The Art of the Impossible

Probing Challenging Higgs Channels at the LHC
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PRELIMINARY PERFORMANCE E£STIMATES FOR A LEP PROTON COLLIDER
S. Myers and W. Schnell
Introduction

This analysis was stimulated by news from the United States where very
large pp and pp colliders are actively being studied at the moment.
Indeed, a first look at the basic performance limitations of possible pp or
pp rings in the LEP tunnel seems overdue, hawever far off in the future a
possible start of such a p-LEP project may yet be in time. What we shall
discuss is, in fact, rather obvious, but such a discussion has, to the best

of our knowledge, not been presented so far.

We shall not address any detailed design questions but shall give
basic equations and make a few plausible assumptions for the purpose of
illustration, Thus, we shall assume throughout that the maximum energy
per beam is 8 TeV (corresponding to a little over 9 T bending field in very
advanced superconducting magnets) and that injection is at 0.4 TeV. The
ring circumference is, of course that of LEP, namely 26,659 m. It should
be clear from this requirement of "Ten Tesla Magnets" alone that such a
project is not for the near future and that it should not be attempted be-
fore the technalogy is ready.

Duration of projects /planning stability:
\ First LHC workshop 1984 !




Discovery in One Slide

- 545 fb-1: ~50 observation

CMS: five decay modes; vy, ZZ, WW, bb, TT

« ATLAS: Only yy and ZZ, but slightly greater
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From Discovery to Measurement

« Since the 2012 discovery, we have moved

on to measuring the properties of the
Higgs

- Key properties include

* Mass
- Width
» Couplings to fermions and gauge bosons
I'(H —bb)  _ mj
I'(H — 7t77) -~ m?2
« Spin/parity
JPC — 0+t
- Self-interaction ) ) ,
V = %H | mH}ﬁ%H‘l
2 DY JZ

J=0

Mass m = 125.7 4+ 0.4 GeV

HO Signal Strengths in Different Channels
Combined Final States = 1.17 £ 0.17 (S =1.2)
Ww* =0.871323
z7*=111133% (S=13)
77 = 158753
bb=11+05
THrT =04 £06
Zv < 9.5, CL = 95%




(Almost) Final Run-1 Coupling Results
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Expected discovery? No lose theorem

* Discoveries are never really
expected

 For the LHC, we were very lucky in
that we had very strong arguments
that we would have to see
something

- Experiment

* Higgs mass between 114 and
200 GeV from LEP, Tevatron and
EW constraints

* Theory

» Some mechanism needed to give
mass to the W,Z bosons

- Unitarity violated if nothing
found < 1 TeV

August 2009 M e = 157 GeV
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Designing for Discovery .

- yy and ZZ(4l) analyses played a key role in driving the design
requirements for ATLAS and CMS, e.qg.

« good diphoton and dimuon mass resolution: <1% at 100GeV

- wide geometric coverage: |n|<2.5 CMS TDR

The H — v analysis covers one of the most promising channels for a low mass Higgs dis-
covery and for precision Higgs mass measurement at the LHC. This channel has been an
important motivation for the design of the electromagnetic calorimeter (ECAL) of CMS. It is




The Unexpected

* The discovery of the Higgs boson has been by far the crowning
achievement of the LHC

« ATLAS and CMS were designed to and did discover the Higgs
boson

 But for the rest of this talk, I'd like to focus on something a little
different

 I’'d like to talk about what was not predicted, not expected

- And some things that were even thought to be impossible at the
LHC

» Goal: Try to briefly explain what happened to make the impossible
possible
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Reminder: Higgs Production at the LHC

Standard Model is a very predictive theory for the Higgs boson
only unknown parameter is the Higgs mass

%)

-

O 19.7 b (8 TeV) + 5.1 b (7 TeV)

+ | 10 L e e e = .

8 '|02 = I T T 3 - — H — ¥y tagged ]
3 33 c o CMS — Ho— 22t

A7 Vs=8Tev 3¢  — 9 agged

3 8 - ) S=olev 1, <  Hoyy+H—-2ZZ Combined:

R s O S ot

) == 10 §_ . Mo, Gluon fusion —é 3 ! 75 u (VBF,VH) - : -

O $ - . . o " m,, = 126.02'05; (stat)’ " (syst) 7

A 1a [ ) 61 . | . -

c a 5 h - ‘ .-' .

an - — - ’ ' .

of |~ T = oF : : E

L - . - \ . .

