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Macroscopic Matter
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Building blocks for Matter: Quarks and Leptons




The Higgs boson provides for explanation for the mass of
quarks, leptons and weak bosons. It is a cornerstone of the
theory of fundamental interactions.




Partons (quark and gluons) in
proton collide at high energies
and produce heavy particles

E=mc?
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Higgs Cross-Sections at LHC
10°

— -
- ' \s= 8 TeV
— t -— 2
L]
L f @ ]
. I geF [ VBF | WH ZH | uH
- g QCD || NNLO+NNLL [ NNLO NNLO NLO
1 0 — we Y A EW NLO NLO NLO LO
= --- e 7Tev) || 15.32717T% 119207287 [ 057207377 0.3158F197 [ 0.0863711 5%
= N Vet | 100 | 1oe R | osseori T omesrtE | oxsa il
- Wz o8 Tev) || 1052°147% | 1578728% | 06966737 039432 1% | 0.13027110%
= 1| | | -
M, [GeV] ;



Main Decay Modes
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Higgs decay to Z°Z°

Z
H

Irreducible Z°Z° backgrounds Reducible 4l backgrounds




Principle of Triggering

Event accepted?

—

| NO
Successive steps
Event type

Properties of the measured trigger objects

Depends on

Trigger objects (candidates): e/y, U, hadronic jets,t-Jets,
missing energy, total energy
Trigger conditions: according to physics and technical priorities




Trigger Levels in CMS

Level-1 Trigger

Macrogranular information from calorimters and
muon system (e, L, Jets, E, missing)

Threshold and topology conditions possible
Latency: 3.2 us

Input rate: 40 MHz

Output rate: up to 100 kHz

Custom designed electronics system

High Level Trigger (several steps)

More precise information from calorimeters, muon
system, pixel detector and tracker

Threshold, topology, mass, ... criteria possible as
well as matching with other detectors

Latency: between 10 ms and 1 s

Input rate: up to 100 kHz

Ouput (data acquisition) rate: approx. 100 Hz
Industral processors and switching network




Only calorimeters and muon system involved
Reason: no complex pattern recognition as in
tracker required (appr. 1000 tracks at 103 cm2s™!
luminosity), lower data volume

Trigger is based on:

Cluster search in the calorimeters

Track search in muon system




Architecture of the Level-1 Trigger

GLOBAL TRIGGER

Global Calorimeter )
Trigger Global Muon Trigger

AN AN AY

Regional Calorimeter Regional DT Regional CSC \ RPC
Trigger Trlgger Trlgger Trigger
Z AN
Local Calorimeter Local DT Local CSC
Trigger Trigger Trigger

Calorimeter
cell energies

CSC Hits RPC Hits




Level-1 Calorimeter Trigger

Goals

Identify electron / photon candidates
Identify jet / T-jet candidates
Measure transverse energies (objects, sums, missing E)

Measure location

Provide MIP/isolation information to muon trigger

n—»

0.0175 (m)

<+

Elegtrc

Hit

ax

4

4

4

~R.0175 (¢
///H ron Calorimeter

ghetic Calorimeter

0.087 (m)

L—— 0.087 (¢)



Higgs Properties

* Properties of Higgs Boson candidate (126 GeV )
with the H—>ZZ -4/ decay channel (£=¢e,)

- mass and width (from the on-shell)

- signal strength
- spin-parity
- tensor-structure?

» CMS Detector luminosity 5 fb™"at +/s =7 TeV and
19.6 h~'at /s =8 TeV

* Constraints on Higgs width by off shell production
Js =8 TeVwith HoZZ->4/ and H->ZZ - 202y

Results based on CMS-HIG-13-002
and CMS PAS HIG-14-002



Analysis Strategy

 Each event consists of two
pair of same-flavor and

CMS {s=7TeV,L=5.11b";Vs=8TeV,L=19.7fb"
T I T T T | T T T I T T T | T T T T T T

opposite-charge leptonsin & = o
final state compatible with 2 *% Doz
|.?>j 25 [ Im,=126 Gev ]

L/ system
* Background

irreducible : direct ZZ ( Z Y )
reducible : Z+X
80 100 120 140 160 180

Instrumental due m; (GeV)
misidentification of leptons

14



Four Leptons Mass Spectrum

CMS preliminary

} I 1 1 1 1 1 I 1 1
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C ! 390/403 events
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L ’ 'l
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agreement i } : } (GG2Z1)
D Wi L],
100 200 400 80
lnﬂ?:i:;ﬁ"gélg?ém Z-X background frem My, [GeV]
events, observed 25 |H126 data driven estimates

based on fake-rate

meaasurements
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Event Selection

_ CMS Simulation, s = 8 TeV
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Kinematic discriminant

