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Introduction

Public results by ATLAS and CMS

Exp. Channel 7 TeV 8 TeV Reference
ATLAS H — bb 4.7 fb™ - ATLAS-CONF-2012-135
CMS H—bb 50fb ! 51fb!  CERN-PH-EP-2013-027(%)
CMS  H—qyy - 19.6 fb* CMS-PAS-HIG-13-015
*: Preliminary result on 7 TeV only: CMS-PAS-HIG-12-025
9 t g9 t
Y
b
H H
I & ] v
9 t g9 t

Will concentrate more on ttH (H — bb)
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H — bb

Final State Topology

Best channel: tf — ¢+jets, H — bb
@ leoryp, Et
@ 4 b-jets from top's and Higgs
@ 2 light (or c-) jets from W

] all-hadronic
46%

T+jets
v 15%

CMS considers di-lepton as well
@ opposite signed ee, uu or ey, £t
@ 4 b-jets from tops and Higgs

ttH at the LHC
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H — bb

Background processes

g9 t 9 t

— g
@ tt+ bb
g

_ b b
o tt+ Z(— bb) F g F
Difficulti
Other important backgrounds: @ Low statistics (not much lower than other channels)
@ tt-+ cc, tt+ Z(— cc), @ Low S/B even after event selection

tt + W(— c5)
@ tt+light jets with mis-tag

@ Jet reco and b-tag performances & systematics

@ Hard to find powerful discriminating fit variables

@ single top, W+jets

@ Z+jets, dibosons Expected yields for /+>6 jets, >4 b-tags:
o QCD multi-jet with fake ATLAS (7 TeV) CMS (8 TeV)
leptons ttH 2.2 2.5
tt+jets 54 60
tt+V 2.7 15



H — bb

Event Pre-Selection

ATLAS, /+jets:

Single e or u trigger

1 isolated e (ET > 25 GeV, |n| < 2.47)
or u (pT > 20 GeV, |n| < 2.5)

£+ >30 GeV & m7(W) >30 GeV (e+jets),
Er >20 GeV & Er+m7(W) >60 GeV (u+jets)

Jets: Anti-kr 0.4, pr >25 GeV, |n| <2.5
b-jets: MV1 algorithm, 70% b-tag eff.
> 4 jets

CMS, /+jets:

@ Single u or e+jets trigger

o 1 isolated e (ET > 30 GeV, |n| < 2.5)
or u (pT > 30 GeV, || < 2.1)

b-jets: CSV algorithm, 70% b-tag eff.
>4 jets, 3 of them with pr > 40 GeV

Jets: Anti-kr 0.5, pr >30 GeV, |n| < 2.4

'CMS, dilepton:

@ Dilepton (ee, pp or ep) trigger

@ 1 isolated e (ET > 20 GeV, |n| < 2.5)
or i (pT > 20 GeV, |n| < 2.1)

0 1e (Er >20GeV, |n| < 2.5)
or u (pT > 20 GeV, || < 2.1)
with looser isolation

@ > 2 jets
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H — bb

Event Pre-Selection

ATLAS, /+jets:

CMS, /+jets:

@ Single e or p trigger

1 isolated e (ET > 25 GeV, |n| < 2.47)
or u (pr > 20 GeV, |n| < 2.5)

£+ >30 GeV & m7(W) >30 GeV (e+jets),
Er >20 GeV & Er+m7(W) >60 GeV (u+jets)

Jets: Anti-kt 0.4, pr >25 GeV, |n| <2.5
b-jets: MV1 algorithm, 70% b-tag eff.
> 4 jets

@ Single u or e+jets trigger

@ 1 isolated e (E7 > 30 GeV, |n| < 2.5)
or i (pr > 30 GeV, |n| < 2.1)

Jets: Anti-kr 0.5, pt >30 GeV, |n| < 2.4
b-jets: CSV algorithm, 70% b-tag eff.
>4 jets, 3 of them with pr > 40 GeV

CMS, dilepton:

@ Leptons: tighter selection for CMS /-+jets,
looser for dilepton

@ Dilepton (ee, pp or ep) trigger

@ 1 isolated e (E7 > 20 GeV, |n| < 2.5)
or u (pr > 20 GeV, |n| < 2.1)

