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Foundations
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A glance at the Standard Model

e The SM condenses two simple observations about fundamental interactions:

fundamental interactions of particles in nature reflect fundamental symmetries

= the charges of the particles are the generators of the so called gauge symmetries

nature distinguishes left-handed and right-handed polarizations

= with more than 1 generation of particles CP symmetry is violated




The SM is an effective theory, following true discoveries...
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One out of the
7x10° pictures
taken by
Gargamelle at
CERN »




The SM is an effective theory, following true discoveries...
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The SM is an effective theory, following true discoveries...
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... and the theoretical '(_E:Ef;:gﬁ
interpretation ¥
v,te oV, +e
has been mediated
by a neutral
interaction which e
conserves flavor, RS SRRt R R o SN . Shower of
Couples i y . 3 :- 4 . ST : '. = ' " ol T 3 partit:les due to
proportionally to the e . s THT SR SRR U RS
weak neutral
charge and gets
masked at low Q?
by electromagnetic
interactons

« €&— Collision

" point

[

[

|

|

: <— Incoming

|

neutrino



The SM is an effective theory, following true discoveries...
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Proton-anti-
proton collision
recorded by
UA1 »




...which lead to a highly predictive theory

wli oo e Measured to incredible precision at LEP
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http://arxiv.org/abs/hep-ph/0404165

Two lines summarize gauge interactions
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e The gauge sector of the SM is based on:

= a symmetry group

Gsm = SU(3)c x SU(2)L x U(1)y

,

Strong sector Weak sector  Electromagnetic sector

- Three generations of fermions which are representations of the symm. group:

Qri(3,2)11/6, Uri(3,1)12/3, Dri(3,1)_1/3, Lri(1,2)_1/2, Eri(1,1)-1

oy T

Left handed Color Weak isospin and have this hypercharge : Y="2 (Q-l,)
quarks are: triplets doublets

That's all there is to know about the gauge sector in theSM!
If you don't believe see the next few slides.



Gauge invariance of the theory

e |t states that under a transformation of the fields the hamiltonian is left unchanged
e |.e. all gauge transformations are constants of motion, time independent

e |[fis y afield and y—Uuy is a transformation, then:

(W' H W) = | UHU |y) = (Y| H|y) = [U,H]=0

¥ (T, £1t,)

e The charges of the particles generate currents » ——) U

L
l.e. transformations within the symmetry group d(v) - — Ty

e To preserve gauge invariance the lagrangian is modified by a covariant derivative

Dt = o* +ig,GE L, + ingTb +ig' B*Y.



Gauge invariance of the theory

e |t states that under a transformation of the fields the hamiltonian is left unchanged
e |.e. all gauge transformations are constants of motion, time independent

e |[fis y afield and y—Uuy is a transformation, then:

(W' H W) = | UHU |y) = (Y| H|y) = [U,H]=0

¥ (T, £1t,)

¢ The charges of the particles generate currents » — U

L
l.e. transformations within the symmetry group d(v) - — Ty

e To preserve gauge invariance the lagrangian is modified by a covariant derivative

DF — gF 1 a}g@}&a + i@ﬂ + ig’@qf

Strong Charged EWK Neutral EWK
interactions interactions interactions

We “discover” gauge fields:




What is gauge invariance?

e |t states that under a transformation of the fields the hamiltonian is left unchanged
e |.e. all gauge transformations are constants of motion, time independent

e |[fis y afield and y—Uuy is a transformation, then:

(W' H W) = | UHU |y) = (Y| H|y) = [U,H]=0

¥ (T, £1t,)

e The charges of the particles generate currents » ——) U

L
l.e. transformations within the symmetry group d(v) - — Ty

e The lagrangian is modified by a covariant derivative to preserve gauge invariance

D#:ﬂ”{—wLaﬁ—@@_pg@gﬁY
Val

Strong Mixing Fermi constant and
coupling fine structure constant

each one has a specific coupling...




What is gauge invariance?

e |t states that under a transformation of the fields the hamiltonian is left unchanged
e |.e. all gauge transformations are constants of motion, time independent

e |[fis y afield and y—Uuy is a transformation, then:

(W' H W) = | UHU |y) = (Y| H|y) = [U,H]=0

¥ (T, £1t,)

e The charges of the particles generate currents » ——) U

L
l.e. transformations within the symmetry group d(v) - — Ty

e The lagrangian is modified by a covariant derivative to preserve gauge invariance

DH = 0" +ig,GHL,) igW ig’B@

Gell-Mann Pauli hypercharge
matrices matrices

...which makes charge flow




Unrolling the gauge sector of the SM
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Qri(3,2)+1/6, Uri(3,1)42/3, Dri(3,1)_1/3, Lri(1,2)_1/2, Eri(1,1)—1

oy e T,

Left handed  Color Weak isospin and have this hypercharge : Y= 72 (Q-l,)
quarks are: triplets doublets

e Using the information above we can write down the kinematics predicted by the SM

e E.g.for aleft handed quark:
covariant derivative

Lyinetic (@) = 1QLiVy (5‘“’ - EgstfJ\a + EQ’W@”TE. + EQ"'B‘”) 0i;QLj

coupling Unitary
X matrix,
gauge field no flavor mixing
3 X at this point

charge




Gauge bosons have self interactions
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e Besides the fermion kinematics, pure gauge-bosons interactions are allowed

v

1 1 i 1
E’gallge—ﬁxing — _ZVV WHv — ZB}LUB“U

va is the field strength tensor which for the electroweak sector is given by:

