WW — ee

T o &
isolation (distance to nearest object) \ﬁi‘;

Spin correlation gives main discrimination
against irreducible background from non-

CDF Run Il Preliminary Ji-samw
:05 1 Jets Wjals
100+ fy, = 160 GeVic* =“"'!r
L T
WIE
Wiz
oY
CJww
— HWW = 1D

@100}

80

resonant AN production

Y W+ e+
N —— .

R e —— e —— =

2% W- e-
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BD

40

20
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-—-__.

Cut at 25 (15 for ep)
already applied

ET T 14D 16D
By SINAG, e gt o) (OOV)

CDF Run Il Preliminary [L=3.& '

| OS 0 Jets

ignal

"'|"CD|"'|"'

M, = 160 GeV/ic®

|1||||1-5||||2|||25



: fEa - : =
To increase sensitivity < sap? D
: _ = — Signal
D@: Split the samples according to 2 CIZ+jets
] @ 1035‘ [C1Diboson
lepton flavour and combines the result 2 ¢ [ WHjets
[1Multijet
L
10%¢ — .
10
CDF Run Il Preliminary [L=san’ E
8 gof 0S 0 Jets, High S/B e e e
2 " Em, =160 Gev/c® = 0 0.2 04 06 08 1
£ %5 o NN Output
g 704 i
w E
&l
:§ CDF: Split samples into jet multiplicity and
bl lepton ID criteria: different signal and
m_ : b background composition
8 R Veto events with tight b-tagged jet
% 08 06 04 02 0 02 04 06 08 1
NN Output
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H— &€& vy

Excluded cross section per experiment:

CDF Run Il Preliminary _r'- P E
s : 7}
0% | High Mass Expectec - =
High Mass = o "EI'
.DthMm 2 j
| e High Mass Observed @]
g £ s
-1 10 &
(&]
¥ E
>
5 o e T s pra— i e et e s e e e e e L e
110 120 130 140 150 160 170 180 190 200 120 130 140 150 160 170 180 190 200
Higgs Mass (GeV) my (Gercz)

Expected limits: CDF: o095 = 1.03 - Osm DO: o095 = 1.36 - Osm
Observed limits: CDF: g95=1.13 - osm D0 oo =1.55 - Osm
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\Individual combinations

CDF Run |l Preliminary _I.L=5,9ﬂn_1
0P e e i . SM}[lggsComb;matmn —Obsewed
.HighMEEE:HE : i - ;
I:lHighMEEE:l:&s
= — High Mass Cose ved
Em ........................................................................................ 5
d 10}% ed Limit
RS e e——
n
(o R I . S R : :
................... Smﬂda‘d MDdCI
1E -Z'Stﬁﬁﬂﬁfﬂ"h‘lﬁﬂﬁl"""fi'-i'-'-'-'-'-' B 5::::::::: SRR R
PRI M A A A A i L A ;---||||||| |||l|||||||||||||||||||||||||||||.1m
140 4120 4 ?IJ 18[! 180 200
T 110 12{] 130 140 150 160 170 180 190 200
I Observed Limit | Hags Mass(@eV) Ly 19, 2010 m,, (GeV)
m_ =165 GeV: m, =165 GeV:
CDF exp. 1.0 obs. 1.1 xSM D@ exp. 1.1 abs. 1.0 % SM
SM sensitivity per experiment
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\Sta ndard

Model results

Tevatron Run II Preliminary, <L> = 5.9 fb™’

95% CL Limit/SM

A

s O sy oo N S . I d

LEP mﬁga;ﬁ o

— 'Ohserved S o :_:_:::E_"_'.:::_'::::';:'": :" :i.': _:'

....................................

) : | .
evatmn Exclusmn T | _{u!}' 19, _-ql&_ "

100 110[

120 130 140 150 160 70 180 190 200

95% CL limits @
Exp: 1.45 x

Obs: 1.56 x

115 GeV: m(GeV/c’)

o £ i
o Exclusion Region:

Tsm Exp: 156 GeV < My < 173 GeV

Elzbieta Richter-Was

Obs: 158 GeV <My <175 GeV

Lectures on LHC physics

47



\Higgs mass constraints

M, from Standard fit.

