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The Standard Model

| Kinetic terms gauge-bosons
+ interactions

Fermion masses

+Higgs-fermion

,ﬂ/

Higgs boson mass + int.

Gauge boson masses
+Higgs-gauge boson







Higgs physics at the BND 2014 school

09:00-10:45 hours

11:15-13:00 hours

Experiment + consequences/interpretations [slides]

14:30-16:15 hours

Exercises (mainly thinking/discussing)




Dag Gilbert (ATLAS) - ICHEP 2014
“Combination of the Higgs boson main property measurements using the
ATLAs detector”

Dag Gilbert (CMS) — ICHEP 2014
“Combined results of the 125 GeV Higgs boson couplings using all decay
channels measured by the CMS detector”

Marumi Kado (ATLAS) - ICHEP 2014
“Higgs physics in ATLAS”

+ several other parallel talks from the ICHEP meeting







Gauge field + interactions



What symmetries define the Standard Model

U(l)y ® SU(2)L, ® SU(3)c

QED: U(1), > 1d.o.f } v

Weak force:  SU(2), 2 3d.o.f | W*, W-en2° Spin-1 particles

Strong force: SU(3). = 8d.o.f 8 gluons




What is missing in our Standard Model ?

€9 No massive gauge bosons (W=,

‘understand’ origin of forces
) Excellent agreement data ¢ No massive fermions (all particles)

) Connection EM / Weak force 9 Vector boson scattering diverges

l

Solved by the Higgs mechanism




Theory SCENTY

The Standard Model

SU2), ®U1), ®SU(3),.

+ Higgs boson

“If 'm right there shold be a new particle:
the Higgs boson”

- September 1964 -



Higgs production &

decay at the LHC




“There is a Higgs field
that allows patrticle to
acquire a mass.”

“There are electromagnetic
waves around us that contain

voices and images”

|
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Production of the Higgs boson

Gauge bosons Fermions

Massive gauge boson ? Massive fermion ?
... then the Higgs couples fto it ... then the Higgs couples to it

Lepton, quarks

Anti-lepton,
anti-quarks




Production of the Higgs boson

Higgs production

- h . .
t < Vs=7 TeV
Gluon fusion o

LHC HIGGS XS WG 201

o(pp —= H+X)

W/Z
W/Z

Vector boson fusion

300 400 500 1000
M, [GeV]

\\ h
Associated production

https://twiki.cern.ch/twiki/bin/view/LHCPhysics/CERN YellowReportPageBR3



How many Higgs bosons have been
produced at the LHC run-1

m, = 125 GeV: ~ 500k







Decay of the Higgs boson

Gauge boson Fermion

Massive gauge boson ? Massive fermion ?
... then the Higgs couples fto it ... then the Higgs couples to it

Lepton, quarks

Ieptonhqgaés

Anti-lepton, Anti-lepton,

anti-quarks anti-quarks >
Cm
f




Higgs branching fractions

m,, = 125 GeV

Br(h>bb) =57.7 %

1 1 1|
LHC HIGGS XS WG 2013

Br(h=>WW) = 21.5 %

Br(h->t1) =6.32%

Higgs BR + Total Uncert

Br(h>2Z) =2.64 %

Br(h->vyy) =0.23%

Br(h>Zy) =0.15%

| | | | | | | | | | | | |
140 160 180 200

M, [GeV]

https://twiki.cern.ch/twiki/bin/view/LHCPhysics/CERN YellowReportPageBR3
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Trivialities in the Higgs sector

SUM = ;BRhei(mh)




Kabbalah in the Higgs sector

PROD = LIBR,_,(m,)

DECAY 4.43 + PROPHECY4F 2.0 arxiv:1208.181

x

Hep — WW,ZZ / Zy,yy,9g / bb,cC,s5,dd,utl / v, u*y " e'e

LHC HIGGS XS WG 2013

<myp>=1247+ 0.1 GeV
o(m)=6.0+0.1GeV

x2ndf = 61.6/68
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So ? m,=125 GeV gives access to largest variety of decay channels



Kabbalah in the Standard Model

Quark mixing Neutrino mixing




Kabbalah in the Standard Model

Quark mixing Neutrino mixing

Completely different hierarchy, good parametrisations =» origin unknown!