= - ) 41 \ : =

= - \ ‘ .

2 107 3 3 =

Z = W/Z associated = C .

e - ' 2E =

~ . Top associated . .

< 2| : . 1 -

E 10 S PR T | : L 1 L 1 L L1 = - 7]

= 80 100 200 300 400 1000 Ol Lo ' TR T T W

O M, [GeV] 123 124 125 126 127

c m,, (GeV)

O

v :

E . arXiv:1412.8662

S Production rates known to ~10%

o

c



https://twiki.cern.ch/twiki/bin/view/LHCPhysics/CrossSections

Higgs Production Mechanisms

Gluon fusion 20 b Vector Bgson Fusion (Y!BF)
Dominant process P Two forward jets and a rapidity gap

14

1.6 pb

Associated production with W/Z boson Associated production with a top pair

Z or W decays leptonically 1 pb 2 b-jets

0.1 pb



Higgs decay
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Coupling to b-quarks
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Coupling to b-quarks

- The Higgs decays most often to a pair of b-quarks (~58% BR)
» Obviously an important property to measure
» Also provides key input for measurements of

- total width: largest BR
» coupling to fermions: bosonic channels only for the discovery
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Not an easy measurement

* Measuring the b-coupling ggF is
basically hopeless

» bb dijet production cross-section
IS many orders of magnitude
larger

* no clear trigger

* Focus on associated production
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WH(bb) in the ATLAS TDR

 One trigger lepton with pt > 20 GeV
(electron) and prt > 6 GeV (muon)

- No additional lepton with pr > 6
GeV

» Two jets with pt > 15 GeV and |n| <
2.5

- No additional jets with pt > 15
GeV and |n| < 5.0

* 60% b-tagging efficiency

ATLAS detector and physics performance
Technical Design Report

Volume |1
25 May 1999
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Figure 19-7 Expected WH signal with H — bb above
the summed background for m,; = 100 GeV and for an
integrated luminosity of 30 fb-1. The dashed line repre-
sents the shape of the background.

———
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Conclusion: WH(bb) will be very difficult

As shown in Table 19-6, a WH signal might be extracted if one assumes that the various back-
ground distributions are all perfectly known. Even in this optimistic scenario, the signal signifi-
cance is at best 4.70 for my =80 GeV and is below 3o for values of m;; above the ultimate
sensitivity expected for LEP2. These numbers correspond to an integrated luminosity of 30 fb-1
expected to be reached over three years of initial operation at low luminosity. It is not clear in all
cases how to achieve an accurate knowledge of the various backgrounds from the data.

In conclusion, the extraction of a signal from H — bb decays in the WH channel will be very dif-
ficult at the LHC, even under the most optimistic assumptions for the b-tagging performance

and calibration of the shape and magnitude of the various background sources from the data it-
self.

20



ttH(bb) instead?

In conclusion, the extraction of a Higgs-boson signal in the t#tH, H — bb channel appears to be
feasible over a wide range in the low Higgs-boson mass region, provided that the two top-
quark decays are reconstructed completely with a reasonably high efficiency. This calls for ex-
cellent b-tagging capabilities of the detector. Another crucial item is the knowledge of the shape
of the main residual background from t#jj production. If the shape can be accurately determined

using real data from #t production, a Higgs-boson signal could be extracted with a significance
of more than 50 in the mass range from 80 to 130 GeV, assuming an integrated luminosity of
300 fb-1. For an uncertainty of 5% on the absolute normalisation of the background shape, the
discovery window would be reduced to the range between 80 and 125 GeV.