+ Central value 10: M, =83 "% GeV
« 2cinterval: [42, 158] GeV

Green band due to Rfit treatment of theory
errors, fixed errors lead to larger ¥,

Standard fit

CES]
L1l

(] fitter ||

..............................

% CL |

Tevatron 95

A

Theory uncertainty
| —— Fit including theory errors

o

20

2 ---- Fit excluding theory errors
B e i e o — 1a
0 L | 3
200 250 300
M, [GeV]

Elzbieta Richter-Was

Lectures on LHC physics

M, from Complete fit:

» Central value +10: M, =119 "} GeV
« 2o interval: [114, 157] GeV

Complete fit
1 2 T T T T
10 |
el fitter ... -
e -3
8 |- —
4 I / """"""""""""""""""""""""""""""""" __ 2c
' Theory uncertainty ]
— Fitincluding theory errors -
2 ---- Fitexcluding theory errors |
------------------------------------------------------------ Ehi
Al 1 | | 1 ]
100 150 200 250 300
M, [GeV]
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.... also the prospects for the discovery of the Higgs particle are good

- Luminosity required for a 5o discovery or for a 95% CL limit -
(< 2006 estimates)

= P\
= ; ; \er = 1 4 TeV . 'ﬁ.’a‘ ;
;j —_— "[g‘j:l]-\,u'. ery ?
§: 10 e ' ' el '
J Sy
....E....:_.. ....;.... PRIY ......,i ....,:.,.
i 0 v fa o P I ‘A i ioi Qi
L e A o == SRR BN S - i e b i i ;
I Y | A R S
a | i | ATLAS + CMS
Bl e & 2
; .
100 200 300 400 500 800 TOO S00 000000
iy, {Cie“\'-cz }

~ < 1 fb!" needed to set a

95% CL limit in most of the
mass range
(low mass ~ 115 GeV/c? more difficult)

comments:

J.J. Blaising, A. De Roeck, J. Ellis, F. Gi
G. Rolandi and D. Schiatter,

Eur. Strategy workshop (2006)
Elzbieta Richter-Was

anotti, P. Janot,

- these curves are optimistic on the
ttH, H— bb performance

- systematic uncertainties assumed
to be luminosity dependent
(no simple scaling, o ~ VL, possible)
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H—- 770 — ¢eee

Signal: ocBR=57fb (my=100 GeV) }f‘”
—I- . -1—
Backaround: Top production ”
tt — Wb Wb — Iv civ Iv clv

o BR=1300 fb

Associated production Z bb
Z bb — it clv clv

Sackaround rejection: Leptons from b-quark decays
— non isolated

— do not originate from primary
vertex

(B-meson lifetime: ~ 1.5 ps)

Dominant background after isolation cuts: Z/Z continuum

Elzbieta Richter-Was Lectures on LHC physics

P+(1,2) > 20 GeV
P; (3.4)> 7 GeV
| < 2.5

Isolated leptons

M@E) - M,
M(22) ~ < M,

50



H-> 77— ¢ ¢

—h
]
T[T

CMS

-—h
=)
I
L
5]
5|
&n

=
]

=7

20 100 150 200 250
4 lepton invariant mass (GeV)

No. of events at So discovery luminosity
(=]
[T
(]
(=3
oo

ATLAS

SRR L=tom BILAS
W z0 preliminary—

Events/(5 GeV)
-

tt

-
3
i

-
T

R s O OO

>

350 400
M(4l) (GeV)

Vs = 14 TeV

ZZ (irreducible),
tt, Zbb (reducible)

Main backgrounds:

Updated ATLAS and CMS studies:
« ZZ background: NLO K factor used

« background from side bands

(gg->ZZ is added as 20% of the LO qq->Z7)

m L I T T T T T |
e [ ﬁ ATLAS |
0 L ] i i
= v 2e2n preliminary J Lo30 fb"
2 - ® Total e 7
] 3 o T
E’ 10— /’;\ m g e =
7} : N e —— i, Ny .
- ! f/“". » .fl’ ——=—— \‘ :
i II,"III.I ) \I \\I-__z ; .. ‘J' \“\ \‘\. i
= ..’;_:ff- Ti # / \\: 5
- i;/;' |II N
1= i 5l
= . . . . 8
100 200 300 400 500 o600

Higgs mass [GaV]
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H> 77— €2 ¢¢

What can be done with 1 fb1?
95% C.L. excluded cross sections normalized to Standard Model cross section

