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Standard Model and Dlscovery of the nggs
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Higgs boson is proposed to responsible for the electroweak symmetry
breaking, particles acquire mass when interacting with the Higgs field.

=» The Higgs boson was discovered by ATLAS and CMS at LHC in July, 2012.
=» F. Englert and P. Higgs won the Nobel Prize in Physics in 2013.




Higgs Boson Production at LHC
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Higgs Boson Decay

Higgs decay branching

ratio at my=125 GeV é
»bb: 57.7% (huge QCD >

background) £
»WW: 21.5% (easy g

1dentification in di-lepton
mode, complex background)

»1T: 6.3% (complex final states
with T leptonic and/or hadronic
decays)

»>77%:2.6% (“gold-plated”,
clean signature of 4-lepton,
high S/B, excellent mass peak)

»vy: 0.23% (excellent mass
resolution, high sensitivity)
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H -2 ZZ* = 4l production rate:
1 out of 1023 collision events




H>Z7Z*2>4/¢ Overview

U Extremely clean — “Gold-plated” channel
o Fully reconstructed final states
o Good mass resolution (~ 1.6-2.4 GeV) H
o High S/B ratio (~ 1-2)
o Low decay branching fraction
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1 Currently statistically limited

04.6 b @7 TeV +20.7 o' @ 8 TeV FK
o Expect 68 SM H>ZZ*->4/( (e,n) events 7 _ 7T

ZZ I
 Properties measurement

o Higgs mass, spin, parity, couplings etc. gl 3558 N oy se 5

o Critical to determine whether it 1s fully compatible M, [GeV]
with the SM Higgs boson




Event Selection

 Trigger match with single and/or di-lepton trigger
U Four sub-channels: 4e, 2e2u, 2u2e, 4

Event Pre-selection

Electrons
“MultiLepton” quality GSF electrons with Er > 7 GeV and |n| < 2.47
Muons
combined or segment-tagged muons with pr > 6 GeV and |n| < 2.7
Maximum one calo-tagged or standalone muon
calo-tagged muons with pr > 15 GeV and |n| < 0.1
standalone muons with pr > 6 GeV, 2.5 < |n| < 2.7 and AR > 0.2 from closest segment-tagged

Event Selection

Kinematic Require at least one quadruplet of leptons consisting of two pairs of same-flavour
Selection opposite-charge leptons fulfilling the following requirements:
pr thresholds for three leading leptons in the quadruplet 20, 15 and 10 GeV
Leading di-lepton mass requirement 50 GeV < miyp < 106 GeV
Sub-leading di-lepton mass requirement #j,,e5h01d < 34 < 115 GeV
Remove quadruplet if alternative same-flavour opposite-charge di-lepton gives myy < 5 GeV
AR(£,£") > 0.10(0.20) for all same (different) flavour leptons in the quadruplet.
Isolation Lepton track isolation (AR = 0.20): Zpt/pr < 0.15
Electron calorimeter isolation (AR = 0.20) : ZEr /Er < 0.20
Muon calorimeter 1solation (AR = 0.20) : ZE7 /Er < 0.30
Stand-Alone muons calorimeter isolation (AR = 0.20) : XEr /Er < 0.15
Impact Apply impact parameter significance cut to all leptons of the quadruplet.
Parameter For electrons : dy / Ody < 6.5
Significance For muons : dy/04, < 3.5




Background Estimation

Main background is ZZ™) production
e MC simulation, scaled to theoretical cross
section

Reducible backgrounds:
o Zbb, Z+light jets, tT
e Estimated using data-driven methods

Events/4 GeV

o Define background-enriched/signal-depleted

control reigions
o Extrapolate to signal region using transfer

factors
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Invariant Mass of 4-lepton
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Selected Higgs Candidates
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H>Z7Z*>4/ :Mass Calibration
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Higgs Detection Significance

observed expected
data set min pg significance mg(po) min po(myg) significance
[or] [o]
Vs=T7TeV | 25x 1073 2.8 125.6GeV | 3.5x 1072 1.8
Vs =8TeV | 8.8x 10710 6.0 124.1GeV | 2.8x 1072 4.0
combined 2.7 x 1071 6.6 1243GeV | 5.7x107° 4.4
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Higgs Mass Measurement
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Higgs Mass Measurements
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Measurements of Higgs Signal Strength