Wi, = 0,Wi—8,Wi — gye " Wi} By = 9,B, - 9,B,

LV

e This allows for triple and quartic gauge boson interactions

L

e +
r “p_ _i: '_J__J Wl, Z.M- _t_l f_‘r,_:- Zl"
X s r
“ﬁwp ” _ JJ LH _ o LH i etc.
I w wh‘.—“" w'n “h' ll'.ip
+ig‘v’ [(p_q}hgpu+(q_r)ugvh—'_(r_p}ugwj t igi[zgpug?\p" EunBup™ gmguh] —igicoseﬁw[nggm—gﬁmgpp—gppgp;u]

(all momenta incoming,

ga=e, gz=gu coslly)



e \WVave functions depend on polarization state

-+ note definition is
relative to the
polarization plane (not

to direction of motion)

 Transverse: photon-like

Longitudinal

= Photon-like polarizations tend to be common:
helicity-conservation in fermion annihilation
processes imposes transverse polarization of vector-

like states

() (=1/2) {4—1

V) =(1,%1)

= Longitudinal polarizations are

characteristic of massive gauge bosons
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Longitudinal vector boson scattering
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e |ongitudinal polarization is only possible for massive vector bosons

e Scattering of longitudinal polarized W bosons breaks unitarity at high s'?2
oW W, > W,/ W;)~s

e Ats'2~1 TeV interactions become strong unless unitarity is restored

e A scalar boson (H) interaction is a possible mechanism provided that:

gaww ~ My gy ~ My My <1 TeV
e Then:
AW W —wrw) 2 Ll 2
v? s— ML t—Mj

and the cross section satures (i.e.becomes constant) at high s'2



Upper bound for scalar boson mass
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e |f we decompose the WW scattering amplitude in partial waves we can write simply:

167 ‘
A_mﬂszHchomag azfﬂ (20 + 1)]ay|?

=0 f x ° o

Legendre polynomial  Amplitude for l-angular momentum wave

1
e But from the optical theorem 0 = ;Im[A(Q = 0)] whichresultsin: |Re(as)| < 5

e The immediate consequence is an upper bound on the mass of the scalar boson:

5"}4”% ;ME{
b = 8102

= [MH < 870 Gev]




Possible scenarios for V V scattering
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e Depending on the nature of the scalar boson (or its absence) expect distinct effects

als) A A<1TeV ‘ ‘ Ag>1TeV SM ND-HIEQE,,
1 _+ SB sector SB sector strongly coupled  Unitarity ‘"’j?‘ﬁﬁ““
weakly o

coupled

'l‘
ot
-
-

other scenarios possible:
eg, strongly interacting light Higgs
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VV scattering wil be the ultimate probe for

the EWK symmetry breaking mechanism i
W
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I'd like to end up
sort of unforgettable ‘

v
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Introducing the Higgs mechanism
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Introducing the Higgs mechanism
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Introducing the Higgs mechanism
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Introducing the Higgs mechanism
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Introducing the Higgs mechanism
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Higgs potential

e We introduce a scalar boson: Lyi,0s = augb]ta“’qﬁ - V(g)

3 —_‘li' F/w FM " oo
- ‘ + t;‘E)& +he e
1 t )Li ‘ﬂ(j)('j?sﬂ(

which has phase-symmetric potential: V' (¢) = “2@‘2 + h\gb\4 R YR

h, 11 >0 h>0u*<0

10l | TR \
2

¢ In the second case the vacuum is a set of degenerate ol =4/ —=—==>0




Spontaneous symmetry breaking
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e \Ne can choose to parameterize the vacuum as:

1
=%

e Substituting this choice in the lagrangian leads to:

[0+ rJeie"

1 1 ‘
L(p) = 2 w101 + 5(1 T %)2%@28“@2 —V(9)

1 o 1
with V(‘;b) — V(gb(}) - 5(—2;&2)(,0% + h’b‘(p? + Zh(pil
e The potential depicts an interesting result

- one of the components acquires mass : M=-22

= the second component is a massless Goldstone boson



EWK symmetry breaking

e In SU(2) the boson is a isopsin double e After spontaneous symmetry breaking

with hypercharge 7 : it becomes:
+ -
¢ V2 v+ H
)\
3 degrees of freedom = Constant vacuum Higgs:
3 massless Goldstone bosons condensate coupling to

matter

e The massless Goldstone bosons can be rotated away due to SU (2) invariance

e Set to 6=0 in the unitary gauge and find that the W and Z bosons acquire mass:
.

i ]‘ i g : i 1 1
(D) D"¢ = S0, HO"H + == (v + H)’ [wjgmﬂ + ZLZ’]

200820y, !

1
[ My cos Oy = My = 51}9 ]




Original idea behind the Higgs mechanism
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vacuum

11 T T T T T T T <_¢51> structured
/

+ 1 1+ 1 gag massless NG boson  p characterizes a
/A A AN continuous SSB
» X
b
K
R (/1)  structured
vacuum
LI T T T T L'al massive Scalar boson » measures the
t 1 T T ) T T rigidity of the
- vacuum
b

The proponents F. Englert and R. Brout PRL 13-[9] (1964) 321
P.W. Higgs PL 12 (1964) 132 and PRL 13-[16] (1964) 508
G.S. Guralnik, C.R. Hagen and T.W.B. Kibble PRL 13-[20] (1964) 585



More on Goldstone bosons

¢ Picture an infinite straight rope (it has translation invariance)

- break its translational invariance in direction

perpendicular to it

-~ the transverse waves are the Goldstone modes c2 Ot2  Ox?
= \Waves can propagate with arbitrary frequency

— after quantization will generate massless particles
e EWK ground state / the vacuum is said to be “spontaneously broken”

= A spontaneously broken symmetry always produces a massless scalar particle.

