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The Higgs Boson

Standard Model QFT = Gauge Theory = renormalizability + high energy behaviour SU(3), ® SU(2); & U(1)y

Mass Problems: including brute-force masses for fermions and bosons

» gauge bosons mass terms violate gauge invariance = p,2 B, B"
» fermions mass terms break chiral invariance SU(2); = m(®;®g + ®g®;)

Scalar Field: ® = ( o )
T b1 + ido \ /

Scalar Lagrangian term: _
Ly = (D) D, & — V(®) = (D*0)TD, 0 — p2oTod — A(oT0)?

Vacuum Expectation Value: v= < 0|®|0 >

Multiple choices of vev possible = SSB = Expansion of ® around the vev
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Higgs bosonic channels in ATLAS
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| will not cover these topics at

Bosonic decay channels
provide the cleanest
experimental sighatures

major contribution to the
discovery
measurements sensitive
to the H spin

125 126 127 128 129 130 b st
My [GeV



Higgs bosonic channels in ATLAS

BR=0.23% £+ _—— ° H-oWW-lviv

XS=50fb @ 8TeV /
~1 300 evts 5 20 \\YY/ %

BR(H->WW)=22%
XS=240fb @ 8TeV
— 6.10

/ \H—oZz-4l

/ BR(H—Z22)=2.3%

“1XS=2.9fb @ 8TeV
“~70 evts — 8.10
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Higgs fermionic channels in ATLAS

Fermionic decay channels have a much more complex experlmental ~ this talk!
signature .. However: I

—
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-> probe the direct coupling to fermions

] Ll -
LHC HIGGS XS WG 2013

(NOTE: indirectly already from H—yy
loop induced)

-> possible deviations from SM
H couplings ?

Higgs BR + Total Uncert
s 3

-> probe lepton universality
(Ho 71t vs H—oup)

—
Q
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-> sensitive to specific Higgs

) NPT PR PR FUUEY TR PR I A
production modes d 10350 121 122 123 124 125 126 127 128 129 130
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NOTE: It’s not the branching ratio that limits these searches,
but the the complex objects in the final state (—low mH resolution)
and the competing background processes



H—bb : motivations

o
-> BR(H—bb) =0.57 @ mH =125 GeV ’

highest for the SM channels

| L L L LAl
LMNC WGGS XS WG 2013

/22 |

-> provides direct evidence of coupling
to (down-type) quarks

Higgs BR + Total Uncert
o
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-> sensitive to high pT Higgs production
(boosted Higgs)
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-> good sensitivity to new physics
at LHC
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NOTE: very large BR — can provide M, [GeV]
good statistics for rare processes
SM / SUSY / exotics \ /| Challenging object
(i.e. HH production, ) @ ] reconstruction
ol
° @\ low invariant mass

jet



(V)H—bb : motivations

However ... the experimental signature of the H—bb process is NOT clean
—> completely overwhelmed by QCD background

Gluon fusion production gg—H
(87%)
(dominant production mode)
S/B (LHC) ~ 104-10-°
challenge for brave people

—
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D —+ H (NNLO+NNLL QCD + NLO EW)

10

o(pp — H+X) [pb]
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pe gl (NKLO QCD + NLO EW)

Vector boson fusion VBF—H
(7%)

(subdominant)

== |better S/B = under study for Run2

101,._ e 1 (NLO QCD)

—

| l L L 1 l 1
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P PR [P I I
T T Associated production VH
M, [GeV] (5%)
(not really dominant ...)
cleaner experimental signature

oz Exploit leptonic decay of the Z (or W) boson to Kill
“\H 2 the multijet background originated by QCD processes

qQ ~
< — highest sensitivity at LHC
— main contribution for Tevatron results




(V)H—bb : what are we looking for ?

! Z boson decay —2 leptons
2 /] Zboson decay —2 neutrinos
z N W boson decay —1 leptons + 1 neutrino
N b




(V)H—bb : what are we looking for ?

Z boson decay —2 leptons
/ boson decay —2 neutrinos

W boson decay —1 leptons + 1 neutrino

Higgs-stralhung

e the Higgs is “radiated” from the Z boson

 kHZZ coupling (proportional to mZ)



(V)H—bb : what are we looking for ?

