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Hiccs BosoN AND TIME
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Person of the Year?
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What do you think?

Shoukd The Higgs Doson be TIMEY Person of P
Yoar 20177

10.74% Definitety  80.26%5 No Way

10.74%% Definhely 50.2(" 5 No Way

Take a momeat 1o thank this little particle for all the
work it doss, bocause without it, you'd be just
inchoate enerpy without so much 25 2 et of mass.
\What's more, the saze would be troe for the etre
universe. It wag in the 1pao that Seottih phymast
Peter 11iggs first posited the casteace of a particle
that causes energy 1o make the Jum=p 19 matmes. Butit
was not until Last summer that a tea= of researchers
g Larpe Hadron Collider — Roll Heoer,
andela and Fabiola Glasets —at hst
uul«llhdullndnmdaugﬁml‘vru.}\rm:i—_id
Finstein's peneral theory f relativicy. The Higps =24
particles do immediately decayed to more-
l\mhmnulpmnl-ﬂ.bmbom:n-uﬁ&mh “ourtesy of
1990 hhmtumﬂmmbnmnrnnhnhmﬂ. André David
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HIGGS BOSON AND TIME

Person of the Year?

What do you think?
~
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Should The Hegos Boson e TIME™S Peorsor
Year . 4

)
19.74%6 Definitelty 8(0).26° . No Way

19.74°%6 Definitely 8026 No Way

Take a moment to thank thas hittle particle for all the
work 1t does, because without 1t, yvou'd be just

inchoate energy without so much as a bat of mass
What's more, the same would be true for the entire
universe. It was in the 1000s that Scottich ;»:’.‘. <3CT<t
Peter Higes first posited the exastence of a particle

Bait 1t

that causes energy to make the jump to matter. But 1t

was not until last summer that a team of researchers
at Europe’s Large Hadron Colhider — Rolf Hewer

Joseph Incandela and Fabiola Gianotts — at la

sealed the deal and in so doing finally fully confirmed

Einstein's general theory of relatmaty. The Higgs — as
particles do — immnediately decayed to more
fundamental particles, but the scentists would surely Courtesy ot

CERN

s stead André Davad

smulason of a Higgs-HSoson decaymng into four muons
be happy to collect any honors or awards 1 s stead.

1950
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Before LHC: where to expect the Higgs?

. Fits to Standard Model data favors a ““light” Higgs Boson
. After 2010, at 95% CL, a 40 GeV window was left for the SM
Higgs
o~ 1
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Fits to Standard Model data favors a “light” Higgs Boson
After 2010, at 95% CL, a 40 GeV window was left for the SM

]
]

Tevalion 95% CL

G [[TEE .

Theory uncertainty
—— Fit including theory errors =
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: ATLAS 2011 Combination =

SJuh'-) '{MF LE' g Cn
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Cxp. Obs. Cap.  Obs
— Wy (4.9 107 — M T2 igq (205 16°)
cee m— s WV el (205157) Hes T2+ ive (208 15")
e e s ZZ+ 1M1 (48 107 one e s W RS (1.04 1)

95% CL limit on o/agy,

L dl - 1.04-4.9 16", 1987 ToV CLs limits
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ATLAS 2011 Combination

. At 126 GeV local signif.: 3.56 (py: 2.7x 107
. Accounting for Look Elsewhere Effect (LEE)::
. Global p,~0.6% (2.5 o) for 114-146 GeV (HCP
mass range)

ATLAS 2011

- - — i —

. Global p,~1.4% (2.2 o) for full mass range 110-600 ’ Ny \ \
GeV \ /
1 Jﬁ
4 " \ ‘[‘
\ ' J
» . T . /
7,‘ |
&l
! " "‘.. #
\ N rf g [v £\
ll ji \ - Y
Vv b s \ nd™ . E / _ - -
W X - e A AN i - S 7 TeV ’ Ldt~ 10449
ATLAS 201 1 | " 440 m e TeV Cls limits <\ ﬁ‘/\ ) :
- : 4 ‘ [ 11 30 135 1

m,, [GeV]
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CHRONOLOGY

-3 years ago, the LHC started to produce
collisions at a centre of mass of 8 TeV. The 7
TeV run showed some hints of a signal
consistent with the Standard Model (SM Higgs
boson

