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The Standard Model Higgs boson

— The SM unifies the electromagnetic and weak interactions
VD) through the symmetry SU(2).®U(1)y, with massless carriers

— This symmetry is spontaneously broken through the non-
vanishing vacuum expectation value of the Higgs field

— Three of the four degrees of freedom of the Higgs field are
becoming the longitudinal polarizations of the vector bosons,
the fourth is the Higgs boson.

/""

— |

The Higgs boson has been one of the holy grails of
I particle physics for the past half century!
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... a long way since then ...
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... the observation of a new particle ...
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Observation of a new particle in the search for the Standard Model Higgs boson
with the ATLAS detector at the LHC*

ATLAS Collaboration*
This paper is dedicated to the memory of our ATLAS colleagues who did not live to see the full impact and significance of their
contributions to the experiment.

ARTICLE INFO ABSTRACT

Article history: A search for the Standard Model Higgs boson in proton-proton collisions with the ATLAS detector at
Received 31 July 2012 the LHC is presented. The datasets used correspond to integrated luminosities of approximately 4.8 fb~!
Received in revised form 8 August 2012 collected at /s =7 TeV in 2011 and 5.8 fb~! at /s =8 TeV in 2012. Individual searches in the channels

Accepted 11 August 2012
Available online 14 August 2012
Editor: W.-D. Schlatter

H—>2Z™ - 4¢, H—> yy and H > WW - evuv in the 8 TeV data are combined with previously
published results of searches for H — ZZ™, WW® bb and Tt~ in the 7 TeV data and results from
improved analyses of the H - ZZ™ — 4¢£ and H — yy channels in the 7 TeV data. Clear evidence for
the production of a neutral boson with a measured mass of 126.0£0.4 (stat) +:0.4 (sys) GeV is presented.
This observation, which has a significance of 5.9 standard deviations, corresponding to a background
fluctuation probability of 1.7 x 10~9, is compatible with the production and decay of the Standard Model
Higgs boson.

© 2012 CERN. Published by Elsevier B.V. All rights reserved.
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Observation of a new boson at a mass of 125 GeV with the CMS experiment at
the LHC*

CMS Collaboration*

CERN, Switzerland
This paper is dedicated to the memory of our colleagues who worked on CMS but have since passed away. In recognition of their many
contributions to the achievement of this observation.

ARTICLE INFO ABSTRACT

Article history: Results are presented from searches for the standard model Higgs boson in proton-proton collisions
Received 31 July 2012 at /s =7 and 8 TeV in the Compact Muon Solenoid experiment at the LHC, using data samples
R‘“e"’ee‘é in revised r;(‘)ng August 2012 corresponding to integrated luminosities of up to 5.1 fb~! at 7 TeV and 5.3 fb~! at 8 TeV. The search
Accepted 11 August 201 is performed in five decay modes: yy, ZZ, WHW~, T+t ~, and bb. An excess of events is observed above

Available online 18 August 2012

Editor: W.-D. Schlatter the expected background, with a local significance of 5.0 standard deviations, at a mass near 125 GeV,

signalling the production of a new particle. The expected significance for a standard model Higgs boson
of that mass is 5.8 standard deviations. The excess is most significant in the two decay modes with the

Keywords:

™S best mass resolution, ¥y and ZZ; a fit to these signals gives a mass of 125.3 4 0.4(stat.) + 0.5(syst.) GeV.
Physics The decay to two photons indicates that the new particle is a boson with spin different from one.

Higgs © 2012 CERN. Published by Elsevier B.V. All rights reserved.

Higgs boson physics with ATLAS

970 UNIVERSITYOF
November 18t, 2013 E&

BIRMINGHAM 4



... and a Nobel Prize

VoLUME 13, NUMBER 9 PHYSICAL REVIEW LETTERS 31 Aucusrt 1964

BROKEN SYMMETRY AND THE MASS OF GAUGE VECTOR MESONS*

F. Englert and R. Brout
Faculté des Sciences, Université Libre de Bruxelles, Bruxelles, Belgium
(Received 26 June 1964)

Volume 12, number 2 PHYSICS LETTERS 15 September 1964

BROKEN SYMMETRIES, MASSLESS PARTICLES AND GAUGE FIELDS

P. W. HIGGS
Tait Institute of Mathematical Physics, University of Edinburgh, Scotland

Received 27 July 1964

VoLUME 13, NUMBER 16 PHYSICAL REVIEW LETTERS 19 OcTOBER 1964

BROKEN SYMMETRIES AND THE MASSES OF GAUGE BOSONS

Peter W. Higgs
Tait Institute of Mathematical Physics, University of Edinburgh, Edinburgh, Scotland
(Received 31 August 1964)

VoLUME 13, NUMBER 20 PHYSICAL REVIEW LETTERS 16 NOVEMBER 1964

GLOBAL CONSERVATION LAWS AND MASSLESS PARTICLES*

G. S. Guralnik,T C. R. Hagen,i .and T. W. B. Kibble
Department of Physics, Imperial College, London, England
(Received 12 October 1964)

The Nobel Prize in Physics 2013 was awarded jointly to Frangois Englert and Peter W. Higgs: S s, N
AV MK
"for the theoretical discovery of a mechanism that contributes to our understanding of b, e 1 il

the origin of mass of subatomic particles, and which recently was confirmed through .

the discovery of the predicted fundamental particle, by the ATLAS and CMS experiments
at CERN's Large Hadron Collider”
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The LHC and the detectors
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A Toroidal LHC ApparatuS

= General purpose detector designed for the harsh LHC environment
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The LHC Run | dataset

Excellent LHC performance during Run | :
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ATLAS Performance: Electrons and Muons

Z— Ul candidate with 25 reconstructed vertices from the 2012 run.
Only good quality tracks with pT>0.4GeV are shown
) N \ i \C PT® -\: e AN

1IIII|IIII|IIII|IIII|IIIIIIII

> [ ] - ——— — ————— - T - .
g - ® ®eeeg, ] 8 1_— —
2L 0.95F o-.-...,... . . QL - |
&(z;) Ev Vvvavyy",v"v"' ., % E % 098__¥ X —:
L 09:_‘ ““AAAA _: [ - - -]
- “““A‘A N I ] 096__ —
0.85F — - .

- 5 0.94— L,
0.8 = mumummy, . - det=2264pb .

n " . 0.92(— - —

0 75: BbLE LTI E . — Zu§|01 7.3 2012 data, chain 3 ]
O £ > 15.6ev N oo MR ATLAS Preliminary
0.7 * Loose ATLAS Preliminary = oVt 00000 G

C Y Multilepton _ p . = ' i . .o

0.65— + Medium Ldt=20.3fb . T 0.990 e L ° 3

- = Tight (s=8TeVZsee 7 o€ . . .

06 . 1 vl L 0 5 10 15 20 25 30 35 40 45 50
5 10 15 20 25 30 m

number of primary vertices

K. Nikolopoulos Higgs boson physics with ATLAS November 18", 2013 &) BIRMINGHAM o



ATLAS Performance: Photons and EM response
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ATLAS Performance: Jets and Missing Er
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Higgs boson production

WW

, ZZ fusion

\'s= 8 TeV
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The LHC is a Higgs Factory

W, Z bremsstrahlung
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Higgs boson decays
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mu~125 GeV gives access to several decay channels
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e Sensitive for low my (110 - 150 GeV)

e Search for narrow peak in myy
e Background from data

* Main Backgrounds:

— di-photon > myy resolution

— Jjandyj

Et>40 GeV and 30 GeV respectively

S3

S2

S1

PS

> photon-I1D

Selection

Two isolated photons with

n°-y Rejection

Y
MM

K. Nikolopoulos

Higgs boson physics with ATLAS

,
A EXPERIMENT

Run Number: 203779, Event Number: 56662314
Date: 2012-05-23 22:19:29 CEST
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H—vyy: Event Categories

Improve the overall S/B of the analysis, and enhance particular signal contributions for properties studies
8 TeV (90% signal window)

ATLAS Preliminary Vs 8 Tev
Category ocp(GeV) Observed Ng Ng N /Ng
H— VY Unconv. central, low pry 1.50 911 46.6 881 0.05
d|_photon selection Unconv. central, hlgh PTt @ 49 7.1 44 0.16
Unconv. rest, low pry ~ 1.74 4611 C97.1 > 4347  0.02
— Unconv. rest, high pr 1.69 292 144 247 0.06
N Conv. central, low pr, 1.68 722 298 687  0.04
One-lepton Conv. central, high pr,  1.54 39 46 31 015
Conv. rest, low pry 2.01 4865 88.0 4657 0.02
W(— W)H, Z(—= IDH
(= MH, Z ) Conv. rest, high pr 1.87 276 129 266 0.05
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H—-vyy: myy spectra

L]
. st g, 3 O rI e S T T
3 3 . N — —
s E o T S oo m = 1265 6oV 0 El \, . . , T T ]
_ 3 Ty Unconv. rest, o E 2 ATLAS Preliminary E
E § o omae I g e 3 . T T [ —]
entalhighip, = L 3 . SM Higgs boson m, g (E=8Tev, 3 i I . —
3 3 E Hoyy Unconv. o o E % e ATLAS Preliminary E te E . . ,
E| E . ckground model eV (MC) —f E - o' = =
contral, low p,, 3 < 3 . S aronm, = 1 G ) 3 £ b fs=0Te flot=207 E + E| . . T I ]
. o oo ‘ i 05 =k s s 3 wE E E T —
e ST, - wmacavo H oot flaszore’ 3 ok z E } . T T T I
2 " amas proimnary ERNNE I +. E| of- E g + H L D at a
N R I N TRV S i > V
[ El E £ eF 3 § } - —
ER T I I ST, : =126.5 Ge
WE 2 %E Ry L 2 + - - o (oo m e . JE—
. INE S (KA R SR i+ l =
FR + Lot R i 5 ! H
= £ B | i I ol - o Ge p—
E el 5 [T AN ) 5 i '
RN I T T L , — - _ —
2 L —u [ i fet T 5 * iz m, (Ge E a
& A firr T Ty E i " e Con.rost. g, E — —
2 i T it i i 3 = Heyy 2012 =
b TR i 3 . o ol
o L — m, G £ Conv rest low S RE s E
‘ " T & wf e L o g wE s w3 -
g, Ef- 3 . S, - 20800y g e Fos v flaie2o j S~ I ===
3 F o o o ER ATLAS Prolminary e E
i E e oo 3 2 5 I 1905 & —
Conv.contral ow E < = — Si‘?wrfnsmw‘:‘”m’{ g oo i b : (D
3 wE Hepy e P E ATLAS  Proliminr B w00 oE —
8 ssof- - E:::winu:;\ﬂ:y‘\”:Qﬂ!GGWWY: H su}+ ooty fla-are’ 3 b = wE- * + e -
3 owf T atas prlmnary L e E wb E E = * | *lt | “+ L : cC
£ o aroficmr i : E I e T
- i g T | by d @ sl ) —
. : N E - T * + fr + + —
e E E P 1 i
€ 20| = 20| a0 m,, [Ge\
k- _ § E S > |
[ + { h“ Lot & 2 + { = 5 Wi
= E t
~ f E *\} | H 44 T 23;+ i R
5 TRV O (VRN . w =
o  WE R & t 1 E
2 3 Al Ty T . - " e E I
LI IR R AR by R e s 3
H LU 7 j~— 3 ansore E
1o f T M + f i o E [} ° ot oo = 1268 GeV (UC) E —
SE e T ot ER s m— E —
e 7o E E] 3 = Heyy pata 2012 2 ATLAS Pre .4
3 & w . @ oS 1268 eV (C) H v, [t =207 El -
o 3 S LE e E & " - E
> E Hry Loose high-mass: " 3 P ATLAS Preliminary L E|
T o oman R - L E —
E ° “F - 3:;;";53&:«6!“‘/“0’7; g LE fo=aTov, flor 2071 E woff I
Conw ransiion 3 P Prefiminary 3 @ = - E +
3 o g 3 g E ATLAS .3 2 E sE
2 S ot oo m, = 1208 GV () E 8 LE fmeTey fla-207m 3 E E — 1 —
s " amas proimnary R + E N £ } 1,11 * H [ ) —
E E o, .
ARR: : i R} ‘.x-rl»-tWHw N t=4.8
£ L = g T frrm + [ =7 eV - —
E = : —
. 3 : s — \S ’
AN 0 | —
w . [ @ i i — —]
: i S IRAARRETE I . 1
: N ay f SRR E — fb C
H i * o . - i o (Ge 5 E T E| — . . ; : —]
H ome— ¢ o S s 3 — L } } T Y ——
e R I b S, E S— y : =
T m, 3 v 3 — — =
| SEBEE —— 3 P errofua e 5 =
E : E mas El — =
N o o ER o ! E - =
ERE I g T o : — =
AN E T wE p— smnw‘bﬂs""’\'w E # g =
5 & E 3 aTL4S Proimin E i E . el =
H . Swwwwmf‘“”"wmj g WE Reotoy flazzorn’ E ‘T+ F 3+ N E
i ATLAS Prelminary E + E E o ¢+ + } , 4
§ sorw' 3 N ] E | . ; ! e
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H—vyy: Results

o

Local p

103IIII|IIII|IIII|IIII|IIII|IIII|III.I|.IIII
10% & — — Expected p, ATLAS Preliminary
1? — Observed p H%,YY
\ 7 S <~ .. IO
10_'21 e N—— A" i _ 220
1] N =%
-4 :\s__ ______::/ T — S .
18_5 T, | e TS s s 4o | Statistics Treatment:
S \ T Data 2011ys=7TeV 5g | *profile likelihood ratio [Eur.Phys.J.C71:1554,2011]
107 B —— Obs. 2011 —systematic uncertainty as nuisance parameters |
10 f Ldt = 4.8 fb .
_—__—_l_EXP 2011 w49 J = 60 | *CLg exclusion limits [J.Phys.G28(2002)2693]
110010 —— Obs. 2012 Data 2012 \s = 8 TeV
B R W | Ldt=2071" 70
13
:1181 IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII
110 115 120 125 130 135 140 145 150
my, [GeV]

Most significant deviation from background only hypothesis at my =126.5 GeV:
 Local significance: 7.4o0 (with 4.10 expected) @ mn=126.5 GeV
* Inclusive analysis: 6.10 (with 2.90 expected)
* Mass measurement: 126.8 £ 0.2 (stat) £ 0.7 (syst) GeV
® Main systematics: y energy scale from Z—ee, material modeling and presampler energy scale — 0.6 GeV

» Rate with respect to Standard Model: 1.65 £ 0.24 (stat)*0-25_y 13 (syst)
e 2.30 deviation from the Standard Model
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H—ZZ™ 4l (I=e,u)

Backgrounds
% EXPERIMENT 77(*)—4] and for ma<2mz
un Number: 182747, Event Number: 63217197 - - — Z+jetS (Z+11ghtjetS/be) and tt