» So dire, were the prospects
of VH(bb) considered to be
that ttH(bb) was thought to
be the more promising
channel
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Jet substructure

* In 2008, paper from Butterworth et 120k (@) ~q{
al SANB =45 1 —V+jets
120F in 112-128GeV | th |- A%}
T | —=—V+Higgs

* large improvement in

significance from focussing on
the high pt Higgs region and

Events / 8GeV / 30fb™’
o
o

N
60 N
using jet substructure techniques chainmmn
AN / ;
NNN\W7Z77/ 7
AN g S
20 N v
- - SO\ \\\
A (e % 20 40 60 80 100 120 140 160 180 20
N\ Mass (GeV)

It is widely considered that, for Higgs boson searches at the Large Hadron Collider, W H and ZH
production where the Higgs boson decays to bb are poor search channels due to large backgrounds.
We show that at high transverse momenta, employing state-of-the-art jet reconstruction and decom-
position techniques, these processes can be recovered as promising search channels for the standard
model Higgs boson around 120 GeV in mass.
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Boost not substructure

23

- Key observation is that the signal pt spectrum of the signal is much
harder than the background

» Applying the pt cut necessary for substructure techniques
dramatically improved S/B

 Exploited in the current ATLAS/CMS analyses by explicit pr
categories and as input variables to BDTs

* No gain from substructure at 8 TeV

10

10

10
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http://arxiv.org/pdf/0910.54 7 2v2.pdf
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http://arxiv.org/pdf/0910.5472v2.pdf

Z(v)H(bb)

ATLAS
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DR

ZH production with Z — vv: it would be difficult to trigger efficiently on such final states.
In addition, this channel suffers from potentially very large experimental backgrounds,

given the rather low Emiss expected for the signal.

Final state contains
two b-jets and MET




Triggering on MET

- Significant effort to develop an efficient MET trigger

» Accurate measurements of the modelling of the turn-on region
allowed the ATLAS analysis to extend to 100 GeV (5% uncertainty)
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Z(v)H(bb)
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Final VH(bb) distributions
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VH(bb) Results

ATLAS |s=7TeV, [Ldt=4.7 b Vs=8 TeV, [Ldt=20.3 fb!

— —tot. =
— otat tot (stat syst)

+0.88 +0.72 +0.50
2 lepton — == 0'94— 0.79 -0.68 -0.41 ) o
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H—tt coupling

* Top quark couples very strongly to the Higgs boson
* Formi =173 GeV

At = = 0.996 == 0.005

* The top quark

» Only quark with a ‘natural mass’

» Main culprit in the instability of the Higgs mass

t wrz AT \H
T -Q_ T T -i:%_ T -( )_ T
~__"7

A
(125 GeV)? = m7 + (—2000° + 700° + 5002)(E)2 TeV?]

« Could play a key role in EWSB or as a window to new physics

* Need accurate measurement of the top Yukawa coupling

30



ttH Motivation

* Indirect constraints on top-Higgs Yukawa coupling can be extracted
from channels using ggH and yyH vertices

* Assumption: No new particles

» ttH production can measure the top-Higgs Yukawa coupling directly

* Probes NP contributions in the ggH and yyH vertices
« Small production cross-section at the LHC

* Need to consider all channels to boost sensitivity
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Potential searches for ttH at the LHC

Top D
* H—hadrons (bb, TT) Ob Sy
 Large signal rates iets
- Large combinatorial and leptons
physics backgrounds lepton+jets
» Large systematic
uncertainties
* H—leptons (WW, ZZ, 11)
- Smaller backgrounds
- Smaller signal rate
* H—vyy hadrons
» No combinatorics leptons
photons

- Small signal rate

Higgs Decays
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ttH Predictions

total significance

_ . N
- NP> oo NN

e
N b~ O 0
I|III|III|III|III|III|III|III|III|I!I|II

(@)

ttH(leptons) Projection

The ttH,H — WW ™) and WH,H — WW *) processes have been studied using two- and three-lepton final
states. The signal and main backgrounds have been estimated using a full GEANT based simulation of
the detector. The estimated accepted cross-sections in fb of signal and background for these processes
are 1.9:10 (¢tH 2L), 0.8:3.4 (¢ttH 3L) and 0.3:0.4 (WH 3L) respectively. The signal is small and clear
distinguishing features such as resonance peaks have not been established. The backgrounds are larger
and their uncertainties have not been fully controlled. The analysis is therefore very challenging.