= |f the symmetry is approximate, the particle won’t be massless, but can be very light.



Vector bosons at high energy

e Inthelimitm /s"? — 0

= the mass can be neglected, vector bosons acquire large boost

= \W/Z become effectively goldstone bosons because longitudinal polarization dominates

,° 4 Le )
= I £

right-handed left-handed \ongitudinal-polarization _/

‘e

¢ The longitudinal component corresponds in
practice to a “swallowed” goldstone bosons »




Fermions also acquire mass

e Scalar-fermion interactions are gauge invariant and therefore allowed

¢ Fermion masses are free Yukawa couplings to the Higgs boson

o= o3 ()

spontaneous symmetry breaking

H
Ly =—(1+ g)(@dﬂ/quﬂ? + GuM.q.)

e As there are 3 generations of fermions differing by mass d ® b i V2 Vs

- these terms are arbitrary non-diagonal, complex matrices

- mass eigenstates # weak eigenstates — mixing ¢ , v. W .




And what about the Higgs mass?

W boson mass (GeV)
o ® o
e o o
F S S
N B O

o+ ]
o
B

80.38

80.36

80.34

80.32

80.3

- [ ] Not excluded at 95% CL.
---- M, prior to Feb/2012, m, Tevatron

— M, new world average, m Tevatron

,,l\ +
R
[

g
r N

Refterences:
SM prediction: Phy .D69:053006,2004
9 GeV (arXiv:1107.5255)

Top Mass: 173.
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Top quark mass (GeV)
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e The mass of the heaviest particles
is correlated from loop corrections

including the Higgs boson

e The preferred region is compatible
at 68% CL with the SM Higgs boson

candidate mass at 95% CL



Higgs mass and vacuum stability

0.04 —

3o bands in
M, (gray dashed)
@, (red dotted)
0.02 |
S 000
~

Y o0tk o .
Degrassi et al.,

[ ol v [ — 2 ] arXiv:1205.6497 |
D - = — Ty =004 l_n_‘."u i v.’ PR SRR 5 ST U S S S S W S p—
2 2)\ 115 120 125 130 135 140

Higgs mass M}, in GeV

e The Higgs mass has a strong dependency on m,, — influence on quartic coupling

Using current measurements vacuum stability up to the Planck scale may be excluded at 2-o

M; [GeV] —173.1\ ., (s(Mz) — 0.1184
M, [GeV] > 129.4+1.4 ( o ) 0.5 ( 5007 + 1.0g,

-~ exp. uncertainties dominate: 1.4 GeV from m,, and 0.5 GeV from a_

P. Silva IPHC seminar



Summarizing the nature of the new interaction
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X ™
Vo liggs
of : v =247 GeV oF ;e
Fermion Fermion
Higgs
X x ~ X
_ ', , 5 : )
v=247GeV ™, gg g = < v=247 GeV
W/Z boson W/Z boson
e With the “ether” e With the Higgs boson, proportional to
= Fermion masses from Yukawa couplings = the fermion masses
'mf Ngf’b‘ {-’}'f lef/fv
-~ (Gauge boson masses from gauge couplings - the mass squared of gauge bosons
"II v / 2 g1
My ~ gv gy ~ MZ /v



Tracing the Higgs boson at particle colliders

L s

CMS!Experiment at LHC, CERN

Data recorded: Mon Sep 26 20:18:07 2011 CEST
Run/Event: 177201 / 625786854

Lumi section: 450



Back in 1975...

A PHENOMENOLOGICAL PROFILE OF THE HIGGS BOSON

John ELLIS, Mary K. GAILLARD * and D.V. NANOPOULOS **
CERN, Geneva

Received 7 Movember 1973
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.....5'_’,.‘:'_"‘?'-" 1 esciuded by nudear =0 transitions
sl i ;
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p L R threshelds  New porticle  Bheeshald | 1 3 0 0 w 00 W0 Eie ] T w0t
__ Higgs Boson Moss (Mey b — g Higgs Boson Moss (Mey )
*—- r——
We should perhaps finish with an apology and a caution. We apologize to ex- /

perimentalists for having no idea what is the mass of the Higgs boson, unlike the

case with charm [3,4] and for not being sure of its couplings 1o other particles, except |
that they are probably all very small. For these reasons we do not want to encourage
big experimental searches for the Higgs boson, but we do feel that people performing

experiments vulnerable to the Higgs boson should know how it may turn up.
e —— —




...and so they searched for it at LEP....
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Electron-positron collider up to s'?= 209 GeV

Integrated luminosity: ~700 pb’
Shutdown: September 2000




Higgs production at LEP
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-c-‘.::'s}
H—bb > £V

!

