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Motivation of the study after the discovery
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A milestone discovery announced in July, 2012.
- Both ATLAS and CMS observed a new particle with ~50
evidence .
- Will the signal be Standard Model (SM) Higgs?
— Properties such as mass measurement, spin-parity, rate,
couplings etc....



[ HC machine and data collection with ATLAS detector

- ATLAS Online Luminosity
- = 2010 pp\5 =7 TeV

- = 2011pp\s=7TeV
T = 2012 pp \/s =8 TeV
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[ 100 meters underground, 27 km ring .

QdFour experiments : ATLAS, CMS, ALICE, LHCb

O CM energy : 2012, 8 TeV; 2011,7 TeV

Physics goal: Higgs, SUSY, dark matter, TeV scale weak interaction...
HLHC has a successful run in the past three years (600K higgs)



ATLAS detector and one example of an
event display
A Toroidal LHC ApparatuS

Muon Detectors Electromagnetic Calorimeters
A

o(pr) ~ 2% @50 GeV % ~ % @0.7%  Forward Calorimeters | ' Qh\ AT LAS
o | 7 \ A EXPERIMENT

Run Nurr

o(pr)
pr

> Length: 44 meters, 12.5 meters in radius,

~ 0.05% pr © 1% E VvVE

~7000 tons. (One Eiffel Towerl ). s
» Magnets (2T in the central region) One H->yy candidate event:
Muon Spectrometer, Hadronic Calorimeter, E{=64.2 GeV,n=-0.34,
Electromagnetic (EM) Calorimeter , E-=61.4 GeV,n=-0.61, 131019

Inner Detector Myy = 126.6 GeV



Barrel

patch panels
IRE K Services

Inner Detector

Pixel detector
O 3 high-precision measurement

per track
O 3 disks at each end(9-15cm)
O 3 barrels (75,9,12cm)

Semiconductor Tracker Pixels SCT
O 8 precision measurements per track
O 6.2 million readout channels

9] Spatial resolution 16 4 m in R® and 580 4 m in z
e Out radius 1.15m

Transition Radiation Tracker s Aisne e
O straw detectors e
O 50000 straws in the barrel ® magnetic field of 2T

O End cap includes 32000 radial straws

©  Xenon gas in straws and radiator in region between * Momentum of charged particles
straws: electron identification

e Vertex position



ATLAS Calorimetry

Hadronic Tile
Calorimeters

Absorber: iron
Active material:

Scintillating tiles P—
2.28m<r<4.25m(7 1) @ "

Calorimeters

AbSOfber : copper Hadronic LAr End Cap

Calorimeters

Active material: LAr
Out radius: 2.03m 7

Forward LAr
/\ Calorimeters

EM Accor ;

Absorber: Lead
Active material:
LAr

1.5m<r<1.97m
(24X,)

Absorber: Tungsten and Copper
Active material: LAr




EM Calorimeter

Towers in Sampling 3
ApxAn = 0.0245x0.05

O Three layers with accordion

geometry ( full azimuthal acceptance
without dead zone)

Togger
Ap :(J_:;'.)_«Q
O  Presampler in front of the strip to 542 Zz
correct the energy loss in material < . L
upstream of the EMC. NN ek

O Thin strip towers in Sampling 1 ' TSy
help to decide the direction of the ,

photon.



Calibration Algorithm for m°

In|<1.47

For track-matched clusters we apply electron based calibration:

E.=Mb+WE +E +E +W,E,)

pres

For un-matched clusters we apply photon based calibration:

Erec = A}/ (VV;/OEp +E1 +E2 T VV;/BE3)

res

Use H—yy generated with MC@NLO, M;=130 GeV



procedure

O This is a MC based calibration and apply the constants to data.

O Step:

O Perform calibration with photons from ni° (p;,>0.4 GeV, fixwin 35

with topo seed is used); the photons are binned with n (center)
from 0.0125 to 2.4875 at a step of 0.025.

O Perform the minimization of a function:
for all clusters belonging to a specific n bin. (E o )2
O Obtain the coefficients E e =

(s, b, w0, w3) after the minimization

6000 SR I I I IR M S B S
[ Non diffractive Minimum Bias MC, " signal
@ Non diffractive Minimum Bias MC, background
-=- Data 2009 (\Vs=900 GeV)
~H Fit to data

--- Background component of the fit

Events / 10 MeV

150 200 250 300 350 400 450 500

m, , MeV]
9
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Trigger system at ATLAS

O Level 1:calorimeter and muon
triggers which pass Region of Interest

(ROI) data to Level 2

Two isolated EM Clusters E1gyyusier>20GeV
for H—vyy

O Level 2: refine the analysis of LVL1
across different detectors

Refine y isolation cut for H—=yy

O Level 3: analysis data in the full
detector and do more complicated
physics analysis

Interaction Rate

~1 Ghz
Bunch Crossing
Rate 40 Mhz

LEVEL 1
TRIGGER

10-100 kHz

Rols

LEVEL 2
TRIGGER

100-1000 Hz

LEVEL 3
TRIGGER

10-100 Hz

CALO MUON TRACKING

I1||1|| ||1 1|| |ll|ll| interface
| 1

M 00 e
3

| Readout |

full-event
buffers




How to know the discovered particle is the SM Higgs?