* An additional dimension to

. . . / ///:nﬁ'nl \
profit from kinematical « e
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Events

Jets category-coupling

 Adding another dimension to the analysis to
separate production mechanism

Category | - “di-jets”
. More than 2jets (p, > 30)
» ~207% of signal is VBF

Category Il - “untagged”

* Remaining events
» <5% of signal is VBF
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Significance of the Excess

Build a 3D model:

« Category I: P(m,, K.V)) = P(V Jm) x P(K [m,) x P(m,)

o Category Il: P(m,, K, p/m) = P(p/m,|m,) x P(K |m,) x P(m))
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10°%F E
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Mass and Width measurement

3D based Model measurement

(M, oM, Kp )

* Per-event mass errors brings
~8% improvement

e Scale and resolution are main
sys. Uncertainties

calibrated with Z(J/y)->Il and Z->4l
m =125.6 + 0.4 (stat.) + 0.2 (syst.) GeV.

Data is compatible with the narrow width

resonance ,

upper bound 3.4GeV(95% CL)

expected 2.8 GeV
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Signal Strength

Results around best fit mass m=125.6 GeV

O 0.26 0.13 o o
—20 =0.93" 55(stat.) g (syst.) | =2 =0.83"33; —obs =1.45'
Osm O'sm o/1jet Osm dijet
o
O obs -0 80+0-46 —obs — 17+§i
— VOV 036 o -2.
O'sM ggHittH SM VBF VH
CMS Vs=7TeV,L=5.1fb"; \s=8TeV, L=19.7 ib"
g L D AL L L L L DL B
gé“ 8 Ml esc.L. B
* Jet categories help to test couplings to = 6 Moo c.L. g
. » ® best fit
bosons and fermions separately al- Y am -

 Signal strength shows good compatibility of
scalar couplings with SM
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Spin-Parity Measurements

* In order to determine the spin and the parity of the Higgs boson, a
methodology with Matrix element base kinematic discriminants is

used P P
D = 0 D = 0
v Pl +P, "o P, +P,,

 The different spin-parity hypotheses are thus tested using the two-
dimensional likelihood {5 :€2D(Dj " Dbkg)
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Fseudoexpenmeants

Pseudoexperiments
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Spin-Parity Measurements
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Spin-Parity Measurements

Summary of the expected and observed values for the
test-statistic g distributions for the twelve alternative
hypotheses tested with respect to the SM Higgs boson
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Tensor structure of couplings —
test for CP violation

* Spin-0 Bosons general decay amplitude

A=V~ 51*”52*V (algwmzH +a,0,,0q, + aggluvaﬁq]_aqzﬂ) =A+A+A

. A dominates for SM Higgs (0")
and Asfor (0—)

*Presence of both amplitudes indicates CP violation

Fraction of CP violating
contribution

A
*+

+]As

a3 ~— ‘2

A

2A InL
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SM Higgs total width ~4 MeV @125GeV
Property measurements - width

E "'-_'-:-'I bf_us_ . e, L=Gif': j2=3 2’5 L ;-"D_I'
[+’ — o
-1 Iy
) _ wreene Enpscted -
-."_.-'; =T —— OEssresd . _,-’"f/
o ;
z 1 el /
- e}
arXiv:1312.63563 v
N i

a o k' 1 z E] [3 =
a0 100 120 140 160 180 I, (GeV)
my, [Gev)

H—vyvy results N < 6.9 GeVv (CMS-HIG-13-016)
Direct measuremeants are limited by experimeantal resolutions

&8
N - .
YA i Rida lepton collider..
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Principles of the analysis

gluon-gluon fusion production B Off-ShE” H>l< —> ZZ

_\\'\\';; ; WW
i H(126) peak 77

8 TeV

HTO powered by complex - pole - scheme

Recover CPS '
(*BW) trend

V4

Thréshold effects
at 2m;, and 2m,

100 2 Mz 2 M, 1000
_-'1LII1'1' [ C‘r(‘\'

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

— Peculiar cancellation between BW trend

and I'(H — ZZ) as a function of m,,
creates an enhancement of H(126) cross-
section at high mass

A0ge sH 377 N F(mzz) ~
dm?, SBEC (m%, —m)* + ?ﬂ@

— About 7.6% of total cross-section in the

Z7Z final state, but can be enhanced by
experimental cuts

Tot[pb] Myz > 2 My |[pb] B‘{.‘i]

gg — H — all | 19.146 0.1525 0.8
g9 — H = Z7 | 0.5462 0.0416 7.6
NS
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Constraint on width

F. Caola, K. Melnikov (Phys. Rev. D88 (2013) 054024)
J. Campbell et al. (arXiv:1311.3589)

dggg%H—}ZZ F(mZZ)

