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Why Higgs...?

Origin of mass

% How world came into being

Underpins SM of particle physics

* How certain particles acquire mass

The electroweak force

% Helps to explain how EM and Weak
forces can be unified

s Long term goal: Grand Unification

Supersymmetry

Dark Matter

Validation of LHC

—
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Higgs Mass

>

>

A free parameter in the SM

Fundamental position in the SM:

/7

s Calculation of the Higgs boson production and decay rates

/7

s Precise knowledge necessary to test the coupling structure
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Higgs Production at Large Hadron Collider (LHC)
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Significant increase in production cross section from 8 TeV (Runl 2012) to 13TeV
(Run2)

O131ev/Ogtey Of Higgs: ggH ~2.3, VBF ~2.4, VH ~2.0 and ttH ~3.9

s background increased by a factor of ~2
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H 2> ZZ - 4l decay mode and its motivation
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M, [GeV] Event Signature:
4 |leptons (4e, 4y, 2e2)
o X Br(H-> ZZ- 4l) quite small ssLarge S/B ratio ( > 2:1)
“*Needs highest selection efficiency “*Good mass resolution (1-2%)
possible “*Four isolated leptons from one point in 3D space
—> Efficient lepton identification over a “*Benefits from excellent electron and muon
broad P, range energy resolution
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Event selection and reconstruction

L)

L)

L)
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Rel. isolation to isolate the z boson prompt leptons from EW decay ones, Z¢ < 0.35 within AR=0.3

where,
= (LA max 0 DA + Lk - plP(0)] ) /0t and  ARGj) = Vi =) + (¢ = ¢)?

Build Z candidates from OSSF pairs.

For each ZZ candidate, defined Z; candidate with my,,, closest to the PDG mass, the other as Z,

Lepton kinematics and isolation
Leading lepton pr pr > 20GeV
Subleading lepton pr pr > 10GeV
Additional electrons (muons) pr pr > 7(5) GeV
Pseudorapidity of electrons (muons) In| < 2.5(24)
Sum pr of all stable particles within AR < 0.3 from lepton <0.35pr

Event topology

Existence of at least two same-flavor OS lepton pairs, where leptons satisfy criteria above
Invariant mass of the Z; candidate 40 < mz < 120GeV
Invariant mass of the Z, candidate 12 <mz, <120GeV
Distance between selected four leptons AR(¢;,€;) > 0.02 for any i # j
Invariant mass of any opposite-sign lepton pair myvp- > 4GeV
Invariant mass of the selected four leptons 105 < myp < 140 GeV
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Background Estimation & Kinematic mass distributions
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Irreducible: ~ 60 e

° . . - - . . -::lé). 50:_ - 9922, Zv* _:

“*Production of ZZ via qq~ annihilation or gluon fusion o >k B zx .
ssestimated using simulation

Reducible:
“*Secondary leptons produced by heavy flavor jets 0580 90 100 110 120 130 140 150 160 170
% Z+tjets, ttbar, WZ...important at low m,, Ma (GeV)
< Misidentified leptons coming from decays of heavy > ' ——— Y
flavor hadrons, in-flight decays of light mesons within gmo ] é?:z:}»?z,zv
jets, or (for electrons) the decay of charged hadrons E » — i
overlapping with Tr° decays 60

+*OSSF method 40

“*Two control regions: 2P2F and 3P1F
% SSSF method

20

_ 760" 900
“*One control region (2P2LSS) m,, (GeV)

Distribution of reconstructed four-lepton invariant mass
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Observables
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Correction of per-event mass error

*

0

0

Event by event mass error: lepton momentum error propagated to my,

Important for mass measurement when statistics are limited

L X4

L)

4

L X4

L)

Huge effort on mass resolution validation
by comparing measured mass resolution
with the predicted di-lepton mass

resolution using the event-by-event mass

uncertainty for Z—£f events in data.

The dashed lines denote a =20% region,
used as the systematic uncertainty on the

resolution.