Date: 2011-05-28 13:06:57 CEST

- Tracking and calorimeter isolation g
- Impact Parameter (IP) significance —

‘ Two same-flavor opposite-sign di-leptons (e/n)
pT'234> 20,15, 10, 7 GeV (6 GeV for p) -
Smgle lepton and di-lepton triggers >\

50 GeV <m12 <106 GeV,
Mtnr(Ma1) <M34<115 GeV miunr =12 - 50 GeV
— all same-flavor opposite-sign pairs m;>5 GeV

// — AR(I,I') > 0.10(0.20) for all same(different)-flavor

K. Nikolopoulos Higgs boson physics with ATLAS November 18th, 2013 en gﬁ{ﬁg%ﬁﬁi 20



H—ZZ*)—4l|: Results

> — 107 — ATLAS Preliminary
Fuf comsnae arias Pl = A
o EESMHegsBoon Ly 775 4] S 10%) - Obs 2011 .
€ 35 my=124.3 GeV () \s=7TeV |Ldt=46fb" P L Vs=7 TeV:[Ldt =4.6 fb
5 | Beckooundz 2z _8TeV JLdt=20.7 b 10k . BBS Sompination . :
- B - Background Z+jets, tf IS = e - . - P s=8 TerLdt =20.7 fb
30— % syst.Unc. 10_1 ........ 7 A ~— 1o
- Y BN\ §20
# - ? 10° \ e 30
B ® A
- 5F \ = 3 40
20F 10° \ : ;
15(-¢ 107 >
10 :—/ 107k 60
51 10™ ,
P X u o
1 0‘13 I I | I | | “-I“-I [ | I | | L1 1 I.:-:l I | | [ |
00 150 200 250 110 120 130 140 150 160 170 180
m, [GeV] — _ my [GeV]
120-130 GeV ¢ Local significance:6.60 (4.40)@mn=124.3GeV |

* Main systematic uncertanty: e/p scale
Further categorizing the observed events:
“ * \VH-like (events with additional leptons)

K. Nikolopoulos Higgs boson physics with ATLAS
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The Higgs boson mass

20'"|""|""|""|""|"'

< < M4mO
= T T T A pep 1 £ 4ol ATLAS Preliminary H— 22" - 41 ; c | ATLAS Preliminary H-zz" >4
3—_r C\;:tf])é?terrszzgsscale uncertaintiesATLASHPre“mInary_— C\II 185 \s=7TeV: J.Ldt—46fb1 ’ E (\nl 12:_ \s=7TeV: J.Ldt=46 fb1 :
- Without systematic T : 16;‘ \s =8 TeV: [Ldt=20.7 b B - 1s=8TeV: [Ldt = 20.7 b i
25 T Bestht - 14 — all systematics g 10_\\ —  4u @ =1238 7 (stah 7 (sys) GeV B
. I 12 wounssio s sy 1 e\ N CeamimEn
N _ 10_ | ; — - ‘ 2u2e m =122.67 (stat) (sys) GeV ,"" i
B 7 LMy = 124370 (stat) T o(sys) GeV ] 6L 7 A
1.5_— ] 8? ‘ ’ 5 B
- - 61 = 4
1= \s=7 TeV, _[ Ldt=4.8fb" ] Z ]
- — 68%CL ] e N S —
053 — 95‘IV°CL | | \s—8TeVILdt =207 fb " of E 2
124 125 126 127 128 120 13 O_f".m."iulm.m. " _':I"|"I"'I‘"I"I‘"l"‘I"‘I"I‘"I"‘l"l'"l"‘l— Ol L S T T
m, [GeV] 123 124 125 126 127 122 123 124 125 126 127 128
, my, [GeV] m, [GeV]
s 'F Combined (stat+sys e — —
N é.’}?ATgv [Ldt=4648f" oo Combined Esiai Orzlly; l H b t
Voo oTev|Lto207 b i) | |ggs OSON Mass measuremen usmg
°F e " e H-yy : 126.8 £ 0.2 (stat) £ 0.7 (syst) GeV
of | e H->ZZ—4l: 124.3*05,9 5(stat)*0-5.0.3(syst) GeV
AU W N N R - 2 | \
- [ Combined mn:125.5 £ 0.2 (stat)*%-5,6 (syst) GeV
3 e single particle to give as much/more discrepant result 1.5% (2.40) |
- e by moving £10 the main systematics (calibration, upstream material,
2_
B . ~ pre-samples energy scale) consistency increases up to 8%
fh E i | * H—4l consistency leads to -0.80 adjustment of e/y energy scale
: o e shift -350 MeV for H—yy mass

]II]||]|||[I||
P21 122 123 124 125 126 127 153[66\1/.]29 ﬂz CMS my = 125.7 £ 0. 3 (stat) + (. 3 (syst) GeV
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H-WW®) lviv

e Sensitive in wide mass range but: o TL - s
* N0 mass peak o A A Run 214680, Event 271333760

e uses all ATLAS components! 2 EXPERIMENT

e Signature: Il +

MET

e Observable: mt

e Backgrounds: WW, top, W/Z+jets

e Separate final

states:

e dilepton mass: mj

e [epton flavors: pe, ey, UM, ee

17 Nov 2012 07:42:05 CET

. jetsmultiplicities: 0,1, =2

@ >:i110' T N A B BN R
5 2°F ATLAS S oz
20 otal sig.+bkg. ]
L 1gE. 's=8TeV [ Ldt = 20.7 b B SV Higgs boson
16i H-WW*—evuv O« My = 125 GeV j
14E m o E
12 [ single Top -
103_ ] WHjets =
8':-—l=’= [ Other Vv E
g 2 R mj = 1.5 TeV, |Ayj| = 6.6, my = 21 GeV, mr = 95 GeV
g 200 AILAS  Zoasens pTe= 51 GeV, pTu=15 GeV pTjets= 68,33 GeV, MET=33 GeV
18 \s=8TeV | Ldt=207fb" I SM Higgs boson
16 H-WWevev/pvuy mo pT > 25 GeV, pT>15 GeV, my upper threshold, ETMiss/ETMissRel and A¢i requirements,
1‘2‘ gtvaw : ve/ey mi>10 GeV, pyy/ee mi>12 GeV and |mi-mz|>15 GeV b-tag jet veto
. Bomre
—— |:I W+jets _E
ol ; me = ((Eff _l_EmiSS)Z _|p55 +Emiss |2)1/2 with Eff — (lpff |2 _|_m2 )1/2
0 2 4 6 g T T T T T T T ot
N

©
2
7}
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H-WW®) lvlv: Results 2011+2012

> L e D D > L UL LI N I L
S 800E- ATLAS j Data 201142012 3 8 _ ATLAS o Data 20112012 _:
— E \s=7TeV JLdt=461b 7 Totalsig+bkg. 3 3 121 (s_7TeV [Ldicasfp’ 77 Tolsigabkg.
~ 700 \s=8TeV | Ldt=207fb" Bl SMHiggs boson — N i Ny VBF m,, = 125 GeV |
2 : . mo-125Gev I @ 10k ‘s=8TeV JLdt=20710 B ooF m, - 125 Gev]
g 600 HoWW*siviv + 0/1 jets ] ww TS [ HoWWoeww+22) [y ]
“ 500 / Z& [+ = | ] ww a
- - Other VV = I 2 i
400 . = - [ other WV 1
= % = = [ ] single Top - 6_— —o—o— Bl sivgle Top -
300F- b e [ Weets = : ] Wajets ’
2005_ s B2 - 2y _E 4:— /% 2% —:
E e , E - 7/// 7 ) -
100~ e 1 = ol : 7 ) _
' ‘_—i—__-—_ %ﬁ. | ] R i ]
g 188 -@- Bkg. subtracted data :% 0 == il
) 60 I [] SM Higgs boson m_ = 125 Ge\3 50 100 150 200 250 300
g 40 X = m; [GeV
S 208 + + 3 . r[GeV
0 n I S — o997 Q_o1oE""I""I'"'I""I""|""|""|""|""
20, v = . ,F ATLAS \s=7TeV [Ldt=461"
60 80 100 120 140 160 180 200 220 240 260 9 10 E HoWW*Ssiviy |s = 8 TeV ILdt=20.7 for!
my [GeV] —~ ok — Obs.
= Exp. m_ = 125.5 GeV [ ]+2 6
LN 0Ot Oc
- S — 10 T g 1o
| Local significance at my=140GeV is 4.10 | 02| T g 26
| Local significance at my=125GeV is 3.80 | 10° S
: | =
Rate with respect to SM: 1.01 £ 0.31 @ mn=125 GeV [ 10 E
s : R — i e 346

llllllllllllllllllllllé

6
10110 120 130 140 150 160 170 180 190 200

m, [GeV]
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ATLAS-CONF-2013-079 ATLAS Prelim. [==ct0 Tota| ncertainty
o(theo) = — VZ

e Largest BR but very high background VZ(bb), 7 Tev 07 :
* Exploit associated production with W or Z v Vzmptij:g; [ —
« Final states with leptons, MET and b-jets * 4 VZ tlepton 1, =070:1s08 | o——i] ;
e Backgrounds: W/Z+jets and top \Vlzz’(zb'g;c’:nf,“:()3°8 T
» Final discriminant mop / AAAAAAAAAAAA okgmesled | TR
» Separate final states: | T e ?
e number of leptons: 0, 1, 2 > V2 Zlepions 1, <085 0z |, L epem
* Pr(V) or MET | Comb.VZOE) foz |
* number of jets vz, 0lepon 1, < 25102 | —+
* 26 signal bins in total ) ﬁ;:zﬁzzgz :|_|"
e + 27 control regions b verrevimoarn 0 1 2

H < 5 \s=8TeV [Ldt=20.3 fb" Signal strength [u, ]

observation at 4.80(5.10) of VZ(—bb) production
@ATLAS 7 | @ATLAS

EXPERIMENT /-/ EXPERIMENT
http://atlas.ch % http://atlas.ch

Run: 204763 Run: 207620
Event: 49333326 Event: 101402870
Date: 2012-06-09 S : Date: 2012-07-29
Time: 16:08:25 CEST Time: ©00:05:11 UTC
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H—bb

C B | I | | | I I | | | I | I I I I | | | | I | |
_ o - ATLAS Preliminary :\[/)ﬂt(ib) (bestfi)
ATLAS Prelim. | o(stat) ' ©600 s=7Tev [Lat=471" wvz —
0 a u n Ce al n y ('U B Uncertalnty
m, =125 GeV o(sys) + 16 on i = [ \s=8TeV [Ldt=2031b" VH(bb) (u=1.0) ]
H - 10'(the.°) I _. I '%500:— 0+1+2 lep., 2+3 jets, 2 tags —:
VH(bb =1. SR - « . ]
(bb), 7 TeV_ 14 [£0.9 : PR .
____________________ &:";JAEQ%_ 1 I 1 1 | 554005 .
VH,Olepton K =2770|#18 | mm——jm—m | - | @ o |t :
VH, 1 lepton 1 =-2 5’?8 +1.6 1 : l l | %300‘_ | —
""""""""""""""" 0 R > B ]
VH, 2 leptons 1 =0.6 ' |+3.1 i 1 : n | W o6k -
= +0.5 I R - 5
VH(bb), 8TeV " Loa | & 0 e : :
_____________________ e SN B RO RS | X AN DA 1001 -
- 090 : : ) : ; ; ; ; B ’ Z
VH,Olepton  1=09,,t08 | | : ; i R C /// e, Z
VH, 1lepton 1 =07 11+0.8 R 'l—‘—' o OZ % i gg<s /
________________________________________ N : , Z
VH, 2 |ept0ns },l = ‘O.3i1’5 i—‘| 2 . : . : : IR S N N NS NN T SO SN S (NN ST HY S AN l =
e e I@ e 50 100 150 200 250
Comb. VH(bb)_ 0507 +0.4 EEEEEE R m [GGV]
_____________________ Mo el<0t | b bb
— +0.9 ) X X ) - : X X : 14 T T T 1T T T T T T T T T T T T T T T T T T T T T T T T T
VH, Olepton K 053gi08 S I RO I I & [ 'atLAS Preliminary | LT
VH Tlepton  n=01 ls08 | . - | = . - B 12 VH(D) s-eTev |Lai-203m’ -
VH, 2 leptons 1 =-0.4" 7 |+1.2 o —t § [ — Observed (CLs) _1 i
R —4_._._.-_2_._.__0_._._._._2_‘_‘_._‘1_._._ é 1 0 - Expected (CLS) \s=7TeV J Ldt= 4.7 fb ]
\s=7TeV [Ldt=4.7 fb" S g Ei §
\s =8 TeV [Ldt =20.3 fb" Signal strength [u] 5 f H* ]
X 6F —'
o) - ]
—_— - - o B i
| mr=125 GeV ar E
. 95% CL exclusion limit 1.4 (1.3) x SM oF -
H = 012 i Ol5 (Stat) i Ol4 (SySt) O: I 111 I L1 11 l 1 1 1 I 111 I L1l 11 [ 1 11 l 1 11 I L1 11 I :

110 115 120 125 130 135 140 145 150
m, [GeV]

CMS : significance 2.1(2.1)o for my=125 GeV
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Rates/Couplings

Phys. Lett. B 726 (2013). pp. 88-119
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http://www.sciencedirect.com/science/article/pii/S0370269313006369
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Signal strength

ATLAS -|—0§stat)) Total uncertainty ;‘ H|ggs boson signal strength measurement
o(sys
_ 1955 GeV y + 15 0np e using H—vyy, H—»Z2Z—4| and H->WW-—lvlv
c(theo) |
H 023 : e y=(0cxBR)/ (o xBR)swm
=YY o :

i = 1.550% [FO-19 e o I o u=1.33"021445 at my=125.5 GeV
............................. ; .'O?Z-.f.(?:.‘f’ oo e b 1o o o | Hincluding preliminary/partial H—bb/H—TT results gives 1.230.18]
Low =16 " |_I_|; . i
_______ o MTer0S L LTI || - consistency with SM 7%

High p, =177 01505 L — — ———
T 1 .
VHcategoneS“_m:ing \ ; | : \s=7TeV,L<5.1fb" \s=8TeV,L<19.6fb"
: : . CMS Preliminary m, = 125.7 GeV
H—- Z2Z* — 4l +0.33 : p. =0.65 "
-0.40 |£0.17 1 B M H=080i014
W=t eslioal i | ;
(VBF+VH-lke - 1 "2'.'1',6'"{1' 6 | : : ) H— bb -
categories - "“09]-09 I T u=1.15+062|  __.... ®-----
Other . .~ 043 ; NEW! u=1.0 £ 0.5 :
categories w=145 . [+0.35 L el ' :
: — 1T .
H- WW* > v [02 ; w=1.10%0.41 ;
031 |£0.21 : ;
__________________ W=0%omlsore) L f Hooyy s
0+1 jet w=082"""1+0.22 l—-l-—; 1 u=0.77+0.27 - :
2jet VBF =147 |05 "_‘.I'_T §
Comb. H—syy, ZZ*, Ww**0.14 ; M =0.68+0.20 = |
1 33,0.21 +0.15 =i ' :
H=1.99 8 +0.11 : '
— MR SR U S H—ZZ :
0 1 2 3 w=0.92+0.28 -
\S=7TeVILdt=4.6'4.8fb-1 lllllllllillllllllllllll
. 0 0.5 1 1.5 2 2.5
\s =8 TeV [Ldt = 20.7 b Signal strength (u) Best fit o/a,
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Signal strength for production mechanisms