+On July 4" of 2012, both ATLAS and CMS
announced that they had discovered a new
particle consistent with what was expected in the
SM. Two papers were then submitted at the end
of July —

The ATLAS paper was titled: “Observation of a New Particle in the
Search for the Standard Model Higgs Boson”

The LHC delivered 4 times the data used for the discovery by the end of
2012. Results using the full dataset were presented in March 2013
prompted CERN to declare that the new particle was “a” Higgs boson
(two key ATLAS papers)
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Higgs Production

Sulutrimy fur ( z
Cross sections for process gTev 13 TeV

m,=125 GeV: gluon-gluon fusion 19pb  44pb
vector-boson fusion 16pb 3.7pb

associated production gl pb 22pb
associated production 3pb 0.51pb
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*The SM does not predict the
Higgs boson mass: we need to
measure it

Branching ratios

-Given a mass, we can make
predictions for the production
cross section and decay rates

. Around a mass of 125 GeV:

al
-ggH xs changes by ~1.5% per GeV 19" 100 160

.WW BR changes by ~7.5% per GeV

BR changes by ~9.5 per GeV Higgs mass measurements (GeV):

ATLAS:[125.36 =0 (stan) = 0.18 (syst)
cMs: [125.02 =0.27 (stay) =0.12 (syst)
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INPUT PARAMETER: HIGGS BOSON MASS 5 e
Wp = *—)G'_-:-)F-":s)

e

B

AN A
|

*The SM does not predict the
Higgs boson mass: we need to
measure it

Branching ratios

-Given a mass, we can make
predictions for the production
cross section and decay rates

. Around a mass of 125 GeV:

3
-ggH xs changes by ~1.5% per Gev 1° 160
R changes by ~7.5% per GeV

changes by ~9 5 per GeV Higgs mass measurements (GeV):

ATLAS:

CMS: 1" Q’ lfj stat) QIE ssl)
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ot Suhs

(&et)

( ATLAS MASS MEASUREMENT s sl
sulutimy fur -Lr_:'. L v/,

G'_ -de )F—" :s)

Tublished in FRD arXiv:1406.3827 ]
_Z.) Wil |
o/

me=l

ATLAS
M- ZZ° - Al

[ AL [.a.. aen'

fetv Fm..-nn.‘ m'

Events / 25 GeV

ho 90 100 110 120 130 140 150 160 170

My, [G'-"V]
L1943 %™ (srat) "% (syst) GeV 1268 =02 (stat) =0.7 (syst) (EicV ;
L RO Expected mass shifl -450 +/- 350 MeV

2 1]
=, ]
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CMS MASS MEASUREMENT
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- CMS combined mass result: J 125.02

Pirsa: 15070057
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HiIGGs MASS MEASUREMENT

ATLAS and CMS - ATLAS »

=] ATLAS #
=1 LHC Run 1 CMS
5 2.5 CMS )
7 ~ ——

- S T Combined ATLAS/CMS Mass:

" 12509 =021 (stat) =0.11 (syst) GeV

124 124.5 125 125.5 2€ 2€ P
. [GeV)
—_———
LHC
0.2% precision measurement. cus ———
Statistical uncertainty 1s the e —a——s
dominant uncertainty e =
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«A comprehensive program to test
the SM Higgs hypothesis:

«Precision mass measurements
«Measurement of couplings
-Production modes
-ggH, WH, ZH, VBF, ttH
+Decay modes:
oy, WW, ZZ, tt, bb
.Off-shell measurements
-Rare Decay modes:
el Z".Jh" MO Mase m 126.0 & 04 GeV 3
-Qualn‘lum{nurgb{ers: Spin and CP 1O sl gt i e chass

Combined Final States = 1.07 4 026 (S = 14)
«Fiducial and differential 1Y W* Final State = 088 £ 030 (6 = 11)