® Higgs production (m, = 125.5 GeV)

9 t q
g g fusion : t : 88(y H® WW, ZZ fusion :
g (0} .

t
g ? q 005% > W.Z
w,z

i fu:m]: t 405% >«/W\‘<\
T a H

W, Z bremsstrahlung

Separation of different production modes

> Reconstruction higgs mass after the selections
suppressing bkg with high s/b

> Additional selections: two forward jet tagging (VBF)

lepton(s)/missing transverse momentum (VH)

® Signal strength
Measure and compare with the SM prediction
® Couplings

Coupling to fermion : @3 = \/Eﬂ
1%

2
Coupling to gauge boson : @ ¢ =2 L

® Spin-Parity
The Standard Model Higgs : J'= 0"

(v is the vacuum expédCtation value) ©

Higgs decay

H->yy

H>7Z
H>WW

: H>7r

H->bb

0.23

28
22
6.2
57



Events/5 GeV
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Event Signature: 4-lepton events with
pT>20,15,10,7(6) GeV. pair' 4|,m|1|2
(mass closest to Z) and m, (off-shell);

Events in 3 categories: VBF(jets),
VH(lepton) and ggF -like (the rest)
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Signal at mass = 124.3+06_, *05 | . GeV



H->vy

- Event Signature: 2-photon events reconstructed in EM calorimeter with
pr>40,30 GeV.
« Thanks to good photon ID+isolation and reducible bkgs suppression.
« Categorize events w.r.t different productions and kinematics.

Q_o 10°F ‘é"“I""I""l""l""l""l""'g
i - - . = 10°F O'\l;1 H —>gy expected P, ATLAS -
Flow-chart of the event categorisation g tof —Obsenvedp, :
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- at mass = 126.8+0.7 GeV



H>WW (=2 1vlv):

> Two isolated opposite-sign leptons, large missing

transverse energy (E™ss;) due to undetected neutrinos yield.

> Divide events into different categories according to jet
multiplicities.

> No mass peak can be observed due to E™ss;. Instead :

M = \/ZPEEEI‘I‘IISS — COS A(PE'rrnissge)

-~ Data 2011+2012

=~ Total sig.+bkg.

Il sM Higgs boson
m,, = 125 GeV

] ww

O«

B other vv

: _—
ATLAS \s=7TeV |Ldt=4.61b"
= HoWW*Sivly \s=8TeV |Ldt=2071b"

—+— Obs. [ = I
— Exp. m_=125.5 GeV [O+20

Events / 10 GeV

[ single Top
[] wejets

+8kg'sumradw°ala -6 o b by b b by
[ ] SM Higgs boson m_ = 125 Ge 10110 120 130 140 150 160 170 180 190 200

my, [GeV]

ATLAS: 3.80 (3.80 expected at

60 80 100 120 140 160 180 200 220 240 260
m_ [GeV] 125.5 GQV)

Data - Bkg.




Combination: Mass and rate

, ATLAS *"g‘:’ Total uncertainty
—_ o

2 "} ATLAS Preliminary — Combined my = 125.5 GV otheoy = loonp

%) Co\s=7 TeV:‘[Ldt =46-48 1"’ —H-yy H - v -0.03 :
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2
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C ey St R T .
1.5 ".;a'.e‘_-h;;:-yes uw=1.45,,, 1035 + i
F H— WW* = iy (021 :
I 0.21 :
1_ b 0.12 ;

it o Lozl i
MH°=5125 5+0. 2(stat) +O 6(sys) GeV o g2 w01 _+}_‘ -

w021 [£0.1
0 [ 1 [ 1y [ u=133,, ;C”Q :
122 123 124 125 126 127 128 129 0 1 2 3
m [GeV] Ve=7TeV fldt=46-48M"
VE=8TeV fLdt=20.7 fo" Signal strength (u)

> Since WW doesn't provide the peak to reconstruct

the mass, only di-photon and ZZ are included for mass
combination.