- G(stat :
ATLAS 02 )) Total uncertainty
o(sys
m, = 125. \
H 5.5 Ge c(theo) i 10 i 20
+0.4| |
H— vy e B
+0.7 [
~04| :
R -1 1+0 .9 : \ :
8 - -0.5(|+0.2 N
ggF+ttH _ 0.0 [ o :
130 |
HoZZ -4 [ °°
+2.0|
-04 |
HyBE.vH _ +2.4 B : |
u =0.655]. 03\ : : i
ggF+tH P R S N
-0z \\I\4 _Lff//l .19
Ho WW* > iviv %% & A
- 0.7 \ i ; ; :
HyBFavH _ +2.2 N ; :
Fogran — ©°0-10[r05| © |
02 I\f\\ S S L B
: +0.4 : L
Combined - 0.3 |l ; A
* * ; L/
Hoyy, 225, WW* | o % )
MyBravn 0.7 > \ 5 5
H =1 4 5|+ 0.2 \ i : :
ggF+ttH _0'1 ,,,,,,,,,,,,,,,,,,,,, \i S S S i
B o

\s=7TeV |Ldt = 4.6-4.8 b

\s=8TeV |Ldt=20.7fb"

/
H VBF+VH H ggF+ttH

| Overall Higgs boson signal strength measurement

l‘

11 e no information on different production mechanisms
e assuming SM ratio of production cross-section
Separate vector-boson/gluon mediated processes:
e use two signal strengths pver+vH and [ggr+ttH
| © Hver+vH / Hggr+ttn = 1.47040 5(stat)*06.0.4 (sys)
* model independent (no assumption on branching ratios) |
. 3 30 ewdence for VBF nggs boson productlon

-2In A

14
12

10

b L 1

-
-
-
-

IIIIIlllllIlllllllllllllllllllllllll_

ATLAS

\s=7TeV |Ldt=46-48fb"
ls=8TeV |Ldt=20.7 b

|IIIIIII|III|III|IIIIIIL

m, = 125.5 GeV

— Combined H—yy, ZZ*, WW*
---SM expected

I|II‘.I|III|III|IIIII

uVBF/u

ggF+ttH
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Higgs boson couplings

Table 10: Summary of the coupling benchmark models discussed in this paper, where A;; = «;/k;, ki = Kik;i/ky, and the functional dependence
assumptions are: Ky = Ky = Kz, K = k; = Kp = kr (and similarly for the other fermions), kg = k¢ (Kkp, k1), Ky = Ky(Kp, K1, Kz, Kw), and kg = Ky (K;).

Model | Probed Parameters of Functional assumptions = — — e
couplings interest Kv | Kr | Ke | Ky | Knn 'Higgs boson signal strength measurement
1 Couplings to Ky, KF VIivIiVvIVv]V | _ _ _
2 fermions and bosons Apv, Kyy VIV VIV - | following formalism of arXiv:1209.0040
i Custodial symmetry | — ﬂwi, /lFi’ kzz | - [NV IVIV] - * single resonance of 1?5.5_GeV
: S vp Az ke L - NV - e narrow width approximation |
ertex loops Ko, K =1 | = |-
d S e only modlflcatlons of the coupllng strengths t
ATLAS Total uncertainty — — —
: | Deviations described by overall scales kF (kV) for fermions
: ; V[ | (bosons), respectively, no BSM contribution
KV . . \ /@’ ™ L
. \ | T T T 1 I T 1 1 | T 1 71 I T T 1 l T 1 1 I T | L L L L L :I.“l“.l LU N N B B B B B B
Model: [ e [0 76,1.18] i\ .5'/ ot ~ A ATLAS LiH—=4l i iH— viv
Kys K :/v e [105,1.22], - \s=7TeV]Ldt=4.6481" & H— vy EJCombined
K : : \ B .
Fl \ 3 1s=8TeV|Ldt=20.7 b’ + SM x Best Fit
,,,,,,, T /.. - ‘ \ ]
N\ . // : ‘,“.‘ / - —
Model: \/ § \ /e ol _
Aeys K Mev| : \ / n _
FV? ™V : Apy € [070, 101] \ / - —
Model: \ B e 1= —
Morz Mz ay,=082+015 |/ - .
}\.FZaKZZ [I \ { g 0—_ T
: : \\ /f | - -
Model: okgo= 0 1.04£004 il g 10 ]
Kg Ky Kk = 1202015 | - R
K| ; 1 A o .
: 5 N/ u =
I ! ”. "I" .w | ! L VV. ""' ;\ . ‘!0 1 1 1 1 I | l 111 I,I I - I I I I I | I 11 lll I | - l L1 1=
j -1 0 1 06 0.7 08 09 1 11 12 13 14 15 1.¢
\s=7TeV |Ldt=4.6-4.8 fb" Parameter value I : .
2D tibility with SM is 129
\s =8 TeV [Ldt=20.7 b Combined H — yy, ZZ*, WW* compatibility with SMis 12% Ky
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Spin/CP
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ATLAS Spin/CP studies: The channels

Channel H— ZZ%) - 4 H - WW® = tuby H — v~
Dataset 20.7 fb~! @ 8 TeV 20.7 fb~t @ 8 TeV 20.7 fb~! @ 8 TeV
4.8 b=t @ 7 TeV
Reference | ATLAS-CONF-2013-013 | ATLAS-CONF-2013-031 | ATLAS-CONF-2013-029
Signal JHUSPYTHIA PowHeg/JHU®PYTHIA | PowHeg/JHUGSPYTHIA
Tested Hypotheses
0~ v - -
1t v v -
1~ v v -
2T v v v

'+ Spin Combination
. e ZZ+WWH+yy
e ATLAS-CONF-2013-040
» Phys. Lett. B 726 (2013). pp. 120-144

Production modes

spin-0 : ggF (qgbar annihilation negligible)
spin-1 : ggbar annihilation

spin-2 : ggF & gqgbar annihilation

For the Graviton inspired tensor with minimal couplings to SM,
ggF dominates with qgbar ~4%, but higher order QCD
corrections may significantly modify this — scan fygbar

VBF and VH production modes:

VY : included in the analysis

4| : VBF production does not modify kinematics
Ivlv: negligible contribution

K. Nikolopoulos
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http://www.sciencedirect.com/science/article/pii/S0370269313006527
http://www.sciencedirect.com/science/article/pii/S0370269313006527

Statistical Treatment

channel szns

@)= 11 1I P (NiglusS ) (6) + Big (6)) x A; (6)

The test statistic is the ratio of profiled likelihoods (LLR) between the two hypotheses,
nuisance parameters profiled separately for each hypothesis

LJP = o+,ﬁo+ Oo+)
L lta,[lJP QJP)

The test statistic distribution for each hypothesis is extracted from ensemble tests
(pseudo-experiments using the profiled values for nuisance parameters) and the CLs is built

q = log

8 T 1T 17T I T T 1T I T T 1T I T T 17 I T T 1T l T T 1T
= 0'5_ ATLAS Prellmlnary —Data
L i H— ZZ — 4] Signal hypothesis ]
0.4 \s=7TeV: [Ldt=461b" (m =125 GeV)
CL ( b ) pO( alt E \s=8TeV: ILdt=20.7 fbo _JPO -0 E
t O(O+) 0.3__ BDT analysis ] ,JP _ot ]
L l ) o - m -
0.2\ R
Note: ysm and uyp profiled independently o1 E

(ie no assumptions on production rates)

_J [ B - 2 bl L—
-015 -10 -5 0 5 10 15
Iog(L(H )/L(H )
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H—vyy : Introduction

|sinh(Ap)| 2P} Y

2
L+ (pl Jmy, )2 "y

|cos&F| =

Discriminating variable: polar angle of the photons with respect
to the z-axis of the Collins-Soper frame (minimize effect of ISR)

— JP =0 (SM) —— Background

Before acceptance requirements: —— =2 (100% gg) &P = 2* (100% qq)

- spin O : isotropic decay
- spin 2 : distribution depends on the qq/gg fractions:

Nt
\®)
N R

Entries (normalised to unity)

0.15 -

dN ]

100% gg : ——— =1 — 6cos® 6* + cos* 6* }

d cos 6* 0.1 N

dN .

100%(](} . W:].—COS49* . i
COS 0.05[~ ATLAS Preliminary S N

- Background : peaking in the forward-backward direction | Data2012,Vs=8TeV, |Ldt=207"  b—o |
0_ Illllllll llllllll lll 11 l 11 1 1 l 11 1 1 l 11 1 IL '''''' ‘Li l-{--—

0 01 0.2 03 04 05 06 0.7 0.8 0.9

—

|coso*|

- Analysis similar to “rate/mass” analysis but optimized selection:
- Pry1>0.35 m,, and p,,>0.25 m,,

[Minimize myy, and cosB8* correlations for background]
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H—vyy : Fit Procedure

H—>yy s a low S/B final state (mcluswe ~3%)
- Simultaneous fit to m,, and |cosB*| in signal region |

- M, in side-bands

10000 = T T T T T T

E - ATLAS _: ;2500_"".l"[')'tl""I""I""I""I""I""I""I""_
N s e  Data2011+2012 ] g " P"‘_a . Hovyy S
; B SM Higgs boson mH=126.8 GeV (fit) _| §2 B J = f ]
c . P LT TTEEEE Bkg (4th order polynomial) ] S 2000— [ Background ]
) > B —— i
Q  e000— — AT B ]
e T L - :
4000 — —] 1500 ]
C (s=7TeV det=4.8fb'1 - T ]
2000 — = u ]
- @=8TerLdt=20.7fb'1 ] 1000 ]
(®)) et et e e e e e e et et P P .-;. : :
S 400 E- = - ATLAS :
I E 0T (s =8 Tev jl. dt=20.7 fo” E
= E = - \S = e = N
ETE ! +++ +H+ v = .
! 05 | T T T N Lo leoay T T e
2 ooy ! AL = 004 02 03 04 05 06 07 08 08 1
S  -200F- —=
i 100 10 120 130 140 150 160 |cos 6%
m,, [GeV]

For 105 GeV < m4 < 160 GeV
14977 candidate events
~14300 background events
~370 SM Higgs boson signal
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Events / 0.1

250 B LI I L I L I LU I L ] LU I L b IIIIIIIIIII
- ATLAS Hoyy —J = 0+ Expected -
200L \s = 8 TeV JL dt=207fo" ® J=0"Data -
- Bkg. syst. uncertainty .
150 —
_ —e— N
100F——_1 e -
50 —
B N
_ —o— N
of ‘F?
;.Hl IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII ]
0 0.1 O 2 0. 3 O 4 O 5 O 6 O 7 0. 8 O 9 1

H—vy : Fit results 0* vs 2

;Background subtracted distributions

Fit assuming 0*

|cos 67|

Events / 0.1

Fit assuming 2* (100% gg)

250 B LI I LI ] L I L I L I L I LI L lllllllllll
- ATLAS Hoyy —J-= 2+ Expected .
200 \s =8 TeV JLdt_207fb ° S=2"Data -
- Bkg. syst. uncertainty .
1501 (f _=0%)
B — ]
100 -
N 1T _l__'_+ Z
50 =1 — -
N — Z

_ o |

0 u T %%
111 1 I IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII ]
0 0.1 O 2 0. 3 O 4 0. 5 0 6 O 7 0. 8 O 9 1

|cos 67|

Data differ slightly, owing to the background being determined separately for each spin hypothesis

K. Nikolopoulos
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H—yy: LLR 0* vs 2*

K. Nikolopoulos

Higgs boson physics with ATLAS

November 18, 2013 ?ﬁ.ﬁf

b 0_3 __I I T 1 | T T 1 1T 1T 1 T T 1 T 1T 1 | 1T T T] c~ [ I I I | I I I | I [ | I I [ |
T i i 14— ATLAS ~
S - ATLAS —Data 1 CH S yy eData Spin0:
-9025__ H— —JP=O+ ] 121~ ] . . |
YY [ \s=8TeV JLd'[ = 20.7 fo! Signal hypothesis 1o 7
= - g P_ ot - .
D - Vs=8TeV [Ldt=2071b -Jr=2" - 10F [ ]26]
2 - Y : e °_0o" ]
0.2 f =0%) - .
© Y.or qa i
g . i Sl o P_ot ]
(@) B T ] B i
< 0.151 i N E
- M i -
i b i .
01__ IlI | ] ]
- . )
0.05[- I \ -
o R PN ! A i .
-15 -10 -5 0) 5 10 15 0 25 50 75 100
o)
q H—yy qu ( /O)
2" assumed 0" assumed P i P At P A4
fr Exp. o’ = 0% | Exp. po(s? = 2+ || OPS PoU" =0 | Obs. po(" =21 || CLy(I" = 2%)
100% 0.148 0.135 0.798 0.025 0.124 87.6%
75% 0.319 0.305 0.902 0.033 0.337 66.3%
50% 0.198 0.187 0.708 0.076 0.260 74.0%
25% 0.052 0.039 0.609 0.021 0.054 94.6%
0% 0.012 0.005 0.588 0.003 0.007 99.3%
- The 2* hypothesis is disfavored with respect to the 0* hypothesis.
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H—-ZZ—4l: Introduction

|deal channel for spin/CP studies
40~ i g;:: izozg 02:;: ATLAS - Complete reconstruction of the event topology
- o H—ZZ"—4l - Clean (S/B ~1 to 2 depending on final state)

asf MGV I Tev flot= 4.6 - - -

- [] Background Z, ZZ* s=/7'°¢ -2 | -Several observable depending on spin/CP available
N ~_ {s=8TeV [Ldt=20.7 fb

~ [ Background Z+jets, ff

30— 4 7 Syst. Unc.