Higgs decay — bbar quark pair

Z boson decay —2 leptons
/ boson decay —2 neutrinos

W boson decay —1 leptons + 1 neutrino

Higgs-stralhung

e the Higgs is “radiated” from the Z boson

 kHZZ coupling (proportional to mZ)



LO-only

(V)H—bb : what are we looking for ? _
picture

Z boson decay —2 leptons
Z boson decay —2 neutrinos

W boson decay —1 leptons + 1 neutrino

Higgs-stralhung

e the Higgs is “radiated” from the Z boson

 kHZZ coupling (proportional to mZ)




(V)JH—Dbb : what are we (really) looking for ?
@ATLAS
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Time: 03:57:49 UTC




(V)JH—Dbb : what are we (really) looking for ?
@ATLAS

EXPERIMENT
http://atlas.ch

B
|
! 92 .
\
|
2 )
L /
\' -
/) -~ /
Run: 209787
} Event: 144100666

Date: 2012-09-05
Time: 03:57:49 UTC

Z boson candidate (reconstructed from 2 electrons)




(V)H—bb : main SM background processes

Backgrounds: every SM process that can mimic the VH—bb signature

2 jets originate by bottom quarks
(2 leptons) (0 / 1 lepton + missing energy)

q Z
q' 7 q qQ q g b
b
v §
t
- ' Z { \IL‘I.
—_— -y g b - -
g - - \ /,/’. \ M
’ q 1%

q- u
o Data 31000 amas 0 mbman U1 Al these processes enter in our
B VH(bb) (u=1.0) 9 - 1s=8TeV [Ldt«203 1" = Dboeon * hase space and cannot be
S Diboson 5 soof oty ™ S P
Ot g | = | neglected
[ Single top 600} ' e |« different topologies and kinematics
B W+hf _ A coveswy e resonant & non resonant bkgs
I Wacl n. - B ettt
CWal Multijet QCD background
B Z+hf -
B Z+c)  no MC prediction to rely on
T Zel - ! 1 ¢ data driven estimate from CRs
|:] Multijet R e e S mostly relevant in the 1 lepton channel
""""""""""" 3 * OOy ® * - e 3
"""""""" Prefibackground  § o4 s*etatti 4 very hard to model properly !
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The Analysis Strategy: probing a huge phase space ...

Three lepton channels: ... to find a very tiny signal !
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0 Lepton 2 Lepton 1 Lepton

4 “b-tagging” regions:

: , defined by counting the number
Anal Ph S 1 R
‘ natys’s T ase Space . lag (CR) of jets originate by bottom quark
,‘ VpT > 120GeV 2 jets 2 tag LL (SR) (with different degrees of likelihood) §
VpT < 120GeV 3 jets 2 tag MM (SR) _ _ _ |
> taq 11 (SR - 2 “b-jets” — Signal Region SR 4
2 regions of transverse 2 “jet-bins”: ag 1T (SR) (we use this region to measure
momentum of the categories defined the signal)
vector boson V counting the number - 1 “b-jet” = Control Region SR
of jets in the event (used to constrain the bkgs

prediction)

Why such a “splitted” phase space?
» different background contribution: the many regions select different kinds of events with different kinematics
« Signal Regions vs Control Regions: different sensitivity and background constraining power

Total: 40-50 analysis regions  (all of them enter in a simultaneous fit
to extract the signal and constrain the backgrouns)




Secondary
Vertex

Jet

|

Jet

80% 70%

L‘,, % /:'.

B-tagging: Bottom quark — B-jets

B-tagging = label the jet according to the flavour of the
parton originating it
(already covered in previous talk)

Displaced
Tracks

Strongly dependent on the b-tagging performances
(we build our Higgs candidate from b-jets!)

MV1c algorithm = output a weight for each jet
according to the likelihood of it being a b-jet

50% (~ MVA-like) [3 working points]

% T

? t;;; | 4> 2 “tight” b-tagged jets: 50% efficiency
)
= ] MM ¥ 2 “medium” b-tagged jets: 70% to 50%
secon
Jet 0 2 “loose” b-tagged jets: 80% to 70%
1-tag | 1 “loose” b-tagged jet

first Jet MV1c(j1)

Different backgrounds and signal composition in each bin



The Analysis Strategy: probing a huge phase space ...