X eeHSHZZ
2 388 2 2 \2 2 12
dms, (m%, —mg)* +mgly

Can be used to set a constraint on the total Higgs width:
k Kok7
on—pea
O iz = =2 (7 BR)sw =(1)7 - BR)su Ke = Segt/ 8oy

. SM
Kz = SHzz/ Si177,

4o Off—peak o °ff—peakssM ] Grm‘f—pe-aﬂfnSI‘vI
gg—H—Z7 gg—+H—Z7Z :@ gg—H—-Z7 e FH/FSHM
dmzz dmizz dmzz

Once the “signal strength” u is fixed from an independent source a
determination of r is obtained

o 0 iy
— N.B. r-scaling while keeping p fixed is . \\‘\;;___g___,_ir*'_'
equivalent to coupling scaling o e o )
Caution: the interference with I SN

continuum gg — ZZ is not negligible at high m,, g

g 0 2 / S W
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Combined limit

CMS Preliminary Vs=8TeV,L=19.7fb

12

10

.
-
.
K
.
.
-
Ll
.
.
.
r
L]
4 -

p
A Ho 22 4122y
’,-'f— Observed
.,." --eee Expected p=p_
------ Expected p=1
68% CL
95% CL

o e — ——— — — — — — — — — — — — — —

- . —— ——

e Combined observed
(expected) values

—r=I/T,<4.2(8.5)
@ 95% CL

(p-value = 0.02)
—r=1/Tg,=0.3"1>,

e equivalent to:

—T'<17.4(35.3) MeV
@ 95% CL

— T =(1.4*1_,) MeV
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Conclusions

* Higgs properties using H(126) - ZZ events has been presented
consistent with standard model (Spin, Parity , signal strength
,No cp violation)
direct width measurement gives an upper bound of 3.4 GeV .

* Combining 4l and 2I2v final states -

— Using variables related to ZZ inv. mass and kinematic discriminants
— Small deficits in signal regions observed in both channels
 Combination results:
— /T, <4.2 (8.5 expected) @ 95% CL
- - <17 MeV (35 MeV expected) @ 95% CL




Back up



IHEP contributions

HZZ4l is one of the most important analyses at LHC
— There are 26 institutions involved in this analysis in CMS

IHEP team plays important role in this analysis
— Leading the mass and width measurement

— Heavily involved in the determination of quantum
numbers

— Responsible for the statistical analysis

Also contributed to the width measurement from off-
shell production

— Responsible for the correctness of the statistical analysis
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Dijet

0/1-jet

CMS

Signal strength

Vs=7TeV,L=51fb";{s=8TeV,L=19.7 fbo’

0.5

1 1.5

2 2.5
best fit u
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qgbar — X
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qgbar — X
any

gg — X
qgbar — X
any

ag — X
gg — X

Qg — X
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2
>
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2
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Monte Carlo simulation

gluon-gluon fusion

e Using latest versions of gg2VV and
MCFM (LO in QCD)

— Including signal H(125.6), background and
interference

— “Running” QCD scales (= m,,/2) + scale S
and PDF variations for systematics /ﬂ 20300 400 500600 700 800 900 1000

H virtuality | GeV]
— Signal m,,-dependent k-factors (NNLO/LO)
applied G. passarino (arXiv:1312.2397)

12 Ll

other production modes

— Using results from . Bonvini et al. » VBF production is 7% of the
(Phys. Rev. D88 (2013) 034032), US€ total. at H(126) peak |
kcontinuum - ksignall assigning an additional » Slightly enhanced at high mass

by trend of &,5.(m,,) ~ 10%

» Using PHANTOM to model it,
with same settings

» VH and ttH do not contribute

10% uncertainty on this assumption

to tail effect

=A%
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Generator-level distributions

The 4] and 2[2v final
states e

* 4| ﬁnal State (l = e; H) 100 |- 99 (7_}{)%2(»;*)2(7*)'—>f€£’f‘-’l, ;1-1;;:156(1&-’ g
pp, s = 8TeV ) Eg
— At high mass, basically onl AL
g ) y only T 1l
. = = — Loffshell .
background is qq — ZZ = ﬁ\ — [l o
. . N 0.01 + -
(known at NLO, QCD uncertainties = |
at the level of %) = 0.0001 |
— Fully reconstructed state = can 00 |
use matrix element probabilities 0 100 200 300 400 500 600
of lepton 4-vectors to distinguish | Ml |
. 10000 g9+ H — ZZ — tlvps, Mp=125GeV 12
between gg and qq production o [ =T |H|2+|co|gt|2_"§ﬁ
. > —— |H+cont
* 2I2vfinal state (I=e, n) ! L
— Much larger BR (x6) but smaller N 0oL
acceptance (tight p; selection) < 0.0001 |
= 1le-06
— Rely on transverse mass
. . . 1le-08
distributions
N. Kauer and G. assarino, JHEP 08 (2012) 116 100 200 300 400 500 600