ttH(bb) Projection

ATLAS

For ttH(bb), the main problem is
achieving sufficient control over
the background uncertainty

cut-based
pairing likelihood
constrained mass fit

30 fpT
o

bitrarily chosen reference. It is interesting to note that it does not quite yield a substantial
significance, even though background uncertainties of 1% and 4% for ttNj and ttbb are prob-
ably substantially better than what will be accessible in reality. This highlights the challenge
that is faced in observing ttH.
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ttH(bb) Systematic Uncertainties

ATLAS-CONF-2014-011

>6j,>24b
Pre-fit Post-fit
ttH (125) tf+light tf+cc ti+bb | tfH (125) tf+light tf+cc tf+bb
Luminosity +2.8 +2.8 +2.8 +2.8 +2.6 +2.6 +2.6 +2.6
Lepton efficiencies +1.4 +1.4 +1.4 +1.5 +1.3 +1.3 +1.3 +1.3
Jet efficiencies +1.6 +5.4 +2.5 +2.4 +0.7 +2.3 +1.1 +1.1
Jet energy resolution +0.1 +8.5 +4.1 +4.3 +0.1 +5.6 +3.7 +3.

1t modelling: parton shower

1t heavy-flavour: reweighting
1t heavy-flavour: generator
Theoretical cross sections
ttH modelling

Systematic uncertainty Type Components
Luminosity N 1
Physics Objects
Electron SN 5
Muon SN 6
Jet energy scale SN 22
Jet vertex fraction SN 1
Jet energy resolution SN 1
Jet reconstruction SN 1
b-tagging efficiency SN 6
c-tagging efficiency SN 6
Light jet-tagging efficiency SN 12
Background Model
1t cross section N 1
tt modelling: pt reweighting SN 9
tt modelling: parton shower SN 2
tt+heavy-flavour: normalisation N 2
tt+heavy-flavour: HF reweighting SN 2
tt+heavy-flavour: generator SN 5
W+jets normalisation N 3
W pt reweighting SN 1
Z+jets normalisation N 2
Z pt reweighting SN 1
Multijet normalisation N 3
Multijet shape dilepton S 1
Single top cross section N 1
Dibosons cross section N 1
1tV cross section N 1
Signal Model
ttH modelling SN 2
T—

Many systematic uncertainties: both
theoretical and experimental

Background systematics are larger
than expected signal yield (64)

Background uncertainty: ~37%
Expected S/B: ~3.8%
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ttH(bb) Analysis Model

» Select tt-enriched samples

 Lepton+jets or dilepton

q
g
. . : _ o .
Categorise events by jet and b-tag multiplicity ,
» Separate high and low S/,/B channels <b
. . . - . /
* Constrain systematic uncertainties from signal g,f
depleted categories using profile likelihood fit NV
4i,2b 4j,3b 4j,24b ATLAS
Preliminary
Simulation
m, =125 GeV £ GE ATLAS Preliminary . Data T fH(25)
om0 ey g UE L om omem e
5j,2b 5},3b L] filght " e Z A
B ti+bb 10t B
@ @ %W)—J{ets 3%
[ Z+jets 10° -
3 Sngleop A
=i o T
=6, 2b -6, 3b 10E-
Single lepton . i T




Profiling Example !

* Profile likelihood fits treat systematic uncertainties as nuisance
parameters that can be constrained from data

» Constraints from high-statistics control samples

- Caution: Sufficiently sophisticated treatment needed to avoid
overconstraints

S | ATLAS Preliminary —o— Data E - ATLAS Preliminary —e— Data
P 100}— [Ldt=20.310" (s =8 Tev « - - ttH (125) norm 5 [ [Ldt=2031" /s=8TeV £ 223 tfH (125) norm
2 ) I (iH (125) £ -7 I (iH (125)
) " Single lepton [ ti+light o 100[~ Single lepton [ ti+light
o [ =6j,=4b i+ 0 [ =6j,=4b ) ti+ct
80— N ti+bb - N ti+bb
| C 4V ) 80— Cti+v
B [T non-tt L [T non-tt
B 7, Total unc. » 7, Total unc.
60— / -
Z4 Y
P50t / 0%, o
20— W/ @{’/‘ :
[ &2 ey
- = - 1 —— T 1 1
S 1.25p o j}; % Pj; ,
% ’ % //7}/7,%& /7%/7‘/7}/7 //iij////j;//// /7%7}%///
5 075¢ T 075 SO
O sl ‘ ‘ ‘ ‘ ‘ : O osEv. ‘ ‘ ‘ ‘ ‘ :
-0.8 06 -04 -02 O 02 04 0.6 -0.8 -06 04 -02 0 02 04 0.6
NN output NN output
Background Background
uncertainty: ~37% uncertainty: ~5%