Event Selection — suppress the backgrounds & slice the phase space

| Variale o \Iultnarlate ana.lvsm

: = COMMoOnN selection (0,1,2 lepton channel)
common selechon |

P (Gev) 0120 | > 120 i pTV slicing (2 pTV regions)
{ AR(jety,jety) || > 0.7 (py<200 GeV) § jet separation for non-boosted events

~0 lepton selection
mi:c ((\e\) ~ 30
AO(E""”, miss} < 17/2
min[Ad(EFR™ jet)] e > 1.5
’ NU

Ad(EF™ dijet) > 2.8
Njer=2(3) .

> prt (GeV) > 120 (150)

=1

1 lepton selection

m? (GeV) -
Hr (GeV) > 180 -
EF= (GeV) - > 20

2 lepton selection
mye {GeV) 71-121
Efl?i“ (GQV) —




The Analysis Strategy: probing a huge phase space ...

Event Selection — suppress the backgrounds & slice the phase space

Variable Multivariate analysis ~ Common selection (0,1,2 lepton channel):
common selection . .

T (Gev) 0120 | > 120 pTV slicing (2 pTV regions)

AR(jety,jet,) || > 0.7 (pT<2 Gc\)

ol pr< V) jet separation reduces V+jets background
0 Iepton selection {

p= (GeV) ~ 30 i 0 Lepton (Z — neutrinos) selection:
Ao(E!}“”“, miss) < 72
min[Ad¢(EF™*, jet)] . > 1.5 ’
r\SO(Ef}““"  dijet) ] > 2.8 { angular cuts to suppress multijet background
Njes =2(3) i

P (GeV) - 120 (150) | (€-9. neutrino system back-to back wrt di-jet
. | system)

} large missing transverse energy (> 100 GeV)

“1 lepton selection

my (GeV) -
Hrt (GeV) > 180 -
mx.... (GC\!) . > 20
2 lepton selection
mye (GeV) 71-121
EEI:‘”M (GC\I') .




The Analysis Strategy: probing a huge phase space ...

Variable Multivariate analysis
common selection
pY. (GeV) 0-120 | > 120

AR(jet,,jet,)

> 0.7 (p¥ <200 GeV)

O lepton selection

P (GeV)
AO'(E»?‘;”, p%aiss}

min[Ad¢(EF™*, jet)]

Ad(EF™ dijet)
Njes=2(3)

> Pr' (GeV)

i=1

> 30
< wf2
> 1.5

NU > 2.8

> 120 (150)

1'|e'pt6h/select'ion'

my (GeV)
Hr (GeV)

> 180 —
- > 20

epton selection

mye (GeV)
E}I:‘]i:;:; ((; C\!")

71-121

Event Selection — suppress the backgrounds & slice the phase space

Common selection (0,1,2 lepton channel):
pTV slicing (2 pTV regions)

jet separation reduces V+jets background

0 Lepton (Z — neutrinos) selection:
large missing transverse energy (> 100 GeV)

angular cuts to suppress multijet background
(e.g. neutrino system back-to back wrt di-jet
system)

1 Lepton (W — lepton+neutrino) selection:

HT cut to suppress multi jet background

(sum of the transverse energy of all the

i objects)

note: only muon channel used for pTV < 120
GeV (electron channel dominated by MJ
background)



The Analysis Strategy: probing a huge phase space ...