Events/5 GeV

-~ For 115 GeV < ma4 < 130 GeV
? i 43 candidate events
16 background events
18 SM Higgs boson events expected

\

| ‘Spllt signal region [in GeV] — 6% senS|t|V|ty |mprovement
| l - High S/B [121,127]

A R ” - Low S/B (115,121) v (127,130)
100 150 200 250 * - -

25

20

15

10

o
._‘.}I_L.I|IIII|IIII|IIII|IIII|III
N N

o Two approaches:
- Train BDT separately for each hypothesis
' - Use ME corrected for acceptance and pairing effects
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H—-ZZ—4l: Input Variables

'-020""|""I""I"II

B ] g L I IDII | | | | L I | L I | L I L | L | L | LI 8 20_' T IDI { | L L I 1T 17T I 1T TT I 1T 1TT I | L L l_
N ¢ ¢ Data ATLAS 1 225 ° Daa ATLAS Prellmlnary— = [ °* Dad ATLAS Prellmlnary .
e 18_ [ Background Zz* < £ [ [l Background zz" < 18 Bl Background zZ" -
& 165 I Background Z+jets, f H-ZZ*—4l 1 U - [ Background Z+jets, tt H—zZ" -4 i Wt @ Background Z+ets, tt H—zZ" -4l -
'..E. : o g+ J ] 20 Signal (m =125 GeV) — 16:_ Signal (m =125 GeV) B
|.u14_——JP=°_ \s=7 TeV |Ldt=4.6f" [ —F=0 \s=7 TeV:|Ldt=4.6fo" ] 14 —F=0° \s=7 TeV:[Ldt =46 "' ]
{of =0 \s=8 TeV JLdt=20.7 ib"] o F =0 \s=8 TeV:Ldt = 20.7 fo! b F=0 \s=8 TeV:Ldt = 20.7 fb™ -
: 1 15[ . = E
101~ E : 1 10F s
8;_ _; 10:— ° ! —: 8;— ® —;
6:— ) —: i i 6:— ‘ I ) ) —:
4— -------------------------------------------------------------- — 5— -------------------------------------------------------- — AE T e e —
2_ » S 2ErE - 2 -
0 0 0
-1 -0.5 0 0.5 1 -1 -0.8-0.6-0.4-0.2 0 0.2 04 0.6 0.8 1 -3 -2 -1 0 1 2 3
COs0, cos(0,) )
> L 1T 17T L I 1T T T | 1T 17T | 1T 17T I 1T 1T > Zb T l T I T | T T T I I I + e -
8 ook oy Da . ATLAS Prellmlnary 1 & [ - Daa ATLAS ] For 07/07 : @,01,02, m12, m34
o F Bl Background zZ" 1 o5 [ [ Background zz* . - 4 *
» | [ Background Z+jets, tt H-2zZ" -4l 1 ~oo- I Background Zsjets, f H—->ZZ"—4l For O /other add : (I)l, v,
225 signal (m,_ =125 GeV) 1 871 Pac g+°” +Iets, 1
S =0 \s=7 TeV:|Ldt=46f" | E [ =0 \s=7 TeV JLdt=4.6 " |
oot =0 \s=8 TeV:JLdt=20.7 " J H g I = \s=8 TeV JLdt=20.7 o]
151 = 1 | ]
L i O_ —
10F - i ]
: 1 B .
Sl 7 - ]
0: ---------------- . T | . ]
50 60 70 80 90 100 110 20 40 60
m;, [GeV] m,, [GeV]
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H—-ZZ—4l : Distribution of discriminant

825_| | |.| |D|| | T I | I | I | L I | | [ I-I I.I 1 I | l—
= [ ata ~» ATLAS Preliminary |
+ L [ Background ZZ ) 1
L 50l B Background Z+jets, t  H—>ZZ '—4l 1
- Signal (mH =125 GeV) -

[ —F=0 \s=7 TeV:JLdt = 4.6 fo'

15l =0 \5=8 TeV:Ldt = 20.7 fo" ]
101 ¢ -
S " N

)
-1 -0.8-0.6-0.4-0.2 0 0.2 04 0.6 0.8 1
BDT Discriminant

UNIVERSITY©F
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H—-ZZ—4l : LLR 0™ vs 0-

8 25_[ | I.I IDI I | L l L I L I | L I | | | l L I L
= L ata » ATLAS Preliminary Q T T
= [ [ Background zz" ‘) i 2 -
- o0l Bl Background Z+jets, tt HoZZ =4l - E 0.25- ATLAS Prellmmary —Data -
: Signal (m =125 GeV) 4 i H— ZZ — 4] Signal hypothesis i
| — =0 \s=7 TeV: JLdt 46" 0oL \s=7TeV: [Ldt=4.61b" (m =125 GeV)
{5l =0 |s=8 TeV.JLdt = 20.7fb" ] "I Vs=8TeV: [Ldt=20.7 fb" _ P -0
i i . BDT analysis _ b o
| - : N AL
10 : ] : | | i
| : AR AN
: L 3 : | | :
St LAy e ‘_ 0.05]- i } .
- . : | | i
0— _ | ' | q_ =4~ - 7 Lb—.] Lot | i
1 -0.8-0.6-0.4-0.2 0 0.2 0.4 0.6 0.8 1 -5 -10 -5 0 5 10 15
BDT Discriminant Iog(L(HO)/L(H1))
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H—-ZZ—4l : Results Overview

O~ 10 T T T T T T I T T T I T

- ATLAS ' ' :

gl H—2zz" -4 eData Spin 0

[ \s=7TeV _[Ldt=4.6 fo!  Signal hypothesis [ 1o i

g\s=8TeV Ldt=2071" ¢y _q s 4

: .JP - of ;

Main Systematic: 4 /
- High S/B vs Low S/B regions normalization (~10%) L

owing to the uncertainty on mn

-2
0 25 50 75 100
£ (%)
0~ assumed 0* assumed P At P e P e a9
Channel Exp. po(J” = 0%) | Exp. po(J” = 0°) Obs. po(J© =07) | Obs. po(J" =07) || CL(J" =07)
H — Z7Z* 1.5-1073 3.7-107° 0.31 0.015 0.022 97.8%
1~ assumed 0* assumed Pt P P 1
Channel Exp. po(J¥ = 0%) | Exp. po(J” = 1°) Obs. po(J© =07) | Obs. po(J© =17) || CLy(J" =17) o ) .
H— Z7* 09-1073 3.8-1073 0.15 0.051 0.060 94.0% 7; A” alternatlve hypOtheseS
1* assumed 0* assumed Pt P14 Pt | : :
Channel EXp pO(JP — 0+) EXp pO(JP — 1+) Obs. pO(J =0 ) Obs. pO(‘] =1 ) CLS(J =1 ) are dISfavored Wlth reSpeCt
H— 77" 46-1073 1.6- 1073 0.55 1.0-1073 2.0-1073 99.8% tO the ()+ hypothesis
H— 77" , - ,
2" assumed assumed 0* assumed
7 Obs. po(JF =0%) | Obs. po(J¥ =2%) || CLy(JF =2+

100% 0.102 0.082 0.962 0.001 0.026 ' o

75% 0.117 0.099 0.923 0.003 0.039 96.1%

50% 0.129 0.113 0.943 0.002 0.035 96.5%

25% 0.125 0.107 0.944 0.002 0.036 96.4%

0% 0.099 0.092 0.532 0.079 0.169 83.1%
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H-WW-—-lvilv: Introduction

- Restricted to “different flavour” (ep) events and no jets £ 24000 T T T T T T T T T e T
- p11>25 GeV and p;,>15 GeV 2 22000E- ATLASIPrelumme:r Al V_Vaw’“‘ WZZ;WY
- p;>25 GeV for |n|<2.5 (py;>30 GeV for 2.5<|n|<4.5) 20000 0 Y Bt Clws
- Rate analysis already exploits spin-0 nature of SM Higgs boson 18000F W o [12s]
- Relax spin-sensitive requirements 16000~
! . . 14000F-
(allow spin study while keeping backgrounds under control) 12000
- EtMissRel > 20 GeV

IIIIII|III|III|III|III|III|III|III|IllIllI|I

-my < 80 GeV 12822
- pmi > 20 GeV 5000
-A@i < 2.8 4000
- m, A@i_ pTi, mT sensitive to spin 2000 .
- Two BDT classifiers are used: N : TE“-‘I'*-:
- BDTo+: SM Higgs signal against the sum of all backgrounds % 1:‘21E:fffﬁ.ﬁffﬁfﬁffﬁfffﬁfff.ﬁfﬁfﬁfffﬁfﬁffﬁfﬁffffffﬁﬁffﬁff.fﬁffffﬁfﬁffﬁfffﬁf.ﬁfﬁﬁfffﬁfffﬁf;fffffffffffﬁffffﬁfﬁffﬁfﬁfffff[fff:;
- BDTye: JP signal against the sum of all backgrounds . S S ——
- Perform 2D-fit in (BDTo+,BDT.p) X e e B e S S S
- pT spectrum uncertainties found to have small effect 6o 1 2 3 4 5 6 7
BDT,e 4 Niets

JP

>
BDTO+ .
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H—-WW-—lvlv: Spin/CP sensitive variables

£ AT A S L ) L T
T [ A4S — P-0" = 0.4 amas g
i 0 3—_ Simulation \s = 8 TeV F=1 ] i | Simulation \s=28TeV - P :
§ r H-o>WW > evpviuvev +0jets o J = ] S 0.3 H->WW'—evuvivev+0jets .. P17
5 | - |
< 02__ — N < 0 ol g _
O e A - o3RS R :
O— | | [ | O_ | | | 1 | 1 1 1 LTI i 1
0 1 2 3 20 40 60 80 100
Ag [rad m, [GeV
%) L ' |
= . ATLAS —p_g
S 0.6  simulation \s=8Tev Pt
= - = _
§ . H—> WW* - evuv/uvev + 0 jets ... JP =1 i
E - ]
2 0.4F -
< L e, _
0.2~ i e -
0 I e Ll . ILTL___;
0 20 40 60 80
P! [GeV]
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H-WW-—-lviv: BDT output

. L L BN LN LN AL B
o ]
S oof ATLAS T
ﬂ O 45 T 1T I LI l T 17T I L I L I LI I LI l T 1T I LI l T I_—' .‘(2 700 J- P %SI§+bk? :
= U. - ATLAS 1 5 - \s=8TeV | Ldt=20.7fb Bl -0 .
g - — Background 1 3 6001 H—-WW*—evuv/uvev + 0 jets ] ww =
> 04__ . . i —] L - HV/p +0] B Z+jets B
= - Simulation s =28TeV — P-0 : 500F- %] Wajets E
= 0.35 Ho ww* / Oiets ..... P_otf o059 - WZIZZIWy 1 - . .
IS F T T T eVHVIREV R IS e 1\ S S After full selection
< 0.3 = O SngeTop ] |
E - 1| 3615 candidate events
0.25F E D = | 3300 exp. background
0.2F = 200 = | 170 exp. SM Higgs boson
0.15p 13 o0 =
O- 1 E_ ._..:"';:.I —E 0 e __:'__;f__ .
O 05—_ . I = a 1.4 | [ [ l...'...!...'_.._I_...'...!..4'..__I...!...!...'...J....'...'....'...J...!.A.'..T.l...!...'....'_;
- E ememmmaen T _I E fé 1 2F- §§§ .......... /! .................. § AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA 3
O‘ EPE TS BN BT BTSN BT AT B BT + 1"" ‘// M/ WM%%%"—;
108060402 0 0204 06 08 1 G S
BDT(0+) 8 108060402 0 02 04 06 08 |
- o BDT(o"')"l"'I"'I"'I"'I"'I"'I"'I'
- —@— Data
LI | LI | L LI L LI LI | LI | LI | LI E 1400 : AT&??I Ldt 20 7 ,fb—1 % SIg+bkg
c - \s= e = 20. =0
0.45 ATLAS — Background 5 1200 H->WW*—evuv/uvev + 0 jets E ZW+\;LS

Simulation \s =8 TeV — P-0" [0 Weiets

[ wWzizzwy
C
[ Single Top

: 1000
0.35

Arb|trary units
o
N

H— WW* - evuv/uvev + 0 jets  ..... F=2"f_ =25%
eee 1 800

Illlllllllllllllll

|l[||||| ||||l||||I||||||I||||||||||]|||l]||||
i ) X
1
A UL A ||Iv||||||||||l
N

o
W

0.25
0.2
0.15

Illllllllllllll|III|III|IIIII

ll[lllIllllllllllllllllll
N
o
o
‘ I|II
]
]

0.1 ——
0.05F 1___ ——— 9
Ot.l...n:s&m T i ST BT R B SR ;
-1 080604020020406081 I: E
BDT(2+) 8 08 06 04 05 0 02 04 08 08 1
()]

BDT(2+, 1 _=25%)
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H-WW-—lvlv : Post-fit output

BDT,e 4

JP

|

Visualization of the results in the post-fit background-subtracted plots
Data more consistent with spin-0 with respect to spin-2

The (BDTo,BDTyp) distribution is remapped into an 1D
distribution by ordering the bins by increasing expected signal.
Empty bins (expected content <0.1) are removed.

; (\
BDTo ;, |
o T T T ] T ] 9 T T ] ]
% 100 ATLAS —4— Data - background _ *g‘ 1 00_— ATLAS —4— Data - background _
L _ s=8TeV |[Ldt=207fb P L | \s=8TeV |[Ldt=2071 P oo f —100% -
- H—> WW* - evuv/uvev + 0 jets - - H—- WW* - evuv/uvev + 0 jets -

S0 50 N
0+ t“?ﬁ*“% 1[[ . 0%*++*-+*,+ + e H
i I I ! | + I I ! | I I I L | ! | I L L L | I ! | ! ! L +| | L |

0 10 20 30 0 10 20 30
BDT output BDT output

Data described better by spin-0 with respect to spin-2 (100% qgbar)
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H-o-WW-—-lvilv: LLR 0* vs 1* and 2*

é :l T T T | T T T T [ T 1T 17T T T T T l T 17T | T 1771 I: :';\ :l T T T | T T T T [ T 1T 17T T T T T l T 17T | T 1771 I:
g 0.18~ ATLAS — P o0 — % 0.2F ATLAS — =0 =
9016:— \s=8TerLdt=20.7fb'1 — =1 E 8018:— \s=sTeijdt=2o.7fb" — =1 E
8 . E H— WW*—> evuv/uvev + 0 jets — Data E 8 . - Ho WW*= evuv/uvev + 0 jets — Data .
® 0.14f - » 0.16¢ =
=R 1 8 14F .
€ 0.12[ 4 g0.14p E
o - 1 O ol -
Z 0.1 - £ 0'125 Q\i ]
0.08" 5ot N E
: 1 0.08" N E
0.061 : i F %E\.\ﬁ .
VO N 1 0.06F N =
- \ g - \\\ .
s - - RNy .
0.04¢ R 1 0.04f \§ :
0.02- \§\§ 1 0020 \x§\ -
5 _@\%\\&‘§ ] F RO ]
-QIO -5 0 5 10 15 2 -QIO -5 0 5 10 15 20
q q
?O 16—_ T T | LI I LI L I L | L |_— :;\ [ T T | LI I LI L I L | T 17T T : : : I ; | | | : |
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H-WW-—-lviv: Results Overview

