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The Large Hadron Collider

Circumference: |
Beam energy: 3.5TeV (2011), 4 TeV (2012) 8%
Collision frequency: 20 MHz '

Peak luminosity: 7.7+10%emst (=200 Z bosons produced per second)
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The Compact Muon Solenoid Detector
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Integrated Luminosity of LHC Run 1 Data
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After data quality selection:
1.9f at7 TeV pp center-of-mass energy
19.7fb*at 8 TeV
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Discovery of the Higgs boson

:i July 2012

First obs vstiohs ol anaW s
) : - o R i A== )y, y
in the search) (Sjilic 1
Maodal Hidgasis

i

Observed Significance

CMS: 500 (580 expected)
ATLAS: 5.90 (4.90 expected)

driven by Higgs =2 vy, £Z WW channels

www.olsavier comiocaln/phyniaihb
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Higgs Resuits for full CMS Run 1 Data

Presence of Higgs signal
discovered unambiguously
in different channels

with significance > 5o

Measured Mass
my =1250+ 0.3 GeV
compatible among channels

Resonance hasspin 0
Spin Land spin 2 hypotheses
ruled-out with = 998 CL
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Why Higgs = T ?

|

Higgs =* Tt most sensitive channel to probe:

2) VBF Higgs production mode

3) BSM Higgs sector (e.g. MSSM)

Chpimd L|l| TR

1) direct coupling of Higgs to fermions

H'I'F win
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SM Higgs =2 =



Higgs Production at the LHC
'
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Gluon Fusion [ggH]
Largest cross-section,
but highest contamination by backgrounds also

Signal/background ratio improves in case Higgs
recoils ahigh p; jet{"boosted Higgs")
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Higgs Production at the LHC

N qi
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107
80 100 0 o0 4060 00 t
o =158 ph My [
Vector Boson Fusion (VBF) | 11 v

Smaller cross-section compared to gluon fusion

Distinct event characteristic of forward/backward jets
provides powerful handle to reduce backgrounds
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Higgs Production at the LHC
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! |
Assaciated Production (WH, ZH)

Simall cross-section

Clean signature in case W or Z boson decays to leptons
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Higgs Production at the LHC

N i
= NEgTeY
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g=0.13 FIJ' Wy, & =3
ttH

Allows measurement of top Yukawa coupling

LHC run 1 data not yet sensitive to SM tiH production,

due to small cross-section
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Higgs Decay Channels

% 1t Decay channels
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All Tt decay channels included in analysis
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Event Selection

Channel 7 TeV[fb'] 8TeV [Ib'] Offline p; Requirements
el > 24 GaV, ity > 30 GaV

e, 4.4 1.7

(e o> 2=V El TieY)

) > 20 GaV, pqdr) > 30 Ga

G 48 ‘6.7 Bl GeV, i1 > 30 GaV

A = 17 GrY at FiEy]
a|) 50 197 alls) = 20 GaVi () = 10 GaV
ThTH : 18.7 Pl = 45 GaVl piTi) > 45 GaV
e 4.8 19.7 ie) =20 GaV prlad) > 10 Gay
WL 4.8 19.7 Priiy) = 20 GaV, gl 10 GeV

P thresholds driven by trigger requirements

1,1, channel analyzed in 8 TeV data only,
because 1,1, trigger was notyet online during 7 TeV data-taking
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Event Reconstruction by Particle-Flow

Consistentinterpretation of all detector signal in termis of individual particles:
e, |, photons, charged hadrons, neutral hadrons

Ly HCAL
: | Clusters
delector

ECAL
Clusters

| particie-flow

Higher level objects are reconstructed using individual particles as input:
1, jets (incl. b-tagging), E,™**
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|ldentification of hadronic tau decays

M d55 I'I'Il_: I?E GeV CME., 9.7 e mid oW
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1, Identification = reconstruction of %, p*, a” signatures
Main handle to reduce large jet background: Isolation