=» Signal strength for H>ZZ*->4/:

n=1.4+04

= Combined signal strength
n=13%0.2 (ATLAS)
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H->77Z*->4l : Spin and Parity

o In X— ZZ"™) — 4¢ decays, mz,, mz, and the
production and decay angles are sensitive to

the spin-parity of X
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* Construct a discrimina nt between different
hypotheses using two different multivariate
techniques:
o BDT (machine learning)
> JP-MELA (use theoretical differential decay
rates to construct a matrix element based
likelihood ratio)

o Use events in range 115 << myy < 130 GeV

» Test SM 07 hypothesis against alternative
hypotheses 0—, 17, 17, 2"
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H>77*->4l

: Spin and Parity
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Probing Higgs Production

* Event characteristics allow measurement of signal strength from different production modes
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Higgs Production: ggkF vs.VBF
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Fermion and Vector Couplings

Coupling scale factors

2-parameter benchmark model:

Ky = Kyw=Kz
Ke = K=Kp=K =K =Ky

(Gluon coupling are related to top, b,
and their interference in tree level loop
diagrams)

Assume no BSM contributions
to loops: gg—> H and no BSM
decays (no invisible decays)

Ky = 1.15x0.08

kp = 099711

o-B(gg—H—yy)

osm(gg — H)-Bsm(H — yy)  «f
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2 Kg =01is excluded (>50) ‘ See Xin Chen'’s talk for
direct evidence of H=> ff




O With 2011 (4.6 fb! @ 7TeV) and 2012 (20.7 fb'! @ 8 TeV)
datasets, the Higgs boson is observed in the H>ZZ*>4/

channel with local significance of 6.6cG.
[ The best fit mass of the Higgs boson from H>ZZ*->4/

my = 124.3 708 (stat) 23 (sys) GeV

Combined
Higgs mass

The ratio of signal strength for bosonic (VBF+VH) and
fermionic (ggF+ttH) production modes are measured,
evidence of VBF production is 4.1c.

(1 The ATLAS data is found to favour the Standard Model
Higgs boson J* = 0" hypothesis.

my = 125.5 + O.2(stat)i%‘_%(sys) GeV







Higgs Width

1 Using per-event-error method, direct limit on the total width
of the Higgs boson LH < 2.6 GeV @ 95% C.L.
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Measurements of Higgs Signal Strength

= Signal strength: n=1.3+0.2(ATLAS) p|B 726 pp.88-119
=>u=0.8 =0.14 (CMS) ATLAS-CONF-2014-009
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Higgs Mass and Signal Strength
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Background Estimation

Table 3: Summary of the estimated numbers of Z + jets and #7 background events for the 20.7 fb~' of
/s = 8 TeV data and for the 4.6 fb~! of /s = 7 TeV data for the full mass range of the analysis after the
kinematic selections described in the text. The sub-leading same sign full analysis event counts are given
only for ms, < 160 GeV to avoid contamination from the irreducible ZZ™) background with an incorrect
charge measurement. Approximately 80% of the reducible background has my, < 160GeV. The “i”
symbol indicates the estimates used for the background normalisation, the others being cross-checks.
The first uncertainty is statistical, the second is systematic.

method estimate at /s = 8 TeV  estimate at /s = 7 TeV
4u 4u
my3 fit: Z + jets contribution 24+0.5+0.6" 0.22 + 0.07 + 0.02"