> Signal strength n=1.33+0-2! ;.  consistent with SM
prediction within 2c.



Coupling Measurements

Measure the ratios of the couplings to the those of the Standard Model.

Model | Probed Parameters of Functional assumptions Example: gg —» H — yy
couplings interest Ky | KE | Kg | Ky | Kg
1 Couplings to Ky, KF VIiVvIiVvIiVvI]y Kz K5 (KE. k) | K5k K)
2 fermions and bosons Ary, Kyy VIiVvIVIV] - Ky = Ay - K';(/IFV. Agy. Agp. 1)
3 . ,lnfz. /lj:z. Kzz - \/ \/ \/ - K“Z . 112 . Kz(/!]:z. /l]-‘Z. zl]-“z. /lwz)
Custodial symmetry ZZ "FZ vV l
4 /lwz, 111:2. /lyz. Kzz - \/ \/ - - K}Z : ’l‘l-:Z : ’i;/Z
5 Vertex loops Kg» Ky =1 |[=1]-]-1]+ Ky - Ky /Ky (Kgs Ky)
ATLAS Preliminary Total uncertainty . ' A
a5 oy Pareenaty | Coupling strengths k; & ratio:
Model: L ! — L9 Kg =gF/ gESM (the ratio of the coupling to fermions)
K - '
I | e . .
. N ‘ Ky —gV/ gy sMy (the ratio of the coupling to bosons)
Apys Ky FV v
| - . . . | . . | . P -
Model: ' )\, =K. /K
Mz Ny 2 A 1 1 J
Mz Kzz - i | — 2 SM R 3 ¢
< Ko =T/ I, (' is the total Higgs boson width)
Model: 1 | LA o
Kas K., : \ & . -
e x, | For example, gg—H—r r process can be written as
ol S oy
G-V - o - o:Blgg—2H—q9y) KK,
s =7 TeV fLdt = 4.6-4.8 fb™’ P t | =
VS =8TeV flLdt=20.7 b Combined H —E:r?-;nezgs\ﬁl\?ve* OSM (gg = H) = BS_\.'] (I‘I — ’)"}) ﬁ'%{

Agree with SM within 2c.



Evidence for VBF Higgs Production

w 102 g T T T T TR .
g, T F Observed " Hory 3 ATLAS ""’ts‘a‘; Total uncertainty
Q 8 o(sys
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10990115 120 125 130 135 140 145 150 T =0.67g]. 05l : . :
ggF+ttH 0.2 |5 : . . .
m,, [GeV] 2| g
+0.8| S
- e H-WW*— v % :
c - ATLAS Prellmlnary : 20 ——t
14" - 1l 0.7 :
o C f5=7TeV [Ldt=46481" . TR _ 5 (+2.2 : :
12F 5=8TeV [Ldt=20.71b" - Mgt 1.01+051 . 1
- = & i » l 1 G
- 1 3.3 0 evidence E oa| ,
10 m, ] Combined 03|
8F - H-yy, ZZ*, WW* | 06 f
u — Combined H-»yy, ZZ°, WW* -4 04|
6:'— --- SM expected —: Hyarvy = 1 4 +0. 7 ) :
C H ggF+ttH - 8‘12 : \ } : : :
ar |l B 24 FUU DU DU DS
2f- \s=7TeV [Ldt = 4.6-4.8 fb" 0 12 3 45
il I il o P PP T . /
005 0 05 1 15 2 25 3 35 \s=8TeV [Ldi =207 o Hygravn ! Hograt
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» First 30 VBF Higgs evidence has been seen with ATLAS detector.

> The most important contribution to the 125.5 GeV VBF Higgs is from H-> yy.

> The ratio of VBF+VH and ggF +ttH is consistent with standard model
prediction within 1o.



Spin and parity



Spin/parity models and MC

H->vyy No Disfavored by L-Y theorem Yes
H>WW No Yes Yes
H>7Z Yes Yes Yes (2- too)
combined No No Yes

> JHU+PYTHIAS is used as the spinl/2 MC's. «

> For the SM Higgs (0*), we use POWHEG?+PYTHIA8/HqT.

> For spin 2 model, the most general amplitude of the decay has
10 coupling complex constants g;,..g;0. Only a graviton like one

with minimal coupling constants (g;=g5=1) 2°,.is tested.
> "Gravition-like" models with wrapped extra dimensions are
greatly disfavored with observed high WW(ZZ)/yy ratios.