Variable Multivariate analysis
common selection
pY. (GeV) 0-120 | > 120

AR(jet,,jet,)

> 0.7 (p¥ <200 GeV)

O lepton selection

PR (GeV)
AO'(E&?;M, pflt}i:s:s}
min[Ad¢(EF™*, jet)]
Ad(EF™ dijet)
Nijes =2(3)

3 P (GeV)

=1

> 30
< wf2
> 1.5

NU > 2.8

> 120 (150)

1 lepton selection

my (GeV)

E mye (GeV)
t  ET™ (GeV :

Event Selection — suppress the backgrounds & slice the phase space

Common selection (0,1,2 lepton channel):
pTV slicing (2 pTV regions)

jet separation reduces V+jets background

0 Lepton (Z — neutrinos) selection:
large missing transverse energy (> 100 GeV)

angular cuts to suppress multijet background
(e.g. neutrino system back-to back wrt di-jet
system)

1 Lepton (W — lepton+neutrino) selection:

HT cut to suppress multi jet background
(sum of the transverse energy of all the

objects)

| 2 Lepton (Z — lepton+lepton) selection:

" di-lepton invariant mass selects the Z peak



Events / 25 GeV

Data/Pred

(tiny) signal vs (very large) backgrounds: 0 Leptons
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— 0lep., 2 jets, 2 tags
[ p¥> 120 GeV
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—e— Data 2012
B VH(bb) (1=1.0)
m Diboson

tt
o Single top

Multijet ]

B W+hf

o Wacel
W+l

B Z+hf

o Z+cl
Z+l

Uncertainty

«««« Pre-fit background

m,, [GeV]

Background Composition:

e dominated by
Z(—vv) + heavy flavor

e relevant contribution from
ttbar, W+heavy flavor,
diboson

Features:
e diboson invariant mass
peak ~ very close to signal

* very small multijet
contribution



Events / 25 GeV

Data/Pred

(tiny) signal vs (very large) backgrounds: 1 Lepton
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Background Composition:

e dominated by
ttbar
W(—Iv) + heavy flavor

e relevant contribution from
single top
multijet

Features:
e diboson invariant mass
peak ~ very close to signal

non negligible multijet
Contribution (very painful
in this channel 1)



Events / 25 GeV

Data/Pred

(tiny) signal vs (very large) backgrounds: 2 Lepton
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Background Composition:

 dominated by
ttbar
Z(—1l) + heavy flavor

e relevant contribution from
diboson

Features:
e diboson invariant mass
peak ~ very close to signal

* very small multijet

0 50 100 150 200 250 300 350 400 450 500 ~oniribution

m,, [GeV]



MVA Analysis: Boosted Decision Trees

BDT training variables (exploit discriminating power coming from signal topologies)

Variable O0-Lepton 1-Lepton 2-Lepton MVA training
vV . . .
Pr . X * starting from a minimal set of variables
IMISss
fi? X X X (mbb, dR(b,b))
zg; ’ ) } » keep the set with the better discriminating
N power
My X X X . _
AR(by, by) x % " . Chgck the modelling / correlations of all the
|An(by, b)) X X variables (data/MC)
Ao(V, bb) X X X Q4 QO T T
' © - ATLAS :
IAT)(V’ bb)l X 02 800'_'-_ \s=8TeV JLdl=20.3fb1 =§:"b(::())r(lu o
Hr X z 700F- ;;i;;.,zg’g:.mgs o Moot T
min[A¢ (£, b)] X : — g.?.'
W o . +
m X - W"' _® . Z+hf
! 500 ./ ek K72 gp:-:i?;ianclzground
mygg X - § e ” . VH(bb)x50
MV1e(by) X X X 4001~ :
MV1e(bo) X X X 300}
Only in 3-jet events 2001
p]'f:t:‘ X X X 100?—
Mph; X X X e :
° [ RARLY RARA] LR RALLY ey DR MLLD
. g ’ -.'///M . oot ? " »
As coherent as possible across lepton S g T ety 4"5
O 778 NE RNENE ERENH INETE FNETE FAEETE SN N CE RN AR N

channels and high/low pTV regions

05 1 15 2 25 3 35 4 45 5
AR(b,b,)



MVA Analysis: Boosted Decision Trees

BDT training variables (exploit discriminating power coming from signal topologies)