More Kabbalah in the Standard Model

Yoshio Koide formula: Top-quark Yukawa coupling:

= 0.666659(10) = 0.9956

1

J26G,

V=

=24622  m, =173.34






... The real work




>

®
Vo

=

@)

)

@
200

N

(@))
o
s

()
P
e

)

()

@)
A

a unique fingerprint ?
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Standard Model cross-sections at the LHC

Standard Model Production Cross Section Measurements  swws: Juy 2014

E 1011 80 ub™* P
dl-jetS ATLAS Preliminary  Run1 +s=7,8TeV

10° 0.1 < pr <2TeV
- mQum

LHC pp Vs =7 TeV LHC pp Vs =8TeV

B Theory P Theory

- Data 45-471" . Data 2031

5t e P4 di-photon
=0

njet >3

mOm  njet > 2
K _o_ N

njet= 4 .
WOm vietz3 EE
njet > 5

njet > 5 Lol
O O

njet > 6
- njet =7
njet > n

njet>8

n,elzsn |
;= Need leptonic or
L di-photon signatures

PP Jets Dijets W Z  tf tichan WW+ WW 7YY Wt WZ ZZ tty Wy Zy tiW tiZ Zjj H-yyW'Wiitechan
R=04 R=0.4 EWK EWK
total ' |y|<3.0 |y|<3.0 fiducial fiducial total ~ total  total  total fiducial total ~ total  total fiducial fiducial fiducial total = total fiducial fiducial fiducial total
y'<3.0 njet=0 njet=0
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# ts: ~15-20 iment H=>224)
events: ~15-20 per experimen -
Purity: ~1.5 candidate




ATLAS

EXPERIMENT

http://atlas.ch

Run: 203602
Event: 82614360
Date: 2012-05-18
Time: 20:28:11 CEST
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CMS Experiment at the LHC, CERN
Data recorded: 2012-May-13 20:08:14 621490 GMT

RunvEvent: 194108 / 564224000

o #events: ~ 500 per
“Purity: ~ 2%-60%

experiment
= J

H->YY candidate



Animation of the discovery

ATLAS Preliminary —¢— Data
\s=8TeV,[ Ldt= 0.0f' I WwW
HoWW = evay with 0/1 jet I WZ/ZZ\Wy
4 ata ATLAS Preliminary ATLAsm Preliminary E tsfin -
H—yy channel H—ZZ" "4l channel gle lop

_ ! I Z+iets
Background-only [ Signal (mH=125 GeV) ]

. Wiet:
[ Background 22" [ Waets
[ Background Z+jets, tt Bl H[125GeV]

o 06.04.2012

- -1
Vs=7TeV _[ Ldt=0.02f " Apr 18,2011 s =7Tev '[ Ldt=0.05fb  Apr24, 2011

Events / GeV
Events / 5 GeV
Events / 10 GeV
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What is significance ?

Standard Model: Ng, =15

Significance: probability to measure N events (or more)
under the background-only hypothesis




Observed significance in our example:

< p-value

<& significance

discovery if p-value < 2.87x10/ - 39 events




Discovery-aimed: p-value and significance
incompatibiliy with SM-only hypothesis

Expected significance

B p-value = 8.35%
1.38 sigma

Number of toy-experiments

20 2530
Number of events

Observed significance

. p-value = 30
0.5 sigma

z
=
Q
=
=
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=
?
=
S
S
o
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£
=
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20 2530
Number of events




Discovery channels

h->ZZ->4 leptonen

g E T ’jL'dl;4‘5flb' ;’;='7 -l'-evl rrrTT IAI " ;; T _I TTT I TTTT I TTTT l TTTT l TTTT I TTTT I TTTT I TTTT I TTT l_
% 80— JLdt=203f0" =8 TeV +o 35 ATLAS ¢ D ]
s ata - ) E
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Mass measurement categories —— Signal+background - ickgrou * -

N o [ {s=7Tev: de:-A.sm" -Ba nazz ]

- Background Z+jets, f

% Systematic uncertainty
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A textbook discovery in slow-motion

Local p-value versus mass
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EUROPEAN ORGANISATION FOR NUCLEAR RESEARCH (CERN)

)

=7

CERN-PH-EP-2012-218
Accaptad by: Physica Lattars B

Observation of a New Particle in the Search for the Standard
Model Higgs Boson with the ATLAS Detector at the LHC

The ATLAS Collaboration

MmkwbmmdmrAmmﬂmmndhb-h
full impact and sig of thek contritx

Abatract

Amnnwmwmmmmmmmm
at the LHC & presented. The datasets used of

481" collacted at V7~ TTeVin 2011 and 580°* df £TaV in 2012, Indvidual searches In the
Channls H—s 725 42, H— yy and H— WW™— ouy in the 8 ToV data are combined with praviously
publishad results of saarches for H— Z7°, W™, & and "=~ In the 7TV data and resuls from
Irproved analyses of ha H—s 77" 4 and H— yy channals In the 7 TeV data. Claar evidance for the
production of a neutral boson with a maasured mass of 1260 + 0.4 (i) + 0.8 (l’!)(k\.m
This observation, which has a of 59

fuctuation probabiiity of 1.7x IV ummnwmwanwm
Higgs boson.




Nice moments as a scientist

Feynman diagram




July 4t 2012: party time !!




Nobelprize Physics 2013

“There is a Higgs field in the vacuum”

A PRy
IS

NPl

B N d R

</

Francois Englert Peter Higgs



If the Mars lander
finds life ...

... there are a
1000 new
guestions







The problems with the Higgs mechanism

The Higgs also creates problems:

- Hierarchy problem
- Vacuum energy contribution
- Why so simple ?