> For 2*, , different fractions of qgbar production are tested.
» Can be produced with gg Fusion N

and/or P-wave quark-antiquark annihilation. }mm
> qbar

1. JHU: a dedicated generator including full spin and polarization correlations for the processes pp > X > VV
2. POWHEG: The POWHEG BOX is a general computer framework for implementing NLO calculations in shower Monte Carlo

programs



Statistical methods
» Construct the likelihood function corresponding
to different spm parl'ry assump’nons

chan nnnnn

G and B,-,j(ﬁ) are the expectations for the signal
and background respectively.

> N, is the observed events, y; is the signal rate
(one nuisance parameter), A; (0) is the auxiliary

Measurements.
> The test statistic q (likelihood ratio) is used
to distinguish the spinO and o L0 =0 B
the alternative hypothesis ' 04,5,
for the signal.
> The exclusion of the alternative - P

1 = py(0*)

hypothesis is evaluated with CL.



Spin study with H=2>yy

> Variable |cos(6%)| is used as a discriminating variable

sinh(ry, -1y,)  2P7Pr

l)

VU (im0

cos@* =

— Di-photon rest frame ;
— Zg bisects angle between the momenta of
colliding hadrons

> In addition to kinematic cuts, pr,;/m >0.35,
pr.2/m, >0.25 to reduce the correlation between
cos(6*) and m,,.

» Background shapes from mass sideband



Events / 0.1

Spin study with H=2>yy (cont.)

B I e L

Events /0.1

C ATLAS Hoyy — & =0 Expected S L aTLAs qu — J = 2" Expected -
200[- Vs =8 TeV JLdt=2o.7fb‘ * S=0"Data - 2 oo VE=8TeV JLdt 207" ¢ S=2"Data ]
o Bkg. syst. uncertainty . n>> E Bkg. syst. unccn;mtyz
150 + E Y ysof (0% 3
NS NP O B AT by
50 T 5 50::_’__,—r—!_ ! —:
OF =+ °F | ¥
R T 7 R R TR A TR 0 0TT0E03 5405708707 08 08
icos 0| cosBl
solid curve :2*
= ° +
solid curve: O
2 T n A » The top two plots show the
=0 H=yy 3 3 Y 2 0
2000 [] Background —0_—F=_‘_ - dISTr‘IbUTIOH Of |COS(6 )l C(fTZI"
. ] the background is subtracted.
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Normalised to unity

Spin study with H=2>+yy (cont.)

> The likelihood function can be written as the following
assuming |cos6*| and m_ have low correlation.

—InL = (ng +np) - Z In Ins - fs (|cos87%) - fs(my,) + ng - fp(| cos 67) - fb‘(m-yy)l

events

0.3_' rrr|rrrrrrrrrrrr o7
- ATLAS —Data
025_— H - 'Y'Y _JP — 0+ —
[ \s=8TeV [Ldt=2071b" P
0.2} =09
0.15F ed
0.1+
0.05
:J Joml —L“i-‘_l—l‘l i :
-015 -10 15

> The distributions of test q
for O+ (blue curve) )
and 2+ with 0% ;- 2%
fraction of qgbar L2(62)
(red curve) hypotheses

are plotted.

» The observed CLS3I(;mi‘r

p27)
1 -p0%)

i 58.8%
which is 99.3%

1-CLs2") =1-




Result for H=2>vyy with different configurations of qqgbar/gg fraction

O‘ | T T 1] I 1 1 1 l L T T I 1 T T _
E \s =8 TeV J-Ldt = 20.7 fb™! Signal hypothesis |:] 1c E
1 O:— o F_ot EIZO‘_:
8;_ o JP — ot —;
6F =
RS -
2 = 95% CL
= \\\‘.7 o _— _
O =TT
2: . -
r 1 1 I 1 1 1 I 1 1 1 I 1 1 1
0 25 50 75 100
foq (%)

> From the plot, the highest exclusion of 2* hypothesis is at the f,,.=0%.
The smallest expected separation happens at 25% gg+75% qqgbar due to
the sum pdf of |cos(6%)| with this admixture is closet to the one of Spin-O0.

> For the fraction of qqbar above or equal to 25%, the exclusion is not
higher than 95% CL.