Variable O0-Lepton 1-Lepton 2-Lepton MVA training
PT X X « starting from a minimal set of variables
B X X X (mbb, dR(b,b))
Pr ’ ’ ) » keep the set with the better discriminating
fr'fbb g g 5 power | |
AR(by, by) » » « * check the modelling / correlations of all the
|An(by, by)| X X variables (data/MC)
Aé(V,bb) X X X ;‘500:"::I"'I"'l"‘l"‘l"']"'l'”l"'I"‘_
| An(V, bb)| X 8 asofi i - ATLAS :
Ht X ?400?;' | . \s=8TeV ILdt=20.3 fo' -
min[Ag¢(¢, b)) X = eii:ieit  O-lepton :
m}l'}’ X 350 :o _ 2tags, 2 jets, p¥>120€-ev —5
Mg X 30088t ¢ . =
MV1e(b;) X X X osolERE: . | [ Joata2012 -
MV1e(bs) X X X 200! : 2|
Only in 3-jet events ~ [GSSHSESEEesa:z. " 1S
3  x o X
oy X X % 100( 222800300000 00s e = i
We do not cut on the BDT output, but o0 p—— Elac
instead we FIT the score distribution 01 08060402 0 02040608 1 °

Profile Likelihood Fit BDT,,



L(u,0) = |

! Poisson

¢ distribution for nj  gjgngl Backgrour?c(imsuamt

number of orediction predictimmeasurements i

§ measured scaled by p (Contro |
signal strength Regions) ‘

j t.u.obs Dy = /f:

I

_ Extracting the Signal: Profile Likelihood Fit

1)
= Ta6)

Profile
Likelihood PLR
Ratio

t, = —2InA(u)

test statistic

ftulp)dt,

The (in)famous p-value

p=2.87 x 10-7
/ Z(significance) = 50 (discovery!)



Extracting the Signal: Profile Likelihood Fit

M my , ; ‘,
) ) F 38 e ) = L)
. k=1 k ¢ L(Na 0)
Poisson * | ﬁ Profile
distribution for nj  Sjgnal Background Constraint | ::';kt?"hOOd PLR X
number of prediction prediction =~ measurements e e a—
measured scaled by p (Control
events signal strength Regions) _
g 9 J t, = —2In A(p)
test statistic
f(t lu)
H o0
j t_u.obs Dy = /t‘ f (tp.I/J') dtp '

p,0bs

The (in)famous p-value

p=2.87 x 10-7
/ Z(significance) = 50 (discovery!)




Extracting the Signal: Profile Likelihood Fit

N M my -
‘ si+b)" ... — U ¢ L6
L(u, 0) — H (n" e (ns;+b;) H # e Uk moo— )\(ﬂ) — (lf’a ,\) .
=t T bt L(p,8)
Poisson | ﬁ Profile
number of prediction prediction =~ measurements atio :
measured scaled by p (Control .
events signal strength Regions)
! test statistic ;
a oo
j t_u.obs Dy = / f(tpl/l) dtp .
t}l.()b:i
p-value The (in)famous p-value
p=2.87 x 10-7
/ Z(significance) = 50 (discovery!)




Extracting the Signal: Profile Likelihood Fit

N M mg -
’ si+b)" ... — U ¢ L6
L(u, 0) - H (n" e (s +by) H #e Uk o )\(ﬂ) _ (lf’a ,.) '
Poisson | ﬁ Profile
number of prediction prediction =~ measurements atio
measured scaled by p (Control
events signal strength Regions) _
J J 0 t, = —2In A\(u)
test statistic
: ‘ 00 1
j L ops | Pu = / ftulp)dt,
",. tp.ubs {
p-value The (in)famous p-value
| p=2.87 x 10-7
/ £ Z(significance) = 50 (discovery!)
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migration between channels £
through lepton systematics Z
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< | §
additional pt¥ systematic
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pr’

Extracting the Signal: Our Fit Model

Very large and
complex phase space,
with several
background
contributions:

extremely complex fit
model

e systematic
uncertainties

1. leptons

2. |ets

3. b-tagging

4. pTV-dependent

can cause migration
across different
regions



Extracting the Signal: Our Fit Model

— g o = A . = P s —

M o - { Itallows us to:

e “learn” the background
modelling from on
region, and “export” it
to an other

L Al
ATLAS Pralminary

0 [ T wasa
ﬁ.u-n-.-‘!-v-.‘ 10 -
Dinp, 2 jotn, 2 tage, MSp| 200 Gov ~

* combine the
discriminating power
of several signal
regions

Process Scale factor
tt O-lepton | 1.36 +0.14
tt 1-lepton | 1.12+0.09
tt 2-lepton | 0.99 + 0.04