CMS Preliminary 35.9 fb' (13 TeV)
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Z,Mass Constraint

> CIh'lq'lsl I TTTT I TTrTT TTTT TTTT TTTT |3[5Ig ;rbl-‘ I{ 1I3[TIeY}
: : : : : 501 -
s Define Z, (I*I' pair) as intermediate Z boson with mass S F e paa :
3 L[] H(125) 4
closer to PDG mass 3 a0l Oazzr E
° . . c L —ZZ, ™ i
%  Significantly on-shell g | = 9 e :
s Perform kinematic fit using Z, mass as constraint 30 3
kinematic fit using Z, leptons R
<  Expected 8% improvement in my, 20|~ .
uncertainty : :
101 -
Likelihood to be maximized: i :
re 0. reco 1 12
Lok, PP, 0k, % 072) = Gauss 5, oph) - Gauss (2|2, 73 Ll my) | 90 90 80 70 80 50 O, (Gev)
Constraint :
Inputs

pr€col, p,reco2 : reconstructed lepton p
op;t, op+2: lepton p; resolution

Outputs

L(mj,| m,,my) : Z, lineshape at
generator level from SM Higgs sample
with m, = 125GeV m,, is calculated
from p;! and p;?

p+L, po2: refitted lepton p;
o(p+) , o(p+?) : refitted lepton p; resolution

TTT==~3 Use refitted lepton p; and uncertainty
to recalculate m,and D

mass
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Mass Measurement

Precision gain

. - Use m4l alone: -

s Perform 3D fit: E(m4g,Dmass,I7}§ifé) L(m,)
Per event mass error corrected in data/MC 9.3@:
using Z—{ events + per-event mass uncertainty: L(m,,,D, ) 4

s Mass resolution improved by performing 21.0%
kinematic fit using Z, leptons '

. c? _ 1€P _ + ME-based kinematic discriminant
2 Expectgd 8% improvement in my (CMSRunl style): L(m,,, D, Djn)
uncertainty
+ Z, mass constraint: L(m',;,D",.., D)
> 600 CI!U!‘SI Istrvu,'laﬁ?n ?{?ﬂmrﬂa? — u:EI= IIS Tle‘\-'l _ - CMS IS’:J‘T"IJ"'EHO” P Ire!imfn-lary | Vs= 13I TeV CMS Simulation Preliminary Vs =13 Tev
- " — i J U R L = L L B B B DL B
S f HoZode - Oacy =210GeV 4 B5000- H —2Z - 4p Oy = 1.19 GeV B0 727 s 2e2p o= = 1.66 GeV
1400 m, = 125 GeV  Ogch = 182 GeV 7 @ m,, = 125 GeV ¢ olh =111 GeV B | m,=125Gev s ol = 1.41 GeV |
S 1o00f S ool S 4000 .
_,:':_?1200_— - -:24000_— n :@
L c | =
,_%1000:— _ . 5 - ] ::,j |
-t Simulation 13% improvenent 30001~ ¢+ Simulation 7% improvement 30001 4 gimulation 15% improvement
800 _ parametric Model ] [ — Parametric Model ] - — Parametric Model
600} . 2000 = 2000(
400f . [ [
F 1000} ] 1000} ]
200f ] ! [
005110 115 T20 izs 130 TseT40 005 110 115 120 125 130 135740 fos 110 115 120 125 130 135, 140
m,,(GeV) m,,(GeV) Mpen (GeV)
——————— |
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Lepton Energy Scale Uncertainty

CMS 35.9 fb' (13 TeV) CMS 35.9 fb" (13 TeV)
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Events are separated into categories based on the p; and n of one of the two leptons in data/MC

Fit di-lepton mass distributions to a Breit-Wigner parameterization convolved with a double-sided
Crystal Ball (CB) function

Extract offset in the measured peak position with respect to the nominal Z-boson mass

Relative difference between data and simulation is propagated to the reconstructed four-lepton

mass from simulated Higgs-boson events

The uncertainty is determined to be 0.04%, 0.3% and 0.02 for the 4, 4e and 2e2u channels, rtle_spectively

1
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Mass Measurement Results

Use per event mass uncertainty + ME-based kinematic discriminant + Z1 mass constraint