@ 1e(Er >20GeV, | <2.5)
or i (pr > 20 GeV, || < 2.1)
with looser isolation

@ > 2 jets




H — bb

Event Pre-Selection

ATLAS, /+jets:

CMS, /+jets:

Single e or u trigger

1 isolated e (ET > 25 GeV, |n| < 2.47)
or u (pT > 20 GeV, |n| < 2.5)

£+ >30 GeV & mr(W) >30 GeV (e+jets),
Er >20 GeV & Er+mr(W) >60 GeV (u+jets)

Jets: Anti-kt 0.4, pr >25 GeV, |n| <2.5
b-jets: MV1 algorithm, 70% b-tag eff.
> 4 jets

@ Single u or e+jets trigger

o 1 isolated e (ET > 30 GeV, |n| < 2.5)
or pn (pr > 30 GeV, |n| < 2.1)

Jets: Anti-k7 0.5, pr >30 GeV, |n| < 2.4
b-jets: CSV algorithm, 70% b-tag eff.
>4 jets, 3 of them with pr > 40 GeV

CMS, dilepton:

@ Jets: harder cuts for CMS

@ Dilepton (ee, pp or ep) trigger
@ 1 isolated e (ET > 20 GeV, |n| < 2.5)
or u (pT > 20 GeV, || < 2.1)

@ 1e (Er >20GeV, |n| <25)
or p (pr > 20 GeV, |n| < 2.1)
with looser isolation

@ > 2 jets




H — bb

Event Pre-Selection

ATLAS, /+jets:

Single e or u trigger

1 isolated e (ET > 25 GeV, |n| < 2.47)
or u (pT > 20 GeV, |n| < 2.5)

£+ >30 GeV & m7(W) >30 GeV (e+jets),
Er >20 GeV & Er+m7(W) >60 GeV (u+jets)

Jets: Anti-kr 0.4, pr >25 GeV, |n| <2.5
b-jets: MV1 algorithm, 70% b-tag eff.
> 4 jets

@ B-tagging: similar algorithms & efficiencies

CMS, /+jets:

@ Single u or e+jets trigger

o 1 isolated e (ET > 30 GeV, |n| < 2.5)
or u (pT > 30 GeV, || < 2.1)

b-jets: CSV algorithm, 70% b-tag eff.
>4 jets, 3 of them with pr > 40 GeV

Jets: Anti-kr 0.5, pr >30 GeV, |n| < 2.4

'CMS, dilepton:

@ Dilepton (ee, pp or ep) trigger

@ 1 isolated e (ET > 20 GeV, |n| < 2.5)
or i (pT > 20 GeV, |n| < 2.1)

0 1e (Er >20GeV, |n| < 2.5)
or u (pT > 20 GeV, || < 2.1)
with looser isolation

@ > 2 jets
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H — bb

Event Pre-Selection

ATLAS, /+jets:

@ Single e or p trigger
1 isolated e (ET > 25 GeV, |n| < 2.47)
or u (pT > 20 GeV, |n| < 2.5)

@ £ >30 GeV & mp(W) >30 GeV (e+jets),
Er >20 GeV & Er+m7 (W) >60 GeV (u+jets)

Jets: Anti-kr 0.4, pr >25 GeV, |n| <2.5
b-jets: MV1 algorithm, 70% b-tag eff.
> 4 jets

CMS, /+jets:

@ Single u or e+jets trigger

o 1 isolated e (ET > 30 GeV, |n| < 2.5)
or pn (pr > 30 GeV, |n| < 2.1)

b-jets: CSV algorithm, 70% b-tag eff.
>4 jets, 3 of them with pr > 40 GeV

Jets: Anti-kr 0.5, pr >30 GeV, |n| < 2.4

@ F1 and mr (W) cuts: ATLAS only

CMS, dilepton:

@ Dilepton (ee, pp or ep) trigger

@ 1 isolated e (ET > 20 GeV, |n| < 2.5)
or u (pr > 20 GeV, || < 2.1)