1" assumed 0" assumed Pt P i P 14
Channel Exp. po(J¥ = 0%) | Exp. po(J¥ = 1) Obs. po(J" =07) | Obs. pg(J" =17) || CLg(J" =17)
H— Ww* 0.11 0.08 0.70 0.02 0.08 92%
1~ assumed 0" assumed P s P 4 P 4
Channel Exp. po(J” = 0+) Exp. po(J¥ = 1) Obs. po(J© =07) | Obs. po(J" =17) || CLy(J" =17)
H— WWwW* 0.06 0.02 0.66 0.006 0.017 98.3%
H—- WW*
2% assumed 0" assumed
- bs. P =0t b P =t CL,(JF =27
qu EXP p()(]P — O+) EXP pO(JP 2+) O S pO(J O ) O S. pO(‘I ) ( )
100% 0.013 3.6-107% 0.541 1.7-107* 3.6-107% ~99.9%
75% 0.028 0.003 0.586 0.001 0.003 99 7%
50% 0.042 0.009 0.616 0.003 0.008 99.2%,
25% 0.048 0.019 0.622 0.008 0.020 98.0%
0% 0.086 0.054 0.731 0.013 0.048 95.2%

All alternative hypotheses are disfavored with respect to the 0* hypothesis.
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Channel H—ZZ%) 5 44 H > WW®™ - fuiy H — vy

Dataset 20.7 fb~1 @ 8 TeV 20.7 fb~1 @ 8 TeV 20.7 fb~1 @ 8 TeV
4.8 fb~1 @ 7 TeV

Reference | ATLAS-CONF-2013-013 | ATLAS-CONF-2013-031 | ATLAS-CONF-2013-029

Signal JHUSPYTHIA PowHeg/JHU®PYTHIA | PowHeg/JHU®PYTHIA
0~ v - -
1 v v -
1~ v v -
2T v v v

A note on systematic uncertainties:
- e/J reconstruction,identification and trigger efficiencies and energy/momentum

resolution uncertainties correlated between H—Z2Z*—4| and H-WW=*—lvlv
- e/y energy scale correlated across all channels
- effect of mass measurement uncertainty negligible

- overall impact (by comparing results w/ and w/o profiling) estimated to be <0.30
- Higgs boson pt spectrum small effect <0.10
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Combination: The case of 0* vs 2*

14-ATLAS

T GRa >

8-

e Data

.JP=O+

o -0t

[ \s=8TeV [Ldt=20.7f" Signal hypothesis

Spin 01
M
[ J2cd

IIIIIIIIIIIIIII

-2
[ R T R L | TR | | . .
° 25 50 75 100
fq (%)
T 7T T T T
25 ATLAS | eData Spin 0
<UW* - ev”@ Signal hypothesis - o ]
20:—\s=8TeVJLdt=20.7 fo! o f_o gzc,_:
: LN ]
15F :
10

5
0
-5
0 25 50 75 100
%)

[ \s=7TeV |Ldt=46fb"

\s=8TeV [Ldt=2071" o jp_ g

.JP=2+

4

L | T T 1 l

eData Spin O_:

Signal hypothesis .16 7

O‘ | | | | | | I |
1oL ATLAS

L H— yy
[ \s=8TeV [Ldt=20.7fb"

30FH - zz* — 4l

| \s=7TeV [Ldt=46fb"
" \s=8TeV [Ldt=20.7fb"

20—H —» WW* - evuv/uvev
[ \s=8TeV [Ldt=207b"

eData  Spin 0-
Signal hypothesis . lo :
D2o ]
®f-0 1

o f-2

K. Nikolopoulos

Higgs boson physics with ATLAS

4l

November 18th, 2013 ?*

UNIVERSITY©F
BIRMINGHAM 52



Combination: Results Overview

ATLAS ATLAS
H— vy e Data H = vy e Data
\'s=8TeV [Ldt=20.7 fo \s=8TeV [Ldt=20.7fo
v CL, expected v CL, expected
H— 27" — 4l assuming J"=0" H— 27" = 4l assuming J"=0"
\s=7TeV [Ldt=4.6fb" \s=7TeV [Ldt=4.6fb"
| p Hti1o | ) NERE
\s=8TeV [Ldt=20.7 fb \s=8TeV [Ldt=20.7 fb
H—> WW* — evuv/uvev H —> WW* — evuv/uvev
\s=8TeV [Ldt=20.7fo \s=8TeV [Ldt=20.7fo
— 1 = : : : E
o G
)
10"
—
O

10! 5 ? f
JP=0" JP=1" JP=1 JP=2"
0*vs 0- 0" vs 1* 0* vs 1 0* vs 2* f g (%)
97.8% >99.9% 99.7% >99.9%
for all fqq

- All alternative hypotheses ére strongly disfavored with respect to the 0* hypothesis.
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Rare/Anomalous decays
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“Rare” nggs boson decays

N o B LR B B LR RN B
G 350 ATLAS Preliminary E 45 T T S T T
— . — serve
) —e— Data 2012 . 46" |s=
g 300 ata . 40 JLdt 46f,1s=7Tev. Expected
L%) o500 4Ny e H-Zy (m =125 GeV,0g,x20) 35 JLdt=20.7 b’ ,1s=8TeV - + 16
+ 26

200

- loop induced — sensitive to new physics

- small BR; S/B~0.01 b

- signature: same-flavour opposite-charge  '®

isolated leptons + photon

- mnp=125 GeV. 0
95% CL upper limit 18.5 (13.5) x SM

ATLAS Preliminary

Am = myy - my T

\s=8TeV, |Ldt =20.7 fb", Z—uu
. 8393 events
30 35 40 45 50 55 60

[TITT T T TI o T [TITT[TTTT]
IIIIIIIIIIIlIIIl|IIIlIIIIIIIIII

50

y
e
I

-
L

—
—
—
—

NJTTTT
o
95% GL limit on 6(H—Zy)/s,, (H-Zy)
N
(6)]

S Wl St el s St S s i el ot e Sl e At Nl ey T Wl

120 125 130 135 140 145 150
my [GeV]

- probe directly the coupling to muons

- small BR; S/B ~ 0.002

- select two opposite-charge muons (pT7>25,15 GeV, pT,,>15 GeV)
- backgrounds: Z/y*—up, top, dibosons

- mp=125 GeV: 95% CL upper I|m7|t 9.8 (8.2) x SM

1 _l T T T 1T ] T TT I T TT I T T 17T I T 1T TT I T 1T TT ] L I L I T I_
Z - ATLAS Preliminary H ] .
2 - S -
> TLAS P NS 'E 60 — Observed =
3 reliminary *2’9. o i“”,t 5 - ---- Bkg. Expected - .
% \s=8TeV, | Ldt=207 b’ = %'ﬁ j 50—_ -+1g P J Ldt = 20.7 fb1 i
& Hop'w : @) - n ]
: . @ 2 - [*20 \'s =8 TeV -
~more channels being looked at: o 40 -
| ttH, with H—bb, H—yy, sob- E
VBF H—Dbb, etc : .
20 —
= - .
P 10 ~
&) - ]
. ; | ) i O_l 1 1 l"l'l"l'l"l"l'["l'l"I'l"l'l"l'{'l'1'r1'}"l'1"l"I'l"l'l"l'l"l'l"l"l'l"i'l"l'l"l'l 11 l—
" 110 120 130 140 150 160 110 115 120 125 130 135 140 145 150

m,, [GeV]

my [GeV] .
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“Invisible” Higgs boson decays

L ———

q

i;'Sig:;nature : Z—ee/pp +f large MET
'« Main Backgrounds: ZZ—llvv, WZ—IvIl, WW—lviv
. Requwe MET > 90 GeV and optimize selectlon for ZH Ilke events

|

I - T T T T T - T T T T T
. ATLAS Prellmlnary \s =8 TeV e Data de' 13.015"
10" B zH = Isinvisible -

B smHo 220 Ho ww!
...... Signal (SM ZH, m, = 125 GeV)

7 TeV/4.7 fbT

8 TeV/13.0 fb-?
—~ . ] o
4 95% CL Upper Limit on the BR(H—>|nV|S|bIe) for mH 125 GeV l; |
; s <65% with <84% expected | & 50700 140 360 256300
_ I e e R . — | ET™ [GeV]
° 1k — Observed — > QUL T T ,l""l'j"'l""l""_
- ] O | ATLAS Prellmlnary \s=8 TeV ® Data L=1301f" i
- Expected ] § b . . B
o B B Top ]
i _ % B mZZ ]
107 | & 30 -+ Signal (SM ZH, m =125 GeV)
- ATLAS Preliminary 20 -
i ZH-ll(inv) | N ]
\'s=7TeV, | Ldt=4.7fb 10 -
102 E_ \'s=8TeV, | Ldt=13.0fb™ = - N .
S R R S A S C DR . .
0 0.2 0.4 0.6 0.8 1 50 100 150 200 250 300 350 400 450
BR(H—inv) ET [GeV]
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Higgs boson physics prospects

$> LHC startup, Vs =900 GeV

\ s=7~8 TeV, L=6x1033 cm™? s°!, bunch spacing 50 ns Run-1
~20-25 fb-
Go to design energy, nominal luminosity (Phase-0) LS1=Now
\s=13~14 TeV, L~1x103* cm2 s'!, bunch spacing 25 ns Run-2
~75-100fb"
Injector and LHC Phase-1 upgrade to full design luminosity LS2
\ s=14 TeV, L~2x103 cmr?s', bunch spacing 25 ns
+ ~350 fb
HL-LHC Phase-2 upgrade, IR, crab cavities? LS3
7 ””
\ s=14 TeV, L=5x103 cm2s', luminosity leveling HL-LHC
~3000 b
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Prospects for Run lI/lll and HL-LHC

ATL-PHYS-PUB-2013-014
ATLAS Simulation Preliminary

's = 14 TeV: [Ldt=300 b ; [Ldt=3000 fb"

Several open topics in the Higgs sector for future studies:
- Rare decays & Couplings - CP studies
- BSM Higgs boson searches - Higgs boson pair production

H—up  (comb N —— . — -
(inCI 1.43— x BestFit * Standard Model _f g 1'4;_ x BestFit  + Standard Model _;
_li - — w/ theory - w/o theory . - — W/ theory - w/o theory .
H (\5;? ::ig 135 eswcL —osw%cL = 1-35_  68%CL — 95% CL g
H—);CZ (comb 12 4 12k -
— . - ] E E
(VH-like 11 ER 3 E
(ttH-like 1= 4 E
(VBF-like 0or ERs =
(ggF_Ilke 0.85— ATLAS Simulation Preliminary_] E 0_83_ ATLAS Simulation Preliminary_:
H—WW (comb. E Is = 14TeV,_[Ldt 300 fb” g - | | \s=14Te|V,Jldt=3000fb“ .
VBF-like 0839 os5 1 105 11 e 0.95 1 1.05 11
(
(+1] K, ATL-PHYS-PUB-2013-014 Ky
(+0j
i SR A A RS R RN RS R 9 o 2 T T T T T .
H_)ZY (incl. gm - ATLAS Slmulatlon Prehmmary . gv - TLAS Slmulatlon Prel|m|nary ]
N 1 O - ]
H—yy  (comb = 150 8DFit:g/g. 1 & 19 8D Fit:g,/9, -
(VH-like g S s E
(ttH-like - .
(VBF-like 0.5 ERR T E
o oF S E
(+0j 0.5 SR -
i3 Hozz—4l | 1 -
1.5-3000 fo™": 68%-95% CL 4 -1.5F 3g88 ]fg'“ ggZ°'ggZ°%'-L HoZZ-41
] 300 fb 68% 95% CL . - oTIv 7o 3
oo b b b b b b b 1 O v b b bern b I .|
g1 CP-even HZZ coupling '2_2 _1 5 _1 _0 5 o 0. 5 % 1}5 % 2—2 -1 5 -1 -0 5 O 0. 5 1 15 2
g2 CP-even HZZ coupling (loops) i i i i R(q )/
g4 CP-odd HZZ coupling %(g,)/9, ATL-PHYS-PUB-2013-013 %(9,)/9,
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Summary

Convinced, beyond reasonable doubt, of the observation of a boson with my~125.5 GeV
- Production rates in channels involving vector bosons in good agreement with Standard Model expectation.
u = 1.33%9214 15 and pver+vH/Uggr+tH = 1.4%07 5
[3.30 evidence for VBF Higgs boson production, >5¢ (indirect) evidence for Higgs coupling to fermions]
Searches for rare/anomalous decays and differential cross-sections have begun to appear

~ Spin studies strongly disfavor the

| hypothesis of non 0* pure state

- 0" rejected at 97.8% CL

- 1*/1-rejected at >99.9% (99.7%) CL
- 2* rejected at >99.9% CL for all fqq

Number of toy experiments

1400 |

1200

1000

800

600

400

— y? distribution for n, =14

Toy analysis incl. theo. errors
[ ] Toy analysis excl. theo. errors

----- p-value incl. theo. errors
—— p-value excl. theo. errors

III|III|III|III

200

IIIIIIIIIIIlIlIIIIIIIIIlIIIlI

'lIs it the only Higgs boson? Do its properties deviate from the SM predictions?
| At which level? Does it couple to dark matter?
LHC Run Il/ll and HL-LHC could provide answers to some of these questions

—h

0.6

0.4

0.2

YY+ZZ*+WW* combined
—— H-> vy

—— H—>ZZ" > 4/

— H-o> WW* > Iviv

\s=7TeV det =4.6-4.8 o
\s=8TeV det =20.7 fo'!

Signal strength (u)

—— 68%CL
------- 95% CL

IIIIIIIIIIIIIII)IIIIIIIIIIIIIIIIII

p-value for { data | SM )

_lllllllllllllllllllII]IIIIIIII'II]I

- g(stat :
ATLAS (stah)  Total uncertainty
my, = 125.5 GeV +ioonu
H— vy +0.23
{ 5503 +0.15 :
__________________ h= T 0m lio.15 i
0.5 X
VP h=10,,[203 B
High p_ U= 17'2; +0.5 ._._I.
Djethigh T PPN N
mass (vBF) M7 1700 FO6 N
VH categories 1 =1.3"%|10.9 l
+ X
H— Zz* - 4l 098 ;
| 4g0d0 [F0-17 —
______ M= 1 0m 140,14 i
VBF+VH-ike L oe]iie :
categories " 09709 e
Other = 1.45°04 :
categories H=1.99 5 £0.35 ' . i
Ho WW* > vly  [F021 :
031 |£0.21 —t :
__________________ Ho O 0mli0 12 |
0+1 jet n=0.82 gzz +0.22 1
2 jet VBF w=147"1+05 |
Comb. H—syy, ZZ*, Ww+#/£0-14 :
001 [£0.15 —— :
=138 516 |40.11 i

\s=7TeV [Ldt=4.6-4.8 b

\s =8 TeV |Ldt = 20.7 fb"

The new particle is a SM-like Higgs boson
No the end of the story... just a new window to understand Nature!

Signal strength (u)
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A Toroidal LHC ApparatuS (2011)

= General purpose detector designed for the harsh LHC environment

44
e - | At
o .=
g 5 Magnets 2T solenoid, 3 air-core
toroids
"""""""""""""" Tracking silicon + transition

radiation tracker
EM Calorimetry  sampling LAr technology

Hadron plastic scintillator (barrel)
Calorimetry LAr technology (endcap)
25m
Muon independent system

with trigger capabilities

\ Tile calorimeters

, \ _ Trigger 3 Level Implementation
: LAr hadronic end-cap and
r

. forward calorimeters from 40 MHz to 400 Hz
Pixel detecto

Toroid magnets LAr eleciromagnetic calorimeters

120 .