CMS Preliminary

215'|"'|"'|"""|' T 1
o3 ------ bkgd-only: mean H=ZZ+=4+
b [ bkad-only: 68% probability band A
! bkgd-only: 05% probabiltyband L = 1fh
systemaic errors |
o) . included )
-g 10 + 1 —-
@ s = 14 TeV
o |
5 )
CMS Preliminary: projection for 7 TeV, 1 fb”' Mar 17 2010
- : dine
w
= H—ZZ [de, 4u, 2e2y]
4 10
ol v b e e §
120 140 160 180 200 220 240 260 e

m, (GeVic?) B

Y TR S VAl S0 W B

Vs =7 TeV

— 95% CL exclusion: mean
N 95% CL exclusion: 68% band
95% CL exclusion: 95% band
i 95% CL excluslfcn‘. mean (no sys) :
200 400 600
Higgs mass, m _ [GeV/c?]

S ST B S
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Main backgrounds:
vy irreducible background

q . 200 ID Material DC3-05 lay] ATLAS
:j:::: 1;_;3 : M Services
q Y ~ 180 B TRT
B o
E 140! DBwn Pp.
. - . - .a 13:'
y-jet and jet-jet (reducible) ’gm
B
» . 8 o
q Y b % 40
g mﬂ -\li 2
g A =2
= 4
1
o:.: ~100 @ with large uncertainties
v+ g

—need R;> 193 for &y = 80% to get

el ™

- Main exp. tools for background suppression:
- photon identification

- v I jet separation (calorimeter + tracker)

- note: also converted photons need to be reconstructed CMS: fraction of converted vs
(large material in LHC silicon trackers) Barrel region: 42.0 %

Endcap region: 59.5 %
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Photon production

10" In today’s data
Sqom a
© 10" g —> gg
99 —> gq * Among reconstructed

10° -« di-jet photons :
= 10° Compton Annihilation = [ %_J_Bts with high-pT n°
EE . 0 4 A misidentified as photons
w107 — Prompt photons

T q .
=) 10 ! (from ME and fragmentation)
= g ——WWANAAAST f————— T -
2 10° —
g * v/ 7" Separaticrn]
Y 10* Bomn . Box
. 0 N | [ .

% 10° ’ ~ * Energy + angular resolution
S 1% o vy SN 000 W * Conversion recovery
E 10 ) F‘r‘aglmenmﬁon (Brem)
E§> 1 WY « Prompt photon

10 measurements :

«— H > yy - Background to H — 7y, ...
-2 .
10 : —= Perturbative QCD tests
10° [' Isolation ]
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\Calorimetry

L | == Calks e PS
- Bt = 000 =01

¥

--_':"_'._':'__l. __'-—’-E-.L;I_-_

N Endcap
ECAL (EE)

(. Pb + LAr sampling calorimeter

* 3 radial layers + pre-shower
* Design energy resolution :

o)
ﬁEz'lOf{:a@ 300 MEV@O.?%
E JE E

* Outside solenoid coil

(« PbWO, scintillating crystals
* Preshower in front of EE
* Design energy resolution :

Q
ﬁEz 2.9% (_B’IZSME\/@OS%
E JE E

\: Inside solenoid coil
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What can be achieved with 1fb!

400

% 1 . [ : }240_]_|IIIIIIIIIIIIIIIIIIIIIIIIIIII-II-IIIIIII_
O e ATLAS Preliminary Signal x10 i 8§ F ATLAS Preliminary -
I i i H— 7y (m =120 GeV W B 7
2578 fs'm“'a“f’m v @masem 2 om0k {f'\S=7TeV  (Simulation) 1
2 - 0oFiL 10 '\E=7 TeV " 3 e220 7
o + v v (Box ] w T B sSignal -
> 250 i ++ Ev-jet 4 S0k H— vy (m = 120 GeV)
O . Di- jet . O B -
E 500 — T E E [ [_] Al Backgrounds ]
= ++ 3 Z F .
150 y —— Toy sample (1 5} _E 180_— 7
100 tt R&; +++—: 160 n
50 = . i
&] = 140_II L Il L1 I L L Il Ll I L1 I L L L I L1 I L L L I L L I L -

0 105 110 115 120 125 130 135 140 145 150 110 112 114 116 118 120 122 124 126 128 130
M,, [GeV] M., [GeV]