S /
- 3_2-} _r'. §
H—bb > Z-e'e
e %
o

LY + 3
': = e I"L I"L

4-jets

missing
energy

T-channel

T-channel

lepton
channel

51%

15%

2.4%

5.1%

4.9%

At LEP: look for 3" generation decays

42/80

WW - qgag
77 + qgaq
QCD 4-jets

WW == qgiv
27 = bbby

WW = qgTv

ZZ = bbTT

2L+ qQqrT

QCD low mult. jets

ZZ + bbee
ZZ -+ bbup



LEP H — bb candidate
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Displaced decay from B
hadron candidate (1~1.6 ps)




e = 300-210 GeV

Candidates @ LEP

Everts

b -
20 1 background
mmm hiZ Signal

-+ LEF loose {
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. )98 GaV

gt o i '
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e |Invariant mass of the candidate events 10

_En vim 200-210 GeV
15.8 background events expected L% 10 + LEP medium
] background -
_ mmm b€ Signal
8.4 signal events expected (m =115 GeV) (m, =115 GeV)

. 108 GV

i
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- B + i i 4
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e Final verdict from LEP: .E”
T + LEP tight
Ll — background
0 hZ Sigmal
M > 114.4 GeV @ 95% CL o mmizsgm

= 1 Gl

gl i
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Reconstructed Mass my [GeV))




...and searched for it at the Tevatron...
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( Ilic:|3‘n"
! - —

Proton-anti-prdton collider at s'?=1.96 TeV
First superconducting accelerator
Shutdown: 30 September 2011

Almost 10 fb' of data for analysis




Search for the Higgs at the Tevatron
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~ Vector . |
RoseItSn W.Z Wz  No single channel has
~enough sensitivity
= HD |
4 / | ——
" ~ Explore all possibilities and

q
( Associated W maximize acceptance

5 production

Similar to LEP (fermion annihilation/scattering) 3

SM Higgs production

P A
g .Lt HG
;]
” :
g : t - gg.qq — tth T
TeV4LHC Higes working group e e

— -h_t 1 PRI S S R T SR T SR U A SN ST N S U ST MU T M s = s ot SO N B
tt-fusion 100 120 140 160 180 200

Hadron collider specific

m, [GeV]



/ 4m?2

¢ Fermions: proportional to the mass [ N.Grmj My ;
i

3 where [ = (/1 — —
War " } TV

and velocity dependent (1 factor from

the matrix elem.+ 2 from phase space)

e Vector bosons: dominate due to the [Fvv = fgf;i ov B (l —zy + gmij
fact the longitudinal polarized bosons {t‘;w —12 !
where ¢ 8 = /1 —zv
couple ~E — coupling to Higgs as to W= %L
rise as fast ) 2
GpM?
[ng = C;E\;ﬁﬂ; ;ﬁ[l + (1 _’Ti)f(’rz')] ]
e Gluons: through top quark loops \ ) 7
with = = ﬁ and f(7) = 5 _U: 9 Tzl
M% —ﬂlni_v—“‘%—m] T <1
¢ Photons through top and W boson
¥ G}. 2 - 19 i
loops (Zy partial width is similar in [ Ly = lggﬁs ZN @i F, ] Fy= 24371+ 2= 7)f(7)]
Fijg = =27[1 4+ (1 — 1) f(7)]

structure) Fy = [l = 7f(7)]



Look for all possible decays — cont.

48/80

T, [GeV]

10~2

104




Most sensitive channels at the Tevatron
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H—- WW — 2| 2v
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L]

One of the flagship channels at the Tevatron

Key signature missing transverse energy

3 h®
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Helicity conservation: charged leptons

recoil against neutrinos

One degree of freedom — measure

transverse mass

\/Pr + i

\JBr+ Br., )2 = (r,.,_ +Pr)?

MTWW -




H—- WW — 2| 2v

e Major backgrounds: di-boson production, Drell-Yan, top pair production

e Use all possible discriminating variables. Some examples are given below:

CDF Run Il Preliminary I.L:Q.Tibd CDF Run Il Preliminary [L: 97’
i 450F0s 0 Jets e ‘:g 400F 0s 0 Jets e
— 2 . n ¥
3 400E M, = 160 GeVre mi 3 asof ! M,, = 160 GeV/c’ mi
8 350 o o F z
T v ~ 300[- Oww
300 :g;“;”m g - —Emrwmo
© 250 oo
Non-resonant > @ n Z, 27, WZ are
- - @ |
ww 2001 - resonant
production is 1s0 150 ;— backgrounds
not polarized 100 100 r- T
- ™
50 S0 .
C -ﬁ e
pbe v v Ly v by e b By T P [ - — —
0 0.5 1 15 2 25 3 35 a L e o R I L !
Aa(ll) O 20 40 60 80 100 120 140 160 180 200
M(Il) (GeV/c?)
CDF Run Il Preliminary |.L:9.:~'1t:.‘1 CDF Run Il Preliminary [L: 97"
2 220F 0S5 1 Jets o ¢ [o0SoJets e
© 200f M, = 160 GeVic? - 2 >5°F M, = 160 Gevic® -
9 074 [0} E wz
S 160 aww o [
: - 140 :g::wm C 250 %
Mis- L%’ -
measurement '*° 200} Back d
of the recoil in'® 150F- | backgrounas
DY events 80 : shape due to
leads to 100 kinematic cuts
50 E_
3.5 4 o0 50 100 150 200 250 300 350 400
AO(ILE-) M (IIE.) (GeV/c)




Signal vs background discrimination
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e Define the probability to observe a given kinematics value - x_

th
P (fﬂnhs) = < ﬂ_lm > dggy{y}fty)g{rnﬁm y}dy
This refers to a normalization Differential Efficiency x Detector
process: signal or factor Cross acceptance resolution
background section
Theory input Experimental input'

e [For each event combine different observables and define likelihood ratio

Ve p ( ) ~ CDF Run Il Preliminary [L:g.?m"
S\ Zob 51000F 0S 0 Jet -
LRs (mabs) = " ! ° [ M —13‘::scaew=2 m
Ps(zobs) + Xiki P (Tobs) U =
- Y & 800 zz
i i
- Ratio is normalized using the expected i <o
600 —
fractions for each background (2 k=1) m_-
= Any correlation between observables is >0 = S

