Ihe Higgs Boson

and 1ts Properties

electron

&

75
Longitudinal View 8 65  Projected n-¢ view

55

45

35

25

90° 180° 270° 360°
¢

ATLAS

EXPERIMENT

Run Number: 280673, Event Number: 2811124938
September 30, 2015, 05:55:03 CEST

Karsten Koneke

UNI

FREIBURG



Quarks

@ Matter

BURG

LL
Leptons Z
pons S

Generation 3 OTop

Generation 1 @Up

° Tau-neutrino

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

° Muon-neutrino

1
----------------------- D i i

;
0 Electron-neutrino | Electron

* Masses increase with each generation

- me = 0.5 MeV
- my = 106 MeV

- Mep = /3000 MeV = |73 GeV (=macold)
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gravity

e [orce carriers:

- photon (), gluons (2), W" and Z’ bosons

- must be massless...
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mz = 91.2 GeV
weak gravity

e [orce carriers:

- photon (), gluons (2), W" and Z’ bosons

- must be massless...
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Mass of Elementary Particles?

el

The problem of gauge boson masses:

* Principle of local gauge invariance:

w N eia(m)w
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¥ Mass of Elementary Particles?

The problem of gauge boson masses:

* Principle of local gauge invariance:
w N €ia($)¢

* (Gauge fields (~ force carriers), transform as:

1
A,u — A’u —+ Eﬁua
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¥ Mass of Elementary Particles?
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The problem of gauge boson masses:

* Principle of local gauge invariance:
w N €ia($)¢

* (Gauge fields (~ force carriers), transform as:
1
A,u — A’u —+ Eﬁua

e Problem:

1 1 1 1 1
L% 4,40 = L <A“ ; gaﬂa> (A“ ' gé’“a) £ Imga,a
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Brout-cnglert-Higgs Mechanism

Y

* Introduce complex scalar field:

(T 1 [ +ige
P = <¢0> = (qbs T z@)
* with potential: :
V(g) = p” (qbw) + A (¢T¢)
For A>0, u2>0:

V()

| feel comfortable
here in the middle

Re(P)
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Brout-Englert-Higgs Mechanism

Y

* Introduce complex scalar field:

b= <¢+> _ L (Cbl + i¢2)
" V2 \ @3 + i¢y4
* with potential:
V(g) =1 (¢76) + A (¢70)"
For A>0, pu2<0:
Spontaneous symmetry breaking

| feel unstable!
| think I'll hang
out down there
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 Brout-Englert-Higgs Mechanism
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* Introduce complex scalar field: V(®)

(T 1 [ +ige
¢ = <¢0> - (qbg ¥ m)

* with potential: :
V(g) =p? (¢7¢) + A (¢70) Re(®)

For A>0, u2<0: Im()
Spontaneous symmetry breaking

V(@)

| feel unstable!
| think I'll hang
out down there

Re(P)
Im(P)



Brout-Englert-Higgs Mechanism
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* Introduce complex scalar field: V(®)

(T 1 [ +ige
¢ = <¢0> - (qbg ¥ z@)

* with potential: :
V(g) =p? (¢7¢) + A (¢70) Re(®)

For A>0, u2<0: Im()
Spontaneous symmetry breaking

V(@)

| feel unstable!
| think I'll hang
out down there




Brout-Englert-Higgs Mechanism
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* Introduce complex scalar field: V(®)

(T 1 [ +ige
P = <¢0> = (qbg T z@)
* with potential: :
V(g) = p” (ﬁbW) + A (¢T¢)
For A>0, pu2<0:

Im(P)
Spontaneous symmetry breaking Minimum atov = 4 /_”_2 — 9246 GeV
2\

| feel unstable! / ‘,V((D)
| think I'll hang

out down there

NS \@

Im(P)

Re(P)



Brout-Englert-Higgs Mechanism

Y
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* Introduce complex scalar field: V(®)

b= <¢+> _ L (Cbl + i¢2)
ol V2 \ @3 + iy
* with potential:
V(g) = (67¢) + A (p10)"
For A>0, u2<0: Im(®)——
Spontaneous symmetry breaking Minimum atv = 1 /_5_)\ — 246 GeV

| feel unstable!

chink 11 hang EFxpand @(x) around vacuum:

out down there

0@ = 75 (o + 1))




N Lagrangian after electroweak Symmetry Breaking

* Resulting Higgs-boson Lagrangian:
1 2 (9° g°
_ v T e LY 22 _ 3
EH—Q(‘?MH(")’ H+ (v+ H) <4WMW +8(:032(9WZ“Z ) M H* — WwH
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* Resulting H|ggs boson Lagranglan B

Lo = —a HO*H +’

Karsten Koneke

e

—

(v+ H) ( WIWH 4
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2 g2

4 H 8 cos? Oy
vg

=
T,
|
3
3,
|
|
=

~|> UNI

= mw = My cos Oy =




* Resulting Higgs-boson Lagrangian:

1 ( 5 ( g° g°
L =-0,HO"H + H)* | ZWIWwH
ok o+ H) (4 K +80082«9W :
v
| imW:mZCOSHW:—g
\ — 2

— —
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* Resulting Higgs-boson Lagrangian:

1 ( 2 (97 9°
L= 55@1{6#1{ +(v+ H) (—WJW“ +

4 8cos2 Oy "

(V)
| imW:mZCOSHW:—g
\_ 2
= i ;‘ja=====——ﬂ

— —
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N Lagrangian after electroweak Symmetry Breaking

* Resulting Higgs-boson Lagrangian:
o= Loumorm Yo me (2 o e
H = ok (U—l_)) 8 cos? Oy
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* Fermion mass terms via Yukawa couplings As:

L:fermion — _>\f [&L¢¢R -+ ¢R¢¢L}

\p -
Y ﬂﬂw

)\f’U

7
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* Fermion mass terms via Yukawa couplings As:

L:fermion — _>\f [&L¢¢R -+ ¢R¢¢L}

)\f’U )\f —
= W Hyp
ferm|on mMass|
mrys |
)\f — f—f ;[
Karsten Kéneke } L _ ‘ %J 6
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* Fermion mass terms via Yukawa couplings As:

L:fermion — _>\f [¢L¢¢R - ngbwL} v

Afv [ Af ]
= N Hit)
—— s V2 V2 |
fermion mass| ——
ms |
)\ f = f —f ;}
Karsten Koneke { — _ ;\ . J 6










So...
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One of the primary goals to build
the Large Hadron Collider was
to find (or exclude the presence of)
the Higgs boson
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- 7TeV (201
- 13TeV (20
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The LHC

* Proton-proton collision energy E

),8TeV (2012):“Run |”
5-...):"Run 2"
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9
The LHC
— 'gg_
* Proton-proton collision energy E
= Talev=(201 1), 8 TeV (201 2= RupEEs
== 1 3 TeV-D0iFsaeme R 7
* [uminosity
- Instantaneous luminosity =

- Integrated Luminosity L =




The LHC

* Proton-proton collision energy E
= Jlev=(201 1), 8 TeV (201 2)= Rug b sioa
== 3 le V-GS R =S 36 fbr! B8

* [uminosity
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- Instantaneous luminosity =

- Integrated Luminosity L =
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The LHC

* Proton-proton collision energy E
= Jlev=(201 1), 8 TeV (201 2)= Rug b sioa
== 3 le V-GS R =S 36 fbr! B8

* [uminosity
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- Instantaneous luminosity =

- Integrated Luminosity L =

- Number of produced events N =
-~ Run |

- Run 2

Karsten Koneke 9



N Higgs Boson Production and
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Decay at the LHC
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Decay at the LHC
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Decay at the LHC
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Decay at the LHC
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Decay at the LHC
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hoton

“Photon




Decay at the LHC
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@ Higgs Boson Production

BURG

Lch |HIG|GS|XS IWG| 2074 | T 1T 1 I 1T 1T 1 | | L | L L I: ‘1 O2z g
- A ) e
B 3~ H (NNLO+NNLL OCD NLO EW)
- b ] | |
0O
= 10 5
f R
: D + NLO EW) : +
_/pp _ qgH (NNLO QC _ T
T umowoooeMOEN ey 4
o Op — ZH (NNLO QCD + NLO EW)
K nd NLO QCD 7 %
B . N
. HH (NLO QCD) MH =125 GeV__ 1 0-1 b
— MSTW2008 =
—I | | | | | 1 1 1 | I | | | | | 11 | | | 1 1 | | 1 1 1 | | 11 | | I—
7 8 9 10 11 12 I 3 14
\'s [TeV]
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gluon fusion

g
t)

g
"00000000O?

7 8 9 10 11 12 |3 14
\'s [TeV]

@ Higgs Boson Production

LHC HIGGS XS WG 2014
:IIIII|IIIIIIIIIIIIII|IIII|IIII|IIII|:‘
_ op— H (NNLO+NNLL G0 NLO EW) |
I o — gaH (NNLO QcD +NLO EW) 7
f— p - —]
/

= pp — WH (NNLO QCD & NLO B —-
e op — ZH (NNLOQCD 2 NLO EW)

M, = 125 GeV_|

= MSTW2008 4
—I 11 1 1 | 1 1 1 1 I 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 I—
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O (pp — H+X) [pb]
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gluon fusion

@ Higgs Boson Production

LHC HIGGS XS WG 2014

LL

QcD + NLO EW)
op — H (NNLO+NNLL

L 11 Tm

1 IlIIIIII

5 - qgH (NNLO QCD *+ LD =
p >

q

Vector boson fusion ( VBF)

q
H

»>

7 8 9 10 11 12 |3 14
\'s [TeV]

v

\\

O (pp — H+X) [pb]

pp — WH (NNLO QCD & NLO B
p— ZH (NNLO QCD + NLO EW

e

M, = 125 GeV
MSTW2008 =

:I 11 1 1 | 1 1 1 1 I 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 I_
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@ Higgs Boson Production &
e . 2o v E I
- éIHc IHIGIGSIXS IWG|20.{4 | I I I I | L | | I I I | I | I I I |: ‘1 022 m
gluon fusion . E Y
g H - =)
—>
) S 10 &
000000000 - . - X
5 op — agH (NNLO QcD +NLO EVD ~ 1
Vector boson fusion (VBF) W -
v g = op — ZH (NNLO QCD + NLO EW =
q > T, _ 4 NLO QCD — o
W,z ‘1, H s op — bbH (NNLE o 4 =2
q - W’ ZJ, ~ H (NLO QCD) MH =125 GeV__ 1 0-1 b
~9 " MSTW2008 -
:I 1 1 1 | | 1 1 1 | | 1 1 1 | | 1 1 1 1 | 1 1 1 1 | 1 1 1 | | | R l:
' _ 7 8 9 10 11 12 | 3 14
e;ssoaated prod. with ng NS TeV]
G Ry
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@ Higgs Boson Production &
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- éIHc IHIGIGSIXS IWG|20.{4 | I T 1T 1 I 1T 1T 1 | | I L I | L L |: ‘1 022 m
gluon fusion . E Y
J t :W
g H - =)
—
t A - »> - :_ —: 1 O IEI-
000000000 - . - X
= op— agH (NNLOQCD = SESERE ~ I
) v q f op — ZH (NNLO QCD + NLO EV n
q - T > B LO and NLO QCD — el
W,Z 1 H - pp —~ boH (S 7 =
W,Z . A i i
q — ~ H (NLO QCD) MH =125 GeV__ 1 0-1 b
~9 Y MSTW2008 -
:I | 181 | | 1 1 1 | | | | | | | 11 | | | 1 1 | | 1 1 1 | | 11 | | l:
, ' 7 8 9 10 11 12 | 3 14
e;ssoaated prod. with ng > . = NS TeV]
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: U
30son Production: a rare Process £