m> fit: tf contribution

0.14 + 0.03 + 0.037

0.03 £ 0.01 £ 0.017

1t from ey + pp 0.10 + 0.05 £ 0.004 -
2e2u 2e2u
m; fit: Z + jets contribution 25+05+0.6 0.19 £ 0.06 + 0.02"
m, fit: ¢f contribution 0.10 + 0.02 + 0.02" 0.03 £0.01 £ 0.017
1t from ey + pp 0.12 +£ 0.07 £ 0.005 -
2u2e 2u2e
€€ + e*e* relaxed cuts 52+04+0.5 1.8+0.3+0.4
tf + e*e* inverted cuts 39+04+0.6 -
3¢ + ¢ (same-sign) 43+0.6+0.5 28+04 0.5
sub-leading same sign full analysis events 4 0
4e 4e
€€ + e*e* relaxed cuts 32+0.5+04 14+03+04
¢f + e*e” inverted cuts 3606 0.6 -
3¢ + £ (same-sign) 42+05x0.5 25+03+0.5
sub-leading same sign full analysis events 3 2




Selected Events

Table 7: The numbers of expected signal events for the mgyg=125 GeV hypothesis and background events
together with the numbers of observed events, in a window of +5 GeV around 125 GeV for 20.7 tb~! at

V5 =8TeV and 4.6 tb~! at /5 = 7 TeV as well as for their combination.

total signal signal ZZ™) Z +jets, it S/B  expected observed
full mass range
Vs = 8TeV

4u 5.8 +0.7 53+0.7 23+01 050+0.13]| 1.9 81+09 11
2u2e 3.0+ 04 26+04 1.2+01 1.01+021|1.2 48+0.7 4
2e2u 4.0+ 0.5 34+04 1.7+£01 051+016] 1.5 56+0.7 6

4e 29+04 23+03 1.0+0.1 0.62+0.16| 1.4 39+0.6 6
total 15.7 £ 2.0 137+18 62+04 262+034 |16 225+£29 27

Vs =T7TeV

4 1.0 £ 0.1 097 £0.13 0.49 £ 0.02 0.05+002 | 1.8 1.5+02 2
2u2e 0.4 + 0.1 0.39 £ 0.05 0.21 £0.02 0.55+0.12 | 0.5 1.2+0.1 1
2e2u 0.7 + 0.1 0.57 +£ 0.08 0.33 £+ 0.02 0.04 £0.01 | 1.5 0.9+ 0.1 2

de 0.4 + 0.1 0.29 + 0.04 0.15+0.01 0.49+0.12 | 0.5 0.9 0.1 0
total 25+04 22+03 1.17+007 1.12+0.17 | 1.0 45+0.5 5

Vs =8TeV and /s = 7TeV

4u 6.8 + 0.8 6.3+08 28+01 055+015]|19 96+1.0 13
2u2e 3.4+£05 3004 14+£01 156+033]|1.0 6.0+0.8 5
2e2u 4.7 £ 0.6 40+£05 21+0.1 055+0.17] 1.5 6.6+0.38 8

de 3.3+0.5 26+04 1.2+01 111 +£028 | 1.1 49+0.8 6
total 182+24 159+21 74+04 374+093 |14 27.1+34 32




Constraints on BSM

New heavy particles may contribute to loops arLas Preliminary Total uncertainty

* Introduce effective kg, k, to allow heavy BSM m, = 125.5 GeV +16  +26

particles contribute to the loops Model vy, r

« Tree-level couplings: «,x; K, Kk, k. €tc setto 1 o VAN o E N S | [—r
« Absorb all difference into loop couplings : : :

« Indirectly fixed normalization of Hiqq{s width Ke=0.99'070 L g

g Model: &, Ky

=10% [ [ erreeriaend frrnr ey

Py 0.14 \
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_ +0.14 : : \
Myz=0.-94 75 o T i M. |  ——

Model: &y, A\ Ky SN .
P, =20% Ay, € : : -

!C') [T T | T TTT | L | T 1T ‘ LI | T TT T | T TT ‘ T 1T ‘ T TT] ['1 24,'081 ]U[078,1 .1 5] || I"'EI . . ,; I“ "I' II‘ - ’I | . I10
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of Vs=8TeV, [Ldt=20.3 b —68% CL E T ; ;
| g Combined Ho 77.2Z" WW zz. b -=195% CL 3 P =080
16 - - ' : : 21
- e . L S SR i
1.4 — e T~ = Model: iy, ,, B, _ ' R 5"'0"41' —
S T~ . =18% : 10 <0 29
12p e E UUBR =060 | @%ucl g
— - ~ — L L L L L L . L L L . k . . . .
= 2 -, E -2 -1 0 1 2
C e J 7 — B
0.8 el - = Vs=7TeV [Ldt = 4.6-4.8 fo" Parameter value
= 3 Vs =8 TeV [Ldt =203 b
0-6 L 111 | | | L 11| | | ‘ 1 111 | 1111 | 111 | | L 11| ‘ | ‘ 111 1