Similar for CMS: ~37% — ~7 % ATLAS-CONF-2014-011



tt+bb normalisation
LightTag1

th+HF tTp_ RW

tt MCgen RW
tf+cC normalisation
tt+HF MG-PP
LightTag2

tt cross section
tt+HF top p, RW
CTagt

BTag3

CTag2

JES1

tt+V cross section
BTag2

BTag1

ATLAS
Preliminary

ttH(bb) Ranking Plot

Ap
-1 -05 0 0.5 1

' W;,”%’

=

.f\\‘\\

Q\\\

x\\\\\

\\*'\\\:_-\"k\%

® Pull

Post-fit Impact on p

mH=1 25 GeV

2 -15 -1 -05 0 05 1 15 2
(6 - 6,)/A6
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H->bb Results

CMS Is=7TeV,5.0-5.1 f5"; (s =8 TeV, 19.3-19.7 fy’ ATLAS Preliminary s=8 TeV, JL dt=20.3 fo'
YY B . T | T T T | T T T | T T T | T T T | T T T | T
- tot. ]
ob [~ - stat. (tot) (stat)
T, T, —
i - Dilepton |- § . \ 29%23 (14) |
4 —i
3l — i Lepton+jets [— i @=——im—i 1.3x16 (0.8)
Same-Sign 2| — L
Combination o | a
Ommalon...|...|...|...|...|..|H.|...|...|... Combination —_———— 1.7 +1.4 (0.7)
10 -8 6 4 =2 0 2 4 6 8 10 N T
Best fit o/og,, at m,, = 125.6 GeV 0 2 4 6 8 10

best fit u=c/c_ for m =125 GeV
SM

« CMS: Observed (expected) limit @ 125 GeV
* 4.1 x SM (3.5 x SM)
» ATLAS: Observed (expected) limit @ Mu=125 GeV

* 4.1xSM (2.6xSM) ATLAS-CONF-2014-011

CMS-PAS-HIG-14-009
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ttH Multileptons

 Despite being studied in projections by ATLAS,
there were initially no analyses looking for ttH in
the multilepton channels

* During 2013, it was realised that these channels
would actually already be quite sensitive

» Multilepton analyses began to be developed

The ttH,H — WW ") and WH, H — WW ) processes have been studied using two- and three-lepton final
states. The signal and main backgrounds have been estimated using a full GEANT based simulation of
the detector. The estimated accepted cross-sections in fb of signal and background for these processes
are 1.9:10 (ttH 2L), 0.8:3.4 (¢ttH 3L) and 0.3:0.4 (WH 3L) respectively. The signal is small and clear
distinguishing features such as resonance peaks have not been established. The backgrounds are larger
and their uncertainties have not been fully controlled. The analysis is therefore very challenging.

SS 2-leptons channel
b

b
Ve

€+
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ttH Multileptons Strategy

» Channels defined by number of leptons
» SS 2-leptons, 6 jets, 2 b-jets
» 3-leptons, 4 jets, 2 b-jets
* 4-leptons, 2 jets, 2 b-jets

* Main target is H—=>WW, but also
contributions from H—=1Tt and H—>ZZ

* Low signal rate, but low background

* Main background is ttW/Z/y*; also
diboson (WZ and ZZ2), ttbar (2/3-leptons)

* Multivariate discriminants to separate
signal and background

* Only CMS result is currently public

Events

Data/Pred.

Events

Data/Pred.