T — T . zl.u
T T 1. Proton—(ahh)proton L
N Cross sections

tot : . : I
[ ]

Teva:tron 'LHC 10° o\

m bosoh

events / sec for ~

t0° Hjme12s v o produced In only
3" @ 11 out of 107 events |
Karsten Koneke = ‘\js (Tev) = — — — 12
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Higgs Boson Decay
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bb

WW
99

T

LHC HIGGS XS WG 2016

—h
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Branching Ratio

cC
Y4

—h
<
V)

2
-2

N
=2

U

1 0-4 1 | ] I ] | | | | | I 1 | ] I | | |
120 122 124 126 128 130

M, [GeV
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Tile calorimeters

LAr hadronic end-cap and
forward calorimeters

Toroid magnets LAr electiromagnetic calorimeters

Muon chambers Solenoid magnet | Transition radiation fracker

Semiconductor fracker

Karsten Koneke



o we find the Higgs Boson!

UNI

e Search in“clean” signatures: leptons or photons
e (alculate "invariant mass” of decay products
m® = |p1 + p2|” = (E1 + E2)” — [Py + D2’

* Plot mass of every selected event into histogram and
ook for signal peak over background

Counts

Background

Mass

FREIBURG



CMS Experiment at the LHC, CERN

Data recorded: 2012-May-13 20:08:14.621490 GMT
Run/Event: 194108 / 564224000 F H 9 Y Y
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e (alculate di-photon invariant mass

Strategy:

* Select two isolated photons

and fit distribution

Karsten Koneke

Complete
Run | datal

Expect ~ 1400
Higgs Bosons

180

160

140

) weights / GeV

120

100

80

60

40

20

Y weights - fitted bkg

T
!

.<

.<
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[Ldt=451f" \s=7TeV
[Ldt=203fb" \s=8TeV
S/B weighted sum

Signal strength categories

| I I I
ATLAS
-¢- Data

— Signal+background

===+ Background

— Signal
m,, = 125.4 GeV
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Strategy:

* Select two isolated photons

e (alculate di-photon invariant mass
and fit distribution

Complete
Run | datal

Expect ~ 1400
Higgs Bosons

Signal strength

o-B observed rate

ol osnM - Bau - expected rate

= 1.17 = 0.27

Karsten Koneke

) weights / GeV

Y weights - fitted bkg
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[Ldt=451f" \s=7TeV
[Ldt=203fb" \s=8TeV
S/B weighted sum

Signal strength categories

| I I I
ATLAS
-¢- Data

— Signal+background

===+ Background

— Signal
m,, = 125.4 GeV




How sure are we! s
e (Calculate the “p-value™ _:E)E_

|. Build probability density distribution f for background-only hypothesis Hq: f(x|H))

2. Probabllity to obtain result x.p, or less likely, given f(x|Ho):
O

p = f (x| Hp)dx

Lobs

* Map p-value to Gaussian
standard deviations N,

2
00 =2y /2

b= N, V2T

P-value

>

dy

Probability density

Observed

data value \

o >

Set of possible results

Karsten Koneke 18




e (Calculate the “p-value™

How sure are we!

IBURG

-2
S &

|. Build probability density distribution f for background-only hypothesis Hq: f(x|H))

2. Probabllity to obtain result x.p, or less likely, given f(x|Ho):

O

p = f (x| Hp)dx

Lobs

* Map p-value to Gaussian
standard deviations N,

P N, V2T

* Significance: 5.20

Karsten Koneke

o

Local p

10°

10
1
10"
10°
10°
10
107
10°

N/

108 [Ldt=20.3fb™, 1s = 8 TeV
'9 I 1 | | I | 1 1 | | 1 I | | | I
107 950 122 124 126 128 130

IIII"||| IIII""| Illlmll Illlm|| IIII[ﬂ'l IIII""I IIII[ﬂ'l Illlmll IIII|T||| L

1
----SM expected
— Observed
mm,=1254+04 GeV

1o
20

30

4

56

IIIIllII| IIIIlllIl IIIIlllIl IIIIlllIl IIIIllII| IIIIllIII IIIIlI]I| IIIIllIII IIIIllII| IIIIllII| IIIIllII| L1l

m,, [GeV]



[a1]
@ATLAS
EXPERIMENT

http://atlas.ch

Run: 205113
Event: 12611816
Date: 2012-06-18
Time: 11:07:47 CEST
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H — /7 = 4¢ <
-
- __E_
S8
o : "4
Strategy: =t
- |dentify 4 isolated leptons (electrons, muons)
. . > _IIIIIIIII'IIIIIIIIIIIIIlIIIIlIIIIIIIIIIII
- Calculate invariant mass S 35F ATLAS $ Da
L(? H N ZZ* N 4l Signal (mH=125 GeV u =1.51)
ﬁ 30 [ yeo7rev ILdt=4.5 o B sackgounazz
-+ 7)) | ) - Background Z+jets, tt
I'l = \s =8 TeV ILdt=20.3 '
/ D 25 ////% Systematic uncertainty
- >
1 L]

20
P H/Z 15

Z/ P 10
O

IlII|IIII|IIII|IIII|IIII|IIII|II

I|IIII|IIII|IIII|IIII|IIII|IIII

_.—
_.—

et O
ol ) )
€ 80 90 100 110 120 130 140 150 160 170

m,, [GeV]
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>,
H = //% = 4¢ :
=
- __E_
. = L
[
Strategy: =
- |dentify 4 isolated leptons (electrons, muons)
. . > _IIIIIIIII'IIIIIIIIIIIIIlIIIIlIIIIIIIIIIII
- Calculate invariant mass S 35F ATLAS $ Da
L(? H SN ZZ* N 4l Signal (mH=125 GeV pu =1.51)
* Conditions: S 30 [ \s-77ev JLdt=4.5fb'1 I secioround 2z
ﬂ | I p - Background Z+jets, tt
- Tiny overall branching ratio: S o5 T ) systematc wncenainy
- BR(H = ZZ*) = 2.6% i

- BR(Z — £0) = 3.4% 20

= Expect ~75 Higgs bosons in 15
this decay!

10

IIII|IIII|IIII|IIII|IIII|IIII|II

e Result:

I|IIII|IIII|IIII|IIII|IIII|IIII

_.—
_.—

- Significance: 8.20

- Signal strength: 80 90 100110120 130 140 150 160 170
= 150 +33% (stat) +813(sys) m, [GeV]

Karsten Koneke 20



Higgs Boson Properties

Mass mH
Spin and CP

Interactions with other particles
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10F
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Mass Measurement

* Not predicted by theory

UNI

- Once measured by experiment, everything else Is determined
. Use h|gh resolu’uon H - Yy and H = ZZ* — 4 channels:

det 45fb \s= 7TeV
[Ldt=2031b" vs=8TeV
S/B weighted sum

Signal strength categories

S
IS
IS
‘e
®

A TLAS
—4- Data

— Signal+background
===+ Background

— Signal

m,, = 125.4 GeV

Karsten Koneke

35

Events / 2.5 GeV
w
(@)

FREIBURG

_— ATLAS
H— ZZ% — 4]

I|IIII|IIII|IIII|IIII||III|III

\s =7 TeV det ~45fp"

\s =8 TeV _[Ldt =203

¢

Data

Signal (m = 125 GeV p = 1.51)

W//% Systematic uncertainty

_.—
_‘7

90 100110120 130 140 150 160 170

m,, [GeV]
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2
¥ ATLASHCMS Mass Measurement =
0
Frrrryprnrrrrrunriri |l|||||||||||||||||||||||||| _EE_
ATLAS H—yy == i Total =Y
CMS H—yy ——o——] Stat.
] Syst.
ATLAS H—ZZ —4l —® :
CMS H—ZZ—4l ————
ATLAS+CMS yy ——o—]
ATLAS+CMS 4i ——e+—i ATLAS and CMS
ATLAS+CMS yy+4] = LHC Run 1
I 111 | | N I I I A I | | N N I T T O | | | I I T T O A | | | T I I T N A |
124 125 126 127 128
m,, [GeV]
® RGSUH:: mH — 125.09 1 0.24: Gev 2%0 uncertainty!

— 125.09 +-0.21 (stat.) + (0.11 (syst.) GeV
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But Is 1t the Higgs Boson!

Need to determine its other properties precisely:
e 5pinand CP
* Production rates
e Couplings to bosons and fermions

- According to boson and fermion masses!

Karsten Koneke
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Why Spin 0!
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* Vacuum:
- No charge:

- Rotationally invariant, i.e., no preferred direction

* Higgs boson should have same quantum numbers
as observed vacuum:

- No charge: =

- Mass cannot depend on direction
= Spin 0

Karsten Koneke 25



Spin and CP :
Standard Model Higgs boson: JF€ = 0** Se

Charge conjugation: change sign of all quantum numbers

—_

Parrty (“mirror’”) transformation’: PX — X

Strategy: falsify other hypotheses (O, | ™, |7, 27,2,
demonstrate consistency with O™ hypothesis

Spin- | excluded by observed H — W/X
Use angular variables X
Calculate likelihood ratio

between alternative hypothesis
and standard | = 0" hypothesis

ten Koneke 26



Spin

and CP

C — =
-9 — 1T T 1 1T 1T 1 T T T l | I | I T T T 1
8 oL ATLAS HoZZ" 541
< = ls=7TeV, 455’ E
S B Data 's=8TeV, 20.3 f' ]
o
< 1 —— 0" SM H— WW* = evuy =
= - _ ls=8TeV, 20.3 &' ]
R -
S 101 _
z 10E 5
— v [ BT ]
- | -
10 | E
- | §
10%% | =
10 E
10—5_ | l--'IEI |+ 1IN Lo g |
-30 -20 -10

g=—2-In(

Karsten Koneke

10 20
Lyr /Ly+)
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S | -
1N adn =
P 2
-S — | | | | | | | [ [ | | | | | [ | | [ | | | | | | ] =
© | ATLAS H— ZZ* — 4l _
© 10k =
e = Data s=7TeV, 451" 3 ATLAS H — ZZ* — 4]
£ - 's=8TeV,20.3f5' ] 7 TeV. 4.5 f55°
g {1t —— 0"SM H o WWY o ety —e— Observed 's=7TeV, 4.
- - . _8ToV 203 1t A I Expected /s=8TeV,20.3 fb'
N 0 | - : B 0'SM+t 1o
310_1§_ : _é -0+SM‘|_‘2(5 H%WW"%@V,UV
- | - 0"'SM+3¢ /s =8TeV, 20.3 b’
102k =
: | E H— vy
- - ls=7TeV,4.5fb
10°E | = | 1
- E 's=8TeV, 20.3fb
] S S I
? 1 39 ;
-5 i Cre Lo I [ | i 5 —
Y3 20 10 _ o 10 20 30 20; _
q=—2-In(Lyr/Lo+) 10 r =
projection Of '
O - i | | i
-10¢
20} ' S
-302 . : : : -
JP=0" JPF=0 JP=2" JP=2" JP=2" JYP=2t JP=2'
Kq=Kg Kq=0 Kq=0 Kq=2Kg 1<q=21<g
pT<300 GeV pT<125 GeV pT<300 GeV pT<125 GeV
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Arbitrary normalisation