Muor charrbers Solenoid magnet | Transition radiation fracker B ATLAS Onllne NS =7 TeV 7]
Semiconductor tracker C - - _
o MO Total Efficiency: 93 5% ]
= Very important to ensure high data-taking efficiency/quality > - -
c 100— m
q) -
ATLAS p-p run: March-October 2011 S - |
Ll - |
Inner Tracker Calorimeters Muon Spectrometer Magnets o =0 - i
Pixel SCT TRT LAr Tile MDT RPC CSC TGC Solenoid Toroid -g 80:— i
o) B |
99.8 99.6 99.2 G 9952 99.4 988 994 99.1 99.8 995 o - |
. 70— I
- |
. - |
— - 60
Luminosity weighted relative detector upti d duIltdt deliv during 2011 stable b i Ilisi t
\lsm7r}2\sl glet\:egen (re\lla:cehaB:‘ a:degcc:cl;ber: 3ré)1teh ?I: %?oc::or?esapozdlr?gato : 2 (fe}:r)yl of :er::irded d:t: Tils?izrgsq:aﬁtz sc;ttjsorlzasfe?s 28/02 30/04 30/06 30/08 31710
| to the data after the summer reprocessing campaign. Day in 2011
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ATLAS Performance: Photons and EM response

w 1 | | | | I | I I I I | | | | I I I I | | I I I I | | —
& 0.9 ~ —e— Unconverted photons ATLAS Prellmlnary =
= " E o Converted photons Data 2012, ys =8 TeV 3
o 0.8 —— Single track conversions j A -
& - _ Ldt=331fb B
(&) 0.7E —%¥— Double track conversions = . . o
s E S L/ﬂ-‘ Stable photon reconstruction vs pile-up (within 1%)
2 065 =
- B SIS Sa e e S oo on on on an n om o o o o T T S -
© 0'5:_ e e e e e e e tle e Moo e Ko e Mo Tie e Moo e Mo Tins = g 1.0055! o ; l l l l E
cC 0 4 :_ —: .‘\g 10045._ ......................... ............ RMS 0 032%’ ................ . ..... W sy @3S Elp_:
-2 T E - S - . __RMS:0.023% Z—>ee inv. mass 3
8 0 3 :_ —: O 10035_ ................ ....................................................................................... _E
T R = = = = = = sl E g 1002 A E
02_— o — g 1_0015_ ................ e S —
g - A S AT T S 3
01:_ = g 15_ ............... ¢ ...... ......... ‘+*$O 0©$ .................... . ................................. # ............... _E
0 T T T T T = 0.999 E._ AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA _;
5 10 15 20 25 30 35 0.998 f_ ................................................................................................... =
: : : 0_997j ..................................................................................................................................................................... _E
Average Interactions per bunch crossing o patmooraNseTew [z 130wt E
TE ATLAS Prehmmary 1 | | E
0.995G 5 10 15 20 25 30
Number of Primary Vertices
o 1UUOET ! ' | | ' 3
] _ §  1.004f RMS:0023% @ W-—sevE/p =
- - : - =  RMS:0.033% @ O Z—>ee inv. mass 3
~» Excellent stability of the EM calorimeter response! o S S E
' . . c - —
.« Studied with Z,J/y—ee and W—ev events 3 ‘1((’)((’5 g
2 - = —
e Energy scale at mz known to ~0.3% k= E 3
e Uniformity ~1% (2.5% for 1.37< |n|<1.8) T 0999k 3
0.998 i S =
0.997f ' =
- Data 2012 \s= 8TeV J-Ldt—130fb 3
0.996 . E

ATLAS Prelnmlnary s :
0.995 ' : l
26/ 03 25/ 04 25/05 24/06 24,07 23/08 22/09
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ATLAS Performance: Jets and Missing Er

g105§|||||||||||||||||||||||||||||||||§
0.1 5 - ATLAS Preliminary —_— V1 3
b - - T T T T 1.1 ll T T T T L ll T B :
£ :_anti-k1 R = 0.4, LCW+JES + in situ correction ATLAS Preliminary_: q_)‘ JetFitterCombNN
g 0'095 Data 2012,ys = 8 TeV 3 e 104 -
(C) 0_08;—1]:0‘0 [ Total uncertainty _; "01 = JetFitterCombNNc 3
> 8 — Absolute in situ JES k- i £ . ]
o 007 -1+ Relalive in situ JES 15 PIDSVI
= 0.06F «+»» Flav. composition, inclusive jets 3 103 = —_— SV0 E
© - Flav. response, inclusive jets B E SO\ -
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6 - . E - .
£ 004 Jet Pt scale uncertainty o L i
‘p\ Particle Jet Energy depositions  0.03} = - :
in calorimeters 0.02] T - 1
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ple‘[GeV] ||||||||||IIII|IIII|IIII|IIII|II
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- Excellent understanding of the detector performance! b-jet efficiency
= . —~— —- e ———————
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N 105 \S=8TeV L hDAaCt322012 ;‘ [ AN R R B L B B R R (N R B B R N B A B R | l. I.V L ]
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2 - - : J.Ldt=20 '
E x 15_ - 1 -
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s , , Number of reconstructed vertices in event
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T-leptons and b-jets

The T-lepton is special!

CMS Slmulatlon vs-7 TeV

—

- >. J_ 1 T | LIl | LI 1 | LI I | L | T
hadron hadron+strip 3 hadrons o 7 et MC i
Mass of 1.78 GeV and ct = 87.1 um, & 99 Genlyi<23 ;
V,/ = 0.8) =
= / r ]
the only lepton that decays in our W o7 eaarhd Ay
. . ,;/ ' 0_62— M# —f
detector, in various ways... _ / o & E
o _ _ 04 ™ =
T — lvww ~35% dominant hadronic decay modes 03k o HPSLooseCombdy
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Relative energy scale

myy resolution
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| e Excellent stability of tHe EM calorimeter response!

|
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e Studied with Z,J/y—ee and W—ev events
e Energy scale at mz known to ~0.3%
e Uniformity ~1% (2.5% for 1.37< |n|<1.8)
e Resolution of inclusive sample ~1.6 GeV
e ~90% of events within £20

‘» Mass resolution immune to pile-up
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H—yy: myy resolution

e LHC beam spot 0.~5-6 cm and O(20) vertices — identify “primary” vertex challenging
Use the strengths of the detector!
e Build likelihood to identify the primary vertex using

* longitudinal/lateral segmentation of EM calorimeter (photon pointing) — 02.~1.5 cm

e use beam-spot constraint/converted photon tracks
* reconstructed vertex X(pT)>?
e Recently a Neural Network has ben employed (including also the 2(pT), A between
the direction of the tracks and the di-photon system)
e pile-up robust
e contribution of angular term to myy resolution negligible
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H—vyy: Event Categories

8 TeV (90% signal window)

Vs 8 TeV
Category ocp(GeV) Observed Ng Ng N /Ng
Unconv. central, low pry 1.50 911 46.6 881 0.05
Unconv. central, high pmy 1.40 . 49 7.1 44 0.16
Unconv. rest, low py 1.74 4611 97.1 4347 0.02
pY . Unconv. rest, high pr 1.69 292 144 247 0.06
T thrust axis Conv. central, low pr 1.68 722 298 687 0.04
Conv. central, high pmy 1.54 39 4.6 31 0.15
Conv. rest, low pty 2.01 4865 88.0 4657 0.02
Conv. rest, high pry 1.87 276 129 266 0.05
Conv. transition 2.52 2554 36.1 2499 0.01
Loose High-mass two-jet 1.71 40 4.8 28 0.17
Tight High-mass two-jet 1.64 24 7.3 13 0.57
Low-mass two-jet 1.62 21 3.0 21 0.14
EXss significance 1.74 8 1.1 4 0.24
One-lepton 1.75 19 2.6 12 0.20
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H—vyy: BDT Response

BDT: mj, nj1, N2, AN, PTt, AQ@yy;ji, N*=Nyy —(Nj1+N;2)/2 ARMiny;
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H—-vyy: myy spectra
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H—vyy: Signal Strength
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Higgs boson differential cross-sections
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2013-072/fig_05a.png
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2013-072/fig_05a.png

H—-ZZ*)—4l: Mass resolution
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H—ZZ(*)—4l|: Backgrounds
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H—ZZ™*)—4l: Couplings

| The coupllngs of the Higgs boson are probed by further categorlzmg the observed events.
' ¢ VVBF-like events : Events with at least two jets in VBF topology

o VH-like events : Events with additional leptons in the final state
e ggF-like events: All remaining events
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H-WW®*) lviv: Event Selection

Table 2: Selection listing for 8 TeV data. The criteria specific to ey + ue and ee + uu are noted as such;
otherwise, they apply to both. Pre-selection applies to all Njer modes. The rapidity gap is the y range
spanned by the two leading jets. The my, split is at 30 GeV. The modifications for the 7 TeV analysis
are given in Section 6 and are not listed here. Energies, masses, and momenta are in units of GeV.

Category Njet =0 Njer =1 Njet 22

Two isolated leptons (£ = e, u) with opposite charge
Leptons with pi¥*d > 25 and pStPead > 15
eu + ue: mep> 10

ee+ uu: mep> 12, |mpp —mz | > 15

Pre-selection

. miss . miss . Fmiss
Missing transverse ey + ,ue: ErTn rel >25 ey + ue: E; rel > 25 ey + ,ue: E; N > 20
momentum and ee + uu: ET’.rel > 45 ee + uu: ET"rel > 45 ee + uu: ET' > 45
. miss . miss . miss
hadronic recoil ee+ s pr > 45 ee+ P pr > 45 ee +up: EXryg > 35
ee + U frecoil <0.05  ee+ up: frecoin < 0.2 -
- Nb—jet =0 Nb—jet =0
General selection | Ao mer | > 70/2 - pyi <45
p{;‘] > 30 eu+pue: Z/y* - trveto eu+ue: Z/y* — vt veto
- - m;; > 500
- - | Ay” | >2.8
VB topology i i No jets (pr > 20) in rapidity gap
- - Require both ¢ in rapidity gap
Mmep < 50 Mep < 50 Mmep < 60
H—WW® = fyty | Adppr | < 1.8 | Adppr | < 1.8 | Adppr | < 1.8
topology ep + ue: split myp eu + ue: split myep -
Fit mr Fit mr Fit mr
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H—-WW®)lvlv

200 T T T T T T T T T T T
ATLAS Prel|m|nary —+— Bkg. subtracted Data i

B =7TeV,| Ldt=4.6 fb" H [125 GeV] .
1500 \S e,f ]

- \s=8TeV,]| Ldt = 20.7 fb" i

~ HoWW Siviv + 0/1 jets -
100 ]

Events / 10 GeV

- L A A B AV S M TP T B et e T 1 I A B
o - Data %% SM(sys@stat) | o 200 - Data %~ SM(sys @ stat) — [0} C — ]
S 300f ATLAS Preliminary g ' & wzzzwy 4 © el ATLAS Preliminary o o\ & wzzzw E S b ATLAS Preliminary 1
= F \s=8TeV,| Ldt=207f" [DJa [@simgeTp ] 2 F \s=8TeV,|Ldt=207f' [ [@SngeTp 4 & - Vs=8TeV,[ Ldt=2071" 1
; F I X Bl Z+jets [] W+ets ] ; 160 “ . B Z+jets [] Wijets - ; C I ]
2 250~ H->WW' '—evuv/pvev + 0 jets mHiscey 2 I H-WW' '—evev/uvuy + 0 jets B H25Gey] ] £ 1of H->WW"'—eveviuvuv +2 2]
] C 1 o = = [ C ]
> - i > F . > n - Data %% SM (sys @ stat) _|
w200 94 W o120 4 ¢ - Eww [ wzzzw,
C ] F ] C O Single Top ]
150 = 100:— = C B Z+jets [] Wejets T
o ] 80F 3 r B ooF [ veF ] ol b s by by b b b b s v b b Ly
100F E 60F- N E = 60 80 100 120 140 160 180 200 220 240 26!
C . 40F 3 24 ) ]
50— — E E ——— _
: ; 20F | E o A my [GeV]
30 0 300 50 ‘ 300 /X
m; [GeV] my [GeV] m; (GeV]
% 90_| — T y_;_| T .;};.SN:(. T ,).__ % 9:| L L B B % 40T T T T T T ._‘._| T .%.SN:(A T ,),_
Data #% sys @ stat) F . 4 o . Data ## sys @ stat) -
O gof ATLAS Preliminary & Ewzzw, 4 O 8F ATLAS Prellmlnary__ © - ATLAS Preliminary oW &= wzzzwy 1
- E 1s=8Tey, | Ldt = 20.7 b EI tr - MsingeTr 3§ E Vs=8TeV,fLdt=207%" 3§ = 120 \s-gTeV,[Ldt=207f" i  [OSngeTop |
; 70 H—)WW —)evev/ ] Bl Z+jets [ We+jets — C\D 7:— Iy = ; o H_)WW(.) 1 Bl Z+jets [] W+ets 1
2 E nvuy + 1 jet B H[125GeV] 3 2 6 = H-WW '—evuv/uvev += 2 3 2 100E —evuv/uvey + 1 jet B H[125Gey] |
g 60? E o E - Data %% SM (sys @ stat) | ¢ E E
W g ) 4 w5 mww @wzzzw, Y gl 3
E V7% E E O [ singleTop r ]
40F 2 P 4 B Z+jets [] W+ets - - i
F E E I ooF [ verF 3 60|~ ]
30 = 3F — C ]
E 3 E 3 401 7
20 = = L ]
10:_ = = 20— —
950 100 150 200 250  30C 100 200 50 300 300
m; [GeV] m; (GeV] m; (GeV]
% LA EEL L B R R I B R R R LR B % :|||v|||||v|vw|||vw|||||v|_%30-—|r\|||\\|| |||||v‘w||v—; % F lv\|||\||lllv||‘|v:
5} 60 ATLAS Preliminary & ove Z WO G b ATLAS Preliminary &0 Z 090" 1 6 - ATLAS Prellmlnary ;37‘; D1 & 18f ATLAS Preliminary & oee = D00 ™ =
= F \s—7Tev,[Ldt=dsfo’ ¢ [ESngeTp | 2 C \s=7TeV,[Ldt=46f’ i [ESmdeTe ] 2 25 \s-7TeV,[Ldt-46f" [ [ESndeTp - 2  oF \s-7Tev,[Ldt=46f’ [ [JSndeTop ]
; 50_— H WW(.) . 0 et Bl Z+jets [ W+jets -] ; C H WW(.) ; 0 et Bl Z+jets  [] W+iets b ; _— WW() y 1 et Bl Z+jets  [] WHiets ] ; E H WW") y 1et B Z+ets [ W+jets ]
_.g. E —> —evuv/uveyv + 0 Jets B H[125GeV] E _.S. 40 - —> —evev/uvuy + 0 Jets B H[125GeV] - g 20; — —evuv/uvev + Je B H([125GeV] E ,g 14:_ — —evev/uvuy + 1 Jel B H[125GeV] _:
i o EI- - 1 & et :
30:_ _: 30:_ 7 = _: 15:— —: 10;— —;
20f- E 20 - 10 E E
o[- = 10F : - = E
E ] C ] C 4 .3 E
300 250 301 200 250 300
my [GeV] my [GeV] my [GeV] my [GeV]