08 -06 04 02 0 02 04 06 08

CMS ttH, u*u* channel  {s=8TeV, L=19.5 fb”

BDT output

CMS ttH, e*u* channel  Vs=8TeV, L =19.5 fo"

20

15

10

o5~ ® Data 3

- W tH
-l W
L otz

LI tty ]
- B WZ ]
- [ Others s
— [J Non Pr ]
- [ Ch misld ]
L - ttHx 5 i

)

—_
TT T rT

8 06 04 02 0 02 04 06 08
BDT output

42
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CMS Multilepton Results

CMS-PAS-HIG-14-009

CMS {s=7TeV, 5.0-5.1f";{s=8TeV, 19.3-19.7 fb’ CMS Is=7TeV, 5.0-5.1f";{s=8TeV, 19.3-19.7 fb’
B t=- Expected = 10
" = " + --- Expected+ 20
_ _ ; ' --- Expected (sig. inj.)
bb [~ u bb [~ -8 Observed
1,7, B ThTh
4| — 4]
Same-Sign 2| — Sign 2|
Combination — —l— -
1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 "natlon : :
-10 -8 -6 -4 -2 0 2 4 6 8 10 L | H M
Best fit o/og,, at m,, = 125.6 GeV 1

95% CL limit on l?/oSM atm, = 125.6 GeV
- Despite low statistics, the analyses are already powerful
- Observed (expected) limit @ 125 GeV

* 9.0 x SM (3.4 x SM) for SS 2-lepton
* 7.5 x SM (4.1 x SM) for 3-lepton
* 6.8 Xx SM (8.8 x SM) for 4-lepton
- Combined multi lepton sensitivity is ~6.6xSM (2.4xSM) (PAS)



CMS ttH Final Results

95% CL limit on o/og,,

« Combination of all CMS ttH
Results

« Observed (expected) limit @ 125
GeV

- Largely driven by excess in Same-

©

+ 4.5 x SM (1.7 x SM)

Sign 2| channel

CMS

\s=7TeV, 5.0-5.1fb"

bb,tt,yy ,WW,ZZ \s =8 TeV, 19.3-19.7 fb’

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

—e— (Observed

Expected (sig. inj.)

Expected = 1o

----- Expected + 20

----------
...........................................................................................................................................................

L Y
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CMS Is=7TeV, 5.0-5.1 fb"; (s =8 TeV, 19.3-19.7 b’
VY i
ob [~ =
Thth — L
4| —
3 i
Same-Sign 2| — [ |
Combination — —il—
III|III|III|III|III|II|III|III|III|III
-10 -8 -6 -4 -2 0 2 4 8 10
Best fit o/og,, at m, = 125.6 GeV
| ttH channel | Best-fity | 95% CL upper limits on y = 0/ 0gy (my = 125.6 GeV) |
Expected
Observed | Observed | . Mefilfm Median | 68% CLrange | 95% CL range
signal-injected
Ty +2.7728 7.4 5.7 4.7 [3.1,7.6] [2.2,11.7]
bb +0.711% 4.1 5.0 35 [2.5,5.0] [1.9,6.7]
Ty T —-1.3783 13.0 16.2 14.2 [9.5,21.7] [6.9, 32.5]
41 —4.7+39 6.8 11.9 8.8 [5.7,14.3] [4.0, 22.5]
3l +3.1775 7.5 5.0 4.1 [2.8, 6.3] [2.0,9.5]
Same-sign 2 | +5.37%4 9.0 3.6 34 [2.3,5.0] [1.7,7.2]
Combined | +2.873% 45 2.7 1.7 [1.2,2.5] [0.9,3.5]

CMS-PAS-HIG-14-009



Combination Interpretation ®

CMS Preliminary 19.7 o' (8 TeV) + 5.1 ib™ (7 TeV)