N an &
p :
B === E ]
E T | [ [ L | | | L | | L | | E
10:_ATLAS H—o ZZ* — 4] — *
- Data ls=7TeV, 455’ - ATLAS H— /Z/Z" — 4]
1 ;_ O+ SM ;=8T\e/\\;’vi;)’;3 o _; —e— (Observed ”u\ch =7 TeV, 4.5 fb1
= - :S)Tev 20 331 NG R - Expected /s =8TeV, 20.3 fb’
b 0 o ] B 0°SMt 1o
10_1§_ [ _§ -0+SM‘|_‘2(5 H%WW*%eVﬂV
- | - 0*SM <36 /s =8TeV, 20.3 b’
102 =
: | E H— vy
103k | - 's=7TeV, 451’
/s =8TeV, 20.3 fi’
N 1 40¢t 5 : 5 ~
10 = - , _ ,
-5 i L1 E cl a1 TN [ | i -
10239 '~ 20 10 0 0 20 a0 <0 :
§=—2-In(Lye/Lo+) 10 = -
projection O '
O ; i i i
-10¢ ;
20|
P + _ant R
* SM] =0 favored 30} | r r r | | -
JP=0" JPF=0 JP=2" JP=2" JP=2" JYP=2t JP=2'
' Kq=Kg k=0 k=0 K=2K, K=2Kg4
e Other models disfavored at >99.9% 300GV p<125GeV p 300GeV  p <125 GeV
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But Is 1t the Higgs Boson!

Need to determine its other properties precisely:
¢/ Spin and CP
* Production rates
e Couplings to bosons and fermions

- According to boson and fermion masses!

Karsten Koneke
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The k Framework E

. LHC Higgs XSWG (arxiv:1307.1347)2 &
Model and fit framework: S&

e Once Higgs boson mass Is known, all other Higgs-boson parameters
are fixed Iin the SM

e Jo allow for measurement deviations from SM rates, introduce

' g
coupling scale factors; K = ——
gsm
il
(0-BF)(i - H — j) = Ui f

L'y

K2 - K2

— OSM (Z —> H) - BFa\m (H N f) , — f

H

Assumption:
e Only one SM Higgs-like state at ~ 125 GeV with negligible width

Karsten Koneke 29
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gluon fusion
TOO000000)
AL AN AL AL U t
? t h H
. Z
Vector boson fusion (VBF)
~q
q . 7T |
W,Z " ) H
W, Z N ‘
q———=&
~9
a5 pr W,

-e- Observed +1c
Th. uncert.

ATLAS and CMS
\LHC Run 1

Karsten Koneke

" Decay

modes |

\\.\. _

4 4 6 8 10
¢ - B norm. to SM prediction
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Production and Dec

ATLAS and CMS -0- ATLAS+CMS
LHC Run 1 - ATLAS
-+ CMS
B —t1c
—p—— — 120
e ———
_+|_
-
—*:—
-
‘ []
—*E—
—
i
—  eeeea@ee———
x
2
- _ +0.11
|||||||||||||||||||||||||||||||||||||||||||||||||

15 2 25 3 35 4
Parameter value
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HTT

Mbb

1

O
d OdEeS -
-
__E_
L]
Z o
= LL.
ATLAS and CMS -®- ATLAS+CMS
LHC Run 1 -x- ATLAS
-+ CMS
B - t10
— — 1206
-
— e ————
B Fe——
—I*—
e
_+I_
e ———
" 2
e
'*.
IIII|IIII|IIII|IIIIlIIII|IIIIIIIIIlIIIIIIIIIlIIII
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Parameter value
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Coupling strength to Fermions «&
o

0

bling to Fermions anc

BOsons

N

0000

—h
I I

O
o

L ATLAS and CMS
" LHC Run 1

[ ] Combined
A=Y
H—Z/
—-WW
H—1T

H—bb

| —— 68% CL

95% CL I+ Best fit *1 SM expected i

0

0.5

1

Coupling strength to W
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b ey
(i i
sl

>
€> 1 ATLAS and CMS
- LHC Run 1

¢ ATLAS+CMS

N SM Higgs boson |
: — [M, €] fit
68% CL
95% CL
10_4:II o Lo o4 11l L0l E
10~ 1 10 10°

Particle mass [GeV]
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Mass ~ Couphng Strength7
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ATLAS and CMS
see all measured

couplings |
agreement

SM expect

N
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di-photon selection

!
!
!

!

UNI

oYY

Strategy:

ATL-CONF-2016-067 |

FREIBURG

Fit my, INn Mmany production mode sensitive categories

* Measure fiducial, differential, and production cross-sections

>
()

. . . G 2P e Dat ATLAS Preliminary

Fiducial cross-section: s gr. - Background s = 13 TeV, 13.3 fb"
5 —— Signal + Background Hoyy, m, = 125.00 GeV
— o — Signa

Ofid = 43.2 s 160 S/B weighted sum of

N event categories

+ 14.9 (Stat) 140

One-lepton + 4.9 (syst.)fb 120 =
W(—> v)H 134 wE E
SM: 62.8 +3:4 fb : , ;
ET* significance % E_ _E
Z(— vw)H ; W(= Iv)H OE =
v 40— -
Low-mass two-jets < tight 20 —
W(— jhH, Z(— jhH 00SE 18j | T | | =
High-mass two-jets @ n .
VBF < | 2 o Ra ++++++ o,
oose 2

! AN ¢ Pt ki

4n-p,, rest 10 120 130 140 150 180
olela I’TIW [GeV]
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7YY

ATL-CONF-2016-067 |

di-photon selection

UNI
FREIBURG

Strategy:

!

Fit my, INn Mmany production mode sensitive categories

Measure fiducial, differential, and production cross-sections

Fiducial cross-section:

JOfid = 43.2
| + 14.9 (stat.)
One_lepton i 4.9 (Syst.) ﬂ I I I I I | I I ) I I I I I I I I I 1 I 1 I I 1 I I 1 I I | I I I I I I )
W(— v)H - ATLAS Preliminary
| SM:62.8 tij fb | Vs=13TeV, 133" e o
ET™* significance +126
u L} i =-0.25
Z(= vw)H : W(= Iv)H tH * o 0%
v ah l.’lVH B : ® : u\/H =0.23 +1§£‘7>
- ~ tight
Low-mass twojets < ooy R P
W(= jiH, Z(— ii)H l00SE o
v ggH [ e uggH =0.59 028
: : tight | @ e
High-mass two-jets < (hs - Run2 — " —oss["
VBF — l
loose
v lJ‘F{un—1 l_ | | IT._| | | MF%un-1 |= 1.17
p, rest 2 4 0 1 =2 3 4 5
agF

Signal Strength

Karsten Koneke
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Fiducial and total x-sections:

Fit In My,

4¢ _ 1.01
®* Ufdsum — 4'48i0.89 fb
4¢ — 3.O7+O'21 b

U fid,SM ~0.25

% 35 il II|I III|IIII|.III.I|IIIll’lll[l)altla.lllllllllllli
«y 2P FATLAS PrellmlnaryE Higos (m, - 125 GeV) -
0 [ H-ZZ*— 4l " B
% 30 - 13 TeV, 14.8 fb” -ﬁijvt Wy .
-E B 7, Uncertainty 7]
o 25 .
> B -
LL] - 5
20— o ~
15 -
10 =
5F @ -
N i Lo 1T ey

80 90 100110120130 140150160 170

m,, [GeV]

Karsten Koneke

H — Z7* — 4P

>,
a4
-
| ATL-CONF-2016-079 | _ -~
Production mode studies: =&
o : . :
Narrow my region categorization
m,, [118-129] GeV
\
2 or more jets
>=1 leptons Ojet ljet m;<120 GeV | | m;>120 GeV
(pT, ,>8GeV)
Discriminant | | Discriminant Discrim.inant Discriminant
Just counting BDT-ZZ BDT-1j BDT-2jVH BDT-2jVBF
BDT_ZZ.: BDT_1jet: BDT_2jet_VH: BDT_2jet_VBF:
* Pru * Pry * Prjn * Prpn
* Ny * * P1jp * Pip
« KD-= ® ARM] n]l pT,‘Uj]
log(MEy;,/ An;; An;
MEz7) Any; Any;
my; m;;
min(AR;) min(AR;)
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O
H = //F —> 4.0 &

| ATL-CONF-2016-079 | 2
. . LLJ
Fiducial and total x-sections: Production mode studies: :Z,E

* Fit in my * Narrow my region categorization

° O_ﬁfl um — 4 48t(1)(8)é fb ;8- 2_2:| rTryrrrryrrrrprrr Tt T T |:
S = 307021 — 2F ATLAS Preliminary +-Bestfit
ﬁd SM —0.25 g C H — 77* — 4] — 68% CL N
%) 35 _Il [ | [ | | |.| | III | | |’|| I[I)al.tla.I I | | | 1 Ii N 1.8_ 13TeV 148fb1 ----95% CL —:
5 - ATLAS PrellmlnaryEglzggs (. =125GeV) 1.6 ! o SM e
LO L H—> Z2Z* — 4] 5 - E
% 30 - 13 TeV, 14.8 fb-! -ﬁij\(/ats{/\t/tv B i/ 1.4 —
c B %, Uncertainty . o0 - :
o 25 _— ] X 12__ —
Lﬁ N ] L _ N
: — < 1 —
20~ ¢ B E’E - ]
- . b>0'8;_ B
15 - E 0.6 -
101 - 0.4 -
50 - 0.2F : E
) . ) o 4 O:| I B RN R .ul.' I B |‘l»"|' Ll 1:

0f = = SLERSEAL L, o5 1 15 2 25 C:; 3.5
80 90 100 110 120 130 140 150 160 170 G yghsbo i ¥XBR(H = ZZ*) [pb

m,, [GeV]
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&
|[CHEP Combmaﬁon 2
=
| ATL-CONF-2016-081 | s )
Z p
Combine |—| — Yy and H — ZZ* — 4¢: DL
ﬁ- 100k ATLAS Prellmlnary _opp%H mH—125.09GeV _
% " AHoyy 0 HoZZ 4l QCD scale uncertainty ]
b% 80__ ¢ comb. data syst. unc. Bl Tot. uncert. (scale ® PDF+a ) | -
60 = ~ 100
401 _
i N 1o ) )
20 et -
I Vs=7TeV, 45fb" ]
- Vs=8TeV, 20.3fb" -
O (s =13 TeV, 13.3 fb" (r7) 148fb'1 (2Z%)
7 "8 9 10 11 12 13
s [TeV]
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|(CHEP Combma’uon

e aVaVaVaVaVeaVaVavas P
................