Problem 1: the hierarchy problem

Radiative corrections from the Higgs boson explode

Radiative corrections:
- EW precision measurements
- predicting top mass

m,[GeV] 91.1875+0.0021 91.1874 Ac® =
T,[GeV]  24952+00023 24959 24 g

ol,lnb]  41540+0037 41478 13——002750:0.00033 |

20.767+£0025 20742 11-0.02749:0.00010  if
0.01714£0.00095 0.01646 31+ incl. low Q° data [

0.21629 +0.00066 0.21579
0.1721£00030  0.1722
0.0992+0.0016  0.1039
0.0707£0.0035  0.0743

0.923 £0.020 0.935

0.670+0027  0.668
0.1513+0.0021  0.1482

sin‘8%'(Q,) 02324100012 02314
m, [GeV] 80.399+0023  80.378
r,[GeV]  2.085+0.042 2.092

% S
%
m, [GeV] 173.20£0.90 173.27
- Ay 2011 0 1 2 3 _ m H [GeV] -



Problem 1: the hierarchy problem

Radiative corrections from the Higgs boson explode

Hi
mp = mpe+ A + AmEE 4+ Ay 88+

This is not stable and corrections grow: A= 10 GeV ?




Problem 1: the hierarchy problem (solution?)
m, = my, +Am,

fermions

|2 9 9 .\
(—2A% +6myIn— + ...)

9 |/\f
Ams, ~
1 1672 m

scalars

As

-

2 2 o2
Amiy ~ — (A + 2m’ In + ...)
................ e M

... but we do not know if SUSY exists.



Problem 2

“If the Higgs field exists then the universe should be the size of
a football”

Bt el = P —
= 7 % inherd ===
7 - AT ta =
- 2725 L5 X %
=

Contribution of the Higgs L »f’ ~

p ::,“ e . “;}" % 3 : '. ,'\«‘ ‘N‘?~
h T A SHRERGE Y
to the vacuum energy iz it 5 S IR R
D e it s ‘3;'\', $aw, v

7 Paie e 1

N 7 B s

Prices ~107GeV* Q, =107"GeV*

Factor 10 wrong: one of the ‘small’ problems in cosmology



Questions regarding the Higgs boson

Is the Higgs boson exactly that of the SM — couplings ?
Is the Higgs boson exactly that of the SM — spin, parity, ... ?

Is it elementary or composite ?

VWhat explains the mass nierarchy ¢

S It possible that Figgs field Is linked 1o Inflation ¢

Each of the new models will change the Higgs boson’s properties







Why measure the mass to high precision ?

Branching ratio’s depend on the mass of the Higgs boson

m, = 124.0 GeV M(h>22) = 2.41%

m, = 124.5 GeV r(h>22) = 2.52% 0.4% -4.5%
m, = 125.5 GeV r(h>22)=2.76% 0.4% +4.5%
m, = 126.0 GeV r(h>22) = 2.89%

m, = 126.3 GeV r(h>22)=2.97% +1% +12%




Mass of the newly disovered particle

—— Invariant mass Invariant mass
fLdt=45" fe=trrev E_ATLAS . , . — . . ;

JLdt=203 " {=8TeV

a/b weighted sum C H s 77* - 4l [ signal (m, - 12¢.5GeV - 1.68) E
C Background ZZ* ]
[ V{s-7Tev: fm-a.sm" - ]
C Y - Background Z+jets, T 7

% Systematic uncertainty

3 weights / GeV

Mass measurement categories

E G-anv:jm-zozm"

Events / 2.5 GeV

200
180
160
140
120
100
80
60
40
20

bbbhomnsawo
T

90 100110120 130 140 150 160 170
m,, [GeV]

m,, = 125 .98 + 0.42 (stat) + 0.28(syst) GeV m, =124 .51 + 0.52 (stat) £ 0.06(syst) GeV
m,, = 125 .98 £ 0.50 GeV m,, = 125 .98 £ 0.52 GeV



Mass combination in ATLAS

Invariant mass

ATLAS —— Combined yy+4/
E:?TeV{Ldt=4.5fb" — Hoyy

{s=8TeV |Ldt=20.3 fo" H— 77% — 4]
------ without systematics

——— - —————— = - -y - o - ———

h—>ZZ->4l

-------------------------------

123 1235 124 1245 125 1955 126 1265 127 1275
my [GeV]

Am, =1.47 £ 0.72 GeV

1.98 sigma



Mass measurement in the 4-lepton channel

ATLAS

D EXPERIMENT
http://atlas.ch
Run: 203602

Small number of events:
Clean signature:
Excellent mass resolution:
Backgrounds:

ATLAS ¢ D=

H— ZZ* — 41 [ ] sianel(m, -~ 12¢5GeV u~ 1.68)
V5 -7Tev: I.un-4.5 i B ccooumizz

| - Background Z+jets, ff

% Systematic uncertainty

s -8Tev: I Ldt-203 "

90 100110120 130 140 150 160 170
m,, [GeV]