“ [ + Observed ¢ SM Higgs
2 __ ............................................. .............. H_>WW . }i\ .............
CMS Vs=7TeV, 5.0-5.1 fb™"; Vs=8TeV, 19.3-19.7 fb’ ! N
1 F1 - = ; : _
= g | fiH, H—bb,tt,yy, WW, 2Z 1 A
— ;, — Observed i
< r my, = 125.6 GeV /] -
Al 7 10 / ---Expected
v =28"" '
- ary 0.9 ;
61—
51—
a=
3:_ s CMS Vs =8TeV, 19.3-19.7 fb”'
. e  fiH, H—bb,Tr,yy, WW, 2Z
2 B ) m,, = 125.6 GeV
— 2_
= U A
B 1= Q\
oL F T
0 o
_1:_ —
- e W Bestii
PN — 68% CL
N Ttee-eo - ---95% CL
- SM Hi
CMS_PAS_HlG_1 4_009 _3_I 1 1 | | I | | | | | | I | | | IOI | | IllggISI
0 1 2 3 4 5 6
K

\'%



46

Width




Width

* As an highly unstable elementary
particle, the lifetime of the Higgs is
very short

« For my = 125 GeV
* =4.07 x 103 MeV

* Direct experimental measurements
probe widths 3 orders of magnitude
larger ~1.6 GeV (ATLAS, Z2)

- Thought to be impossible to
measure the width at a hadron
collider

1.0F

08r

0.6 F

04r

0.2F

|— ~ 1 /T ,'l'n"ll

| Breit-

;' | Wigner

! 'lmeshape

/\

e —————

T, [GeV]

102

103§ I

10?

I
T

107

1
3r 2r r + +r +2I +3r
E, -mc

7

100 200 300 500 1000
M,, [GeV]

———
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Expectations for width measurements -

A measurement of the width is possible only for Higgs boson masses above 2 2myz where at
the same time the Higgs natural width is becoming large and the detector resolution is im-
proving. A Gaussian width with central values of about 2.3 GeV/c” for my = 200 GeV/c* and
4.2 GeV/c* for my = 300 GeV/c” is obtained from the fit, but with a rather large uncertainty
of about 50%.

- ®H — // —> 4l

i CMS P-TDR
The CMS TDR plot showing N

the expected precision on -
the width doesn’t even i

extend below a Higgs mass
of 200 GeV ... 2|

10 l

AT /T,
I

| | | ‘ | | | ‘ | | |
200 400 600 800

my (GeV)

Figure 19-46 Relative precision AI'y/I';; on the meas-
ured Higgs-boson width as a function of m,,, assuming
an integrated luminosity of 300 fb-1.

——————



Off-shell Higgs Production

A paper from Kauer and
Passerino in 2012 pointed out a
peculiar cancellation between
the Breit-Wigner trend and the
width as a function of myy
enhances the cross-section at
high mass

( do ) MHFH 2MVV
= OH,ZWA :
dMVV ZWA T (M‘%V — MI2{)2 + (MHFH)Q

 For ZZ, ~7.6% of the total
cross-section is at high mass

TOt[pb] Myz > 2Mz[pb} R[%]
gg — H — all 19.146 0.1525 0.8
gg — H — Z7 | 0.5462 0.0416 7.6

[ pb]

do
VV 4 MXQ/V

2

107! ;
1072 |
107% |

107 |

107°

1076

49

N. Kauer and G. Passarino, JHEP 08 (2012) 116

2 My
wwi!
8 TeV
! HTO powered by complex - pole - scheme
: threshold effects
|
100 2 My 2 M 1000



. . F. Caola, K. Melnikov (Phys. Rev. D88 (2013) 054024)
Measuring the Width J. Campbell et al. (ariv: 1311.3589)
- Can be used to set a constraint on the Higgs width as follows

2 2
on—peak g _ SM
Oz = = Z (7 -BR)gy, _@cr BR)q Ke = Qust /g;ggH

Kz = §uzz/ &3
g off—peak o Off—peak SM jroft—peak,sM : %HZZ
4 \ . SM
gg—}I—IﬁZZ ggﬁH—}ZZ (4 ge—H—ZZ — FI—I/ FI—I
dmzz dmzz N dmzz