Electrons and muons from 1= eand 1 =2 p decays reconstructed by standard
CMS electron and muon reconstruction algorithms

Chimigp el e Higye =2 = OAE i3



Higgs Mass Reconstruction

Recanstruction of ditau mass, m_, based on Likelihood method,

Wsing as.input:

* Measured e, p, 1,-jet momenta

« Reconstructed MET and event-by-event estimalte of MET resolution
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The Challenge of the Analysis
praton - (antijprolon cross seclions
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Large background from
QCD multi-jet production

W = wand Z/y* = trare the

dominant sources for taus in the
Standard Maodel: "Standard Candle”

for tau 1D comimissioning
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The Challenge of the Analysis

proton - (antijproton cross seclions

(18 16

w I— n_ : - Jm'

g’ §

1f & Large background from

e QCD multi-jet production

W

:: i Higgs =2t signal buried underneath very large background
E w i Rather complex analysis, uses all objects reconstructed by CMS:
B, electrons, muons, hadronic taus, jets {incl, b-tagzing), E.™*

' b

oL = Analysis requires detailed understanding of the detector and

i precise modeling of the backgrounds.
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Analysis Strategy

Conceptual Idea

Search for "bump” in m__ distribution
that exceeds background ex pectation
and shows-up at the same mass in all decay channels

Complication

Sizgnal/background ratio is small, typically §/8 < 0.01,
i.e. Higes signal is within the systematic uncer@inty on the backgrounds

Chimia Yeelk g Higipe = = 1h OA&R



Analysis Strategy (cont’d)

Solution
Analyze events with high S/B separately from events with lowhigh S/B

D etermine signal and background yields in simultaneous maximum likelihood lit:

* Inputs to the Ht: m, spectra observed in data plus shape templates for
background processes and for the Hizgs signal

= Systematic uncertainties are represented by nuisance parameters in the fit
« Al channels and evenlt categories are fitted simultaneously

» Higgs signal vield Is included as freely lloating parameterin the fit

=> Event categories with low S/B, but high event statistics,

canstrain nuisance parameters, thereby reducing the systematic uncertainty
on backgrounds in the event categories with high 5/B

Chuimiig g e el B e = = in CLE



Event Categorization
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Event Categorization

| o 10 | e
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Event Categorization
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Relevant Backgrounds
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Fully data driven: Normalization (shape)
abtainzd from same-sign eventswith
isglated [nemisalated) muons
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Embedding

Dominantlrreducible Z/y* =2 11 background modeled by selecting Z/y* =2 pp
events in data and replacing the reconstructed muons by simulated tau decays

simulation

4 detecior

E_l_r'r'ltE-E
data

4 detactor

Errr.usﬂ-
data

Modeling of jet activity (incl. VBF production), E."'* resolution,
underlying event and pileup determined from data
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Systematic Uncertainties
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<> Evidence for signal can be seen “by eye”
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VBF Higgs = tt = ut, Candidate Event

CH i e LS 0

mﬂ =14 TeV E
An; =5.8 -
P, =23.4 GeV

PT =39.3 GeV

Ehpistian Ve stk en Higgs = min 0MS g
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Statistical Significance of Signal

Limit an Hipgs = 11 shemal yielil expected relative to the SV expectation
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Compatibility of different Channels
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i =obseryved signal rate relative o expectation for SM Higegs of nass m, =125

Gay ..
= | Signal rates ohserved in different 1t decay modes
and event categories in good agreement

= Best-hit value for signal rate compatible with expectation for SM Higzs
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Compatibility with m, = 125 GeV

CMS 25t 'al 7 TeV 187 ' st B Tel

CMEH—m 4581 'at 7 TeV, 157 &5 a1 B TaV
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<> Position of signal peak in m_ distribution in agreement with m, =125 GeV,
measured in Higegs = vy and 77 channels.
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Combination with Higgs = bb

(o4 CMS =TV, L=0t ic3 0 Ta¥ L =10-30 i
= T vH — b (BXp) = [Obs )
S VH = =t (exp.) - (abs.)
4 4 H s ¢ (non:-VH) fexp) « (obs )
% | Combiner e (exp) —-{ohs )
i p
ll'_-l: " .
!u'! i
11.1'1::
[l
10"
n:. |
ln‘;-
10 s 120 Tt 130 Tah
m,, (GeV)

=¥ Higes decays to fermions observed with significance of 3.8o (4,40 expected)
in combination of Higgs = 17 and bb channels
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What's next ?