Figure 13: Expected di-photon invariant mass distribution at /s =7 TeV for an integrated luminosity of
| fb~!. The left-hand plot has the signal contribution enhanced by a factor 10,

Elzbieta Richter-Was Lectures on LHC physics 56



H— vy

What can be done with 1 fb! at Vs = 7 TeV ?
95% C.L. excluded cross sections normalized to the Standard Model cross section

CMS Preliminary: projection for 7 TeV, 1 fo Mar 17 2010
= ]
2]
o 147 : |
. : H- yy [no photon categories] Js =7 TeV
o 1
2 124
B . — 95% CL exclusion: mean
v 10- W 95% CL exclusion: 68% band
] 95% CL exclusion: 95% band
8 ] --- 95% CL exclusion: mean (no sys)
6-
4
g-
0] I ——
100 120 140 160
Higgs mass, m _ [GeV/c |
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H—- WW — &v @v

« Large H = WW BR for my ~ 160 GeV/c?
« Neutrinos — no mass peak,

—» USe transverse mass o F — Wi+ets
 Large backgrounds: WW, Wt tt o T
g 40- WW
l% 35§_ llllll ﬁ‘
« Two main discriminants: 30E + i
o5F- —— Pseudodata
(i) Lepton angular correlation 205 ATLAS
[~ + b
- ‘*”"*{IWJ*"’IJF 10 4 J. L dt=10 fb"
Lff.--‘ W_ et :_ ;
Vi 5E \ {.
Chijl U o el S ,LLJI.L.
¥ : i Vi 100 200 300 400 500 600
(i) Jet veto: no jet activity M (GeV)

in central detector region

Difficulties:
(i) need precise knowledge of the backgrounds
Strategy: use control region(s) in data, extrapolation in signal region
(ii) jet veto efficiencies need to be understood for signal and background events

Elzbieta Richter-Was Lectures on LHC physics
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Discovery reachin H - WW — 2v €v at Vs = 7 TeV

CMS Preliminary: projection for 7 TeV, 1 ' Mar 17 2010 CMS Preliminary Projection forvs = 7 TeV, L = 11"
P 7
Em H ww mam 5 : - Cut on Neurl Network Output
1 H= ee ey pp) = usion: mean " .
§ 10 [ wup]-aﬁ%amm:mmm 6 E N —
2 95% CL exclusion: 95% band =
[ ] —~——-&S%(;I_exﬁusm:mean{msys B
i F B,
[ o ! ‘.
o I ] Y
2 4
8
6] -
3_
1 3
2F
1= -
100 150 200 . =3
ﬂ|||||||||||||||s||

120 140 160 180 200

Higgs mass, mH [GEWCZ] Higgs mass, GeV/c®

« Looks promising, provided backgrounds (systematic uncertainties) can be
controlled

 Exclusion reach is comparable to Tevatron reach (nominal performance)
(note that a single experiment is quoted above)
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Discovery reach in the
H -WW- |vlv

E o HoWwo ' " ATLAS Preliminan] 18F HoWW-_sll ATLAS Preliminary
agf- \E=7 TeV (Simulation) 3 16F. VE=7 Tev (Simulation)

- Conservative systematics = 1! —«— Consservative systematics
o5k — {1 pb’: = 14F —=— Optimistic systematics

= —e— 250 pbv +1 sigma

- —— 500 pb’ +2 sigma
20 —e— 750 pb’’ --- Standard Model

—s— 1000 pb
======= Standard Model

— e

95% CL limit o < Br(H=WW) (pb)
o

95% CL limit on & «Br(H—=WW}) (pb)

NPT PP I NI IPEPEIE I A
120 130 140 150 180 170 180

ool
180 200 120 130 140 150 160 170 180 190 200
M, [GeV] M, [GeV]

"Exclude in the range 140-185 GeV at
95%CL for the optimistic systematics.
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Vector Boson Fusion qq H

Motivation: Increase discovery potential at low mass

Improve and extend measurement of Higgs boson parameters
(couplings to bosons, fermions)

Established (low mass region) by D. Zeppenfeld et al. (1997/98)

Earlier studies: R.Kleiss W.J.Stirling, Phys. Lett. 200 (1988) 193;
Dokshitzer, Khoze, Troyan, Sov.J. Nucl. Phys. 46 (1987) 712;
Dokshitzer, Khoze, Sjostrand, Phys.Lett., B274 (1992) 116.