No m(Z;) constraint 3D: L(my, Dmass, 'Dﬁﬁ‘g) 2D: LMy, Dmass)  1D: L(my)
Expected my uncertainty change — +3.6% +16%
Observed my (GeV) 125.28+0.22 125.361+0.24 125.39+0.25
With m(Z;) constraint 3D: L(mly, Dimass’» Dﬁ%) 2D: L(m}), Diass’)  1D: L(m];)
Expected my uncertainty change —8.1% —4.7% +2.5%
Observed my (GeV) 125.2640.21 125.3040.21 125.34+0.23

mp = 125.26 + 0.20(stat.) 4+ 0.08(sys.) GeV

CMS 35.9 b (13 TeV) 8 CMS | - 35.9 07 (13 TeV)

8 . . , , ; - . . h — | [TT I T[T T T T[Ty TP T T T[T TTT L T T ]
= — s £ ¢
a 7- ' < 7r
cﬂ E T My Dlass C\I] E

' 6F — My, Dinacs. D 61 -

5:_ My Dinases DI (stat. only):,-‘: E 50 ;

N U /Y 71 S SR 8 AT ]

: ] P .

3; - 3_— — 2e2u =

E E E — 4e E

2:_ - 2__ —— Combined -]

r . F -+ Combined (stat. only) ]

L\ A - L W }\ """" =

OE 1 ) I L ' P 0 § \ . 0_| RN AN N B ANET AN B BNAE AT [ AN, L1 |._

124.5 125 125.5 126 120 121 122 123 124 125 126 127
m, (GeV) m,, (GeV)
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Comparison

CMS (4l) 13TeV, 35.9 fb? CMS (yy) 13TeV, 35.9 fb!
my= 125.26£0.20(stat.) 0.08(syst.) GeV my=125.4+0.2 (stat.) £0.2 (syst.) GeV
ATLAS (41) 13TeV, 36.1 fb1 ATLAS (yy) 13TeV, 36.1 fb1

m,= 124.88+0.37 (stat.) =0.05 (syst.) GeV m,=125.11+0.21 (stat.) £0.36 (syst.) GeV

ATLAS (Combined)

m,= 124.98+0.19(stat.) =0.21 (syst.) GeV

LHC Run 1

m,= 125.09=%+0.21(stat.) =0.11 (syst.) GeV

Higgs mass measurement results are best to date!
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Summary

L)

L)

L)

Latest results of Higgs measurements in four-lepton final state in pp

collisions at V's = 13 TeV (full 2016 dataset) are presented

Mass measurements have been performed, exceeding the sensitivity of

previous results

Measurements compatible with SM predictions

= = = = = = = - I

| CMS-HIG-16-041
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Event Categorization

CMS 35.9 0" (13 TeV)
(BELLERI 40.77 expected events
vs;gst 9.69 expected events
VE;?S‘ 4.24 expected events
ngggg;nic 2.08 expected events [
UI—:;;SLanic 0.38 expected events
VH-ET™ 0.11 expected ever
tagged
ipREhl=l 0.51 expectg

0 01 02 03 04 05 06 07 08 09 1
signal fraction

I ggH

Bl VBF

B WH, WoX

B WH, W=iv
ZH, Z—-X

B ZH, Z-2i

o tiH, tt—=07+X

Bl ttH, tT= 114X

Bl tiH, tt—2/+X

>

significant ggH contamination
% ~50% in VBF 2-jet tagged

>

L)

L)

but low event yield expected

%  Categories based on hadronic activity have

»  Categories with lepton/MET tags very pure,

s Events classified into 7 mutually exclusive

event categories targeting main SM

production modes

>

L)

L)

MET, and production discriminants

» Performed using jet/lepton/ b-tag multiplicity,

0

0

0

VBF-2jet-tagged category: 4l, there must be

either two or three jets of which at most one is
b-tagged, or four or more jets none of which are
b-tagged. D, > 0.5 is required.
VH-hadronic-tagged category requires

exactly four leptons. In addition, there must be two
or three jets, or four or more jets none of which are
b-tagged. D,,; = max(D,y, Dyyy) > 0.5 is required
VH-leptonic-tagged category requires no more
than three jets and no b-tagged jets in the event,
and exactly one additional lepton or one additional
pair of OS, same-flavor leptons. This category also

includes events with no jets and at least one
additional lepton.

ttH-tagged category requires at least four jets of
which at least one is b tagged, or at least one
additional lepton.