0 1e (Er >20GeV, |n| <25)
or u (pT > 20 GeV, || < 2.1)
with looser isolation

@ > 2 jets
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H — bb

Di

ide et impera

Both ATLAS and CMS split
according to Nt & NP'°€.
@ To maximize statistical power

@ To exploit the difference in Net
& NP% spectra for S and B

@ To control the different sources
of background

B
- Single t
% Bkg. Unc.

cus E=8TevL=51m"

| R B
av [l e
—}— pata

cus E=8TevL=51m"

1iH(125) x 30

Lepton + 24 ets + 22 b-tags]

Lepton + 24 ets + 22 b-tags]

i
Number of jets

0 B
Number of tags

ATLAS Preliminary (Simulation), | L dt = 4.7 fb! m, =125 GeV
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H — bb

Regions used in the Analyse

@ M M ;M

4 jets
=2 b-tags

(£ 4 jets
\ 1 b-tag
. ATLAS)
@ 9 regions used in ¢+jets

5 jets 5 jets 5 jets
2 b-tags || 3 b-tags [=4 b-tags]

o low N\¢t and N' regions Il \erication
dominated by W+jets and tt, Regions ) ) )
?let) cor_15tr)ain systematics ;g_gf;s ;:_lt:;ss 242»611{5:25
-tagging
)
4 jets
CMS 3 b-tags
[ . CMSs
@ 7 regions used in ¢4jets dilepton  /+jets

@ Regions with negligible expected )
signal excluded =3 jets

=3 b-tags|

5 jets 5 jets/ |
3 b-tags |[=4 b-tag=|’

@ 2 regions in dilepton

=6 jets
2 b-tags

=6 jets || =6 jet
3 b-tags |[=4 b-tagj




H — bb

Systematics
ATLAS: (S: shape - N: normalization) CMS:
Systematic uncertainty Rate St*us Components Source Rate Uncertainty | Shape
Luminosity 1.4% N 1 LHC Luminosity (7 TeV) 2.2% No
l;ept()n 5+reco+trlgger T1% N 1 | IL“mim’Sit)’ (8 TeV) 4.4% No
Jet vertex fraction effciency  0.9-2.9% N 1 Lepton ID/Tng 4C’L No
Jet_energy scale 2-15% SN 16 Pileup ) 1% No
Jet energy resolution 0-2% N 1 Detector | Additional Pileup Corr. - Yes
b-tagging efficiency 13-36% SN gperformanc !jet ]];:Zuergy SRes;)lutlou 01 (?(;75/ 50
n " et nergy ocale - 0 es
ctagging officiency 0-19% SN 5 b-Tag SF (b/c) 0-33.6% Yes
Light jet-tagging efficiency 0-14% SN 1 b-Tae SF (mistas) 0-23.5% Ve
tt cross section ~10% N 1 || MC Statistics R Yes
ttV cross section 30% N 1 . PDF (gg) 9% No
Single top cross section ~4% N 1 Theo_reFlca! PDF (qq) 4.2-7% No
Dibosons cross section 5% N 1 Prediction$ ppp (a9) 4.6% No
V +jets normalisation 20-60% N 3 QCD Scale (ttH) 15% No
Multijet normalisation 30-80% N 7 Data-driven || QCD Scale (tf) 2-12(711 No
W +heavy-flavour fractions 25-35% SN 4backgrounds|| QCD Scale §V) ) 1*‘2'}(}3% No
72 modellin 230% SN 3 LL 300 S0
tttheavx-flavour fractions 50% SN 1Monte Carlg Madgraph Scale () 0-20% Yes
T N modellin Madgraph Scale (V) 20-60% No
ttH modglmg - 1.5-5% N 1 9I T 00 o
X tt+bb/cc fraction
Alpgen parameter variations
9/23




H — bb: ATLAS

ttH system reconstruction

0.