—

O.é 9 1 11 12 13 14 15 16 1.7 1.8

Couplings tested for anomalies w.r.t.
fermion and boson, W/Z & vertex loop
3D Compatibility with SM: 18% contributions at £10%-15% precision
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-2 InA(BR, )

-2 InA(BR )

Constraints on BSM Loops
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New particles may contribute to
loops
* Introduce effective x,, x, to allow heavy
BSM particles contribute to the loops
 Tree-level couplings: kK, 1<,k Setto 1
« Absorb all difference into loop couplings
» Indirectly fixed normalization of Higgs

width
ry = K (1) su
(I = BRi_u.)
kg = 1.00707
ke = L1708
BRiy, = -0.16703




ATLAS Data Samples

1 7 TeV data samples (2011)
— 4.6 fb! for physics analysis
— Peak luminosity 3.6 X 1033cm2s
1 8 TeV data samples (2012)
—20.7 fb! for physics analysis
— Peak luminosity 7.7 X 1033¢cm2s"!

] Data-taking efficiency: ~95.5%
4 Slgnlﬁcant plleup events

Total Integrated Luminosity [fb ]

— ATLAS Online Luminosity \s= 8TeV
© [[] LHC Delivered
— [_] ATLAS Recorded

Total Delivered: 23.3 fb!
Total Recorded: 21.7 fb™!

Day in 2012




Major Challenge (Large Pileup)

1 Large pileup events result in big challenge to the detector,
reconstruction and particle identification !!!




Higgs Couplings

Following recommendations in LHCHXSWG-2012-001, probe benchmark model:
e All fermion couplings modified by single factor kg

e All massive boson couplings modified by a single factor ky
®* No non-SM contributions to the Higgs total decay width

e The ratio \py = kF/kv

o Assumption on total width is relaxed

T T T T | T T T T | T T T T
ATLAS Preliminary
H—zZ" - 4l

(s=7TeV: [Ldt=4.61b"
Vs=8TeV: [Ldt=20.7fb"

Ay > 0.57 @ 68% CL

N W~ o N

—

Cco
_IIIIIIIII|IIII|IIII:IIII|IIII|IIII|_I_I_|—|,:

C)D
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Is it the SM Higgs Boson?

¢ Higgs production (m, = 125 GeV)

g: (Yukawa coupling) =V2 x m./v

® - vector bosons  8v (Gauge coupling) = 2m,?/v
(v is the vacuum expectation value)

s Couplings (new force!) @:fermions

% Spin and Parity




Coupling Measurements

Coupling strengths «; & ratio: «;

=8¢/ 8rswr Ky =gv/ 8v,sw 7“ij =%/ K;

Model | Probed Parameters of Functional assumptions Example: gg —» H — yy
couplings Interest Ky | KE | Kg | Ky | Kir
1 Couplings to Ky, KE vIivIiVvIVv]Y Kfr . K,?,(Kp, KV)/K:’?{(KF, Ky)
2 fermions and bosons Ary, Kyy v I VIV V- Ky - Az - K,‘%,(f{FV-, Ary, Agy, 1)
3 Custodial symmetry Awz. Arz. K2z ] VI IVIV]- K2z~ “izFZ ' K’.%’ ("{Ff i {iFZ; Arz, Awz)
4 .ri],'rz, .«er,_ .riyz,_ Kzz - \/ \/ - - KE'Z : ’{}Z : "i;Z
5 Vertex loops Ko, Ky =1 |=1] -1 -1+ Kf, - K:f,/ KoK Ky)
q oa 1
Example H > Syt "
P 7y i L loop coupling
f K2 K% scale factors
(c-BR)(gg = H—=vy) = osu(gg— H): B%SM(H = YY) - sz i, is the total Higgs
Y H width scale factor

i 4

K,>=[1.28 Ky —0.28 %, + ... |



Collines-Soper frame, along with m

Events /0.1

Spin Analysis with H=> yy

Polar angle &* of the photon decay in

| 4

1Y
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Spin Analysis With H> WW#*