Spin study with H2>WW

> In addmon to the object selectlon the pre-selection ET.,>20 GeV,
p's >20 GeV, A <2.8 mli<80 GeV and Ojet defines the signal region

> Boost Decision Tree (BDT) analysis using these four variables are
infroduced to maximize the separation between SpinO and Spin2 mode

€O35F T T c AL B I B I I IR I
% C ATLAS Pl’ellmlnal’y D diboson D Z+jets "% 0 25‘_ ATLAS Prellmlnal’y D diboson D Z+jets
G 0-3 H— WW" s evpvpvey + 0 jet Wijets  © IHOTI25] = T Ho W s evuv+uvev + 0 jet Wijets  © iHOTI25] |
£ r . £ - - .
= f P tH2T125) = - fiH2T125]
S 0.25:— ) 0.2:
by C > - .
g 02 S0.150 -
2 o e C ]
< 0.15¢ < B R LT
; 0.4 .
0lCs et D rs - T
20 40 60 80 100 120 140 160 180 200
Ad(Il)[rad] mII [GeV]
S UM R B B B R R R IR R s I L L L LA B I 7
S 7o ATLASPreliminary [Jsesen Dz,t ] S .30 ATLASPreliminary [Jaboson DZH
',—% E H—o WW" - evuv+pvey + 0 jet Wijets I HOTI2s] ] = E Ho WW 5 evpurpvey + 0 jet W-jets ‘ iH07125] ]
£ {tH2T125) 3 % 0.25F fiH2T12g]
2 = P C
2 ; = 02 i
S E 20.15; -
E 0.1F .
E 0.05F =
o 3 ] . ; E
90 30 40 50 60 70 80 90 100 110 120 %0 100 150 200 250 300 350 400
p.(ll) [GeV] my [GeV]

In general, the shapes for spin2 variables are closer to those of backgrounds.



Control region of the background for H2>WW

vvvvvvvvvvvvvvvvvvvvvvvvvvvvvv T

> The bkg shape and normalization for Wjet is  £200F i A tm o 2o
fUIIY data-driven i 5=8TeV.[Ldt=207f" [d @@ SroeTor 3
| jand vevuvipvev = 7213- (5 weies

> The contributions from other bkgs are obtained
from MC with a normalization factors estimated
from control region.
O Wjet
O anti-leptons passing loose lepton id, -
failing tight lepton id. | e ——

llllllllllllllllllIllllllllllllllll

O M||<80 GeV&Aq)">2,8 with the B TR S
subtraction of other bkgs from MC expectation. N

Data/SM
©

. e
L |
»

[

O Top quark

O Remove Ojet requirement from preselection and require at least
one b-tagged jet. This control region is used to estimate jet veto
efficiency.

O The kinematic efficiency from MC.
O Contamination from the bkg from MC except Wjet.

o ww
O Remove the selection of A¢, and require m;>80 GeV.



BDT for the spm study of H2>WW
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BDT, BDT,

> Two BDTs using SM (BDT,) and alternative 2*, (BDT,) signals as the training sample to
separate SM Higgs and bkg from alternative hypothesis.

> The figures show the BDT distributions with two BDTs from data after backgrounds
are subtracted and fitted with best fitted signal (SM and 2*,) model.



Results for the spin study for H% WW
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» For different configurations of the

fraction of qqgbar,

at least 95% CL.

2" is excluded

» 1" and 1 are excluded with 92%

195% CL and 98% CL respectively.



Spin study for H2>7Z

> BDT and Matrix Element Likelihood Analysis (MELA) are
used for the spin analysis (up to 6 variables) : m;;;, M3,
and 4 other angular variables.

> Events in the rage 115<m, <130 GeV are selected and
divided into low and high mass bins according to different
S/B ratio.

» Both 7 TeV and 8 TeV data are considered.

» Train separated BDT/MELA for each of O- 1%, 2¢

hypotheses
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Entries

Exclusion for H2>Z7Z (fgg= 100%)
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combined results for Spin study
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> Alternative models are excluded with 97.8-99.97%
> Spin-0 nature of the Higgs boson, with positive parity
is strongly preferred.



Conclusion

O Data collected at ATLAS with Run 1 are
analyzed for the studies of Higgs properties.

Rate, coupling are briefly summarized.
The study of spin-parity is shown in detail.

O Everything is compatible with the Standard
Model Higgs.

There is of course still some space for BSM
scenarios.

O Need to prepare for Run 2 and more study
such as VBF spin-parity can be done.
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Other Higgs results
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Although not very sensitive,
agree with SM within 20.

H-> bb: u (125 GeV) = 0.2 + 0.5(stat) + 0.4(syst)




Collins-Soper frame




Angular variables for H->77
Spin study

— 6, (6,) is the angle between the negative final state lepton and the direction of flight of Z; (Z;) in
the Z rest frame.

— @ is the angle between the decay planes of the four final state leptons expressed in the four lepton
rest frame.

— @ is the angle defined between the decay plane of the leading lepton pair and a plane defined
by the vector of the Z; in the four lepton rest frame and the direction of the parton following the
positive z axis.

— @ is the production angle of the Z; defined in the four lepton rest frame.?
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