N T e —
neglected (probabilities projected 0O 01 02 03 04 05 06 07 O8 Lg:fww;




Signal vs background discrimination
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e Define the probability to observe a given kinematics value - x_

th
P (fﬂnhs) = < ﬂ_lm > dggy{y}fty)g{rnﬁm y}dy
This refers to a normalization Differential Efficiency x Detector
process: signal or factor Cross acceptance resolution
background section
Theory input Experimental input

e [For each event combine different observables and define likelihood ratio

Ve ™~ CDF Run Il Preliminal L=97f"
P g (mnbs) =1800F 05 Jets : [ Wi
LRS (mabs) = ' 2 - 2 vy
Ps(zobs) + Liki Pi(Zobs) wisoof My = 160 GeVie .
. < 81400 oy
Lﬁ E Oww
- Ratio is normalized using the expected 1200~ <o
1nnnf—
fractions for each background (2 k=1) 800
auni
] . 400
= Any correlation between observables is - —
neglected (probabilities projected % o1 0z 03 04 05 06 07 08 05 1 /
LR(HWW)



Multivariate analysis

e Likelihood ratios are “simple” multivariate analysis

- Based on single variable probability density functions

= May loose power if variables are correlated (only projections are used)

e Other sophisticated techniques are available (won't cover in any detail)

= neural networks, boosted decision trees usually yield best performance

= typically test performance of each one in an analysis and choose best

" separation N 4 significance N
(%) = 1 [ (sly) - ﬂE[y]}idy Ng — Np

| 2) isy)+isly) J vVNs + Npg

N J

= Check for overtraining: when problem has low number of degrees of freedom

= Automated tools commonly used in HEP available in TMVA: http://tmva.sourceforge.net/


http://tmva.sourceforge.net/

Structuring a multivariate analysis - |

55/80

e No need to clutter all variables to a single multivariate

e Factorize to improve on detector-related effects, specific background rejection

e |f some problem is found: easier to trace down where is the model failing

CDF Run Il Preliminary 9.45/fb

i:% All-SubChannels + data
:g saail ZAf
_ J— o ; + Z+bb
< w B Z+ce
o A RY, 150 } tt 1
tt expert network | o — + 5 1
output - E_ 8wz
— <05 100 | & -
| E ¥ ZIZ WWwW ]
>0.5 0 0.25 0.5 0.75 [ N fake Z ]
. Final Discriminant 50 | + ) zn (120)x 50
o | If+charm expert B L
WOl <05 . Bt .
>0.5 0 0.5 1

>0.5 diboson expert network ZH (120 GeV) Discriminant
output




Structuring a multivariate analysis - I
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x10° ZH—vwbb EW control sam ple (pre b-tag) x10°  ZH-wbb MJ-enriched sample (pre b-tag) _ _

E 2:_. rrrfjfrfrJr ey T frrrYrYyf '-1 |_: % 45 e e ST LI TR T LR B R S EEL N P '-1| ' Check Input Varlables

G qg @ L DO,9.5f'3 & 49 D@, 9.5fb .

165 1 935 —+- Data and correlations on

A '*'?3‘3 i B Top

e 12 — L I R B V:ht VY control samples

% JF Valf : = HL.

i E A 2 20 . .
0.8:- - S Muklpet e Check instrumentation
0.6 =

E o =
0.4F < 10 m effects, background
0.25 o =
N e A e T I e i i
: 50 100 150 200 250 300  — 50 100 150 200 250 300 normalizations.
Dijet Invariant Mass (GeV) Dijet Invariant Mass (GeV)

e Divide in categories according to S/B: background-enriched vs background depleted

¢ More handles to control background level and systematic uncertainties

1 tight b-tag 1 tight+1 loose b-tag 2 tight b-tags
1200 - :
§ [ eData [7]QCDMultijet [Top 10°F S . Q 140 3' :
Z soool. MV +HF [JEWK Mistags [vv — = S -
8 I —VH(x10) 10 n 4 )
T S : 5 5
e " pta, (i 3 W | &
= ! 08 055 o B 'eEFEml 0 et ise = F OHEEIT Ol 4+ okl
" sool. ™ g_ﬁ = 80 m
- |
Pl m il
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g 40
200} ~——] i

o7 08

y 1 i 0.6
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125 G
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Setting limits on Higgs production
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e In the previous analysis: no excess above background is observed
= the strategy followed is to set limits on the production cross section o(H)
- use the data to assess how much “free space” there is to allow a signal strength y=o/o,

= Measure data, background and signal compatibility using a test statistics

e Define a likelihood: £(data|p,8) = Poisson (data | u - s(6) + b(6) ) - p(]6)

y

Signal background PDF for nuisance
expected expected ~ Parameters
affecting rates or
shapes
Profiled values for
each u hypothesis
e Profile the nuisances (test statistics): q, =

Best values
from fit to data




The CL_ method for limit setting

CERN-OPEN-2000-205 , CMS-NOTE-2011-005

e Compute the observed value of the test statistics

= Consider signal+background and background only hypothesis

- Fit to obtain best values of all nuisance parameters 931;80 and Qﬁbs

e Based on expectations we generate pseudo-experiments for each hypothesis and define:

10%E <
5 — fQ_k=0)| [, .\ _ & probability that test
- f(a lu=1) s(k) = 1—py statistics exceeds the
p=1 observed value for S+B
Observed value similar as above for B