Vector boson fusion (VBF)

q

W,z
W,Z "

q
H

BURG

| ATL-CONF-2016-081 | Lyl

ATLAS Preliminary m,=125.09 GeV :Z>"‘
(s=13 TeV, 13.3 b (yy), 14.8 tb" (ZZ2) = ™=

Karsten Koneke

G -8 Observed 68% CL
ggF SM Prediction 2 4
\
OyBF ——
/GVHhad e
OVHiep ———
Gtop . ——
|||||||||||||||||||||||||||||||||||||||||||||||||

5 4 -3 -2-10 1 2 3 4 5
Parameter value norm. to SM value
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. | ATL-CONF-2016-112 | ___ 8 _
2
Ditterent-flavor BD T anaIyS|s with Top and VA control regions: Du-
2 1 20 B I | | | | | | I | 1 | | | | | | I I | I 1 | I I | I I 1 | I I ] .E 350 C I I / I ]
> [ ATLAS Preliminary 50" ﬁgfj'egys) 1 2 - ATLAS Prehmmary ¥ Dan 77 SMlss)
€ 100/ 1s=13TeV,5.810" Top motherww | £ 300 5_43 TeV, 5.81 fi" O wiers [l Zvjets =
ks L Ho WW s epspie - Ww OtherHiggs ] Q = HoWW —ep-+ue (VBF) Clvoo W Oterv
n = HggF DHVBF T 250__ H+] B ww [ ] Other Higgs _~
80__ =7 Hygex 10 ] E [] H g D Hyer E
; 1 200 200 =
60 — : o : ]
- 1501~ 215F E
40 - i e f .
-------- i 100 T 10¢ %
o : : : 8 1 :
20 L - o0 S 5 -]
------- Zrrrssiiorresen ] C ks H
_I 1 1 I 1 1 1 | 1 1 1 1 1 | 1 1 I 1 | 1 i 1 1 1 I 1 = O I | |
08 06 04 02 0 02 04 06 08 1 TpCR  Z-wCR SR SR2

-0.8 <BDT < 0.7

BDT score

BDT > 0.7

Fit regions

* |90 (l.20) observed (expected)

uypr = 1,779 (stat) 700 (sys)

oveF - B ww+ = 14703 (stat) 7)) (sys) pb
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WH — \/\/WW = fvivly &

* 2 signal regions Se
® 6 data control regions
= 800: | | | I | | | | | -
2 -oor. ATLAS Preliminary 20° gl -
2 "F {s=13TeV,5.81fo’ Ow Ot -
. = 600 WHWWW —iviviy [ Other Higgs [ WH =
. Unique - ]
charge 5005_ % iy E
— 400F ' 020 | =
Assume - & ]
closest AR 300 E 15F -
Results: 200 RN 510 =
® 100 2 5
0./706 (0.240) obs. (exp.) e
+3 +2.3 Cha ©Re Clec(: CFE chd Che z-olSR ted z-dSR| ted
uwH = 3.275 2(stat) (sys) : :

Fit regions
owH - Baww+ = 0. 9+() 9(Stat)+0 7(SyS) pb
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I—I—>bb[

ATL-CONF-2016-091 J

FREIBURG

" H > bb is dominant decay (~58%) :z>
(W/Z/)H associated production:
* O-lepton (Z = wv)
* |-lepton (W = £v)
ATLAS Prolminey __~Zlepton (£ = &%)
bt (s=13 TeV, [L dt= 13.2fb" _|
Stat. Tot. ( Stat. Syst. )
2 lepton |-+—e—-t 0.24* 030 (7538 T0%0) -
1 lepton |— p—e—=ny 0_25+0.94 (+0.67 +0.67) N

-092 '-0.64

- 0.67

* Analysis validated with

0 lepton -  F—e—H 047J_rggg (iggg J_rgi‘z‘) — (W/Z)Z(bb) |
30, consistent with SM
Combination [~ k-e-4 0.21*+3:31 (*052 *058) — * Results: 0.426 (1.940)
(') — A|, —— é —— é — '1'0 observed (expected)

Karsten Koneke

Best fit u=c/c__for m =125 GeV
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Strategy:

* 2 opposite sign muons,
MET < 80 GeV, b-veto

* VBF-enriched SR (BDT)
(new In run-2)

* 6 ggh-enriched SRs:

- 3 pr(up) bins
- 2 1n(w) bins (forward/central)

95% CL BR upper limit for my = 125.09 GeV
Run-1l:u < 7.1 (obs.), 7.2 (exp.)

Run-2: u < 4.4 (obs.), 5.5 (exp.)
Combined: pn < 3.5 (obs.), 4.3 (exp.)

O
(2°4
=

ATL-CONF-2016-041 N s e
) >
= LL.
> 455 ATLAS Preliminay =
840; VBF s=13TeV, 13.2fb" =
(\/) 35 E_BW@Gauss (Z-peak) + e™/x3 (ContinuumLi
G:) SO0 — g;::iground model _;
'IE 25 3 —— Signal [125] x 20 _;
LLl o0 : —
15/ =
10 + + + =
= ¢ 'Y =
O+""'+H*
45 =
= 2 =
S ottt Mt s oy
—2F i o
—4F =

110 115 120 125 130 135 140 145 150 155 160
m,, [GeV]

Karsten Koneke, Christian Grefe
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[ H tt H g
9 000" t g
| ATL-CONF-2016-068 | _ B0 _
S\ qof L [T T T T T T T T T
[ . . . e = ATLAS Preliminary -¢- Data 3
Comblnatlon Of 2 - 1s=13TeV, 13.2 10 tH (uy,,, =40 ]
. S 08 _ M tH (=21 ) —
- ttH(yy): ATLAS-CONF-2016-067 (see earlier) - (Backgiound 3
B 7, Bkgd. Unc. -
10°E ---- Bkgd. (u=0 fit) =
- ttH(bb): ATLAS-CONEF-2016-030 : AT
- ttH multi-lepton: ATLAS-CONF-2016-058 YE E
® Result:2.80 (1.80) obs, (exp.): (Run I exp: |.50) 10 o o e optor 5
) 1 .I 1 I I .I I I 1 1 l’ I I 1 .l : I I 1 I I I 1 I : POSt-fIt ’_
ATLAS Preliminary 1s=13 TeV, 13.2-13.3 fb” 5 of +
o 15[ —
—total stat. (tot.) (stat., syst.) g e e et ettt
o -3.5 -3 2.5 -2 -1.5 -1 -0.5
ttH(H—yy) | ® _ +1.2 +1.2 +0.2 log (S/B)
(13 TeV 133 1b") 0.3 -1.0 ( -1.0> 0.2 ) — , —
ATLAS Preliminary Vs=13 TeV, 13.2fb"
tH(H->WW/tt/ZZ) -—e—=— 25 :,11 f ( :“8-; , j) -; ) —tot. stat. tot (stat,syst)
(13 TeV132f") ' ' ' 2¢0%had e 4.0 75 (47, 1))
ttH(H—sbb) —e—— 2.1 10 (02 403 ) 26 1Tpag 136 128 123
(13 TeV 13.210™) . 0.9 05 =07 d - 62757 (%3, 42)
37 el 0.5 +1.7 (t1.2 i1.2)
inati +0.7 +0.4 +0.6 -16 -1.0° 1.3
( ttH %%rrTlet))\ll?atlon Run 2 [(F-e=H 1.8 0.7 ( 0.4 0.5 )) ur
- < 2.2 (68% CL)
o 0.8 05 +0.7 | [Tl
S e M Ces (Gesinon )] ] ew 28 (8 W)
yoorT E |||(I)| |2||||4|-|||é|||é|||10 O 5 10 15 20 25

best fit M for m =125 GeV

best fit u_ for m =125 GeV
ttH 44
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¢ Combination and Interpretation

UNI
[

FREIBURG

So far:

* K-framework:
- Only considers rates
e S5pin and CP measurements:

- Only considers shapes

VWant: measure full tensor structure of Higgs boson couplings
* One option:; effective field theory
- Assume no new particles below A < | TeV

- Write down all possible interactions
consistent with SM symmetries up to dimension 6

Karsten Koneke 45



@ Higgs Characterization Model &
——————{ aXix:1306.6464 |- — = E -

* Effective Lagrangian: =

1 o
Ly = {camSM[ggm ZuZ" + grwrw Wy W] SM CP-even

B i[calﬁleng’w A A" ¥ Sk agnGany A A ] BSM CP-even
B % CaknzGmzy DAY + Sakazyazy Zu A" | BoM CP-odd
B i CakrgeTrgg GoyGUM + 50K ageGage Goy G

- i% :Ca/fHZz Z/wZW T Sakazz Z/U/ZW]

B %% catimww Wi, W + sakaww W, W]

_ %Ca[limy ZyOu A" + Koy ZyOuZM + (Kuaw W, 0, W H + h'c')]}XO

- Fixed A <1 TeV (convention), cq = cos(a) = 1/\2 (redundant)
- Implemented in MadGraph5_aMC@NLO (HC UFO)
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Morphing
ATL-PHYS-PUB-2015-047
* Measurements based on formulation of Likelihood L(x|0)

UNI

FREIBURG

* Predict observable distribution from composite model:
- HEP model ® simulation ® detector response ® reconstruction

* |nterpolate smoothly L(x|0=-1,0, 1) — £L(x|0)

e ot
S Q00 S
. Q00000 .
Q0 Q000000 Q0
O Q0000000 v
- Q00000000 -
N | 000000000 — M
0 | Q0000000 00
=S 10000000 =
o Q0000 o
| |
O @
) )

Coupling A, e.g. gam Coupling A, e.g. gam
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@ Ilemplate Morphing

O
=
=

—_— [ ATL-PHYS-PUB-2015-047 |~ — S
LS

Analytical
shapes

-

Empirical
descrip-
tions

Piecewise linear
interpolation

Integral morphing

Moment morphing

Physics
inspired
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\y Idea of Effective Lagrangian Morphing
. " ATL-PHYS-PUB-2015-047 | -
Example: gsm and ggsm IN one vertex >