22° Final State = 009757

measurements 72 Final State = 1,65 £ 0.33
bb Final Stare = 05757

"Width o+ ¢~ Final State = 0.1 & 0.7
.Direct, off-shell, interference

Pirsa: 15070057
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Main production depends on coupling to 10 uark (in
SM), with smaller contribution froﬁw VBF (agquH) (
which depends on coupling to W/Z bosons

gfﬂ%ay depends on coupling to top and W boson (in

Large backgrounds: need good photon identification
ATch\S EM calorimeter designed with this signal in
min

Small branching ratio, need integrated luminosity

= ory final state:
#Cellent Higgs mass resolution

ooking for a resonance on top of smooth
background

Probes new physics in loops:

"
BOOOOD,

DOOOC0E
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H-W

. Main production depends on coupling to top quark (in
SM), with smaller contribution from VBF (and VH)
which depends on coupling to W/Z bosons

. Decay depends on coupling to top and W boson (in ) D
SM) t H
. Large backgrounds: need good photon identification ‘
- ATLAS EM calorimeter designed with this signal in
mind
. Small branching ratio, need integrated luminosity o ~
. A good discovery final state: M
Excellent Higgs mass resolution
Looking for a resonance on top of smooth T ~
background
Probes new physics in loops:
- ’ ; H
v ) ) 19
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H-W

. Main production depends on coupling to top quark (in
SM), with smaller contribution from VBF (and VH)
which depends on coupling to W/Z bosons

. Decay depends on coupling to top and W boson (in | D
SM) r H
. Large backgrounds: need good photon identification ‘
— ATLAS EM calorimeter designed with this signal in
mind
. Small branching ratio, need integrated luminosity o —~
. A good discovery final state: M
Excellent Higgs mass resolution
Looking for a resonance on top of smooth T ~
background
Probes new physics in loops:
{ ; H
. i ) 19
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Estimated signal composition
in various categories

e e

T T T
- B! var  BwM m M (2] M-
= ATLAS Senutaton -7t w=ATY

11 tegorse

J_J._....iw.r........lw-.r..-.-;w.an
03 D4 05 06 07 08 09
gl 00 of oach signal procoss par calepory

ffsignal strength at M= 125.36:

Estimated background
composition (not used in fit)

SDDDE- [Lotm203m, 15 =8TeV

Events / GeV

j = 1.17 £ 0.23 (stat) +010 (syst) +5 12 (theory)

= 1.17 £ 0.27,

8 :l_j-. K I

=il

) L-:-)F—‘"h

el

7 Zu) W f
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Sulutimy for {E‘. e
Estimated signal composition Estimated background
in various categories composition (not used in fit)

Wonm [ ATLAS ~r1e0V

- B! vOF  Bwy  B2v Bin e -
I _—
b [Lone203m’ 18 =BTV 1)
F

= ATLAS Semuato 5000!

Events [ GeV

" ﬁm»‘lwuiw.nimd“h
o 01 02 03 04 05 06 07 08 09 1
Fraction of each signal procoss par calegory
Combined signal strength at M,= 125.36:
0.10

p=117£023 (stat) Foos (syst) +0-42 (theory)

= 1.17 =% 0.27,
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H = ZZ(" = 4 LEPTONS ) e

g‘\.l

—

_Z.) Wil f:

New coupling analysis result:

— Refined energy and
momentum calibrations

— Improved electron
reconstruction and ID

— Inclusion of “far” FSR

i

35‘ ATLAS ¢ o >
:_ Heo Z2° = 4l D Sagnal (m, = 175 Gt = 151 ;
- j“‘ rere) -leryw.': =)
n..,am:‘.m ] |

jl a-20an' .
T Systermans urcerinty

Evenls / 2.5 GeV

0 100110120130 140 150 160 170
m,; [GeV]

25
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H e ZZ =p 4 LEPTONS

Event categorization: § | ATLASSimum
ATLAS o - 1
H 22" >4/ BDT vs mass - 0
BDT variables: '
Hioh mass two jets . | (4|) = 0.05
e N ’I(‘/‘H) {10 115 120 125 130 135 140
! - Matrix Element Tha SRevl
¥ Mass two jets Discriminant 2 ATLAS:
7 i1)H - .|
1| 1 ed =
Ao 1 pt )
v 4 H
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H = ZZ" = 4 LEPTONS