26.5 expected (37 observed), 4 categories
S/B ~2 in mass region 120-130 GeV

1.6 (2.2) GeV in the 4p (4e) channel

7%, Z+jets, tt




Mass measurement in the 4-lepton channel

0
120 125 130 135 140
m,, [GeV]

20 30 40 50 60 70 80 90 100
m, [GeV]

Extra signal/background separation:

BDT output based on kinematic
information

Z-mass constraint:



Mass measurement in the 4-lepton channel

error on my,

simulation (private) Per event error distribution

Consistency between channels
ATLAS
H— ZZ* - 41

Vs=7TeV: ILdt —45f"

\s=8TeV: _[Ldt -203fb"

123




Mass measurement in the 4-lepton channel

Invariant mass

:TL;ZS ¢ e eesss s ATLAS experiment
Sszzr >4 ) e

E-nev:fun-a.sm" - gzt

B eecorounazaens,

WY systemasc uncertainy

Vs -8TeV: _[Lm- 203"

Events /2.5 GeV

NS 775 m, = 124 .51 £ 0.52 GeV

‘u _ 1.66+O.45

+0.38

0k
80 90 100 110120 130 140 150 160 170
m,, [GeV]



Difficulties in the 2-photon channel

H — yy Update

Since “Discovery Paper” pie 716
ATLAS-CONF-2013-012 '

p LT

Run Number- 204769, Event Number: 24947130

Date: 2012-06-10 08:17=12 UTC

Many topologies: 450 events in 10 categories

S/B from 0.02 — 0.60

1.2-2.4 GeV (1.7 GeV on average)
YV, ¥l Ul

Excellent mass resolution:
Backgrounds:




0 reconstruction

[] ">y signal Photon conversions

[ background
B Clean electron sample
BN Good material description in MC

Events / 10 MeV

0O 100 150 200 250 300 350 400 450 500
m, , [MeV]
|

Conversion radius

Entries /8 mm

: s SCT layer 1

¥

% 50

R [mm]



2-photon channel

10 different categories:

Category Msig FWHM [GeV] o0us[GeV] bin om0

s/b | %]

s/ Vb

Vs=8 TeV

Inclusive 402. 3.69 1.67 10670
Unconv. central low py, 59.3 3.13 1.35 801
Unconv. central high pr, 7.1 2.81 1.21 26.0
Unconv. rest low pq 06.2 349 1.53 2624
Unconv. rest high pp, 10.4 3.11 1.36 03.9
Unconv. transition 26.0 424 1.86 010
Conv. central low pr 37.2 347 1.52 589
Conv. central high pr 4.5 3.07 1.35 209
Conv. rest low pq, 107.2 423 1.88 3834
Conv. rest high pn 11.9 371 1.64 144.2
Conv. transition 42.1 5.31 241 1977

3.39
6.66
24.6
3.30
0.95
2.57
5.69
19.4
2.52
7.44
1.92

3.50
1.88
1.26
1.69
0.96
0.78
1.38
0.88
1.56
0.89
0.85

20% improvement statistical uncertainty by treating categories independently



Systematics in 2-photon channel

Masses in each of these categories

uu

Mass w.r.t average
fLdt=45M" {s=7TeVv !

. uc| [Ldt=203m"Vs=8TeV —.—o—
Inclusive -

Unconv. central low p,
Unconv. central high p
Unconv. rest low ppy

cc
Npy<10
10=N,, <18
Npy= 18

BB

Unconv. rest high pp,
Unconv. transition

_____________________________________________________________________________________________________________

Conv. central low pm,
Conv. central high pr
Conv. rest low pp,
Conv. rest high pn
Conv. transition

BE

EE .
5 4 3 2 1 0 1 2 3 4 5

Mass-difference



Mass measurement in the 2-photon channel

Ldt=45fb" fe=7Tov
gc

Invarlt mass ATLAS experiment

JLdt=203f" {&=8TeV
a/b weighted sum
Mass measurement categories

3
(O]
=~ 1
:.
W
1

m, = 125 .98 + 0.50 GeV

=129 +0.30




Combined mass measurement

Signal yield (o/ o, (m =125.36 GeV))

ATLAS —— Combined yy+4/

ﬁ:?TeV{Ldt=4.5fb" — Hoyy ATLAS

s=7TeV [Ldt=45fb"
(5=8TeV |Ldt=203 " C HoZZ a4

without systematics

Vs=8TeV [Ldt=20.3 b’

3
(o]
3
&
;5;
©
z
R/
2
>
©
c
2
(]

L WA
123 1235 124 1245 125 1255 126 1265 127 127.5 123 1235 124 1245 125 1255 126 1265 127 127.5
Invariant mass Invariant mass




Combined mass measurement

ATLAS experiment CMS experiment

ATLAS —— Combined yy+4! CMS —— Combined
Vs=7TeV [Ldt=45fb" ——H-oyy 9 Prelimi —— H — yy tagged
(s=8TeV |Ldt=203 "  HoZZ o4 refirminary —— H—s ZZ tagged