U
(o4
=
=
LU
24
L

e Cross section ~ |matrix element|’;
M(gsm; gBsm) = gsmOsm + gBsMOBsm

T o< |IM(gsm, gBsm)|® = 95m|Osml” + 9rsn| OBsml”
+ 29sMIBSM R (OaniOBsm )


https://cds.cern.ch/record/2066980

\y/ |dea of Effective Lagrangian Morphing

ATL-PHYS-PUB-2015-047

UNI

FREIBURG

Example: gsm and ggsm IN one vertex

e Cross section ~ |matrix element|’;
M(gsm; gBsm) = gsmOsm + gBsmMOBsm

T o< IM(gsm, gBsm)I” = 95| Osml” + gBsnm|OBsul”
+29sm9BSM R (O OBsm )
 With 3 unique terms, need 3 input samples T; in:

Nin=3 0 '
) in o R variable


https://cds.cern.ch/record/2066980

Ny |dea of tffective Lagrangian Morphing

ATL-PHYS-PUB-2015-047

UNI

FREIBURG

Example: gsm and ggsm IN one vertex
e Cross section ~ |matrix element|’;
M(gsm, gBsm) = gsmOsm + gBsmOBsm

T o< |IM(gsm, gBsm)|® = 95m|Osml” + 9rsn| OBsml”

+29sm9BSM R (O OBsm )
 With 3 unique terms, need 3 input samples T; in:
Nip=3 i .
R N L . variable
Tout(gout) = ?; wi(gout§ gz') ‘ Tz’,in(gi) g;?t fixed

o 2 2
* Ansatz. w; = a1 - g§y t Qi2 - gSMYBSM + i3 * Iy
* Calculate a;; from closure condition w; = ;5 for gout = g;

* Linear system of equations, i.e.,, matrix inversion

Karsten Koneke 49
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./
4 |
N A %
A

b Ve

N Example: gov anc

gsM  gBsSM
sM 1 0 polynomials . g 1
MiX 1 1 /> Mix 1
BsSM 0 1 BSM

Tout(gsm, gBSM ) =

2
Ism

0

+ (QSM gsM QBSM) Tsm

~

=wWsM

\

tgsm - gBSM T\ix

—wBSM

+ (QBSM gsM - gBSM) TBsM

Y

=WBSM

|
X
_

Karsten Koneke

: O
9pcm IN ONe Vertex =
[ ATL-PHYS-PUB-2015-047 - = = = —
S&
gsMIBSM 9]%;31\/1 SM Mix BSM
0 0 inversion; 92, 1 0 0
1 1 ) QSMSQBSM ( -1 1 1)
0 1 IEsm 0 0 1
9
—gSM * gBSM Ism
Interference J
+gSM * IBSM A \N
> —
—gSM * gBSM

2
IBSM
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e - )
¢ CXample: govm and gpgym 1IN ONe Vertex 5
| | ATL-PHYS-PUB-2015-047 |~ — ===
(a4
=) L
gsM  gBSM 93y 9SMYBSM  IBsm SM Mix BSM
SM 1 0 polynomials \  sm 1 0 0 inversion 92\ 1 0 0
Mix 1 1 7 x| 1 1 P R T
BSM 0 1 BsM \ 0 0 | Rt 0 0 1
Tout (gSM7gBSM) —
+(93M gsM - gBSM)TSM [\ 2
=wWsMm —gsM * gBSM Ism
Interference +
+ .
T gsM - gBSMTM1X [\A/ JSMIBSM A . \N
_wBSM
—gsM * gBSM 5
g
+(9BSM gsM gBSM)TBSM [/ BSM
AN

Karsten Koneke 5]
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e - )
¢ CXample: govm and gpgym 1IN ONe Vertex 5
| | ATL-PHYS-PUB-2015-047 |~ — ===
(a4
=) LL.
gsM  9gBSM g2y ISMYIBSM  9Bsn SM Mix BSM
SM 1 0 polynomials . gm 1 0 0 inversion; 92nr 1 0 0
Mix 1 1 f Mix 1 1 1 gsSMIBSM -1 1 -1
BSM 0 1 BsM \ 0 0 | 2o 0 0 1
Tout (gsM, gBSM ) =
+(QSM gsMm - gBSM)TSM {\ .
SWsM —gSM * gBSM Ism
Interference N2
—|— .
+gsm gBSMTMlx [\A/ gSM " IBSM . A _ \N
_wBSM
—gSM * gBSM 5
g
+(gBSM gsM - gBSM)TBSM [/ BSM
~wEsM

Karsten Koneke
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4

W

+ (ghenr — 9sM - gBsM ) Tsm

Y

/

2
9BSM

N " o7
N Example: gov and gggpm 1N ONeE Vertex :
| | ATL-PHYS-PUB-2015-047 | e
=Y
gsM  gBSM 93y ISMIBSM  IBsm SM Mix BSM
SM 1 0 polynomials . sm 1 0 0 inversion g2 1 0 0
Mix 1 1 7 amix |1 | ' B ( 101 -1 )
BSM 0 1 BsM \ 0 0 1 2o 0 0 1
Tout(gsm, gBSM ) = SM
+(9§M_QSM'9BSM)TSM {\ .
“wsy —gSM * gBSM Ism
Mix Interference ¥
+ gsMm - 9BSM L Mix {w TISM T JBSM > /\ — \\/M
—wBsM
BSM
{ —gsSM * gBSM

=WBSM

Karsten Koneke
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Applicability :
ATL-PHYS-PUB-2015-047 = == E -
e Applicable whenever matrix element factorizes: S

M(9)[ =( > gaO(ga)) ( > ga0(ga))

LEeP,S ZIZGCZ,S
prod?fction decay
* Example: g
0 (] Xe
- BSM coupling parameter in / \
interaction of Higgs boson H
to SM particles (EFT) q 9

e RooFit implementation: RooEFTMorphFunc

Karsten Koneke 54
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o
= 0 B>
2 KTarec
S| @ larget
Bi
N oA
gsM

* Find set of input samples with:
- robust morphing performance

Events

Optimal Input Set

| ATL-PHYS-PUB-2015-047 |- — =
D

== True Template
=== Morphing output (Input Set A)
=== Morphing output (Input Set B)

Observable

- minimal statistical uncertainty in target region

= Non-trivial problem: constrained optimization

Karsten Koneke
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* Simulate 3 input samples
and 2 target samples:

KSM KAz RKHgg COS ¥
Input Sample 0 1.000 0.000 1.000 1.000
Input Sample 1 0.000 13.938 1.414 0.707
Input Sample 2 1.414 13.938 1.414 0.707
Validation Sample 1  1.000 0.250 1.414 0.707
Validation Sample 2 1.414 -2.000 1.414 0.707

Karsten Koneke

cross section in arbitrary units

ratio

¢ Proof-of-Concept: ggF H = 2/ = 42

0.8

| ATL-PHYS-PUB-2015-047 |- — =
=)

O
o
-
0
T
02
L

- ATLAS Simulation Preliminary

0.7 MadGraph5_aMC@NLO, ggF: H->ZZ—4l, (s =13 TeV -
063— CcOoS o = ‘}2 Kazz = 0.25, Kpgg = 2,kgy=1 —1— morphed _:
E cos o = ‘1@ Kazz =2, Kygg = V2, Kgy = | I— - morphed
0.5 L
1 |
o I
041 i :F:,_—“::b—li_ 4 | 5
; B il | +
i —+ —
0.3 7
: -
0-2_:|'f|'al=l'=|ggll|T"|_'-|'I |: | : | | | | | | | | ll_'_l | ﬁ | | | |__
115 i_ __________ L T iE
N E
1,05 gk bt B M A -
1E= N A D NGRS A7 N b =
O-ggé_ """"""""""""""""""""""""""""""""""""""""""""""""""""""""""""" =
0.85EL v g o g Lo oy =
-3 —2 —1 0 1 2 3

S

U
o
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: O
enetits or Morpning &
=
ATL-PHYS-PUB-2015-047 |-~ === —
| . 2o
e Computationally fast & convenient: Du
Morphing Matrix-element reweighting
e Use final histograms For every scenario:
e Only calculates linear e Wwrite events to disk
sums of coefficients ® rerun analysis
e All'other inputs are e additional interpolation
pre-computed once

* (Can be applied directly and without change to differential
or total cross sections (truth or reconstructed)

* Description of rates and shapes Is exact, continuous, and
analytical

Karsten Koneke 57
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52 * O
¥ Application: H — ZZ — 4L e
— ATL CONEF-2016- 079 _EE_
* AssUMe Kuyv = Krzz = Knww and Kavy = Kazz = Kaww S
g _I T | T T T I T 7 I T T I T T T I [ I T T | T I'_ . I I | I I I | I I I I | I I I I | I I I I | I ]
T | ATLAS Preliminary — Observed i icl’ - ATLAS Preliminary _ Observed ]
<ok Ho 25 5 4l i - 4ol His 275 5 4l N
[ 13Tev,148® Expected 1 T 13’l:‘eV 148f7" Expected 1
/- :
s /
-
I N A
‘8 6 -4 -2 0 10 -5 0
.
Not excluded KHVV KAoyy © SIN @
range at 95% CL | expected observed | expected observed

[-6.3,5.1] [0.9,7.5] | [-6.3,6.5] [-9.7,11.0]
* Restriction: rates morphing (no shape) with ksm = |

Karsten Koneke 58
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* Many measurements are still limitead

Outlook

UNI
[

FREIBURG

by number of recorded events

* New possibilities with millions of produced Higgs bosons:

- Rare
- High-

broduction and decay modes

Drecision measurements

- Constraints on BSM parameters

* Significant advances In theory,
crucial for interpretation of measurements

- e.g, Improvement In ggr cross-section calculation:

- one more order in perturbative expansion (N°LO QCD)
- theory uncertainty: 8.5% — 5.0%

Karsten Koneke
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* One of the main reasons to build the LHC E>|: 1
* Higgs boson well established ;/
= |> 107
. ~
VWhat we know about the Higgs boson
107

* mu = 125.09 £ 0.24 GeV (2%o precision)

* Predicted properties (J° = 0", couplings)
consistent with SM expectations

1

Very large number of Higgs bosons in Run )|

* Transition to precision measurement phase
- First set of +/s = 13 TeV results available

* Very active field of Higgs-boson property measurements
- Effective Lagrangian Morphing

* Exciting possibllities to uncover new phenomena in Higgs-boson sector

Karsten Koneke
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03

- LHC Run 1

- ATLAS and CMS

[ ]

=

=
N

¢ ATLAS+CMS

------- SM Higgs boson
— [M, g] fit
[ 68%CL
95% CL

10 102
Particle mass [GeV]
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References
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All ATLAS references are linked from:

https://twiki.cern.ch/twiki/bin/view/AtlasPublic/
HiggsPublicResults

All CMS references are linked from:

https://twiki.cern.ch/twiki/bin/view/CMSPublic/
PhysicsResultsHIG
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But what about Mass!

What Is 1t and

where does 1t come from!?

UNI
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Mass In ‘normal’”’ Matter

Mass In Atoms:

e > 999% In the nucleus

UNI
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Mass In ‘normal’”’ Matter

Mass In Atoms:

UNI

e > 999% In the nucleus

Mass In the nucleus:

* ~95% due to binding energy of strong nuclear force

E = mc?