Estimated signal composition
in various categories

ATLAS Simulation H—ZZ' >4l
my = 125 GeV 110 < my [GeV] < 140

mogF + bbH VBF NWH mZH mtiH

Inclusive

VBF ennched m

VH-hadronic enriched [0 S A

VH:loptonic enriched

goF enriched [

10 20 30 40 50 60 70 80 90 100
Signal Composition (%)
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QATLAS

EXPERIMENT
hitp://atlas.ch

B 203602

Event E2614 360
Date 2012 -0%

18

e
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DIFFERENTIAL CROSS SECTIONS

Test SM Higgs production theory predictions (yvy,ZZ2)

‘\.' \.[

ATLAS U .t : . ATLAS

Lol
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DIFFERENTIAL CROSS SECTIONS

Test SM Higgs production theory predictions (yvy,ZZ2)

‘\.[ \.[

ATLAS o siais - : . ATLAS

Ll
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DIFFERENTIAL CROSS SECTIONS

Test SM Higgs production theory predictions (vyy,ZZ2)

‘\.' \.[

ATLAS PP - : . ATLAS

Lol
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Test SM Higgs production theory predictions (-,:f.ZZ)
£ 357 anias . " o “'; anas

o data [ o7el e
»N

} I sermmret

B sasstianimass san FERESEPTREEISETIET,

I 60 B0 100 120 140 18 2
0 40 o
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4 ot Suds (
(e l—)

o Hae H = WWm VLV
Gl utity -_(...— Ld, 2, Cn

e —

Results:
- Observed (expected) significance: ATLAS Prefim. H-+11

|s=BToV,|Ldl=20.30"

6.10 (5.80) \$aTToV, [Ldt=d 510"
. Observed (expected) significance for ot (a) S 1. o0t

+ Obszstat
VBF 3.20 (270) | 'i:;::.'s:
o ww

Combined WW — lvlv signal strength Misd
w= 1_084'0.1(!-0-]5 (Stat.)-‘-o'm_o'ls (Syst.)

| ATLAS Prodm N -sWW*
19-0ToV. [LOr= 2030

>
[
o
o
It
c
o
w

‘0..0.0.0.9

55700 150 200 250
my |GeV]
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H decays to fermions
bb, TT
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VH (H = bb)

ATLAS Prprwary

==

Reweighting
V-+jets MC

==
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@ATLAS

EXPERIMENT
hnp://otlos.ch

MYLIRS
144100046
2012-10- 0%
o240 UIC
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ot .J( S f
(&et) :

Suluting for g z

Production depends on coupling to top quark (in SM) and WBF+
VH production (coupling to Z/W bosons)

Decay depends on coupling to taus (coupling to leptons)
Cross section times branching ratio is relatively high
Challenging final state:

Large backgrounds

Sensitive to pilcup, was an extra challenge in 2012

Pirsa: 15070057
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(&et)

TR 2 2,
-3 analysis channels (ep, HH), (eTy,
MTy), (ThTp)
- Discrimination mainly using:
- T mass reconstruction
- Missing mass calculator
(MMC) resolution ~15-20%

T py (boosted category)

VBF topology €.9. A
' IL'.@.‘.U"' o Au;ul-...;v.'n., :
400 =BTV, 0am'

as0 o Data
300K ]
2r.ul- |

2000

Evenis /05

Pirsa: 15070057

- Backgrounds
Z>TT: Z->up (data) with
embedding
Z->ee, Wijets, tibar: CRs (MC
for the shapes)
QCD: Shapes and normalization
from CRs

mC
] MC Stat. Erroe
—4= Embodded MC
Emb. Uncortainty
ATLAS Simulaben

00 180

mie (GeV]

- (ﬁ
= '7‘ -"k‘. ' =
e .g; L-:-}F—" u.)

fiz—2) Wi |
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RARE DECAYS e
Wt f= :‘I_ '2:(:_:.;[1‘—?«.)