123 1235 124 124. 125 1255 ‘ 1265 127 1275
m,(GeV) m, (GeV)

126

m, =125.36 +0.37(stat)=0.18(syst) m, =125.03 *05° (stat)’y 12 (syst)

-0.15



Vacuum

stability




Theoretical implications of particular Higgs mass

blackboard

2 regimes: A>>g,g',y, and A<<g.g'.y,

triviality vacuum stability




Triviality

regime where A>>g,g’,y, = upper bound on m,

AT e R

If A grows, also A(A\) grows. For every A(v) there is

2

a/\, Landau pole, for which A\A) =, _ ezﬂ%k(v)

Consequenses:

If you want A to be finite (or <1) up to some scale
A, then this puts a maximum value for A(v), or m,,

m, =24 ()’




Vacuum stability

regime where A<<g,g’,y, = lower bound on m,

< ke

If A\ grows, A(A\) gets smaller

... and eventually becomes negative

Consequences:

If you want A to remain positive up to some scale A,
then this puts a minimum value for A(v).

This means a lower limit on m, as "% = V=2A0)v*




Theoretical limits on the Higgs boson mass

m;= 175 GeV/c?

Triviality

— E

Vacuum stability | B
| |
9

12 15 18
10 10 10

A (GeV)




Stability of the vacuum

180

176

174

LI B B N B B B

Top quark mass (GeV)

172

170

Stabality

1
130 132

168 o o
120 122

! L L
124 126 128

Higgs boson mass (GeV)

Branchia ICHEP



Stability of the vacuum: meta-stability

New physics at the Planck scale:
2 higher dimensional operators

Meta-stable :
EW vacuum True vacuum

~1/2

2det’ [=O°+ VI(G)] | g,
det [—-0? + V" (v)]







Higgs quantum numbers: spin and parity

Scalar spin=0
\

Differences in each of these parameters lead to different
event topologies

- Production angle for different production meachanisms
- Decay angles and event topologies for decay channels



Different scenario’s for new particle X

2 vector bosons

scenario production
mode

SM Higgs scalar boson
(0) # 0 scalar higher-dim. op.
(0) # 0 pseudo-scalar
by # 0 exotic pseudo-vector

bl #0 exotic vector

— JEQ) # 0 RS graviton min. coupl.

qf) # 0 tensor higher-dim. op.
# 0 “pseudo-tensor”




Structure of the matrix element

Write out most generic form of the matrix element. Can also
contain CP-information

Spin 0 (qq production)

AX =) AX > W) =v 161%;" alg,wm q,, aﬁ “ qﬂ e

Spin 1 (qq production) scalar  pseudo-scalar

A(X = ViVa) = by [(e1q)(ehex) + (e3q)(€]ex)] + bacapupeter ex G”

Spin 2 (gg and qq production)

AX 5 ViVh) =A™ 1 [29(2)t f.(1]mf.(2)m+2g(2)t Q::\qgf.m,.af.(z)yg+g(2)9\q t3, (f.mpuf‘:‘('z)+f.(2,1uuf;‘(.n)

_’_gEz)ff'?"t f.ma.ertz) +m2 (29(2’8“ € 29(2)4‘1‘\? by (€765 — €2 fz")'*‘g("’)q,g tpvflfz)

+g(2)QRgvt“' f-(l)mii;gl +mu (952) quq epumezue;pqo + epupo‘rpqo (GIM(“;)%—(;”(QEI)))]




8 degrees of freedom: 4 Iepton final state

M =(m,,m,,,m,,)

Q=(6*,®,,6,,6,,0)

W\




JPin ZZ->4l
testing a O~ hypothesis

distribution for Q for distribution for Q for
100.000 O experiments 100.000 0* experiments

* Data ATLAS Prelimina
[l Background zZ" Y

I Background Z+ets, tt H-Z2Z"—4l
Slgnal (m =125 GeV)
{5=7 TeV:JLdt =46 b
{5=8 TeV:JLdt =207 fb"

77" s a4
Ne 7 TeV: jLat=4.6 b

0
-1 -08-06-04-02 0 02040608 1
BDT Discriminant




JP: 2-photon channel
testing a spin-2 hypothesis

gluon-induced  quark-induced

\ h->vy: O* versus 2*

eData Spin0

O 14 ATLAS

JP=0*

JP=2*
F o= o(qq—=>H)
" o(qq—>H)+o(gg—H)

100
Fraction qq (%)

0.007 0.054 0.260 0.337 0.124



JP: 2-photon channel

gluon-induced  quark-induced

\. | h->vy: 0" versus 2*

eData Spin0
\s=8TeV _[Ldt - 20.7 fN  Signal hypothesis . 1o

[J2c

O 14 ATLAS

75 100
Fraction qq (%)



JP: combination ZZ, WW and yy channel

Sensitivity CMS experiment for alternative JP hypotheses:

CMS (preliminary) 19.7 b7 (8 TeV) + 5.1 i (7 TeV)
[ —®-CMSdata - - - Median expected R ’ : 5 : I A
:_ Mo 1o [ N
L0*=2c .S -2

0‘:30 f=3cr

100

5- -
T T T T [_C=IT
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©
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©
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o
=
T
x
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353
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J=1,2: all models are excluded at more that 99.9% CL (WW+ZZ)



JP: combination ZZ, WW and yy channel

Exclusion levels for different scenario’s:

JP=2*. excluded at > 99.9% CL independent of f,, (WW+ZZ+Y7Y)

JP=0": excluded at > 97.8% CL (Z2)
JP=1-1  excluded at > 99.73% CL (WW+ZZ)

JP=1*:  excluded at > 99.97% CL (WW+Z2)

spin-2 excluded at 299.9% CL (WW+Z2)

The quantum numbers of the Higgs boson seems to as predicted
by the Standard Model: a spin-0 particle with positive parity






The width of the Higgs boson: ',

e
g
=
g
3
H
g
i

200 300 500

Importance of the width:

- BR into non-SM particles
- Invisible decays
- Couplings different to SM




Estimate of I';: direct

Mass distribution brings sensitivity to width of the Higgs boson

= o2  +T2 resolution ~ 400 x I,

I Invariant mass
fra-mawt o ATLAS ¢ 0w

JLdt=203 " {==8TeV

a/b weighted sum H_ ZZ* — 41 |:| Signal (m, = 124.5 GeV = 1.66)
Vs -7 TeV: [Ldt-d.Slb" - Background ZZ

| B =ecooundzeess,

% Systematic uncertainty

g 8

g

3 weights / GeV

Mass measurement categories

G-BTQV:J.Ldt-ZOB '

Events /2.5 GeV

h>ZZ->4|

o B &5 8 88 8 B B

Y weights - fited bkg
bbbhhonhoo

80 90 100 110 120 130 140 150 160 170

m,, [GeV]

r,<2.6 (3.5) GeV r,<5.0 (6.2) GeV



Estimate of I';: subtle

Interference between the h->yy and the yy continuum (gg—>7yy box diagram)
induces a mass shift in the di-photon mass.

corrected h->yy

ATLAS simulation Prelimin ary
| L dt=3000 1" V5=14Tet FH =200 x SM

After background subtraction

N,yores / 0.25 GV

original




Measurement of the off-shell signal strength

&

constraints on the Higgs boson wiatn




Estimate of I';: off-shell couplings

Higgs propagator Higgs propagator

c
o
xS
3)
)
P
n
n
O
—
o

i Threshold effects
threshold effects

off —shell
Gg—>h—>ZZ ~ r
h

on-shell
Gg—>h—>ZZ




Estimate of I';: off-shell couplings

PN~ 7 MW7,

q q interference

AWM~ 7, W7

4-lepton mass
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Higgs production and decay

D o e

gg—+H VH = WHorZ-I

observed

Note: rate differences wrt SM o
expressed as p (ratio) "= oM




Higgs production and decay

VH = WH or ZH

Decay tag |incl.(ggH)|VBF tag|VH tag |ttH tag
H-ZZ v v

H-yy v (74 v v
H->WW 4 v (4 (4
Hott v o (4 o
H—bb v v v
H-Zy v v

H-uu v v

H—inv. v




Disentangle production modes

-1 05 0 05 1 156 2 25 3 35

“ggh,tth(ggh’tth)




Rate measurement summary CMS experiment

decay modes

Combined
u=1.00+0.13

H — bb tagged
n=0.93+0.49

H — 1t tagged
u=0.91+0.27

H — yy tagged
p=1.13+0.24

H — WW tagged
p=0.83+0.21

H — ZZ tagged
u=1.00+0.29

19.7fb" (8 TeV) + 5.1 fb' (7 TeV)

CMS

Preliminary

m, =125 GeV

0

1

1.5
Best fit o'/0'S

2

M

production modes

Combined
u=1.00+0.13

Untagged
n=087+0.16

VBF tagged
pn=1.14+027

VH tagged
u=0.89+0.38

ttH tagged
n=2.76+0.99

19.7fb" (8 TeV) + 5.1 fb' (7 TeV)

CMS m, =125 GeV

Preliminary

4
M

3
Best fit cs/csS



Proof of vector boson fusion

Production rate per production mode Is there proof for VBF production

UL L L L L e e e e e e e ) llllllllllll_

ATLAS Prellmlnary

fs=7TeV |Ldt=4.648D"
{s=8TeV JLdt=20.3 "

4.10
m, = 1255 GeV

T I LI I LI I LI I LI

+ Standard Model .~ ™., ATLAS Preliminary
x Bestfit : .
— 68%CL i f8=7TeV [Ldt=46481

—-es%CoL " f5=8TeV [Ldt=203m"