FREIBURG
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¥ The CMS Detector

SILICON TRACKER >
CMS Detector . 5

Microstrips (80-180um)
o - 2 9. I
Plxels 200m ’9 6M channels

Tracker

CRYSTAL ELECTROMAGNETIC
CALORIMETER (ECAL)

EC AL ~76k scintillating PbWO, crystals
HCAL
Solenoid PRESHOWER
StQEI YOke ~ Silicon strips
EM UONS ~16m? ~137k channels
STEEL RETURN YOKE
~13000 tonnes
SUPERCONDUCTING /
SOLENOID .‘
Niobium-titanium coil ~
carrying ~18000 A ¥ FORWARD
CALORIMETER
L~ |/ Steel + quartz fibres
, HADRON CALORIMETER (HCAL ' S o
Total weight : 14000 tonnes Brass + plastic scintillator ( ‘ MUON CHAMBERS
Overall diameter :15.0 m ~7k channels Barrel: 250 Drift Tube & 480 Resistive Plate Chambers
Overall length :28.7 m Endcaps: 468 Cathode Strip & 432 Resistive Plate Chambers

Magnetic field :3.8T



Particle detection

Muon
Spectrometer
Hadronic
Calorimeter
4 The dashed tracks
are invisible to
the detector
Electromagnetic
Calorimeter ———Eleltro
~Solenoid magnet ¢ 1t ﬁ .
Transition ° R3sEe: :
Radiation L S o ‘%
Tracking € Tracker T 23 S
Pixel/SCT )
i
s 2 EXPERIMENT

http://atlas.ch
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H—//*—>4P over Time

> 35 _] LI l | L L L I 1T T I | L L I 1T 171 I | L L I | L L L I | L L I LI l—
o) - 1 —
O - Vs =7 TeV J- Ldt = 0.05fb Apr 24, 2011 —
2 30 —
12 B _
= B _
q) L —
o 2o ATLAS Preliminary
- H—2z" -4l channel —
20— | T
B Signal (mH=125 GeV) T
— I Background 22" ]
15— B Background Z+jets, tt
B —4— Data _
10— —
51— —
_O a) _I I I _i ! L1 1 1 } | I I — i | — i L1 1 1 ! L1 1 1 ! | I I | } L1 1 1 ! L1 1 l—
5 10+ —
o
2
O 0 -
®
(a8}
é -10— —
8 50 100 150 200 250 300 350 400 450 500

M, [GeV]
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H—//*—>4P over Time

> 35 _] LI l | L L L I 1T T I | L L I 1T 171 I | L L I | L L L I | L L I LI l—
o) - 1 —
O - Vs =7 TeV J- Ldt = 0.05fb Apr 24, 2011 —
2 30 —
12 B _
= B _
q) L —
o 2o ATLAS Preliminary
- H—2z" -4l channel —
20— | T
B Signal (mH=125 GeV) T
— I Background 22" ]
15— B Background Z+jets, tt
B —4— Data _
10— —
51— —
_O a) _I I I _i ! L1 1 1 } | I I — i | — i L1 1 1 ! L1 1 1 ! | I I | } L1 1 1 ! L1 1 l—
5 10+ —
o
2
O 0 -
®
(a8}
é -10— —
8 50 100 150 200 250 300 350 400 450 500

M, [GeV]
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H = WW* = fviy

H—->WW?*- evuv candidate and no jets

Transverse view

Longitudinal view
R~
b N

&\ Y -
QD
S =

’
¥,

Run 189483, Ev. no. 90659667
Sep. 19, 2011, 10:11:20 CEST

1A EXPERIMENT

http://atlas.ch



o [ Misid
e Conditions: 200

B vv
L] Top
B DY

&
H =& WW* = vy ¢
=
e
I B B I B
* Strategy: > [ ATLASH—>WW?*]
& 800~ \s=8TeV, 20.3fb" ]
- 2 isolated leptons (electrons, muons) and = [ \s=7TeV, 4.5fb" i
C : »w 600 (a) njs1,eu+ee/uu_
missing transverse momentum (neutrinos) € - ¢ Obs+stat -
. 2 3 -
- Fitmy = \/(Eq“ +pt¥)" = |pif +prv|" aop

- Large BR(H = WW?) = 22%

(b) Background-subtracted

- BR(W — #v) = [0.8% S 150 o Obs. Big =
o I — Bkgtsyst ]
= Expect ~6500 Higgs bosons in this decay,; . | WHggs 1
but also large backgrounds uaij ; :
e Result: 0 B
- Total significance (ggF+VBF): 6.10 0 W) o _
_l L 1 I//I%/l /l /I | 1 I I 1 1 1 | L1 1 1 | 1 1 1 I_
- Combined signal strength: . = 1.09 tgg% 50 100 150 200 250

m+ [GeV]
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/ / / 7 /S /
7 7 7
/ ’ / / / Vi ) A

360° 180° O0°
%
Run 214680, Ev. no. 271333760
Nov. 17, 2012, 07:42:05 CET

WATLAS
1A EXPERIMENT
http://atlas.ch




Boson Fusion vs. Gluon Fusion

UNI
[

FREIBURG

Individual compatibility with SM:
* VBF significance: 3.20

|5-|S :I L T T T 1T T 1T | T TT I T 1T | T TT T 1T I:
j.> [ i
| | - ATLAS :
® Fit Megr and Hver sSimultaneously 3 H—WWHsIvly -
- (s=7TeV,4.5fb" -
g (s=8TeV,20.3fb"
e Observed signal strengths for 2 + Obs (1.0,1.3) E
ool and VBF production modes: - Bl Obs+16 =
+0.29 1 E_ EObSi‘ZG _E
Mger = 1.02 Z5:2¢ : : (] Obs+30 :
- i )i o ExpSM(1,1) -
— +0.53 : - HN _
Uver = |.27 “535 : /i S ExpSM+1,2,306°
0 -
:I | 11 L 111 | | 111 | 111 I L 111 I | 111 | I .| I I 111 | I:
0 1 2 3 4
uggF

Karsten Koneke 75



Higgs Boson Decay Into Fermions

IBURG

H — bb H — 11
* largest BR(H — bb) = 58% * Moderate BR(H — 11) = 6.3%

- but huge backgrounds - all Tt decays analyzed
e VH associated production e VBF and ggF production

Lr? T | L | T TTT | T T TT T T TT LI | T TTT | LI | T TTT I T T 1T I= C T T
o 3 = 1 04 |__ | IR
o 107 ATLAS —e— Data 2012 ] f : —e— Data E
g \s=8TeV ILd’[ =20.3fb" : \[f):-ll)(g:())rguﬂ.m ? [2) B D Background (u=1.4) ]|
> 6 tt | C Sy T — -
w10 s Single top = o 10° Background (1=0)
MUltljet ] = =1. =
e o B \T 3 B H25) 500 (u=1.9) E
= mm Wecl 3 = H(125)—7t (u=1)
— Wl - B
10°E . Z+ht . B
E B Z+cl 3
(oL Z+! - 10°E =
E E LT T
10° = .
o = 3 10 - H—11 -
3 E - ATLAS ==
1%— ' . \s=8TeV,203f' | ;
Ll | :
%_\ :_1 L 1 E_ \S - 7 TeV, 45 fb_1 _E
:@ ‘i__ | 1 | ] | | | | I | | | | I | | | | | | | | I | I_
S 4 3 2 1 0 1

Iogm(S/B)
_ +0.4
po=1.4 T4y
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L] Top
B DY

* &)
H = WW* = fviv 6
=
__E_
_I | T [ | | ] [ T I [ I T | | I T T | | T | T I_
e Strategy: > b ATLASH—->WW*.
G 800~ \s=8TeV, 20.3fb" ]
- 4 isolated leptons (electrons, muons) and = [ \s=7TeV, 4.5fb" i
C : »w 600 (a) an 1, ep+ee/pp _|
missing transverse momentum (neutrinos) € I ¢ Obs+stat -
T i - Bkgtsyst |
Fit \/(EEE_I_ 1/1/)2 }péﬁ _|_pw/|2LIJ 400 W Hi
B Ity = — — iggs ]
T P T T : E by :
. i Misid ]
e Conditions: 200 — H vV —

- Large BR(H = WW?) = 22%

(b) Background-subtracted

- BR(W — #v) = [0.8% S 150 o Obs. Big =

= . — Bkgtsyst ]

= Expect ~6500 Higgs bosons in this decay,; . | WHggs 1
but also large backgrounds uaij ; :

e Result: 0 B
- Significance: 4.30 01 _

7
|IIII|IIIIIIIIIlIIIl|IIII

50 100 150 200 250

m+ [GeV]
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H = WW?* = fviy

e Strategy:

- Combine information
using machine learning

Events / bin

- Fit resulting classifier
e Conditions:

- Small Oyge = 1.6 Pb 0 1

ATLAS

\s=8TeV, 20.3f0" { t Obs + stat

= Expect ~400 Higgs bosons in this channel,

and also large backgrounds
* Result:
- Slignificance: 3.20

- Total significance (ggh+VBF): 6.1 0
- Combined signal strength: ¢ = 1.09

Karsten Koneke

2 3
BDT bin number

+0.23

—0.21

1 EXp + syst
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H = WW?* = £vPfv over Time

> 450__| T . R B A B
) = ATLAS Preliminary —— Data -
© 400F {s=g8TeV,[Ldt= 0.0fo” I WW =
E 350 E— H-WW''— evuv with 0/1 jet B WZ/ZZ/Wy —f
- = tt -
3 300 [ Single Top =
2505_ P Zijets _f
- Wijets =
200" B H(125GeV] -
150 06.04.2012 E
100f- 5
sof- =
N - 1 | | B
'g 50 I ENL SN IO [N | TN LN N S [N | [N [N [N I (N (L NN (N [ | L [ LI
3 40
a) 30 .............................................................................................................................................
% %8 .............................................................................................................................................
@ 0
('.U T ] S 6t L
T‘U _20 l 1 1 1 l 1 1 1 l 1 1 1 l 1 1 1 l 1 1 1 1
2 50 100 150 200 250 300
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H = WW?* = £vPfv over Time

> 450__| T . R B A B
) = ATLAS Preliminary —— Data -
© 400F {s=g8TeV,[Ldt= 0.0fo” I WW =
E 350 E— H-WW''— evuv with 0/1 jet B WZ/ZZ/Wy —f
- = tt -
3 300 [ Single Top =
2505_ P Zijets _f
- Wijets =
200" B H(125GeV] -
150 06.04.2012 E
100f- 5
sof- =
N - 1 | | B
'g 50 I ENL SN IO [N | TN LN N S [N | [N [N [N I (N (L NN (N [ | L [ LI
3 40
a) 30 .............................................................................................................................................
% %8 .............................................................................................................................................
@ 0
('.U T ] S 6t L
T‘U _20 l 1 1 1 l 1 1 1 l 1 1 1 l 1 1 1 l 1 1 1 1
2 50 100 150 200 250 300
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* [argest BR(H — bb) = 58%
- but huge backgrounds

e VH associated production

ATLAS  \s=7TeV, [Ldt=4.7 fb™; \s=8 TeV, [Ldt=20.3 b

— — tot. ]

tot (stat syst)

+0.88 +0.72 +0.50
2 lepton — b—e—a 094770 (Zo5s Toa1) —

stat.