Mzz [GeV]
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4] analysis

* No changes in selection w.r.t. cms collab. , arXiv:1312.5353
— Lepton p; cuts, Z invariant masses, impact
parameter significance, loose isolation

* Inthe matrix element likelihood approach (MELA), design a
specific discriminant for gg — ZZ production:

P 881
PRBJ? T ’qu

D?,gfﬂ —

— Built with 7 variables completely
describing kinematics (m,,, m,,,
angles)

— Py (qq @re joint probabilities for
— ZZ, signal + background + interference
ZZ) from MCFM matrix elements
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212v analysis

* No changes in selection w.r.t. CMS collab. , PAS-HIG-13-014
— Large p(Z) and E

T, miss
— Vetoing 3" lepton and b-tagged jets (removing Z+heavy-flavor jets)
— Events split in three purity categories according to number of
selected jets (p; > 30 GeV and [n| <4.7)
— VBF-like: two jets with m; > 500 GeV and |An,| > 4
— >=1 jets: excluding events in VBF-like category
— 0Ojets
* Data-derived estimation of reducible backgrounds (double and
single top, WW, WH+jets, Z+jets), gq — ZZ and WZ from MC

e Fit the distribution of the transverse mass for 0 and 1-jet category
2

" f S [ . 2
my = |/ pre? + mo + ) ERS 4 my 2

2
Prec + E‘%l]

and E for VBF-like

T,miss
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Events/5GeV

Effect of I' / coupling scalings
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PHANTOM settings

LO generation

— NNLO/LO k-factor is 6% and independent on m,, (from CERN
Yellow Report 3)

— Do not apply explicitly, normalize cross-section at the peak
relatively to ggF

Central scale mzz/+?2

— Same scale and PDF variations as ggF = effect much smaller (1-
2%)
Signal, background, interference not available separately.

Generate total amplitudes withr=1, 10, 25 (and equal
coupling scalings) and extract the 3 components from:

P 1 1 1 S
ro | =] 10 V10 1 I
P25 25 5 1 B
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Full formula of MELA Dgg

_ -1
P99
Pbkg ]

1 = 1+
BE4 T D _ DEE — . DBE | DES
pﬂ.%af? T P':I‘JI L @ x PSi;.:_ T Vax Pint + Pbng

* Depends on parameter a (relative weight of
signal in the likelihood ratio). Since the
expected exclusionisr ~ 10, use a =10
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4]: background-enriched region
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Events/0.05
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Events / 0.1

41: variables entering D,
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4]: 1D result with Dgg and m4l

CMS Preliminary Vs=8TeV,L=19.7f
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4]: 2D templates

CMS Preliminary Ys=8 TeV, L=19.7 fb™
1

co

0.8

)]

0.6

I~

0.4

]

0.2

400 600 800
m,-» (GeV)

46
46



4]: breakdown by channel

CMS Preliminary {s=8TeV,L=19.7f
‘:'1
< | Ic-)lb—;» ZZ—_> 4]
o —— Observed [T 4 )
10— Observed p=p_ 2e2y ."_,"

| —— Observed p=p_ 4e
- —— Observed p=p_ 4n
R Expectedpu=p 4l
8o Expected p=p 2¢
e Expected u=p /4
[ e Expected p=p,

O05° 5 10 15 20 25 30
[T,

47



212v: selection

« We pre-select boosted Z candidates

dilepton+single lepton triggers

two isolated leptons p,>20 GeV
(medium-id electrons or tight-id muons)
IM-91]<15 GeV and p(£)>50 GeV
Veto 3™ lepton with pT=10 GeV

(veto-id electrons or loose-id muon)

No b-tagged jet by CSVL +

no soft-muon with p>3 GeV

« Search for real ET"“EE in Z events

raw particle flow E,™= is used
Agp(jet, E,m=)=0.5
E,m=>80 GeV
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212v: breakdown by channel
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m, and D, distributions / yields
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m-,/E
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Events

Events

m,/E distributions

T,miss
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Conclusion

* Mild model-dependence
— Just based on Higgs propagator structure

— Assumptions on gg — ZZ continuum
production beyond LO

— Assumption of SM production of qq — ZZ
and, in general, no other BSM sources
enhancing high-mass ZZ yields
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Muon

* Discovered by Anderson and Nedermeir in
1936 in cosmic rays.
* Since that time muon parameters are well
Defined
— Charge +/- 1
— Mass 105.658389 MeV
— Lifetime 2.19703 psec
— Decay (100%) evv
— No strong interaction