Distinctive Signature of: q
- two high py forward jets (tag jets)

HD

- little jet activity in the central region
(no colour flow)
= central jet Veto

WW, ZZ fusion > 9

Higgs decay
=" products

Tag jets

¢

&l
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qqH — qq WW*
—qq &v &v

Selection criteria:
- Lepton P; cuts and
« Tag jet requirements (An, Py, large mass)

MT — \/(E{,’— + E;v 2 _ (ﬁ?‘ + p—t%ai.m:]E

+ Jet veto (important)
+ Lepton angular and mass cuts

“3:; I C Higgs signal my=160 Gav/a" - T
S = 71 backg raund ] > 250
@ - [ tt+'1tackground a o qq — qqH
0 1 F— | % bockground w |
O B s H —>WW —> two leptons+py
5 - - 200 ~
£ - ATLAS - my = 160 GeV
~nIs |— 5
E'_ B 8 150
i) C n CMS
[3] B o L
Vaos s
B "‘E 100
2 @
=
= (]
025 [— wl
a s}
o =0 100 150 =20 250 0 20 40 80 80 100120 140 180 180

M, (GeV/c)

m,(lepton pair,E,™) (GeV)

Transverse mass distributions: clear excess of events above the

background from tt-production
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H—<t< decay modes visible for a SM Higgs boson
in vector boson fusion

qqH — qqtt Experimental challenge:

— qq fvv fvv -+ Identification of hadronic taus

— qq fvv hv ,
« Good E;™5s resolution

<ug A R T TG T T (Tr mass reconstruction in collinear
X ATLAS E approximation,
Wik VBF H(120)—tt—slh - i.e. assume that the neutrinos go in the
a [ \s=14TeV, 30fb'] direction of the visible decay products,
§1U . i good approximation for highly boosted taus)
Ll 8‘_ -
. - — Higgs mass can be reconstructed

6L _

e e - Dominant background: Z — tt

2 ] the shape of this background must be

i rorem peve= o P Wi 0 i Y A A controlled in the high mass region
B 80 100 120 140 160 180 — use data (Z — uuw) to constrain it

m,, (GeV)
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What can be achieved with 1 fb-! at Vs = 7 TeV ?

CMS Preliminary: projection for 7 TeV, 1 fb' Mar 17 2010

— 95% CL exclusion: mean
B 95% CL exclusion: 68% band
95% CL exclusion: 95% band

%

=]

SI 10—: Hyy + HWW + HZZ
bCD

I

- ] s 95% CL exclusion: mean (no sys)

100 120 140 160 180 200
Higgs mass, m_ [GeV/c?]

« Combination of the WW, yy and ZZ decay channels
(CMS study, preliminary, numbers from 14 TeV scaled down)

« Mass range in the region between 145 and 190 GeV can be excluded within one experiment
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‘What can be achieved with 1 fb!

R ML ML LU I LI I
ATLAS Preliminary (Simulation)
------- WW+ZZ+yv Combined
-1'15
:Ii'EG

IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
i ATLAS Preliminary (Simulation)

MNLO
S

—
=
TTT1

102;

—— Standard Model (NLO)

95% CL Upper Bound on o/
95% C.L.o(gg— H+gg— gqH)[pb]

1E
C = 10E =
I J-Ldt=1 fb’ \5=7 TeV | - J-Ldt=1 fty' .
10.1|||||||||||||||||||||||||||||||||||||||||||||| ||||||||||||||||||||||||||||||||||||||\J:§|:|-‘I’|T|eyl
110 120 130 140 150 160 170 180 190 200 Y10 120 130 140 150 160 170 180 190 200
M,[GeV] M [GoV]

"Higgs mass between 135 - 188 GeV can
be excluded at 95% CL.
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Allowed parameter space
shrinking

Search for the Higgs Particle

Status as of July 2010 95% confidence level
Excluded by Excluded by Excluded by

LEP Experiments Tevatron Indirect Measurements
05% confidence level Experimenls 5% confidence level

100 114 120 140 158 175 185 200 GeV/c2

Higgs mass values
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Next topics