« Observe Higgs = 17 signal with > 5o significance
inLHC run 2

Private wark

Expacted Sigmnifcancs
i

! gl
u --"1. el -E-:ij Lol Iﬂ'u_l i .dlﬂu L i -:i::l
* Improve precision of Higgs coupling measurements Luminasity (o)

* Study tth production in Higgs = 1t channel
Tallinn CMS group plans to be one of the main contributors to this analysis!

* Measure Higgs CP quantum numbers in Higgs = 11
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Higgs = tT beyond the SM



MSSM Higgs = T

2 Higes doublets H ( ”',i, ] . H; = ( . )
- H,
zive rise to 5 physical Higgs bosons: 2 scalars: h, H
1 pseudo-scalar: A

2 charged Higgs bosons: H, H

Crass-section increases proportional to tanp®
(@nf = ratio of vacuum expectation value of the two Higgs doublets)

=> Compared to the SM, the Higzs = 11 cross-section may be enhanced
by up to two orders of magnitude in the MSSM

Chimia Yeelk g Higipe = = 1h OA&R



MSSM Higgs = T

2 Higes doublets H ( ”',i, ] . H; = ( . )
- H,
zive rise to 5 physical Higgs bosons: 2 scalars: h, H
1 pseudo-scalar: A

2 charged Higgs bosons: H, H

Crass-section increases proportional to tanp®
(@nf = ratio of vacuum expectation value of the two Higgs doublets)

=> Compared to the SM, the Higzs = 11 cross-section may be enhanced
by up to two orders of magnitude in the MSSM

Observed SM-like Higgs boson interpreted as either light h or heavy scalar H
NB.: m, =125 GeV is right where SUSY predicted the Higzs boson to be!
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Event Categories for MSSM Higgs - o«

Events are analyzed in 2 Categories,
targeting different MSSM neufral Higes production mechanisms:

1. No-B-tag: Events without b-tagzed jets

- '|- pp = ¢  gluon-gluon Fusion
Wk ' o T A dominates cross-section
] LA in case tanP is small
2. B-tag: Events containing > 1 b-tagged jet of P, > 20 GeV & || < 2.4

Y — —

pp — ¢b  b-associated Production

dominates cross-section
. R in case tanf) is large

T -

NB.: Simplified event categories chosen for analysis to remain model independent

Chuimiig g e el B e = = in CLE



MSSM Higgs = t Status after LHC Run 1

ﬂﬁnﬁﬂﬁ IHA e mrm i Tevi e A o Tet OIS MSSM Higgs = Tt analysis
& CL NS5, SHi<a 15 A has been the most sensitive probe
S0 | oserwe v for the MSSM Higgs sector
— Enpreng Wy during LHCrun 1
40 ¢ o E4peate .
EEY PR No evidence for a Higes = 11
20 signal beyond 125 GeV found yet
20
T Mgy, = TR ey
10 : MSSM M) acenario
200 00 500 800 1000
m, [GeV]

Improved analysis underway that will increase sensitivity by an amount
corresponding to an increase in luminosity by a factor 3-4
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Model independent Limits on Higgs = t=

m., spectra observed in B-tag and No-B-tag category are fitted simultaneously,
with shape templates for ¢p =17 signal and for background processes.

pp = b (pp = ) cross-section treated as nuisance parameter
when computing limit on pp = & (pp = ¢pb)