UNIVERSITY©F

K. Nikolopoulos Higgs boson physics with ATLAS November 18", 2013 ?ﬁlfﬁ BIRMINGHAM 77




H-WW®*) —-evuv +2 jet Event Display

ATLAS Run 214680, Event 271333760

% EXPERIMENT 17 Nov 2012 ©7:42:05 CET

’ / v W

mj = 1.5 TeV, |Ay;| = 6.6, my = 21 GeV, mr = 95 GeV
pTe= 51 GeV, pTu=15 GeV pTjets= 68,33 GeV, MET=33 GeV
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H-WW®) lvlv: Results 2011+2012
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Overview: Mass measurement
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Using the high resolution channelsl&/ |
| The ATLAS and CMS mass comblnatlons are |n good agreement
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The Higgs boson mass
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Higgs Boson Width
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Higgs boson mass: CMS HoT1r

Mass 120*9.7 GeV
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H—bb: Event Selection

Object 0-lepton 1-lepton 2-lepton
Leptons 0 loose leptons 1 tight lepton I medium lepton
+ 0 loose leptons + 1 loose lepton
2 b-tags
jetq
Jets pJTet > 45 GeV
> 20GeV
+ < 1 extra jets
. ET™ > 120 GeV ETSS > 25 Gev ET < 60 GeV
Missing Er mlss > 30 GeV T T
A¢(Emlss mlSS) < 7T/2
mln[Aqﬁ(Emlss jet)] > 1.5
A(zS(Emlss bb) > 2.8
Vector Boson - m%v < 120 GeV | 83 < myr < 99 GeV

Table 2: Further topological criteria in p‘T/ intervals. The O-lepton channel does not use the lowest two
p‘T/ intervals.

py [GeV] | 0-90 | 90-120 | 120-160 | 160-200 | >200
All Channels | AR(b,b) |0.7-3.4]0.7-3.0 | 0.7-23 | 0.7-1.8 | <14
E™ [GeV] >25 >50
mY [GeV] 40-120 <120

1-lepton
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HoTT

ATLAS-CONF-2012-160
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2012-160/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2012-160/
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:E 6 \:|+20 =
e Direct probe of Higgs boson coupling to leptons - =10 E
e Observable: mm o |
e Backgrounds: Z—Tt, diboson, top 5
. 0 . » C
e Poor mass resolution (~15%) due to neutrinos 3f
e Separate final states: oF
e T-decays: e, UM, €Th, MTh, ThTh 5
* jet multiplicities I :
* 11 : 2j VBF, Boosted, 2j VH, 1] 05010420130 140 T50
e TTh : 2] VBF, Boosted, 1j, 0j
* TaTh : VBF, Boosted " ATLAS Preliminary | Ldt= 4.6 ™ \s = 7 Tev i
S [Ldt=13.0b", \s = 8 TeV-
3 | —oObserved H — 11

10 E --- Expected for SM Higgs Boson

IIIIIII

S Expected for SM Higgs Boson at mH=125 GeV

~ 95% CL exclusion limit at my=125GeV is 1.9(1.2) x SM
| expectation |

Local significance at myp=125GeV is 1.10 (1.70)
CMS Local significance at my=125GeV is 2.850 (2.620) 1‘
CMSRate with respect to SM 1 1 + 0 4 @ m|-|—125 GeV }
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Overview of Signal Strength measurements
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Table 2: The categorization of the H — TiepTiep analysis. The JVF cut is [JVF| > 0.75 for 7 TeV data,
the lepton centrality is not applied for 7 TeV analysis, and the 0-jet category is not used for 8 TeV data
analysis.

2-jet VBF Boosted 2-jet VH 1-jet
Pre-selection: exactly two leptons with opposite charges
30 GeV < Mmer < 75 GeV (30 GeV < Mmep < 100 GeV)
for same-flavor (different-flavor) leptons, and pr¢1 + pr.e2 > 35 GeV
At least one jet with pr > 40 GeV (|JV Fje| > 0.5 if [mjee] < 2.4)
Efrniss > 40 GeV (EF™ > 20 GeV) for same-flavor (different-flavor) leptons
H™ > 40 GeV for same-flavor leptons
0.1 < X12 < 1
0.5< A(ﬁgg <25
pr.n>25GeV (IVF) | excluding 2-jet VBF |  pr.» > 25 GeV (JVF) ;’gzls‘igénagni‘g;%%

Anjj > 3.0

pree > 100 GeV

excluding Boosted

Moy > 225 GeV

mj; > 400 GeV

b-tagged jet veto

Ai]jj <2.0

b-tagged jet veto

b-tagged jet veto

Lepton centrality and CJV

30 GeV < m;;j < 160 GeV

b-tagged jet veto

0-jet (7 TeV only)

Pre-selection: exactly two leptons with opposite charges

Different-flavor leptons with 30 GeV < my, < 100 GeV and pre1 + pr.ez > 35 GeV

A¢55 > 2.5

b-tagged jet veto
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Table 3: Event requirements applied in the different categories of the H — TiepThag analysis. Require-
ments marked with a triangle (») are categorization requirements, meaning that if an event fails that
requirement it is still considered for the remaining categories. Requirements marked with a bullet (e) are
only applied to events passing all categorization requirements in a category; events failing such require-
ments are discarded.

7 TeV

8 TeV

VBF Category

Boosted Category

VBF Category

Boosted Category

> pr i >30 GeV
> EMS >20 GeV

> EMSS >20 GeV

> pr Mdvis >30 GeV
> EMSS >20 GeV

> pr Mdvis >30 GeV
> EMS >20 GeV

> > 2 jets > pp > 100 GeV > > 2 jets > pr > 100 GeV
> pr/l, pr/?>40GeV | »0 < x; <1 > pr/l > 40, pr/? >30GeV | »0 < x; < 1
>An;; > 3.0 >0.2 <xp <1.2 >An;; > 3.0 >02<x<1.2
>mj; > 500 GeV > Fails VBF >m;j; > 500 GeV > Fails VBF

> centrality req. — > centrality req. —

>1j1 Xnj2 <0 = > 11 X2 <0 -

> pr o@l < 40 GeV - > pr @l < 30 GeV -

— — > pr ¢ >26 GeV —

& mr <50 GeV & mr <50 GeV & mr <50 GeV & Mmr <50 GeV

e A(AR) < 0.8 e A(AR) < 0.8 e A(AR) < 0.8 e A(AR) < 0.8

e > Ap <35 e YAp<1.6 o > Ap <28 —

— — e b-tagged jet veto e b-tagged jet veto
1 Jet Category 0 Jet Category 1 Jet Category 0 Jet Category

> > 1 jet, pr >25 GeV
> T >20 GeV
> Fails VBEF, Boosted

>0 jets pt >25 GeV
> EMSS 20 GeV
> Fails Boosted

> > 1 jet, pr >30 GeV
> BT >20 GeV
> Fails VBE, Boosted

>0 jets pr >30 GeV
> ETS >20 GeV
> Fails Boosted

o mt <50 GeV
e A(AR) < 0.6
e > Ap <35

o mt <30 GeV
e A(AR) < 0.5
e > Ap<35
° pfi, — pfr <0

o mt <50 GeV
e A(AR) < 0.6
e > Ap<35

e mt <30 GeV

e A(AR) < 0.5

e >Ap <35
4 T

® Dr— Pr <0
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H—ThTh

Table 4: Summary of the event selection and categories for the H — TpaqThag Channel.

Cut Description
Preselection | No muons or electrons in the event
Exactly 2 medium 71,54 candidates matched with the trigger objects
At least 1 of the 1,59 candidates identified as tight
Both 7,4 candidates are from the same primary vertex
Leading Thaq.vis pr > 40 GeV and sub-leading Thaq.vis pr > 25 GeV, || < 2.5
Thad candidates have opposite charge and 1- or 3-tracks
0.8 < AR(Tl,Tz) <28
An(t,7) < 1.5
if Efrniss vector is not pointing in between the two taus, min {Arp(EfrniSS, T1), A¢(E%1iss, Tz)} <027
VBF At least two tagging jets, ji, jo, leading tagging jet with pt > 50 GeV
nj1 Xnjp <0,Anj; > 2.6 and invariant mass m;; > 350 GeV
min(#;i,7;2) < Nri, N2 < Max(@;1,12)
ET™ > 20 GeV
Boosted Fails VBF
At least one tagging jet with pr > 70(50) GeV in the 8(7) TeV dataset
AR(Tl,Tz) <1.9
EMS > 20 GeV
if EX™S vector is not pointing in between the two taus, min {A¢(E,I}1iss, 1), AG(EM™S, 72)} <0.1nx.
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HoT1T

e Direct probe of Higgs boson coupling to leptons
e Observable: my
e Backgrounds: Z—TT, diboson, top
e Poor mass resolution (~15%) due to neutrinos
e Separate final states:

e T-decays: ue, U, €Th, MTh, ThTh

e jet multiplicities: 1, 2

number of jets ety KTy, ey, m‘}
. 0-jet, low p; 1-jet, low p; 2-jet (VBF)

= High background, *» Enhancement from ® 22jets, nojetin
constrains nuisance jet requirement rapidity gap
parameters = m(jj) > 500 GeV,

= No fit for signal |An(jj)| > 3.5
0-jet, high p; 1-jet, high p;

= High background, = Enhancement from
constrains nuisance jetand p;
parameters requirement

= No fit for signal

4
Wi 1-jet T, 2-jet (VBF)
1 jet, high p(H) 2 jets, high p;(H)
requirement requirement, m(jj) >

250 GeV, |An(jj)| > 2.5

CMS Experiment at LHC, CERN
Data recorded: Sun Nov 25 00:15:46 2012 CEST CMS
Run/Event: 207898 / 97057018 \

T~4_ Muon: p; =31.9 GeV

Seepd,,

S\ — ﬁ UTh candidate
Jet: p; = 80.5 GeV T\
et P v __1 U, ;FJet: p; = 36.3 GeV

s / 1 \
AR ¥ \uth‘m"‘ L

Tau: p; =44.0 GeV

M., =120.3 GeV
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H—T1T: Results

[1/GeV]

TT

S/B Weighted dN/dm

1000
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400
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MS Preliminary, Vs = 7-8 TeV, L = 24.3 fb™

CMS Preliminary, ys=7-8 TeV,L=24.3fb"  H— 1

C

ey, et,, UT,, T, T,

i

1L I L
100

1 L] = = - - L] - - 1 | | | | | | || | | | | || | | | | | | || || | |
sk H{125 GeV) — 11 1 g E l I I 5
E:la ;JBacl:g.round (_U : : : 16
X252 Bkg. Uncertainty ?
E’ 20
©
@)
S
30
T
- 1 0-4 e et et e e s e e e e e e ee e e e e ee s s ee e eee e ee s ee e ee b reee e eeeean
e ] : 40
+ observed - e IS AN . '
— AN - 10 : —e— p-value observed
C—« -
B clectroweak - Tl EE—E—_ p-value expected
] aco - .
- 50
: 10-7 ....................................................................................................................................................
200 300 0-8 1 1 1 1 I 1 1 1 1 I 1 1 1 1 l 1 1
110 120 130 140
m.. [Ge

Local significance at mn=120GeV is 2.9 2.)
Local significance at myp=125GeV is 2.850 (2.620)

Consistent picture across different channels
Rate W|th respect to SM 1 1+ 0 4 @ mH—125 GeV
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H—T1T: Event Display VBF-like candidate

PTu=31.9GeV

CMS Experiment at LHC, CERN
Data recorded: Sun Nov 25 00:15:46 2012 CEST
Run/Event: 207898 / 97057018

UTh candidate
mm = 120.3GeV

PTj=80.5,36.3GeV
m;j = 1.2TeV

CMS Experiment at LHC, CERN =
Data recorded: Sun Nov 25 00:15:46 2012 CEST C MS
Run/Event: 207898 / 97057018 g S

'1\[& Mu?n; p;=31.9 GeV
I~ 22
Jet: p; =80.5GeV (= \\ = ,,FJet; p; = 36.3 GeV
e PT1h=44.0GeV
Tau: p; = 44.0 GeV
M, = 120.3 GeV
. . . . RE NIVERSITYOF
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ATLAS Spin/CP studies: The scenarios

arXiv:1001.3396

= = - — - Spin determination of single-produced resonances at hadron colliders
j} Spln/CP StUdIeS fO”OWIng formallsm Of arXIV 1 001 3396 and Yanyan Gao,"? Andrei V. Gritsan,! Zijin Guo,! Kirill Melnikov,® Markus Schulze,! and Nhan V. Tran'
. p . . o .
(arXiv:1208.4018 e Ntiond Acctetor aboaory (FWAL) Bt 11, 053
o Currently StUdy pure Spln/CP states | (Dated: submitted on January 19, 2010; revised on March 12, 2010)
» Ultimate goal: determine helicity amplitudes and observe/ W St o T vt esion ot o] s o vs e S o 2t
constraint admixtures (potentially CP-violation) tatod with the simalation of the production sad decag chai saoteding; all spin soreelafions acd

the most general couplings of spin-zero, -one, and -two resonances to Standard Model matter and
gauge fields. We note implications for analysis of a resonance decaying to other final states.