» Determine r by measuring ratio of off-peak to on-peak cross-section

| 1 r (] - -
o -.-_':l_k_- xxx = Ii' > 80 M rJrrrrryrrrryrrrr 1T ]
H'-\.\, —_— _I q> — -
-, - 3 - ATLAS ¢ oa .
!I " Jrjr _I| o 70 - H - ZZ* — 4[ |:| Signal (mH=125GeVu=1.51)__
———————— - -
-~ ] F — * —
___.--' - g 60 - \s=7Tev det 451" - Background ZZ E
-___.-'f-.. - ..(L) C s f Py - Background Z+jets, tt 7
[ T Vs=8TeV |Ldt=20.3fb )
K S0 ’ 1_ G>) % Systematic uncertainty =
LU

50
40 +

30f

Significant interference with the
SM VV background at high mass

20f
g 09 - LA WP i -
10 -
] o
100 200 300 400 500 600
my, [GeV]

g o 09 - S —_—
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CMS measurement of the width

* First measured by CMS (Moriond 2014) using

the 4] and 2I2v using a matrix element
likelihood approach (MELA)

- Combined observed (expected) values
*r<4.2 (8.5 @96% CL
* [ <17.4 (35.3) MeV)

» Two orders of magnitude better than direct
measurements

CMS preliminary Ys=8TeV,L=19.7 fo* CMS preliminar y Ys=8TeV,L=19.7 fb*

-E T 17T | T 17T | T 17T T 17T | T 17T ‘ T 17T t 8 _\ TTT | TTTT | TTTT ‘ TTTT TTTT TTTT | TTTT | TTTT | TTTT | TTT I_
-.-?J ©  « Data 1 S 16 e Dpata —
£ o ggHVV > ZZ (0= 250 1 = 1) 1 % T gg+VV > ZZ ([ =25 1 = 1) .
o g+VV - ZZ (SM) 1 ¢ 1l4- gg+VV — ZZ (SM) -
N 2 T I aq > 2Z q

w a2z (MELAD,>085 ) > 1o — P
T o E

........ __ o E

ERNGE 2

= = -

L ] h""“"-—_ 2: ]

0 L L | | —— | | 1 1 1 1 | 1 1 1 L W 0_ ] .| ‘ L I_I_IJ Ll ] | | | L1l | L1 1l | L1 1l [ .
300 400 500 600 700 800 0.10.2030405060.70809 1

m,, (GeV) Dau

CMS 19.7 6" (8 TeV) + 5.1 fo'' (7 TeV)
] :
C 10F 41 observed
< Femmeens 4] expected
C}l B 212v + 41 ., observed
8 [ 202v + 4l expected

L Combined ZZ observed
R TLLEE Combined ZZ expected

_‘a__._,’_______
-
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ATLAS width result

 Similar result from ATLAS during 2014
- Additionally, showed the dependence on the k-factor for the ZZ

background

* No strong dependence observed

14

-2InA

12:_ ATLAS Preliminary

 212v+4l+4] ., COmbined

1 O_— s=8TeV: [Ldt=20.3 fo'

- = = expected with syst.

»
P

14
-
o?

[ e expected no syst.

| —— observed
6
T RT
21

|III|III‘|III|I“II|III

o 2 4 6 8 10

12
r/T

14

SM
H

s 40
w I
-

-~ 35
I
-

c 30

€ 25
|

O 20
>

&> 15

10

5

0
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ATLAS-CONF-2014-042

- ATLAS Preliminary

- 212v+4l+4] ., combined
Alternative hypothesis:

\: + 1o
[ ]+20
Expected limit (CLSs)
— Observed limit (CLs)

__ FH/F§M=1 ’ Mon-shell=1 51 _f

- Vs=8TeV: [Ldt=20.3 fb" .

- | | L 1 1 | L 1 1 | L 1 1 | L1 1 | L1 1 | L 1 1 | L 1 1 :

06 08 1 12 14 16 1.8 2
RE. = Kleg—~22)

K(gg—H"—22)
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Conclusion
* The first run of the LHC has been a fascinating and exciting time

* Privileged enough to participate in the discovery of a new
elementary particle

- Extensive measurement program is currently ongoing to measure its
properties

» The channels used for the discovery were anticipated
- Benchmark channels for detector design

 This talk has focussed on some results that were not anticipated
* bb, ttH, width

« Some of these were even thought to be impossible

» Small message for the future: always learn from the past, but don't
let the past constrain you

 Clever ideas and innovation can make the impossible possible