—H-oyy

—HSZZ' 5 4

—HSWW 5 iy
Ho

1 lIlll 11 lllllllIIllllllllllllllllllllllllll

lllll IIIIIIIIIII

0)—

-
pira Lt

1.;5 2 25 3 35
!"ngh,tth(ggh’tth) HVBF/uggh,tth

Evidence at 4.1 o for VBF production

ATLAS CMS
M _ 1 4+0 S5+04 M 1 25+8 Zg

-04-0.3



Effective Lagrangian

o > “Lif4ne Y SLfF|H

f:d’87b f:e’u"r




(> Klco)

K «1.06k; —-0.07k K, +0.0lk,

Rates and relations are modified if non-SM particles enter in the loops




Parametrize production/decay processes:

Standard Model (narrow width approx): General:

m,=125 GeV

v

57.7%

LHC HIGGS X8 WG 2013

21.5%

6.32%

=
8
j -
-
S
kS
+
cc
(a]
w
(@)
2
I

2.64%

2.91%

I

0.02%

120 121 122 123 124 125 126 127 128 129 130
M, [GeV]




Difficult does not mean we do not try: h->ppu

di-muon mass

ATLAS -4 Data %4 MC (stat)

gl |z o wzzzwy
S= e — -1 I:I tt - ww -

ogroy) Ldt=248f7 DT B Enormous Drell-Yan background
H_)u+u- D H[125 GeV]

[(h>pu) =0.02%

Events / 2 GeV

Swa.

80 100 120 140 160 180 200 220 240 260
My [GEV]

How do you summarize such a negative result ?

Set a limit on pug=r(h>pp)/sSMh->pp)



When / how do you exclude a signal
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When / how do you exclude a signal

X
<
O

Number of toy-experiments

-
0

SM+Higgs
o,/c” =2.00
B 2.2%

SM+Higgs
18.5 %
6.8%
2.2%

Observed excluded cross-section, 0,/0,5M |, = 1.64

20 25 30
Number of events




Difficult does not mean we do not try: h->ppu

di-muon mass

IIIIIIIIIIIIIIIIIIIIlIIIIIIIIIIIIIIII
-4 Data ££ MC (stat)
\{4.”7-?3 m zv @ wzzzwy
s=7Te _ 1 O | ww
Ldt=248fb
\‘§=8TeVj [ Single Top [ W-+iet
H_>u+u- D H[125 GeV]

upper limit on pg
—llllllllllll llllllllllllllllllllll
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Parametrize production/decay processes:

Standard Model (narrow width approx): General:

m,=125 GeV

v

57.7%

LHC HIGGS X8 WG 2013

21.5%

6.32%

=
8
j -
-
S
kS
+
cc
(a]
w
(@)
2
I

2.64%

2.91%

I

0.02%

120 121 122 123 124 125 126 127 128 129 130
M, [GeV]




Vector boson couplings: W versus Z

ol CMS

Preliminary

- Treat W and Z as similar (V)




Ky Versus k.= vector bosons versus fermions

CMS Preliminary 19.7 fo" (8 TeV) + 5.1 1b”' (7 TeV)

CMS Preliminary 19.7fo" (8 TaV) + 5.1 1™ (7 TeV)

_ + Observed

¢

SM Higgs

~ + Observed

¢

SM Higgs

- Consistent with Standard Model
- Opposite sign K; still possible




Testing loops

New physics will enter in the loops

K, and Ky top (and W) loops Interpretation in invisible width

III|IIIIIII|IIIIIIIIIIIIIIIIIIIIIIIIIIIII

| ATLAS Preliminary [, x,.BR
— 1 Ky Ko |,u]

- (s=7TeV, [Ldt=46-481

- Vs=8TeV, fl_dt=20.3 fb’

Combined H— yy,ZZ* WW" xt,bb

_IIlIIIIIIIIIIIlIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
“*E ATLAS Preliminary + SM
2F 5=7TeV, [Ldt=46-48 fo’ % Best fit
- {s=8TeV, fLdt=203 fb! —68% CL
-- 95% CL
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--- SM expected
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K,p VErsus Ky,,,2 down versus up type fermions

down versus up type fermions Interpretation in MSSM

ATLAS Preliminary

Py Ko
1s=7TeV, det -46-48fb"

= Observed

Combined H-> 1y,2Z* WW* tz,bB --- SM expected 1s=7TeV, j Ldt=4.6-481b"

4

I1s=8TeV, I Ldt=20.3fo"
Combined h — vy, ZZ*, WW*, 1, bb
Simplified MSSM [k, K, k4]

===Exp. 95% CL —Obs. 95% CL

o | i Yl 7 i =" e B (e

) 1\ X !
500 600 700 800 900 1000
my [GeV]
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Supersymmetry: MSSM

MSSM

2 scalars:
1 pseudo-scalar:
2 charged:

Example of a 2-Higgs-doublet-model
Couplings different than those in SM
Extra Higgs bosons




2-Higgs doublet models (general)

Differences in couplings in 2ZHDM'’s

Coupling scale factor

Ky
Ky
Kd

Ki

Type I
sin(f8 — @)
cos(a)/ sin(B)
cos(a)/ sin(B)
cos(a)/ sin(B)