CMS 4—n wrb'eTe EFIME e . __ o7 @Tayl
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E 1u 'l B ] (] ] & Cl R‘I i i i B B L] i i
100 200 200 480 1060 . 1006 200 300 40 1000

m*[GEH] m, 1GeV]
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Outlook on LHC Run 2



Expected Luminosity Increase

LHC machine parameters:

Run 1 Run 2

Beam Energy 4 Tey 6.5 TeV

Collision frequency 20 MHz. 40 MHz

Peak luminesity | 7.7*10% cmist 1.7 = 10* cnyis
Expected luminosity:

Year Total integrated Luminosity

2015 10 fio?

2016 40-45 fb*

2017 40-45 fl*

= 100 fibl of 13 TeV data expected for LHC run 2.in total {2015-2017)

Chim i e el e Higpe = =1 CAE



Expected Increase in Cross-section

Cross-section for different Higgs production processes will increase significantly
in LHC run 2, due to increase in parton luminosity at higher center-of-mass energy

) e ————rt

L ralicE gl EHG garton lumingeies 13 Tav ) § TeY I,"f 1

! 1+ Increasein SM Higgs
/ f' i production cross-section:
= ]

i / Gluon fusi 2.4
% e D E/ L o
> o) T &> | VBF 2.2
q I.I' :
£ / . tih 4.0
3 :

"

=3 SM Higges signal yield will increase by factor 10 or more compared o run 1
= BSM Higes sector will be probed up to Higes masses of 2-3 TeV
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Pileup expected for Run 2

0(40) simultanecus pp interactions expected per bunch-crossing
Each yellow dot

/ represents 1 pp

InlEraction veriex

P

Cach green line
represents |
reconstructed track

CMS detectoris hardly ever " empty !

Furthermore:
40 MHz bunch-crossing frequency of same order as calorimeter time resolution

=> Need to carefully separate energy deposits in calarimeter by bunch-crossing

Chim i e el e Higipe = =1



Status of Pileup Mitigation

«  Calorimeter energy reconstruction has been refuned
for 40 MHz bunch-crossing frequency

*  New pileup mitigation methods for particle isolation, jet and E;™'=
reconsiruction have been developed for run 2

=> Effect of pileup on physics analyses reduced to the level of run 1

Chuimiig g e el B e = = in CLE



Trigger Thresholds for Run 2

Path Run 1 Run 2
Single e 27 GeV | 32 GeV
Single GV | 4Gey
el | 17+8 GeV | 20+10 GeV
e+, | 2220 GeV [*] | 22+20GeV[**]
T | 1720GeV[*] | 17+20GeV['"]
1T, . 35Gev. | 40Gev[***]

1* | Tau trigger reauiremient apphed on HUT vl
1** ] 75w Irigzer requirament applied en LY and HLT fevel (less sharp Lurm-on

[**] Tauiselation requirements tghtened (less sharp tum-of
=» Sensitivity of er,, and pr, channels expected to be similar to run 1

1,1, channel will loose 0(209) in sensitivity

Some loss in sensitivity expected for ey channel,
as electrons and muons produced in tau decays are typically low P

Chimia Yeelk g Higipe = = 1h OA&R



summary



summary
*  SM Higes = 1x signal observed with 3.20 significance (3.7 0 expected)

«  Higes = 11 channel provides good sensitivity to probe BSM Hizzs sector:
No evidence for a Higes signal beyond the SM observed yet

*  LHC run 2 will start this summer:
Integrated luminosity expected to increase by factor 4 compared o run 1
Cross-section increases by factor = 2
Experimental challenges conceming pileup and trigger have been met

*  The run 2 data will allow us to:
Observe a SM Higgs = Tt signal with > 5o significance
Measure the T Yukawa coupling with 10-209 precision
Observe tth production in the H = tx channel (| hope!)
Probe the BSM Higgs sector up to Higes masses of 2-3 TeV
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Backup