CLs(p)=5‘VJ — p%”Cypper endpoint

Number of toys
i

(commonly we say upper limit)

T R !J_l [l
15 20 |CL_ <5%|— exclude signal at 95% CL

Test Statistic i‘:iu

o
)
-
o



http://cds.cern.ch/record/451614?ln=en
http://cds.cern.ch/record/1379837?ln=en

The CL_ method for limit setting

CERN-OPEN-2000-205 , CMS-NOTE-2011-005

e Compute the observed value of the test statistics

= Consider signal+background and background only hypothesis

- Fit to obtain best values of all nuisance parameters 931;80 and Qﬁbs

e Based on expectations we generate pseudo-experiments for each hypothesis and define:

O 1.4
1.2

0.8
0.6
0.4

0.2

1-

oo e v be v oo b b s Vo v oo Pw v v s bew s s b v v b v as
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June 2012 Higgs Boson Mass (GeV/cz)

m— 1-CL, Observed
P 1-CL, Expected

<10.01b [ Expected +1 s.d.
[ ] Expected+2 s.d.

Tevatron Runll Preliminary
L

IIIJI[Ill

55% C18

_-Combination points to
s.th. Incompatible with
background at 3o-level

II|III|III|III|II

by probability that test
[CLS(”) T 1—p, statistics exceeds the
observed value for S+B

similar as above for B

CLs(p)=5‘VJ — p%”Cypper endpoint

(commonly we say upper limit)

CL_ <5%|— exclude signal at 95% CL



http://cds.cern.ch/record/451614?ln=en
http://cds.cern.ch/record/1379837?ln=en

What went in the combination ?

TABLE I: Luminosity, explored mass range and references for the different processes and final states (£ = e or u) for the CDF
analyses. The generic labels “2x™, “3x”, and “4x" refer to separations based on lepton categories.

Channel Luminosity Mgy range Reference
() (GeV/c)
WH — fubb 2-jet channels 4x({TL,TL,Ix,LL Lx) .45 100-150 [17]
WH — febb 3-jet channels  3x={T7T,TL) 8.45 L00-150 [17]
ZH —» vibh  (88,81,18) 9.45 100-150 18]
ZH — £747 b 2-jet channels  2x(T7,TL,Tx,LL) 8.45 L0{-150 [19]
ZH — £78 b 3-jet channels  2x(TT,TL,Tx,LL) 89.45 100-150 [19]
H-aW'W 2x(0 jets,1 jet)+(2 or more jets)+(low-me:) a.7 L10-200 [20]
Ha+W™W™  (e-Thad)+(p-Thaa) 0.7 130-200 [21]
WH — WWW (same-sign leptons)+{tri-leptons) 9.7 110-200 [20]
WH =+ WW™W~  tri-leptons with 1 Thaa 9.7 130200 [21]
ZH = ZW™W™  (tri-leptons with 1 jet)+{tri-leptons with 2 or more jets) 9.7 110-200 [20]
H— ZZ four leptons 9.7 120-200 [22]
H+ X —s+rtr (1jet)+{2 jets) 8.3 100-150 23]
WH = for s JZH = E 77777 E-Thad-Thad 6.2 100-150 [24]
WH — furtr [ZH — £ 6 7777 (E-fothad)+(e-p-Thnd) 6.2 100-125 [24]
WH — furts  JZH = Vi 777 Bdd 6.2 100-105 [24]
ZH — 7877y four leptons including uwas candidates 6.2 100-115 [24]
WH+ ZH — jjbb  (85,8]) 9.45 100-150 23]
H =~y (CC,CP,CC-Conv,PC-Conv) 10.0 100-150 [26]
HH — WWbbbh {lepton)  (4jet,5jet, >fjet )« (558,55J,810,88,8.) 9.45 100-150 [27]
HH — WWEbbD (no lepton]  (low met high met) = (2 tags,3 or more tags) 4.7 LO0-150 [28]

TABLE II: Luminosity, explored mass range and references for the different processes and final states (£ = e, u) for the DO

analyses,
Channel Lurmninosity My range Reference
(") (GeV/c")

WH — fubb [TST,LDT, TDT}x (2,3 jet) 9.7 10-150 [29]
ZH — vibh  (MS,TS) 9.5 100-150 [30]
ZH 676 bh (TST,TLDT)x(ee upceron, ijters) 9.7 100-150 [31]
HAX =857, 07 4.36.2 105-200 [32]
VH = etp® + X 0.7 115-200 [33]
HWIW™ = £uiFr (01,24 jet) 8.6-9.7 115-200 [34]
H—=W™W™ = urrmaab 7.3 115-200 [32]
H = WTW™ — firgj 3.4 130-200 [35]
VH — ff+ X 0.7 100200 [36]
VH s rrp+ X 7.0 115-200 [37]

H = 5y /.7 100150 [38]




Where is the excess coming from?
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e From the most sensitive channels: ZH — bb and H - WW

e In both cases mass resolution is poor + low stats — lead to the spread of the excess

e Consistent between both experiments and enhanced by the combination

Tevatron Run Il Preliminary H—bb, L < 10.0 fb Tevatron Run Il Preliminary H>WW, L < 10.0 fb'
% — Ohceried 4 EREEEEE R % == Observed | ' '
2| e Expected w/o Higgs E e e e Expected w/o Higgs
% 10 | M +1s.d. Expected d B +1 s.d. Expected
— +2 s.d. Expected s - % +2 s.d. Expected
O 4 _.“, ] O ) .....
88 : ...."9.’.. 89‘ (
g ..‘.'.,,Q. Ak g
....... 1
) SM=1
_ | | ; | : ! , !June 2012 ; ] : ! : : : Junq 2012 .
100 105 110 115 120 125 130 135 140 145 150 110 120 130 140 150 160 170 180 190 200
m,, (GeV/c?) m,, (GeV/c?)