> E o e et 3 ° 1 T T T ]
8 800;— ATLAS %s?ga,?bkg, _; g 500__ ATLAS + Dala:]k s
© F (s=8TeV [Ldt=207 b - 3 = - ~ ; 8 S0 ]
o 700F = ww = S F {s=8TeV [Ldt=20.7 Bl r-o 3]
z F H=WW"—evuv/uvev + 0 jets I Z+iets 7 ~ e WW —eviv/uvey + 0 iots 0 ww b
CI>) =3 ] Wiels = o 400 uv/ipv I B Zijets ]
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- M Sl 1 9 A =
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300 = 2001~ b =
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0% 0.086 0.054 0.731 0.013 0.048

Exclusion (1-CL, ):

Observed 2* (qgq=100%) exclusion 99.96%
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H->77Z*->4l : Spin and CP

o For J¥ = 2% model:
o Graviton-like tensor with minimal couplings to SM particles
o See Phys. Rev. D81 (2010) 075022

o Production via gz or gg > 10— ——————
- ATLAS o
| gl H - 77 a *Data Spin 0+
® Scan fraction of gqg [ Vs=7TeV [Ldt-46fb"' Sionalhypothesis Ml %o 7
production between 0 and gL1E=8TeV [Ldt=207f" ¢ pp_ ¢ [z -
100% ; o P-2 .
4__ _./

» Sensitivity is stable as a
function of gg fraction

» Observed exclusion (07 vs -2
produced state £ (%)
m o

Value of test statistic, q, as a function of the qg
production fraction, fg3



ATLAS Trigger

Table 9: Summary of the triggers that are used during the 2012 data taking for the three analysis channels.
When multiple chains are indicated, it is intended that the OR among them is requested.

Channel Single-lepton Di-lepton

de e24vhi_mediuml, e60_medium!  2e12Tvh_loosel, 2e12Tvh_loose | _L2StarB(only data)
4L mu24i_tight, mu36_tight 2mul 3, mul8_mu8_EFFS

2e2u 41 OR 4e OR el12Tvh_medium1_mu8 OR e24vhi_loose_mu8

Table 10: Summary of the triggers that are used during the 2011 data taking. In each data taking period,
the OR of single and di-lepton triggers is used to select each signature.

Single-lepton triggers

Period B-1 ] K L-M
4u EF_mul8_MG EF_mul8_MG_medium EF_mul8 MG_medium EF_mul8 MG_medium
de EF_e20_medium EF_e20_medium EF_e22_medium EF_e22vh_mediuml
2e2y 411 OR 4e
Di-lepton triggers
Period B-1 I K L-M
4u EF_2mulO_loose EF_2mul0_loose EF_2mul0_loose EF_2mul0_loose
de EF_2e12_medium EF_2e12_medium EF_2e12T_medium EF_2e12Tvh_medium

2e2l

41 OR 4e OR EF_el0_medium_mu6




Higgs Production and Decays

Table 2: Higgs boson production cross sections for gluon fusion, vector-boson fusion and associated pro-
duction with a W or Z boson in pp collisions at /s of 7 TeV and 8 TeV [11]. The quoted uncertainties
correspond to the total theoretical systematic uncertainties with linear sum of QCD scale and PDF4o
uncertainties. The production cross section for the associated production with a W or Z boson is negligi-
bly small for mgy > 300 GeV. The decay branching ratio for H — 4¢, with £ = e or L, 1s reported in the
last column [11].

my o(gg—H) o(q¢d —Hqq) o(qq—WH) (93— ZH) BR(H%ZZ{*]—AE)