VH- EMiss_ -tagged category requires exactly four
leptons, no more than one jet and E™ss; greater
than 100 GeV.

VBF-1jet-tagged category requires exactly four

leptons, exactly one jet and D, j; >0.5
e L~ e |

| CMS-HIG-16-041
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Kinematic mass distributions

CMS 35.91b" (13 TeV)
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Particle Flow algorithm; PF candidates: charged & neutral hadrons, photons, electrons, or muons

Rel. isolation to isolate the z boson prompt leptons from EW decay ones, Zf < 0.35 within AR=0.3
where

7' = (L pr™ 4 max [0, L pit + Y p - oV (0] ) /0t and  ARG,)) =V =) + (¢ = ¢1)?
Build Z candidates from OSSF pairs which satisfy 12 < my,, < 120 GeV
For each ZZ candidate, defined Z; candidate with my,,, closest to the PDG mass, the other as Z, .

If >1 ZZ cand., choose the one with highest Dy, k. If >1 ZZ cand. with same Dy, ", choose the one
with m(Z,) closest to PDG m(2):

% For Fiducial cross section, choose ZZ cand. with m(Z, ) closest to PDG m(2). If >1 ZZ cand. with same Z,,
choose the Z, with highest scalar p; sum.

Lepton kinematics and isolation

Leading lepton pr pr > 20GeV
Subleading lepton pr pr > 10GeV
Additional electrons (muons) pr pr > 7 (5) GeV
Pseudorapidity of electrons (muons) | <25(24)
Sum pr of all stable particles within AR < 0.3 from lepton <0.35pt

Event topology
Existence of at least two same-flavor OS lepton pairs, where leptons satisfy criteria above
Invariant mass of the Z; candidate 40 < mz, < 120GeV
Invariant mass of the Z, candidate 12 <mz, <120GeV
Distance between selected four leptons AR(?;,£;) > 0.02 for any i # j
Invariant mass of any opposite-sign lepton pair My - > 4GeV
Invariant mass of the selected four leptons 105 < my, < 140 GeV | CI\/IS HIG-16-041 :
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Signal Strength
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LHC Run 1 Mass Measurement

L I i I I | L] I 1 l i I I I

ATLAS and CMS

—e—Total Stat. = Syst.
LHC Run 1 Total Stat. Syst.
ATLAS H—yy p——e——4 126.02 +0.51 (+0.43 + 0.27) GeV
CMS H—yy e 124.70 + 0.34 (+ 0.31+ 0.15) GeV
ATLAS H—ZZ -4l } @ | 124.51+ 0.52 ( + 0.52 + 0.04) GeV
CMS H—ZZ -4l - ———— 125.59 + 0.45 ( + 0.42 + 0.17) GeV
ATLAS+CMS yy ' 125.07 +0.29 ( + 0.25 + 0.14) GeV
ATLAS+CMS 4i 125.15 + 0.40 ( + 0.37 £+ 0.15) GeV
ATLAS+CMS yy+4l 125.09 +0.24 ( +0.21 + 0.11) GeV
1 1 1 1 I 1 1 1 1 l 1 1 1 L I 1 1 1 1 l 1 1 1 1 I | 1 1 L I 1 L
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m,, [GeV]
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ATLAS Preliminary

1 | 1 I 1 T I 1 I T 1 l 1 1 1 1

. Syst.
15 <13 TeV. 561 67 —— Total Stat. [ Sy
Total  Stat. Syst.
|
LHC Run 1 - 125.09 + 0.24 (£ 0.21+0.11) GeV
H—ZZ*—4l " = : 124.88 + 0.37 ( + 0.37 + 0.05) GeV
H-yy — — 125.11+ 0.42 ( £ 0.21+ 0.36) GeV
Combined t L.—IIi i 124.98 + 0.28 ( + 0.19 = 0.21) GeV
L I. 1 1 # P X l 1 1 1 i 3 l 1 L t | 1 l. A 1 L i L 1 L 1 1 l 1
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