Quantifying the excess

Tevatron Run Il Preliminary Tevatron Run Il Preliminary e \\Ne revert our perspective
= L <10.0 fb™ - L <10.0 fb
m,, = 125 GeV/c? (limit setting) and fit for the
H-o WW — —a— — HE———i || combined (68%) ]
. signal strength
—l- Single Channel
H— vy — - - : = C =
my, = 120 GeV/c?
Hbb —  =#= [ combined (68%) | |- —
-l Single Channel e Scan region of excess and
| | | | | | | | | | | | | | | |
0o 1 2 3 4 5 6 7 o 1 2 3 4 5 6 7 _ _ _
; find best fit for different m
m,, = 130 GeV/c? my =135 GeV/c H
Hos W'W +—— |:| Combined (68%) — —a— |:| Combined (68%)
- Single Channel - Single Channel
Hovyy — | - =
e | u=1.420.7 @ 125 GeV
H—bb - N f—
Consistent with the SM and
| | | | | |
o 1 2 3 4 5 & 0 1 2z 3 i 3 amongst all channels
Lure 2012 Best Fit 6/, Best Fit o/og, 9



When to claim discovery

% : . Signal
- ew resonance Y
; significance:
N 20000 e.g. H = vy 9 NS
0 s \/ N B + N q
17500 |—
: signal; width due to MNs: # signal events
B CONECIDR ITesOn i Ns: # background events
ydian N S s 5 .. In peak region
- Signal Ns = Nt -Ng is 5 times larger
B than statistical uncertainty on Ng+Ns ...
12500 | Gaussian probability that upward
i fluctuation by more than 5o is observed ...
E — 107
10000 I I | | | I | | | PE'U — 1 0 .
105 120 135
GeV) .
mhyy ( Discovery!



Look elsewhere effect

Eur.Phys.J.C70:525-530,2010

e Studying the probability of the background-only hypothesis over large range

= Probable to enhance signal-like fluctuations

= Significance must be corrected for this effect

e Quantify signal-like fluctuation probability from trial-factors

[trmf# B P{q{é} s cﬂ+ probability to observe excess at fixed mass point

P(g(f) > c) —»probability to observe it anywhere else in the search range

e Full simulation-based estimation of trial factors is CPU intensive: approximate asymptotically

3

Background -
only toy exp. |

B
=

3

S

Events / unit mass

._L
[=]

P

20 40 60 80 100 120

100 120



http://arxiv.org/abs/1005.1891

Look elsewhere effect

Eur.Phys.J.C70:525-530,2010

e Studying the probability of the background-only hypothesis over large range

= Probable to enhance signal-like fluctuations

= Significance must be corrected for this effect

e Quantify signal-like fluctuation probability from trial-factors

[trmf# B P{q{é} s cﬂ+ probability to observe excess at fixed mass point

P(g(f) > c) —»probability to observe it anywhere else in the search range

e Full simulation-based estimation of trial factors is CPU intensive: approximate asymptotically

50 . :
2 40f Background | R L R R
g sl only toy exp. | ‘
3 10"
2 20f g -
2 1ol st = 10 symptotic limi
: I hae < Em 3 ‘
50 20 40 60 80 100 120 mﬁ? from toy
| ' ' ' ' 10°F experiments
E 5
o 10 F
oL& et L Ll I GNP AFUIUIR TSI PP U B
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Look elsewhere effect

Eur.Phys.J.C70:525-530,2010

e Studying the probability of the background-only hypothesis over large range

N
= Probable to enhance signal-like fluctuations SR AR %,\ PR

= Significance must be corrected for this effect "':"'1:;\\\ o | eq

, ol
o el IR T
T wmw"-eﬁn—*w'—_-rw?cm """"‘_ ..__ - =

¢ Quantify signal-like fluctuation probability from trial-factors

P(q() > cﬂ+ probability to observe excess at fixed mass point

trial# =
P(g(f) > c) —»probability to observe it anywhere else in the search range

e Full simulation-based estimation of trial factors is CPU intensive: approximate asymptotically

. m
5 , , trial#,_ =1+ \'/;N‘me
2 40} Background - e
g sl only toy exp. | ‘
3 10"
2 20 [ . upper bound
3] [T
FE 101 L ':'-l A 10 “F
L pa— Em’— | ;
50 20 40 60 80 100 120 ag.» from toy
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Tevatron has reached the evidence threshold
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combined CDF /DO thresholds

130 b~
{10 fb™!
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19 ™
— 95%Z CL Ilimit
— 30 evidence

| i i
— . w T P TaralTal Ve
3 ) j =1 l'l.-"

integrated luminosity /expt. (fb™")
S
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Looking ahead for coupling properties

LHCHXSWG-2012-001 68/80
e In Higgs production couplings are present in production and in decay

= Needs careful prescription for each channel and production mode

oii - L'y

- Assume SM width and write: (,:,- .BR) (i = H—= ff) = T
H

- Search for deviations re-scaling the couplings at production (o) and decay (')