PACS numbers: 12.60.-i, 13.88.+¢, 14.80.Bn

spin-0 A(X — ViVao) = v teites” (a1guum§< + a2 quqy + az€uvap qf‘qg)

TABLE I: The list of scenarios chosen for the analysis of the production and decay of an exotic X particle with quantum
numbers J¥. For the two 27 cases, the superscripts m (minimal) and L (longitudinal) distinguish two scenarios, as discussed
in the last column. When relevant, the relative fraction of gg and gg production is taken to be 1:0 at mx = 250 GeV and 3:1 at
mx = 1 TeV. The spin-zero X production mechanism does not affect the angular distributions and therefore is not specified.

scenario (J P ) X — ZZ decay parameters X production parameters comments

‘/ 0t a1 # 0 in Eq. (2) gg —> X SM Higgs-like scalar

v 0 az # 0 in Eq. (2) gg — X pseudo-scalar

v 1t g2 # 0 in Eq. qq — X: p11, p12 # 0 in Eq. (9) exotic pseudo-vector

v 1 g1 # 0 in Eq. (4) qq — X: pu,plgaéOinEq (9) exotic vector

Q/ 2 g'¥ = ¢{? £ 0 in Eq. (5) gg — X: g ) 40 in Eq. (5) Graviton-like tensor with minimal couplings

qq—)X p213£011'1Eq (10

x 27 ce # 0 in Eq. (6] gg — X: 92 = g;(,z) # 0 in Eq. (5) Graviton-like tensor longitudinally polarized
qq — X: pa, ng # 0 in Eq. (10) and with J, = 0 contribution

x 2~ gt? = ¢{¥ £ 0 in Eq. (5) g9 — X: ¢'¥ 0 in Eq. . “pseudo-tensor”

qq — X: ps1, p22 70 in Eq. (10]
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H—yy : Analysis procedure

- Analysis similar to “rate/mass” analysis but optimized selection:

B pTV1>O'35 mW and pTV2>O'25 mYV side-band statistics: 1% (3%) for |cos8*| <(>)0.8
- Minimize Myy and cosO* correlations for background residual correlations: 0.6% (2%) for | cos6*| <(>)0.8

- Residual correlations at 0.6% (2%) level for |cos0*|<(>)0.8 § T

- H—yy is a low S/B final state (inclusive ~3%) - 1:22-_£TL;TSerLdt 207 " E
- Simultaneous fit to m,, and |cos87| in signal region E 104 3

- m,, in side-bands g 1021-‘:—%+_+_—+—:}= _________________ = E

- m,, modeling similar to rate analysis § 0.98F | +—+——T—_ E
- Signal : Crystal-Ball (describe ~95% of events) and Gauss 096} [T o unceramy E

- Background : 5" order polynomial 22;';_' E

- c0s@" modeling YT ESAOS NS ANTIORNDOUSTNRSN IYNRE:
- Signal : derived from MC Icos 6%

For SM correct for interference between gg—vyy and signal (important for [cos6*| > 0.8)
For 2 no description for such effect, neglect.
- Background : |cosB| distribution from m,, side-bands

- pt spectrum: reweight spin-2 state to SM PowHeg (HQqT), full size of correction as systematic

ATLAS \@=8TevfLo|t=2o.7fb'1 & eof | I
— S [ ATLAS ]
> C . .
3 8 sof ]l ¥EIndf=15.9/21
& A5 [ Vs=8 TeV (CL=0.775)
40F _1 =
: det=20.7fb

30F -
1 20 -]

) -
-3 10F =

-4 :
-5 0k I A I I P I LA I "
0 0102 0304 05 0.6 0.7 0.8 09 1 5 4 3 2 4 0 1 2 3 4 5
lcos 6"l (n°P5-n*P)/°P
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H—vyy : Alternative method
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ATLAS Preliminary Data 2012,|s =8 TeV
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> > > 600
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H—-ZZ—4l : Publication
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2 20~ [ Background Z+jets, - .2 16 [l Background Z+jets, tt ]
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H—-ZZ—4l : Distributions of discriminants
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H-ZZ—4l:LLR 0*vs 0, 1%, 2*
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H—-ZZ—4l : BDT and JP-MELA discriminants
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H-ZZ—4l:LLR 0*vs 0, 1%, 2*
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H—-WW-—lvilv: Data/MC in the Signal Region
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H—-WW-—lvlv: Spin/CP sensitive variables
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Normalised to unity

Combination: The case of 0* vs 2*
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Amplitudes

Spin-O — two gauge bosons
AX = VV) =v gl e” (algwmi + a3 Gudy + 03€va8 457 4 )
Spln-1—> two gauge bosons
AX = 27) = gV [(e1q)(6ex) + (e39) (€7ex)] + g5 eapmpei e es " 3

Spin-2 — two gauge bosons
AX - VV)=A" [2g£2>twf*1>“0‘f*2”/0‘ + 2952)%1/ qo‘qﬁ f*l,/wéf*2 RNG
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—|—gs A2 tLWf ’ faﬂ ‘|’99 tMOéq €/~WPU€1 € g + A2 Cuvpcqd 4 (61 (q€2) +€2 (qel))

Spin-1 — two fermions
_ _ Mqq
A(Xj=1 = q@) = Mg, (w (7 + 95 ) + 23 (o0 +p§”%)) Vga.

Spin-2 — two fermions
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Combination: Results Overview

0*vs O
0~ assumed 0" assumed P s PR P
Channel Exp. po(J” = 0*) | Exp. po(J” = 0°) Obs. po(J" =07) | Obs. po(J" =07) || CLy(J" =07)
H— 727" 1.5-1073 3.7-1073 0.31 0.015 0.022 97.8%
0t vs 1%
1" assumed 0" assumed P e P 14 P 14
Channel Exp. po(J” = 0%) | Exp. po(J” = 1*) Obs. po(J" =07) | Obs. po(J" =17) || CL(J" =17)
H — 77 4.6-1073 1.6-1073 0.55 1.0-1073 2.0-1073
H— WW* 0.11 0.08 0.70 0.02 0.08
Combination 271073 47107 0.62 1.2-107* 3.0-107% >99.9%
0tvs 1
1~ assumed 0" assumed P P4 P 4
Channel Exp. poU” = 0°) | Exp. po(” = 1°) Obs. po(JE =0%) | Obs. po(J¥ =17) || CLy(JF = 17)
H— 77* 0.9-1073 3.8-1073 0.15 0.051 0.060
H— WW* 0.06 0.02 0.66 0.006 0.017
Combination 1.4-1073 3.6-107* 0.33 1.8-1073 2.7-1073 99.7%
0+ vs 2%
2% assumed 0" assumed
- . po(JE =0%) | Obs. po(JF =2%) || CL(JF =2*
100% 3.0-1073 8.8-107 0.81 1.6-107° 0.8-107 .
75% 9.5-1073 8.8 10~ 0.81 32.10°5 17-10¢  >99.9%
50% 1.3-1072 2.7-1073 0.84 8.6-107 53-10%  for all foq
25% 6.4-1073 2.1-1073 0.80 09-104 4.6-1074
0% 2.1-1073 55-1074 0.63 1.5-1074 421074
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Overview: Coupling studies

1

-2

CMS Preliminary s=7TeV,L<5.1fb" {s=8TeV,L<19.6fb"
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~ \s=7TeV/Ldt=46-481" &4 H— vy EJCombined
— \s=8TeV [Ldt=20.71b" + SM X Best Fit
:l 11 l I l 11 1 1 l'l I - l I I I - | I | 11 III l | - l 11 l:
06 0.7 08 09 1 11 12 13 14 15 1.6

A
<

Assuming that:
- the resonance corresponds to a CP-even boson
- no contributions beyond the Standard Model
- deviations of vector boson couplings to the Higgs described by one overall scaling (kv)
- deviations of fermion couplings to the Higgs described by one overall scaling (kr)
Data compatlble with the Standard Model expectatlon for both experlments
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Higgs boson couplings

‘ H IggS boson Slg nal Strength measu rement ‘ | Table IQ: Summary of the coupling benchmark models d.isc.ussed in this paper, whe.:re Aij = ki/Kj, ki = Kik;/kg, and the functional dependence

assumptions are: Ky = Ky = Kz, Kp = K; = K, = K (and similarly for the other fermions), kg = kg(kp, k1), Ky = Ky(Kp, Kz, Kz, Kw), and kg = kp (k;).

| ‘
‘ f0||0W|ng formalism of arXiv:1209.0040 ;‘ Model | Probed Parameters of Functional assumptions
e single resonance of 125.5 GeV | couplings interest Ky | Ki | Ke | Ky | Kn
. . . | 1 Couplings to Ky, KF VIivIiVvIVvI]V
e narrow width approximation . 5 fermions and bosons T TV TV IV
. only modlflcatlons of the coupling trengths | 3 S Tvr ik | - TN VI V] -
A — - ymmetry
"ATLAS Total uncertainty 4 vz, Arz dyzokzz | - | N [N |- ] -
m, = 125.5 GeV . . 5 Vertex loops Kg, Ky =1 |=1] - |- |+
S s amas T DT AN
U\ [ - \s=7TeV|Ldt=46481f" &3 H — vy EJCombined |
Ky : : / 3 1s=8TeV|Ldt=20.71b" + SM x Best Fit
Model: | oKpoE [0;7‘15‘,-‘-1‘-.‘-1-8] _______________________ i ;’ - . . o 7
e g Ll — 2 — T .
Kys Kg N ky € [1.05,122] | / . = | Deviations described by
| N : VAL 1 - | overall scales kF (kV) for
F \ / - ] fermions (bosons),
\[ - / 4 0? 2 respectively, no BSM
S/ : / E - contribution
Model: A D ; / - .
Mepkyy Y Ay e 070,100 S 25 E
e e e I Y 1 T B R R N
Model: : ; 5 2D compatibility with SM is 12% Ky
Mzre Mwz|  Awz=082x015 | |/ T S e e .
ey Ky i N 22F ATLAS *SM =
FZ S S ¥ 57 I E \s=7TeV |Ldt=4.6-4.810" x Best fit E
: ' \ B/ 2 \s=8TeV [Ldt=20.7 b —68%CL E
K| , B/ 1.8/~ Combined Hoyy, ZZ*, WW* ~r95% CL -
: \i| / 1.6 =
MOdeI: ........ DU Koo —_— 104i014 ..................... : H : 5 ‘_ : : : - :
Ky, K ' 'Kg — 120|+0 5 i _,1‘ | Constrain contributions to 1.4 =
o PRV e /=4 | production/decay loops. Known 1.2F —
Ky : g / particles fixed to SM strength. New 1B =
........ |llll l‘ll ll\ I1‘0“ partlcles assumed to not Contrlbute 08f— _E
- 0 1 to Higgs width 0.6~ 2D compatlblllty W|th SM |s 14% -
\s=7TeV [Lat=4.648 b _ Parameter value 08 00 1 91 T2 13 14 1B 16 17
\s =8 TeV [Ldt =20.7 fb" Combined H — yy, ZZ*, WW* .,
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“Invisible” Higgs boson decays prospects

Cut variables Thresholds
. ,LX o 3 - EDSS > 180 GeV
e Signature : Z—ee/up + large MET d‘WQ"’). <12
' || e EmISS) > 2.7
- * Main Backgrounds ZZ—>IIvv WZ—>IvII WW—>IvIv ~
e — IE““SS- Py 1/ Py <0.6
Jet veto > 25 GeV
>107§'|""|""|'"'|""|"§
& _FATLAS Simulation Vs=14 TeV, [ Ldt = 3000 fb '3
Expected yields 300 fb~! 3000 fb~! g 10" gPreliminary . E
77 1321+ 53 | 12000 = 500 2 qo Ao eewinvisivle  m— 2z N
— — = = s wz E
wZ 440 + 2 4501 + 22 2 b B Top quark E
WwW 09+0.9 52 +21 ; ------- gﬁal (BR(inv)=02) -
Top 127 £37 | 1810 = 440 F E
Z+jets 172 + 87 | 82000 + 6100 107
Signal (125 GeV, BR(H — inv.)=20%) | 154 £2 1379 + 21 10 |
L
200 300 400 500 600
E™sS [GeV]
BR(H —inv.) limits at 95% (90%) CL | 300 fb~! 3000 fb~!

Realistic scenario
Conservative scenario

23% (19%)
32% (27%)

8.0% (6.7%)
16% (13%)
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Prospects for Run lI/lll and HL-LHC

ATL-PHYS-PUB-2013-014

Several open topics in the Higgs sector for future studies:

ATLAS Simulation Preliminary
's = 14 TeV: [Ldt=300 b ; [Ldt=3000 fb"

- Rare decays & Couplings - CP studies
- BSM Higgs boson searches - Higgs boson pair production
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Prospects for Run lI/lll and HL-LHC

Au/u 300 tb~! 3000 fb~!

All unc. | No theory unc. | All unc. | No theory unc.
H — uu (comb.) 0.39 0.38 0.15 0.12
(incl.) 0.47 0.45 0.19 0.15
(ttH-like) 0.73 0.72 0.26 0.23
H — 17 (VBF-like) 0.22 0.16 0.19 0.12
H — ZZ (comb.) 0.12 0.06 0.10 0.04
(VH-like) 0.32 0.31 0.13 0.12
(ttH-like) 0.46 0.44 0.20 0.16
(VBF-like) 0.34 0.31 0.21 0.16
(ggF-like) 0.13 0.06 0.12 0.04
H — WW (comb.) 0.13 0.08 0.09 0.05
(VBF-like) 0.21 0.20 0.12 0.09
(+1)) 0.36 0.17 0.33 0.10
(+0p) 0.20 0.08 0.19 0.05
H — Zvy (incl.) 1.47 1.45 0.57 0.54
H — yy (comb.) 0.14 0.09 0.10 0.04
(VH-like) 0.77 0.77 0.26 0.25
(ttH-like) 0.55 0.54 0.21 0.17
(VBF-like) 0.47 0.43 0.21 0.15
(+1j) 0.37 0.14 0.37 0.05
(+09) 0.22 0.12 0.20 0.05

Table 17: Relative uncertainty on the signal strength u for the combination of Higgs analysis at 14 TeV,
300 fb~! (left) and 3000 fb~! (right), assuming a SM Higgs Boson with a mass of 125 GeV. For both
300 and 3000 fb~! the first column shows the results including current theory systematic uncertainties,
while the second column shows the uncertainties obtained using only the statistical and experimental
systematic uncertainties. The abbreviation “(comb.)” indicates that the precision on u is obtained from
the combination of the measurements from the different experimental sub-categories for the same final
state, while “(incl.)” indicates that the measurement from the inclusive analysis was used.
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Coupling Expectations

ATLAS Simulation Preliminary
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Figure 23: Relative uncertainty on the expected precision for the determination of coupling scale factor
ratios Ayy in a generic fit without assumptions, assuming a SM Higgs Boson with a mass of 125 GeV
and LHC at 14 TeV, 300 fb~! and 3000 fb~!. The hashed areas indicate the increase of the estimated
error due to current theory systematics uncertainties. The numerical values can be found in model Nr. 5

in Table 19.
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Effective Lagrangian and Invariant Amplitudes
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H—vyy: cos0* / myy residual correlations
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Figure 7: Residual correlations between the invariant mass m,, and | cos §*|, from the ratio of the back-
ground models of |cos | in the alternative and the nominal analyses. The background model in the
nominal analysis is given by the normalised distribution of | cos 6%|, built from all events belonging to
the sidebands (105 GeV < m,, < 122 GeV and 130 GeV < m,, < 160 GeV). For the alternative anal-
ysis, the distribution corresponds to the estimated number of background events in the signal region
(122 < m,, < 130 GeV) in each bin, normalised by their sum. The number of events in the signal region
in each bin is estimated from a fit to the invariant mass sidebands, using exponentials of second degree
polynomials for the first nine bins and a third degree polynomial for the last bin. The orange and blue
bands correspond, respectively, to the statistical uncertainty from the sidebands and the total uncertainty
on the background model in the nominal analysis. The total uncertainty includes, in addition to the
statistical errors, systematic uncertainties from the residual correlations between the invariant mass m,,
and | cos 6%| estimated from Monte Carlo simulations. The compatibility of the ratio with the line at one
implies that no significant correlation between m,,, and | cos 6%|, within the current precision, is observed
in the data.
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