Arbitrary units

The idea:

w

RERRRARRA:

T T T
> 6 jets, > 4 b-tags
—Jan
Higgs particle matched (26.4%)

b-quarks from Higgs matched (20.2%)
I Al partons matched (7.5%)

ATLAS Preliminary (Simulation)
m, =125 GeV

T I ST P N e i

@ Reconstruct tt system, by kinematic fit to assign jets: 0'15?
- with fixed my and my, 0.1
- considering jet, lepton and £ 1 resolutions 005;
- event-by-event Likelihood maximized Og ) S
@ Use the two highest MV1 weight jets not assigned to 0 %0 100 150 200 250500 380

0

tt to reconstruct Higgs

~20% Higgs reco. efficiency

@ Take their invariant mass as fit variable

T T T T T

i ATLAS Preliminary (Simulation)
6 jets, > 4 b-tags

Total background

e fiH [mr«: 125 GeV)

Arbitrary units

| | | |,
50 100 150 200 250 500 350

2 oasf ! ' ! B

i r ATLAS Preliminary (Simulation) 7|

B0 & I 5 jets, > 4 b-tags 1

mep only in: £ oo gt
>6 Jets - 3 b—tags, < f -+ fiH (m, - 125 GeV) ]
= g 0151~ -
> 6 jets - > 4 b-tags. F ]
b E

In other regions use: oo | E
had E ) e, ]
HT= E pT- R Y
P HE [GeV]

Siuw\\uluw\u | N EEE N R

Moo
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H — bb: ATLAS
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b: ATLAS

VS.
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H — bb: ATLAS

Zoom to Signal Region

>
3 14 ATLAS Proliminary e+ 26 ets, >4 b tags|
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g
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H — bb: CMS

Multi-Variate approach:

Combine several
discriminating variables

Build powerful output
variable to discriminate
ttH signal from
background (mainly
tt+jets)

Train a different
Artificial Neural Network
(ANN) in each region

10 variables per region in
{+jets

5 and 6 variables in
dilepton regions

Neural Network Analysis

®

pton+Jets

Dilepton

Jets
Tags

=6

3

4
4

=4

2
2

=3
=3

% = best variable
v = used variable

Jet1 pr

Jet2 pr

Jet3 pr

Jet4 pr

Nets

pr(L, EF™, jets)
M(£, EX'S, jets)

AN

A0 S NN LN PRV

AN N N IS

v/

AR

ANAN

*

v

AN

Basic
kinematic
properties

Average 3:4((12\ Jn )
M((i{;lgriag)closest)
M((jm®, i Jbest)

ANAN

Di-jet
masses

Average AR(jﬁg, in®)
Minimum AR (%, %)
AR jetosest)
Sphericity

Aplanarity

]—Hlf (Fox-Wolfram
H, momenta)
Hs

A

A

AN

AR N NN A

AN

SS

HE

(05SVy2

Highest CSV value

27 highest CSV value
Lowest CSV value

AV N N NN

NS SN
NS SOH

NS SO#RS
NS SOk

NS SO

NS

NS

b-tag weight
variables
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H — bb: CMS

Data vs. MC plots - 7 TeV (pre-fit)

[+jets
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H — bb: CMS

Data vs. MC plots - 8 TeV (pre-fit)

Dilepton

@ =8ih

o mEr | L+jets

—— iH(125) x 30
"oam o5 osor os; 050 .
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S 236 s [k
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ttH at the LHC
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95% CL Limit on o/cg,

H — bb: Results

Fit and Limits

- Lepton+Jets and Dilepton  CMS {s=7TeV, L=501fb% {s=8TeV, L=5.1fb"
T T g .
50—  ATLAS Preliminary E=7Tev|J-|_dQ=4_7ib" - T 20~ _o— Observed
[ —e— Observed (CLs) ] § LE
| I Expected (CLs) ftH (H — bb) | E E .Expected:lc
40— Eito - o o
[ [t2 ] 2. = +20
C ] e Tr
30— - 12F
20 i E
1ol = 2
C | 2F
ot L ! : . : : P O P N
110 115 120 125 130 135 140 jen) 115 120 125 130 135 140
m, [GeV] m, (Gev)

@ For my = 125 GeV:
- 13.1 X SM prediction excluded by ATLAS (expected limit = 10.5)
- 5.8 X SM prediction excluded by CMS (expected limit = 5.2)