1.17+0.66 (+O.50 +0.43) B

1 lepton |— H=o—H ~0.60 ‘-0.48 —0.37

B 0 35+055 (+049 +0.26) _
0 lepton |—  p=e== 035" 25 (Zoua —o57)

s +0.40 (+031+025) _
Combination == 0517537 (Zo30 022!

-1 0 1 2 3 4 5 6 7
best fit u=c/c_for m =125 GeV
SM

Karsten Koneke

Events /0.5

Pull (stat.)

- — bb

—h
o
~

”| IIIII| I |IIII"| [ TTI

—
o
o))

= _lllllllllllIIllIIlIIllllllIlllIIIllllllllIllllII
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ATLAS —e- Data 2012
~ _ 1 B VH(bb) (1=1.0)
\s =8 TeV [Ldt=20.31b == Diboson
oot
i Single top
" Multijet
mm W+hf
i Wecl
Wi+l

B Z+hf

m Z+cl

IIIIIIlI] IIIIIIII| IIIIIIlll IIIIIIlll IIIIIIlI] IIIIIIII| IIIIIIlIl [ 111

F|'|T|'|]| IIIIIIﬂ] IIIIIIII| IIIIIIﬂ] IIIIIIﬂ] [T

4 35 -3 25 2 -15 -1 05 0 05
log, (S/B)
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ttH(H—yy)
(13 TeV 13.3fb")

ttH(H—-WW/1t/ZZ)
(13 TeV 13.2fb")

ttH(H—bb)
(13 TeV 13.2fb™")

ttH combination
(13 TeV)

ttH combination
(7-8TeV, 4.5-20.3 ™)

Karsten Koneke

ttH

1 I I I

ATLAS Preliminary

| I |
\s=1

3 TeV, 13.2-13.3 fb™

—total stat. (tot.) (stat., syst.)
—e 1.2 12 +0.2
-0.3 t1_o (t1.o ; to.z )
— o— 1.3 0.7 +1.1
. — 25 47 (57, 29 )
—e=— 21 g (35,57 )
0.7 04 +0.6
Fe= 1.8 57 (lo4. 205 )
e~ 1.7 %5 (5. s )
| | | i | | I | | | I | | | | | | | | | | |
0 2 4 §) 8 10

best fit u_ for m =125 GeV

ttH
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Higgs Boson Mass

* Not predicted by theory

- Once measured by experiment, everything else Is
determined

UNI

FREIBURG
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I
10 107
dimuon mass [GeV]

&)
Mass Measurement :
=
__E_
2
Use high-resolution H = yyand H =& ZZ* = 4f channels: 2w
B 6 4 trigger paths
\ = 10 20M Run,L=111b |
* Calibrate detector & _ 3 owsvs=rmev | =y
, g - s >
as well as possible g ' e, WY o couble muon
E ® high rT)T double muon
10° l ., )
o, 1.005——— . S S —
= = ATLAS z
~ 1'OO4§ CB muons n|<2.5 ;Yz!ﬁ!}l
S 1'003;_ v Jy — uu
E 1.002F
1.001F-

IIII|IIII|IIII|IIII|IIII | II|IIII|IIII|IIII|IIII

ey

0.999F 1

0.998F-

0.997 i— Data 2012, \s=8 TeV

0.996 F- J-L=20.3 fo”

0.995E—+— . S )
10 10°

<p.> [GeV

Karsten Koneke
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Mass Measurement

Use high-resolution H = yy and H = ZZ* = 4] channels:

|. Calibrate your detector as good

2. Determine signal line shape

0.12- ATLAS Simulation

0.1 e m,=125GeV

Gaussian fit

0.08
H—ZZ"—4u

\s=8TeV

m = 124.92 £ 0.01 GeV
c=1.60%0.01GeV
Fraction outside + 26: 17%

0.06

1/N dN/dm,, / 0.5 GeV

0.04

0.02

With Z mass constraint

80 100

Karsten Koneke

&)
oz
=)
S E ]
z LLl
=Y
as possible
— 17—~ 1.2F
| - CMS
i % i ﬁ%% Simulation Simulation
1 O 1.0k %“
— 0 | —— Parametric Model BDT 0
: o ~ 11
1 T 0.8 G, =1.34GeV f
1T o
b GC) O 6 __ i}
s Lﬁ Tr FWHM = 2.85 GeV H
1 04r i
- 0.2
° il i
[ ) - L
\ . OO 5 :::::::::::::::::::::::::::::::::::::::::::EE’ —
140 100 110 120



* Expected width: ['Hsm = 4 MeV

- Joo small to be measured
(exp. resolution: |-2 GeV)

- Direct Imits: 'y < 1.7 GeV
(~400 x ['Hsm)

Karsten Koneke

) weights / GeV

) weights - fitted bkg

180

160

140

120

100

Higgs Boson VWiath
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[Ldt=4510" \s=7TeV
[Ldt=2031b" \s=8TeV
S/B weighted sum

Signal strength categories

ATLAS
—4- Data

— Signal+background

===+ Background

— Signal
m,, = 125.4 GeV
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®
O
0
Q)
K
T
00"
%9
[
A
=)
UNI

;‘ E I I I I I | I I I I I | | I | I
' () u ) . 5
- (Cross-section on-resonance; &  f ATLAS simulation \s=8TeV
9292 é 10 olp gg —» ZZ *—> 2e2u B
o = / s S = "“I-,1 B
" (S — m12{)2 % i |r| 'Iﬁi —-gge (H—) ZZ i
2 .2 ) © 10-3 S --"'-,_ === 9o (H=) 22 (uoff-shell=10) =
. | Je oy i =
x g1 gf
I'y

- Cross section far above
resonance ( off-shell™):

| .M

1 0'6 | | | | | | | | I | | | ] |
200 400 600 800 1000

| oo m,, [GeV]
- Measure ratio of both: I'y « .
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) O
Sl o2
¥ =
: ;I __E_
zI.IJ
e |dea: Higes S &
Gi»---2=- 9
;‘ 10-1§ | I | | | | | | [ [ | [ | | [ |
' ()] ~ . . |
- Cross-section on-resonance: -g—*AT’-AS Simulation o \s =8 TeV
2 92 2 . o 99 — ££ — ceai |
oo ;= / 9.9 = 102; I‘ﬁ,lll — g H' 522 () E
1r—H—f — 2\2 /7 S i * 99— ZZ(B)
(s — m%)2 A 5 [ I :
2 2 -3 =1 --l"-,_ === 9o (H=) 22 (uoff-shell=10) =
9i 9¢ © 10 E"‘I o -
0.4 B
'y

Cross section far above
resonance ( off-shell™):

| .M

800 1000
m,, [GeV]

| | | | | | | | I | | |
200 400 600

O off
Oon

Measure ratio of both: I'y «
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i
* |dea Higgs 5
gy ---==- Ir
;‘10_15'I"'|"' N AL
' () C ) , 5
- (Cross-section on-resonance; -g—_*ATLAS Simulation I \s =8 TeV
- gg — — 2e2u
oo f:/ 9; 97 §1O2§r m'ﬂ.. — gy H* > ZZ(9) E
— — = ° — 77 (B
‘L (s = m})? 4 I
2 2 S St mmmgeo (H)ZZ(n  =10)
g2 g: < 10 Ei’,I o e
XX -
I'n

Cross section far above
resonance ( off-shell™):

I | | |
600

R B
400

O off
Oon

Measure ratio of both: I'y «
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ndirect Contraints on Higgs Boson Width

UNI
[

FREIBURG

e Use H > WW®™and H = Z2Z%)
e ATLAS result:Th <22.7 MeV @ 95% CL (5.5 X ['Hsm)

. [ 2 40_ I | I T 1 I L I L I [ | L I |||||| ]
Caveats: 7 ATLAS - :

— H—-ZZ+WW off-shell+on-shell +20 —

- gg =+ WW and gg = ZZ cross o el e Expoced i (CLs) -

—— Observed limit (CLs) _:

W
o

sections not well known — =8 TeV: [Ldt =203 1b”

- Vary by factor 2

)

o

IIIIIIIII
|

- New physics effects could change

95% CL limiton T,/ T
N
T
|

—

Ol

IIIII
I

high-mass behavior
- Assuming on-shell coupling is 10 e E
same as off-shell coupling sE E
- Disputed assumption O:| v v v v b b by |:
06 08 1 12 14 16 18 2

RB _ _ Klag-WV)
H* = K{gg—H—=WV)
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¥ Only direct Width Measurement &
1l =
. | T2Zu
* s-channel production at future muon collider: Du
uw b
> | <
w b
1800} _
1600} = h-bb
@ 1400} 421 MeV Lstep:1 ]
5 | 00567 { 4 . . [£o
2 1200} R0 003 Precision ~5%
1000} .
300}
03 —015 126 +015 +.03

Vs (GeV) (arxiv:1308.2143)
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http://arxiv.org/abs/1308.2143

Higgs Boson VWidth :

19.7 0" (8 TeV) + 5.1 fo' (7 TeV)

* Expected width: Tsm = 4 MeV 8« &% (5,8 vesodsun

—— S+B fits (weighted sum)
--=-- B component

N
(6)]
TTTTT

- Joo small to measure
(exp. resolution: |-2 GeV)

N
T

—
(6}
T

Con 0.26
C 0 =1.1405

0.5, =124.70+0.34 GeV

S/(S+B) weighted events / GeV

- Direct Imits: 'y < 1.7 GeV
(~400 x ['Hsm) 100

-100 -
110 115 120 125 130 135 140 145 150

m,, (GeV)
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* Expected width: [Hsm = 4 MeV

Higgs Boson VWidth :

- Joo small to measure

(exp. resolution: |-2 GeV)

- Direct Imits: 'y < |.7 GeV

(~4OO X FH,SM)

e May

.e., |

He via life

me,

f 1t flies fa

~ enough

- T=h/ = |.6 x|02%5
=cT~5x|0"m

= t00 short to measure

Karsten Koneke

19.7 fo' (8 TeV) + 5.1 fb™ (7 TeV)

x10°F
35F CMS S/(S+B) weighted sum
~“r Hoyy
C ¢ Data
3

—— S+B fits (weighted sum)
--=-- B component

no
[\ (&)}
T[T T T rTT

—
(6}
T

Con 0.26
C 0 =1.1405

0.5 M, =124.70+ 0.34 GeV

S/(S+B) weighted events / GeV

-100 -
110 115 120 125 130 135 140 145 150

m,, (GeV)

Flight Length

89



' ' O
¥ Why 5pin O and even Parity! 2
= __9o_
zI.IJ
e Should have same quantum numbers =]
as observed vacuum:
- No charge: ¢
- Rotationally invariant, i.e., no preferred direction

- Invariant under Parity (“mirror”) transformation: P X — -X

Karsten Koneke 90



@Why Spin 0 and even Parity!