Type 11
sin(f8 — @)
cos(a)/ sin(B)
— sin(a)/ cos(f)
— sin(a)/ cos(f)

Type 111
sin(f8 — @)
cos(a)/ sin(B)
cos(a)/ sin(B)
— sin(a)/ cos(f)

Type IV
sin(8 — @)
cos(a)/ sin(B)
— sin(a)/ cos(B)
cos(a)/ sin(B)




2HDM Type | ATLAS Preliminary
—— Obs. 95% CL (5=7TeV: [Ldt=464.8 "

¥ Bestfit is=8TeV: [Ldt=203b"
-=== Exp.95% CL Combined h —»yy ZZ" WW*
— — SM h —» t¢,bb
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2-Higgs doublet models (general)

2HDM Type I ATLAS Preliminary

— Obs.95%CL {5=7TeV:[Ldt=46480"
% Bestfit §=8TeV: [Ldt=203 "

- === Exp.95% CL Combined h - yy,ZZ* WW"*

— - SM h - ¢, bb

0.101

\ - 5 v .« . \ Y A\ L~
L \ ! \ \ & L \
ATV e Y \ VT

-0.8-0.60.40.2 0 0.20.40.608 1
cos(p-a)




MSSM and NMSSM

MSSM

2 scalars:
1 pseudo-scalar: a,,a,
2 charged: H* H-

2 scalars:
1 pseudo-scalar:
2 charged:




Additional electroweak singlet

Extra singlet will mix with h > 2 CP-even Higgs bosons
h (strength «) and H (strength k). Note: k2+i’2= 1

_onXBRy ATLAS Preliminary ;
(on X BRp)sm Vs=7TeV: |Ldt-4.6-4.81b" s Obss. 95% CL
Vs =8 TeV: Ldt=20.3 b = === Exp.95% CL
Combined h s yy,ZZ* WW*ztpb = = SM

Signal strength

oy X BRy

"~ (0 X BRy)sm




Invisible decays & portal to dark matter

Invisible branching fraction Wlmp Nucleon Cross- sectlon

IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII

ATLAS Preliminary h — yy, ZZ*, WW*, 1, bb,
Zh — Il + ET™=:

Vs=7 TeV, J Ldt = 4.6-4.8fb"
=—0bs. =—exp.

1 -
Vs=8TeV, J Ldt=20.3 b h — vy, ZZ*, WW*, tz, bb :
[k, kg BRi] ===0bs. ===eXp.

T 5.7 TeV, [Ldt-4.64.8 10"
s-8TeV, [Ldt-2031b"

h—yy, h>ZZ" 41, hWW s iviv,
h—stt, hobb, Zh—ILET™

1 DAMA/LIBRA (99.7% CL) ATLAS (95% CL) in
[ CRESST (95% CL) Higgs portal model:
1 CDMS (95% CL) am Scalar WIMP
I CoGeNT (90% CL) (22272 Majorana WIMP
—— XENON10 (90% CL) s Vector WIMP
——- s —— XENON100 (90% CL)

_l 11 I 11 1 I 111 I. .l. .l' .I.-.-r ‘l- ‘r'l 11 l 11 1 I 11 1 I 1 1 a . - memrmen LUX (95% CL)
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< 37% at 95% CL






Higgs self-coupling

Higgs self-couplings

Blackboard: how is this possible (with ',=4 MeV)

Very difficult to reach sensitivity (bbyy ?).  Also large negative interference.







Future LHC operation

CMS event'with 78 vertices

LHC timeline

2009 Start of LHC

Run 1, 748 TeV, ~25
fb~tint. lumi

v
2013/14 Prepare LHC for
design E & lumi LS1
Collect ~30 fb™ per
year at 13/14 TeV

2018 Phase-1 upgrade
ultimate lumi

LS2

Twice nominal lumi
at 14 TeVv,

~100 fb™ per year
v
~2022 Phase-2 upgrade | §3
to HL-LHC

~300 fb™ per year,
runup to>3ab™
collected




Coupling limits projection (CMS)

Expected uncertainties on F—1 300 ®" & 3= 14 ToV Scemario 1
Higgs boson couplings ratios =i 300" at {5 = 14 ToV Scemario 2

' :
Expected uncertainties on =i 3000®"at %= 14 ToV Scenario 1
Higgs boson couplings ratios —1 3000m"at 3 = 14 TeV Scenario 2

Scenario 1
Same as current

Scenario 2
50% TH systematics

0.10 0.15
expected uncertainty




Bit further future

pp (CERN) Vs=100 TeV
e*e' (CERN)  s=250 GeV

ultimate machine ? muon collider



Vacuum is f|IIe'cTﬁth the Higgs field

Feels, smells, tastes like SM Higgs

Big questions still open



Waarom valt een
appel naar beneden ?

ruimte-tijd is gekromd

8t
GMU + Ag,uv = C—4NTHU

Entropie (informatie)