Whbb 0.83 £0.15
Wel 1.13 £0.10
Zbb 1.09 £+ 0.05

[ Zel 0.88+0.12 |




Fit Model: Systematic Uncertainties (just a hint)

Systematic ranking from the 8TeV MVA profile likelihood fit

S)&n.l . .
Cross section (ocule) 1% (o). 50% (&) on the full channel combination (0+1+2 leptons):
Cross section (PDF) 2.4% (qq), 17% (gg) Afl
. i i c
s tetd e -0.15 -0.1 005 0 0.05 0.1 0.15 0.2
;.j::,‘:‘(:":;:‘(n:(rﬂp) "'1:‘.‘2% ]lll]ll]lll]Tl]]T]]Il]lll]TI]IT]]TI]IT]][
‘/ s e e - = - . = - - = o < o 22 "
pt shape (scale) S WobB. Wae R
Acceptance (PDF) 2-5% ‘ (pv; 120 (:,v:hape ' o—/ > Jon
Vv » . N 1 : :
pr shape (NLO EW correction) 5 . Wabllo w'¢b5 normalisation ‘ 7/
Acceptance (parton shower) 8-13% .‘ (P} > 120 GeV) . 7/
Z - jets ‘ - .7 / :
] Wabb lis : =0
Z1 normalisation, 3/ 2-jet ratio 5% rermaliten : 7 //"/ :
Zal 3/2-jet ratio 26%  Jal W+HF pY shape (3-je1) | » *— . % -
Z 4+ hf 3/2-jet ratio 20% ' : SRRy I , S . oy e
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SM Candel Process: Diboson VZ—bb
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VH—-bb Results from the LHC Run1 dataset
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VH—-bb Results from the LHC Run1 dataset

A
S
w
~

4 -
- ATLAS s:7TeV,det=4.7fb" § [ =S B I T EARAR W -
3.5 ot ww T4
- —®— Observed (CLs) s=8TeV, J- Ldt =203 b c ~ | bp) > L
SERNETEEEE Expected (no Higgs) = “s
38— v Expected (m = 125 GeV) T ‘ p——
- @ :to 210" G .
. + §
25— (14 .
- @
. &
13 8107
. I
1.5

0.5 ~
10—411111111111111111111
S T T T P T 80 100 120 140 160 |\1}|80G200
2" 110 M5 120 125 130 13 140 | | u[GeV]
< ™ISV Falling BR results in the shape of the
g ATLA \s=7 TeV [Ldt= 4.7 tb" P -
— omened o8 ToV =203 expected limit / p-value (dotted blue lines)
L |-~ Expect I SO ]
"""""" niecied 128 BV Main changes wrt 2013 analysis: o
. > (.
10‘;._,,:"; """" \\—-—-‘/‘; « MVA analySIS (BDT) improvement
N — e e e MV C b-tagging
E T, b g e (same dataset analysed)
T e 1 eimmis highest expected
= Significance = 1.4 (2.6) N'ghest expec
- significance for

104

U S T R ST —— PRSPPI ST
195 o obs.(exp.) H—bb searches

2
3
8
8
8



Conclusions

VH—bb : promising but very complex analysis

- Runi: no evidence, but good confidence with the analysis model and
the background modelling (crucial for this search)

- Starting to work towards Run2: (approximately) expect to reach ~Run1
sensitivity after first 10 inverse femtobarn (~~~)

“mm“ - will benefit from the detector upgrade
(IBL) and the increase center of mass
{43 19 44 2.3 energy

VBF 1.6 3.7 2.3 ) ] i
prucmrm s mesmrrsmsnnes i rrsenmsncersesns. +\J€rY INteresting to combine Run1+Run2

results (~) early

- will pursue also other production modes
(VBF, VBF+gamma)

note: background processes are
increasing too (ttbar ~x4)

- start to test BSM physics ? (EFT models
parameters can be constrained by VH)

Thank you !