Sulutiny o -Lr_:'u 7,
i

- -
U W Analysis strategy pusl
. 2 analysis channels (ggF and VBF) e

p————————
g ETT T -
10 r ATLAS - Dwa - G e
m‘r =5 B2y ) waztwy

=770 - v [ B e
10 u-ll‘lnvh‘m MUID o et |

ro_7.) Wi I,f
—

Events /2 GaV

-

1
1
10" i M (= LI 1 1 )
r 711 - Analytic background model (similarly to yy) =
:

Results at 95% CL:
0.Br<7.0(72)(0B0g & .

l . Universal couplings
60 180 200 220 240 260 "260 “mes SM
m,.. [GeV]

Zy Analysis strategy
. Detector and pT Calegories
- Analytic background model (similarly to vy)

ATLAS

=== Data

Results at 95% CL:

}Lm-a.s:;.lﬁ‘:v::vv " oBr<ll (9B} -
Ldi = 20 . (a0 To -
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Tests of spin/CP properties
performed in ZZ, yy, WW
channels

ZZ: {ull kinematic information available for
spin/CP determination

WW spin information from kinematic variables

ATLAS S
S ys=B8ToV,203M0"

TTE H—s e n = 0. ou

Asbibrary unils
o

o w 2

N

e UUORITSRRRTREERE
ZRNZIPNS
o o5 1 15 1o, 30)

+y: use cos(0%)in Collins-Soper frame

. Collins-Soper Frame
P,
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ot 5.1( 9 f

L‘j{‘l-) ‘
SPIN/CP HYPOTHESES TESTS

Sl utitmy ‘{“" {E, 2 B
Tests of spin/CP properties

performed in ZZ, yy, WW
channels

77 full kinematic information available for
spin/CP determination

WW spin information from kinematic variables

; — Bac:

03 arLas g

25 8= B8Tov,20310" Sk aky
EH-sWW. n=0 on =05
. 1 1

Asbilrary units
o
g

b
n

25 3
a9, [radl]

+y: use cos(0%) in Collins-Soper frame

. Collins-Soper Frame
o
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SPIN AND PARITY TESTS

+Probe deviations from SM of Also Tevatron results: arXiv:1502.00967

dacay kinemaﬁcs — 120 5 X <+ T2 « W BIR T .41 8 7T

< 100
- 80

-Results favour the spin 0* % ¢,

hypothesis and almost all 5 m é
spin 1 and 2 variants ' i E#d n“n’“# d

excluded at >95% fn' L A i Wi 4 " LN T

+0- hypothesis also excluded
at > 95% CL by both
experiments

“lesied Hypothesis

13104
2010 X 4300 LI-
“u =0; predon <3l 8 <al.10t 052 <3l m;—‘ u:s- n_r;-‘
2* (kg = 0: pr < 129 3 ur-‘ ; 430 l; 2 “|'=1"
2 (ky = 2kgs pr < 300) <"'“' <10 0281 <31 cnﬁ. 2
(kg = e T < 125) 18- m ot 0,80 7.3 .l =5
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SIGNAL STRENGTH FOR PRODUCTION MODES

Obtain production signal strengths assuming the SM ratios for
branching ratios

197" (8 TeV) + 511" (7 TeV)

'ATLAS Preliminary

Vis TTeV 4 5-47Ib VesnTev,20am "

| 8% CL —_—1—
| 9s% CL

gpe = 123555 |
1232032 |
|

var =

Hip= 0.80 2 0.36)

§ ; ; :
50

3 4
Paramolor value Parameter value
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COUPLINGS FRAMEWORK

, = (1 %
+ ""l-) ,f_('lll'(' II
X 2 . i y
+ ,‘.‘.l-').-,. (('():‘R (}l‘/l’{;r/ T
- III{ —
oy 2 (‘. / /
[=u.ct

wy D —LfFrne > =L /_/') 7

v!_s_fﬁ f f _I.I'_.'