Event Yields pr,

within m_ mass window
thal contains 68% of the signal for m, = 125 GeV
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Event Yields ep

within m_ mass window
thal contains 68% of the signal for m, = 125 GeV
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Kinematics of tt Decays
T =1,V [t = &w) Decays parametrized by 2 (3) variables:

H'I-

a Decay angles in T restirame
b } g
* My, (leptonict decays only)

= 4 unknown variables in Tt = 1,7, 5inTt =2 {1, 6inTT 2> U decays

NB.: Decay angle 8* is related to visible energy fraction x =E_../E,
in laboratory system Mass of visible T decay products
2 — 1 —(m}, fm?

[WE T
=

(with assumption ) =1)

cosfit = - -
| —wis. Jhs
Linknown variables constrained by 2 observables:
. ¥ pﬂl — E.m'rn LI

= within experimental resolution of 0(10) GeY
. Yp F= E miss :
pr=Ere |

=* Problem of reconstnicting M., is underconstrained
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SVfit Algorithm

M., Solutions obtained by finding maximum of probability density:

AL(M..) / df (X Xom) . .
- |I= — 0 ‘1. ol -'I1l T it %N f
‘-l '!.fa.:'.-f-_r--:— . |'!- Ifh'q'..” |; !rl . !I ['H x ;I:“II'H
Histograim

- : L] &
x,: unknown variables 8%, ¢* m

x..- measured observables E ™ E?""‘“: momenta of visible 1 decay products

m

Likelihood function f incorporates our knowledge about:

«  T1decay kinematics L 1.1';} tﬁ-—gm,
*  Experimental resolution on E, ™', E, ™ f == .'11 i X |

. e

¥
Integral aver likelihood functionis computed numerically.
2 methods implemented in SViit:
+ Adaptive integration (VEGAS, partof GNU scientific library)
«  Markov Chain [custom Implementation in SVHt)
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Likelihood for t = {(vv Decays
Matrix element for v = fw:

”rr LTy

A~
7

i dmy,,  Am=

2 |y d 2 2
(s 42ms, Jmz—m,, )|
(with assumption that vis unpolarized)

Physical region: 0 <x €1, 0em,, < /1 —

Implementation of likelihood for T D fww 320

— TR A

decays validated by implementing ME in — ir;,_n__‘l P—

i & . y im . :JL_" EFE re=stjni
toy MC and comparing to TAUOLA: miJA —L“H_r
«  ToyMC agrees well with TAUOLA . *"""1-,,'

BATE- . "'...'_

«  Significant difference wri. 3-body S -Lﬂ"k.L

phase-space decay model (T s

(= constant matrix element) b R LI LR S

NB.: visible decay products in leptonic 7 decays tend 1o be low P,

i



Likelihood for t = t,v Decays

Phase-space for 2-body decay:

dl’ 3 |

I‘]T.I" ] L fi =
' rn%
- " Mty ex
Physical region: <x=<1
=
| e ; g nl'i
Implemented 2-body PS model o, Wr_f“ |
fort = 1 v decays in toy MC o e
and compared to TAUOLA e 4;:1‘"
CTALIE _i.rHjI
=2 Simple 2-body PS model represents an] o
good approximation to sum of all st I —:‘;‘E
hadronict Decay modes ¢

o TV B T 3 TR NV E T
X,
NB.: visible decay products in hadronic v decays tlend to be high P-
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E. ™ Likelihood

LB STAT = — e HEP =S  V= N =, )

r-neutring momentum p," = p 0. dym, )

E-™= significance matrix V computed by summing resolutions expected for
individual particles i reconstructed by PF algorithm: JME-10-0056

Y, i[fh:} U LR[ w }] transfonmation from eigensystem

of particle i to laboratory system

...-|
|
"J

abtaingd from MC simulation,
separately tor e/y, . 1. jets; Tunclustered” charged and neutral hadrons
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Jet = 1, Misidentification rate
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