= E.g. for VH — bb+X re-scale

radiative vertex by k, +decay vertex by k. ; HO b
antiproton ‘
2,.2 b

- - K'e K
(¢- BR)(VH — bb) = osm(VH) - BRgy(H — bb) j; 3 4

= if needed effective couplings can be further disambiguated for hypothesis testing ( Ai; = &/, )
e Loops in production (gg—H) or decay (H —yy/Zy) sensitive to the sign of the couplings

due to interference interms (e.g. top <> bottom)


http://arxiv.org/abs/1209.0040

General approach to trace deviation in couplings

LHCHXSWG-2012-001 69/80

General parametrization allowing other couplings to float
Free parameters: kgz(= kg - kz /xu ), hz(= & /xz), hwz(= xw /xz), hoz(= kb /xz), hez(= ke fx2), hzg (= xz [xg), hig (= 2 k).
H — yy H— ZZ® H - WWH H — bb H—ttt

ggH xgz 1 Ay r::,z 1 1 g 1 . xgz 1 AL, g 1 AL,
ttH 32 AL fz Koy A, 1 gz AL Myz | kez Mg A ﬁz éz Mg Ay
VBF | k2,07 kg 1 s hw Z)lgz Koz A g Kypr (L Awz) 1 gzh 7 %ver(LAwz)Myz | X370 w“\fnr(l Awz)M %z‘""“ 7eXvnr(l, Awz)hly
WH ng MMz Mz |z MgMyz 1%z MMy Mz “Ez MMz Mz | %z MMz Mg

ZH xgz :ﬁg 2 ncgz A, 1 ﬁz }ﬁ,, . xgz A3, A, ;;z }\,Qg A2,

K _ PHH\:‘.M

Table A.1: A benchmark parametrization without further assumptions and maximum degrees of freedom. The colors denote the common factor (black) and the factors
related to the production (blue) and decay modes (red). Ones are used to denote the trivial factor.

e Number of free parameters is too large to make this fit feasible with low statistics

e \ector boson scattering based couplings only accessible in HL-LHC / SLHC


http://arxiv.org/abs/1209.0040

Results for couplings at Tevatron

3_

21

| Tevatron Run I, L.m <10 fb"’
. e | ocalmaxima A SM
| [ll68% C.L. |_195% C.L.

k; floating

70/80

e Fermion couplings floating freely — (k,,k,)=(1.25,£0.90)




Results for couplings at Tevatron
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e Fermion couplings floating freely — (k,,k,)=(1.25,£0.90)

e Assume SM for fermions and
-+ W boson — k, =+ 1.05"°%

-+ Zboson — k, =-1.27 *%% _ v 1.04 —1.51
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Results for couplings at Tevatron
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e Fermion couplings floating freely — (k,,k,)=(1.25,£0.90)

e Assume SM for fermions and
-+ W boson — k, =+ 1.05"°%
-+ Zboson — k, =-1.27 *%% _ v 1.04 —1.51

- Test custodial symmetry arc tg (A, ) = 0.68"%"

I .- Best Fit Tevatron Run II, Lmtiwfb‘
1.5 - Eles%cL
[ Ees% oL k; floating

| — SM=n/4
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e
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Results for couplings at Tevatron
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e Fermion couplings floating freely — (k,,k,)=(1.25,£0.90)

Tevatron Run Il L < 10 fb”

¢ Localmaxima & SM
[ B68% C.L. []95% C.L.

Ayz=1

e Assume custodial symmetry (A, =1)

— (k,.k)=(1.05, -2.40) or (1.05, 2.30)




Results for couplings at Tevatron
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e Fermion couplings floating freely — (k,,k,)=(1.25,£0.90)
e Assume custodial symmetry (A, =1)
— (k,,k)=(1.05, -2.40) or (1.05, 2.30)

e Assume SM for W and Z and extract

i L == kf='2.64+1'59 1.30
}‘ - =1.
E - Tevatron Run Il L <10 [+ S Local masima
5 0.4 - [ se% C.L.
© N [ JeswcL = Negative value driven by
o 03
= .
% : excess in H — gg
© 02|
o 0 i

(incompatible with H_ )




The Tevatron Higgs legacy

Tevatron Run Il Preliminary, L < 10.0 fb™

e A broad excess @ > 20 E = e Expaciod I ATiAS s
= 2 | — Qb Tevatrpn Exclusion
is observed at the E10 EEWE 5 3 el
3 s S,
Q
Tevatron o |4 4
R |5 &
> 54
= Mostly dominated from ° b=
=
VH — Vbb channels
1 ot
= 3-0 local p-value _
2 ATLAS+CMS .
+ Couplings close to Pless " [
100 110 120 130 140 150 160 170 180 190 200

nominal SM =
m,, (GeV/c")



...and finally we have searched for it at the LHC.

76/80

—

Proton-proton collider at 31’2=7', 8 TeV
First collision: 23 November 2009

Almost 25 fb' of data for analysis

T
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It was not as easy as counting...

All the details about the LHC results and interpretation in the next sessions

Monday, 27 May 2013

17:00 - 18:30 Higgs Physics 2 1h30°

Summary of results from the discovery in the different channels.
Case-study of the H->WW search at ATLAS.

Speaker: Dr. Patricia Conde Muino (LIP Laboratorio de Instrumentacao e Fisica Experimental de Part)

Monday, 8 July 2013

17:00 - 18:30 Higgs Physics 3 1h30°

Combination of search results.

Models, properties, and interpretation.

Case-study of the coupling strengths.

Case-study of the hypothesis test for different spin-parity assignments.

Speaker: Andre Tinoco Mendes (LIP Laboratorio de Instrumentacao e Fisica Experimental de Part)
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