"k framework”: signal strength parameters (u, u'zr) are further

interpreted in terms of modifiers

to the SM couplings:
-Decay: I', = k2 I'SM
-Production: o; = k2 ¢;°M

Pirsa: 15070057

Assumptions (see LHCXSWG YR3):

-Only one Higgs

-SM production and decay kinematics
Tensor structure is that of SM
O+ scalar

‘Narrow resonance
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COUPLINGS FRAMEWORK

Loops and interference:

Encoded in effective / .\ -
couplings k., K, \ [ .7 .
“““ S
' - > [ (% O 3 s ) "\-.,'_,) - 1\"-
Example: gg -> H -> vy (o - BR) (g= H vy - £ L
(T"sh:f(“—‘w: — Il ) - IgRngj{ I] > “{‘{) Ki]

*In terms of SM coupling modifiers:

ro (e, k) = 1.06 - 17 — 0.07 - gty + 0.01 - K,
RZ(kpokyv) = 1.59 - ke — 0.66 - Ky kg + 0.07 - K3

*BSM coloured or charged particles in loops could cause
deviations
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Upr/DOWN COUPLINGS

Check coupling ratios between up-type and down-type
fermions (motivated by e.g. two Higgs doublet scenarios)

10.7 1" (8 ToV) + 5.1 1" (7 TeV)

CMS — Obzorved

Mg Kin Ny <o Exp. lor SMH ‘

o

GUF— T
L ATLAS Preliminary
VaTToV 45470

251 \g=nTev,203m’

I
200

o’

9
8
7
6
5
4
3
2
9

(=]

ST
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NEW PHYSICS IN THE LOOPS? Y

(7 —2u) WL/ /

Test for “heavy” BSM physics (BSM particles > my/2) with
possible contributions to ggH, Hyy (and HZy) loops

«Assume no contributions to width from BSM particles
.Assume SM tree-level couplings for known particles

19.7 1" (8 TeV) » 5.1 ' (7 TeV)

e
ATLAS Preliminary o 18—
cMs

VisTToV.45-4710" V5=8ToV.20310 |

69% CL: e
5% CL ‘
T e AAAAI haaas e ARRS |

Xyw 1.0020.12] - - p \
{ ’ \Q

ﬂp-112:0|2E
| ! &
| i *Cosorved | S e’ ]
@5%CL) Kpy< 33—t AR N/
f ... 95% CL
e 99.7% CL

R

|

r » i
—':n-‘,DaiDna. !' :
fu | = 1253600V | Lo s
JTVUDUE JOUOE DO PO 0.
0.5 25 3 .

1 1.5 2
Patameler value
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Allow for contributions from BSM particles
with mass < m,/2

+Relax assumption on the width
-Bottom right: include direct limits

ATLAS Preliminary

203

Paramaelel vaue

Tev) s A1 ' (7 TeV)

0 w— Cwseryed
| et =1 BR o tow MW
|

1
6l
5|
.
3

| B
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ATLAS Preliminary

NEwW PHYSICS IN THE LoopPrs? — .
Relax assumptions on SM . i

couplings of known particles ) e
and consider various scenarios: :

Blue squares: models with :
" A e —_——
Higgs singlets or doublets g
1. Impose this constraint on :
gauge couplings In the fit
=

«Green diamond: impose Nno
contributions to the width from :
BSM particles :
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CONCLUSIONS

The Run | Higgs physics program that covered a wide array of
measurements and searches is essentially complete

*The measurements of the production and decay properties
of the Higgs boson are consistent with SM predictions
The SM O0* hypothesis is preferred over all other tested spin/parity
alternatives (almost all excluded at > 95% CL)
- Tests of coupling strengths consistent with SM: ongoing
combination between CMS and ATLAS
To test the consistency with the SM with higher precision
will require substantial effort in improving experimental
techniques, MC generators, and theory calculations (for both
signal but also many backgrounds)

We have a very exciting and challenging Higgs physics
program for Run ||

Thanks to Eilam Gross and Michael Duehrssen for contributing slide material
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NEW PHYSICS IN THE LooPS?

Relax assumptions on SM
couplings of known particles
and consider various scenarios:

Blue squares: models with
Higgs singlets or doublets xy
<=1. Impose this constraint on
gauge couplings in the fit

«Orange circles: add off-shell
measurements assuming on-
shell couplings equal to off-
shell couplings

«Green diamond: impose No
contributions to the width from

BSM parlicles Vil ”'1“"'
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