[GeV] [pb] [pb] [pb) [pb) [10~7]
V5=1 TeV

123 15.8%33 1.25+0.03 0.6075-03 0.33+0.02 0.103

125 153423 1.22+0.03 0574002  0.3240.02 0.125

127 149422 1.20+0.03 0.54+0.02  0.30£0.02 0.148
J/5=8 TeV

123 202+3.0 1.61+0.05 0.73+£0.03  0.4240.02 0.103

125 19.5+£29 1.58700 0.70+£0.03  0.39+0.02 0.125

127 189428 1.55+0.05 0.667002 0.37+0.02 0.148




Signhal Model

« Signal templates derived from simulation:

. Events generated using POWHEG (MLO generator) + PYTHIA
(parton showering)

. MLD cross sections/branching ratios + QCD/EW corrections

. Separate templates for each channel used in may fit

* Methods added to improve mass resolution:

. Final state radiation (FSR) recovery adds photons nearby
to muons back into may

. Comrection on 4% of 4p events with 85% purity

. £ mass constraint procedure improves resolution by
12-20%

. Kinematic parameters of leading lepton pair (my2) modified
within errors o maximize probability with respect to Z mass PDF

- Applied to may if My, > 190 GeV
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Invariant Mass of 4-lepton
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MVA Discriminant: Higgs Spin and CP
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BR of Z. > 4/

Branching fraction result uses an error weighted combination of the
7 and 8 TeV results. For My > 5 GeV:

Quantity /s Value

Measured 7 TeV (2.67 + 0.62 (stat) = 0.14 (syst)) x 107°
8 TeV (3.33 £ 0.27 (stat) £ 0.11 (syst)) x 107
Combined  (3.20 £ 0.25 (stat) & 0.12 (syst)) x 1070
(3.334£0.01) x 1076

Expected

For My, > 4 GeV

@ We observe (4.31 4 0.34 (stat) 4= 0.16 (syst)) x 107% and
expect (4.50 £ 0.01) x 1079,

@ CMS observes (4-?:8:2 (stat) £ 0.2 (syst)) x 107 and expects
4.45 x 1079,




Search for High Mass H2> 7Z, WW

ATLAS-CONF-2013-067
Extend the Higgs search to high mass assume SM-like width, and decay to WW/ZZ
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Large Hadron Collider at CERN
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The ATLAS Detector

Muon Detectors Tile Calorimeter Liquid Argon Calorimeter
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Particle Detection

] Different particles have different signatures in detectors

Muon Spectrometer:
muon identification and
momentum measurement

”
Neutrino
’

Hadronic calorimeter:
Measurement of jets and
missing energy

Proton
o

Neutron SEEERINR Electromagnetic calo:
\ / ely identification and
! s / o
V! ‘ energy measurement
\ ” *EleCtron?
%‘Ph(-)ton :' 3
Solenoid magnet \.: ; 7

Radiation RS Tracking system:

Tracking € Tracker _ s

PRelSCT A Charged particle
deteclor g momentum, vertexing




Higgs Width (CMS)

Qhttps://cds.cern.ch/record/1670066/files/HIG-14-002-pas.pdf

The production cross section as a function of mzz can be written as:

F(mzz)
2

o
gzggHgsz(m%Z—mzH)z—km%IFi?{’

dﬂ'gg—}H—rZZ
2
dms.,

(1)

where ggon (gHzz) is the coupling constant of the Higgs boson to gluons (to Z bosons), and
F(mzz) is a function which depends on the (virtual) Higgs and Z boson production and decay
dynamics. In the resonant and off-shell regions, the integrated cross sections are

e sz g;g?fm, O 222 SggnSiizz @
47 202v | Combined
Expected 95% CL limit, r 115 | 107 8.5
Observed 95% CL limit, r 6.6 6.4 4.2
Observed 95% CL limit, Ty (MeV) | 274 | 266 174
Observed best fit, r 0523 1025221 0373
Observed best fit, ['1( MeV) 2058 0.8 58 | 1475
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Higgs Width (CMS)
Qhttps://cds.cern.ch/record/1670066/files/HIG-14-002-pas.pdf
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