@ Large degradation of sensitivity from systematics

@ Significant improvement of CMS w.r.t. ATLAS:
- dilep+ljets, 748 TeV combination
- Multi-Variate discriminant
- all Higgs decay channels considered as signal

19/23



H— vy

Analysis Strategy

ttH, H — ~~ channel:
@ Low statistics is the main problem

@ No combinatorial issues & much
better Higgs mass resolution

@ Relatively small background expected

a/nt
W+
g ¢ S aw
Y
Y
b /1
g9 F a
W
q/w

r in CMS analysis:

@ Trying to select all the possible tt
decays:
- base selection 2 « + jets + b-tag
- “hadronic” selection: no lepton
- “leptonic” selection: > 1 e or p

@ Loose selection cuts to gain in
statistics

@ Background from tt or QCD + real
or fake photons:
- control sample obtained inverting
one of the v ID’s

@ Fit my,, like standard H — v

@ Background fitted with exponential
or polynomial (tested with control
sample)

20 /23



H— vy

Event Selection & Background

Event Selection:
@ Di-photon trigger

@ Two isolated v with |n| < 2.5:
- 1% 4: pr > 60 GeV -m-/120 GeV

-2~ pr > 25 GeV
@ At least one b-tagged jet (CSV 70% b-tag eff.)
@ Hadronic channel:

- > 5 jets (pr > 25 GeV, |n| < 2.4)
- no lepton

@ Leptonic channel:
- > 2jets (pr > 25 GeV, |n| < 2.4)
- > 1lisolated e (u), pT > 20 GeV,

n| < 2.5 (2.4)

Contribution from other Higgs production processes! ]

ntrol sampl lection
Same as signal selection but:

@ Single photon trigger

@ Inverted ID cuts for one of
the photons

Process Hadronic Channel Leptonic Channel
ttH 0.567 (87%) 0.429 (97%)
99— H 0.059 (9%) 0 (0%)

VBF H 0.006 (1%) 0 (0%)
WH/ZH 0.019 (3%) 0.013 (3%)
Total signal 0.65 0.44

CMS Preliminary, |s = 8 TeV
e g

tH Leptonic Channel {

¢ Data sidebands

Entries / (1)

Control Sample -

[ JtH (125)

] S i G s D I G
0 1 2 3 4 5

Number of b-Jets (Medium)

21
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CMS Preliminary Vs=8 TeV L=19.6 fb™
30 nany {s=B Tev L <1

—— Observed

- Expected £ 1o

...... Expected + 20

10 115 120 125 130 135 140 145 150
m, (GeV)

@ Better limit than H — bb

@ Small effect of systematics

Observed  Expected Expected (No Syst.)
8

Hadronic Channel 6.8 9.2 8.
Leptonic Channel 10.7 8.0 7.7
Combined 5.4 5.3 5.1

Events / (1 GeV)

Events / (1 GeV)

CMS Preliminary /s = 8TeV L = 19.6fb"

8 ttH(—>yy) hadronic channel - Data
3 —— Bkg Model
7= m:~
O
6 [ resmm, = 125Gev
st
aE
3
2
1
i T I
100 120 140 160 0
m,, (GeV)
CMS Preliminary Vs = 8TeV L = 19.6fb™
4 55— HH(~yy) leptonic channel  — paa
“E — Bko Model
i [
asE (e
E LM, = 125 Gev
3= B
25F
2
156
i
05F-
N ————
100 120 140 1
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Conclusions

Summary and Outlook

ttH results up to now:
@ No observation of ttH yet
@ ttH(H — bb) limits from both ATLAS and CMS
@ Analysis techniques and systematics treatment are key ingredients

@ ttH(H — ~v) fresh results from CMS, competitive with H — bb

ttH just. around

@ Update from CMS on full data-set for "'he Ol"ner"
H — bb

@ Update from ATLAS with 8 TeV and
dilepton included for H — bb

@ More on H — v~: 7 TeV from CMS,
results from ATLAS

@ Other decay channels might be sensitive
with full data-set:
H— WW,H — 77 ...
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