15.12 - Higgs
2 Properties: masses, couplings
Q. MSSM
2 Other scenarios

5.01 -SUSY
12.01 - SUSY

19.01 - Wrapping up on data 2010:

@ SM physics: selected public results
Q@ Searches: new exclusion limits
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Hypothesis testing

The observed data are subjected to a likelihood ratio test of two hypothetical

scenarios:  Background scenario (no Higgs signal assumed)
Signal + Background scenario (Higgs signal with assumed mass added)

Compute likelihood for B and (S+B) hypothesis

[ (a) LEP

o=
—
[S¥]

o]
o
@ Observed my = 115 Gevie®
E === Expected for background
== Expected for signal
T ol pﬁj?l:likg::;ullu;‘na
2z
E 0.08 |
'g .
Likelihood ratio Q:=Lg,g/Lg 2 106
o
=

Test statistics: LLR:=-21InQ
(log-likelihood ratio (LLR))

Distribution (pdf) of -2 In Q can be
calculated in MC experiments for
(S+B) and B-hypothesis
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Example from LEP: Likelihood ratio distributions for different
assumed Higgs boson mass values

=
=
™

ey = 11 Gevie! (a) LEP

=
=l - F
£ Z oz e = | E
.E e % == :p::l.::[nr n_-rk:;:n:’ e -Eo‘!s : :n:f:uwm-’
= ol e e Lot = |
= z Bl
= 003 = 048 =
_E =]
'g g Eﬂ.lﬁ
E .02 2 0.6 E
& A |
0.04 O |
oaal
0.4z 05 |
o wx b T T R S 5 w15 R T D R T
-2In(Q) 21In(Q) -21n(Q)
my = 110 GeV/c? my = 115 GeV/c2 my = 120 GeV/c?

Difference between the median values between the S+B and B hypothesis
is a measure of the sensitivity
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LEP: Observed and expected behavior of -2 In Q

Broad minimum around 115 GeV/c?2

Neg. value of -2 In Q in data indicates

that the (S+B) hypothesis is more
favored than the B-hypothesis,

i E e el s however, atlow significance
20 --- Expected for ha.ckgru_li'nd
) - === Expected for signal plus background
_30 I 1 1 1 1 1 L | 1 1] 1 | I'r' L1 L | | L | L L
106 108 110 112 114 116 118 120

mH(GeWcE)
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The structure of the Standard Model

Fundamental principle: Local gauge invariance

Prototype: Quantum Electrodynamics (QED)
Free Dirac equation: il’ﬂa;;w_mw=0

Lagrangian formalism: L =i@}’”aﬁw-m17w

Local gauge transformation;  ¥(x) =€)

(derivative: 0 — eV +ie™ Oyl a,

0,0 term breaks the invariance of L)

Invariance of L under local gauge transformations can be accomplished by
introducing a gauge field A, which transforms as:

1
A8 = A it ;a“a where e = g /4x = coupling strength

Can be formally achieved by the construction of a "modified” derivative

d.u ~ D.u o d.u ¥ wA.u (covariant derivative)

ELLUL\/LM ANIvLILvLIT Yyao L.OLLULOD ULl LaIC Pll)’ DILDdD



= Lagrangian of QED:

L=ifFy"a 1 =miy + Ty Ay = ™

intferaction ferm

where F, is the usual field strength tensor: F = ayAv - GFAJu

v

Note:
(i) Imposing local gauge invariance leads to the interacting field theory of QED

(i) A mass term ( Em“AﬂA“ ) for the gauge field A, would violate gauge invariance

Elzbieta Richter-Was Lectures on LHC physics 72



Similar for the Standard Model interactions:

Quantum Chromodynamics (QCD): D,u =9, + igTaG:j

SU(3) transformations, 8 gauge fields, - 1 F
8 massless gluons, Gluon self-coupling G# = G,u =—a &, _fafjf'apr
-T,(a=1,...,8) generators of the SU(3) group g

(independent traceless 3x3 matrices)
- G, gluon fields
- @ = coupling constant

Electroweak Interaction (Glashow, Salam, Weinberg):
SU(2), x U(1), transformations,
4 gauge fields, (W', W2, W 2 B,)

Physical states: W, = % (W; FiW, )

7

£ 3
Z,=-smb,B, +cosf, W,

A = COSBWB#+sin9WWj

1
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