Analogon:

Mittlere Temperatur im November [Grad C]
Mittel: 1961—1880

Init : Tue,17APR2012 00Z Valid: Tue,17APR2012 06Z

@\x‘ TR

o ;} ﬁ

=

55N -

N

54N A

53N A

52N -

SN

Sinnvoller Windbereich 8.5 - 25 mfs

SON -

49N

48N

47N 1

o

6E 7E 8E T 11E 12€ 13E 14E 15E Daten: GFS-Modell ) | 7 .
(C) Wetterzentrale 10m Wind Europa (umgerechnet in m/s)
[ | D I www.wetterzentrale.de

-4 -3 -2 -1 0 1 2 3 4 5 6 7 8 9

Temperature: T(x,y,z,t) Windspeed: \TV(x,y,z,t)
Fach point has magnitude = Spin 0 Each point has also direction = Spin |

Karsten Koneke 9]



Why Spin O and even Parity? &
e Should have same quantum numbers ==

as observed vacuum:
- No charge: ¢

- Rotationally invariant, i.e., no preferred direction

—

- Invariant under Parity (“mirror”) transformation: P X — -X

* Mass cannot depend on direction

= Higgs-field must be Spin 0

e \Vacuum invariant unter mirror transformation:
P ‘I’(?(’,t) = ‘I’(—f(’,‘:) = +‘|’(§(’,t)

|
= even parity: P = “+”

Karsten Koneke 9?2



UNI

FREIBURG

93



- = yy

di-photon selection

!

!

Strategy:

One-lepton
W(— Iv)H

v

ET™* significance
Z(— vW)H ; W(— v)H

\4

Low-mass two-jets
W(— ji)H, Z(— jj)H

tight

v

loose

High-mass two-jets
VBF

tight

—
—

v

loose

4 n-p, rest
ggF

Karsten Koneke

Y [tb/GeV]

dojg/dp

data / prediction

Measure fiducial, diffe

1.5

—h

0.5

| ATL-CONF-2016-067 |

UNI
FREIBURG

Fit my, INn Mmany production mode sensitive categories

-ATLAS Preliminary

"-¢- data, tot. unc. [] syst. unc.
"H—yy, V\s=13TeV, 13.3fb"

| LI I L I LI | I
my, = 125.09 GeV
== gg—>H NNLOPS + XH;

Kggsn = 1.10

-=-- XH=VBF + VH + ttH |

$

0 20 40 60 80 4100 120 140 160 180 200

py [GeV]

rential, and production cross-sections
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2016-067/

Strategy:

* lIsolated electron and muon (different flavor, opposite charge)q 4{
l

Combine sensitive variables in BDT

\/BF H — WW?* —> VAVZAY,

ATL CONF-2016-1 I2

Data-driven fake-lepton estimate from di-jet data

1% ‘
q & / LW

v

UNI
FREIBURG

q

L
=
S

H

f

q

* FtBDT output with Top and normalization from dedicated control regions |

1_- B LILELI I LILEL I LI I LI | LI I LI I LI I | L l T T 1
2 [ s Z
= 120 ATLAS Preliminary +Data 7 SM (sys)
c Ly -1 W+jets ] Z+jets
) L \s=13TeV,5.81b =
o 100 4 ww Top Other WV
- 0 T oHTHe = ww Other Higgs

| VBF Top-quark CR M oF On -

80
_

Top-quark CR

60

40

SRR TP RS NN + |
-0.8 -0.6 04 -0.2 0 0.2 04 06 0.8 1

BDT score

Karsten Koneke

Events / 0.3

50 : I | 1 I | 1 1 | | I I | I 1 | | I | I | I | I I | I I | I | I I | I I
45 ATLAS Preliminary * Data 77 SM (sys)

E |s=13TeV, 5810 Wijets WM Zyjets
40 ~ ST Top B Other VV

- H—>WW — eu+ue B ww Other Higgs
35E VBFZ-11CR I O,
30 %

%k

25F Z/y" — vt CR

04 06 O. 8
BDT score
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2016-112/

74

X

// 4
A
b 7

=
3

¥y
u"v"‘ !

%

Number of Input Samples

ATL-PHYS-PUB-2015-047

» As many input templates /N as unique terms in \/\/l(g)\2

, NptNs 2 Ng+Ns 2
T(g) < |M@I = 2 90:] | 2. 90;
1=1 7=1
productign vertex ) deca,yﬁ:fertex ”

> ns: Number of shared couplings in production and decay vertex.

> n,: Number of couplings only in production.

> ng: Number of couplings only in decay.

o 35 | ]
N - np(n§+1).nd(ng+1)+(4+rjf—1) ié. ol VBE H <V
ns(ns+1)\ ng(ng+1) @ 25 |
+ | np s + : : ; < 20| |
— 157 ]
+(nd.ns+ns(n28+1)).np(n§+1) 3 2 )

§ ggF H->VV
ns (ns +1) 3+ns—1 c o -

+ 5 .np-nd-l-(np-l-nd)( 3 ) 0 | ‘ | ‘

2 3 4 5

number of operators

Karsten Koneke
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https://cds.cern.ch/record/2066980

Proof-of-Concept: ggF H = 2% — 44 §

| ATL-PHYS-PUB-2015-047 |- — —

KSM KAzz  KHgg COSC

Input Sample 0 1.000 0000 1.000 1.000 Y
Input Sample 1 0.000 13.938 1414 0.707
Input Sample 2 1.414 13.938 1.414 0.707

Validation Sample 1 1.000 0.250 1.414 0.707
Validation Sample 2 1.414 -2.000 1.414 0.707
09— 1

osk ATLAS Simulation Preliminary
MadGraph5_aMC@NLO, ggF: H—»ZZ—4l, s =13 TeV

o
o

ATLAS Simulation Preliminary
MadGraph5_aMC@NLO, ggF: H»ZZ—4l, \s =13 TeV

o
N

:

0.7

Cos a = ia Kazz = 0.25, KHgg = \/E, Kgm = 1 — morphed CoS a = i, Kpzz = 0.25, KHgg = ‘/E, Koy = 1 — morphed

12 0.6 2 .
0.6 cosa:%, Knzz =2 Kugg= V2, kgu=V2 —— morphed - cosoc:%z, Kazz =2 Kpgg= V2, kgu=V2  —|— morphed
0.5
0.5 L I R
I ]
0.4 0.4

cross section in arbitrary units
cross section in arbitrary units

0.3

0'2; 0.2
o 1I3E 2 1.15E
© 1_0'5§_ .................................................................................................... i © '1_1
1E—/ /N s = 1.05
0955 .......................................................................................................... ; 1
00825 ........................................................................................... ...................................... _E 095
S — = 0.9
0.8E—imimyrie i i i i 0.85

—1 -0.5 0 0.5 1 8

cos(6,)
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Proof-of-Concept:V

)]
=
-
>
=
el
©
et
e
®]
-
©
- 4
-
9
3]
D 3
n
n
n
@
—
&)

3FH — ZZ7* — 4¢

| ATL-PHYS-PUB-2015-047 |- — =

- ATLAS Simulation Preliminary _
- MadGraph5_aMC@NLO, VBF: H—»ZZ—4l, \s =13 TeV -

COS 0 = 1, Kppy = 1.81, Ky = 2,98, kgy=142 —|— morphed.

I2

cos o = -1, Kppy = 10.73, Ky = 5.05, Ky = 1.39  —L—  morphed

I2

|

| I I I I | I I I I | I I I I | I I I I | I I I I I =

! JlLllI.IJlLIlI.l-IlI.IJlI ----- IllIJlLI JE

)
|II‘|II‘|II‘|II‘III {11 |II‘|II‘|III

0.5 1 1.5 2 2.5 3
A
q)ji

-

O
o
-
0
T
02
L
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https://cds.cern.ch/record/2066980

Mass In our Universe

Radiation: pr~=l Chemical Elements:
0.005% i <P (other than H & He) 0.025%

VN E Neutrinos:

\\\\\\ f 0.47%

4%

Cold Dark Matter:
25%

Dark Energy (A):
70%

Karsten Koneke
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Dark matter
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: -r,o’tationalveldcilv
tkm/s) T
' measured.

200

50000 © . 100000
distance from center (light years)
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At | EP:

e Large Electron-
Positron Collider

ol

Vs -m, = 206 - 91 GeV = 115 GeV

Karsten Koneke

Events / 3 GeV/c’

What did we know before the LHC?

FREIBURG

0

- LEP  v5=200-209 Gev
-+ Data
- [—\ Background
- Signal (115 GeV/c?)
i all > 109 GeV/c?|
| Data 18 4
- Backgd 14 12
[ Signal 29 22
— - > 4H]J ks EX
I
[ o rh - n el N \ .
20 40 60 80 100 120
2
mrec (GeV/c")

No significant Higgs signal

my > 114.4 GeV @ 95% CL
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rect Higgs-mass determination

my, m, and my, are connected through radiative
corrections in the Standard Model:

¢
wm©v~w
b H

,' ~
\
H ro

\

W/Z ~Fmon W/Z  W/Z ~~Abnn W/ Z

15000 E—CDF ﬁrxﬁ‘*&tw — uv
I r 111 y?/dof = 58 / 48

ool 7
¥ kY

5000 I{ I'I_LL—

0 T ‘l““‘“*ﬁ::\:}\—
60 70 80 920 100
mt [GeV]

W mass (CDF+D@): 80385 + 15 MeV
Top mass (CDF+D@): 173.2 £ 0.9 GeV

Events / 0.5 GeV

Karsten Koneke
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Indirect Higgs-mass determination

my, m, and my, are connected through radiative
corrections in the Standard Model:

t
WMwa
b
H '\"\‘.
W/Z i W/Z  W/Z ~nrbnnn W/Z

H

o~ 10 T | T T T ]
9 B 2 2 2 0 SO A A -] 30
8 —
7B =
6 —
5 | —
N T R AR — 26
3 Theory uncertainty =
E — Fit including theory errors J
2 ---- Fit excluding theory errors -
1 —-';'-'t ----------------------------------------- — 1o
0 N B =
50 100 150 200 250 300
M, [GeV]

BURG

FRE

Karsten Koneke
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LHC delivered excellent data!

Data-taking condrtions :

W
o

* ATLAS recorded it with very high
efficiency!

e ¥ /¥ =1.8% for 201 | data!

N
(&)

T

ATLAS
Preliminary

[ |LHC Delivered

N
o

ATLAS Recorded

N
0))

—
o

(Eur. Phys. }. C (2013) 73:2518)

Total Integrated Luminosity [fo"]

n

ATLAS p-p run: April-December 2012

0

Bl Good for Physics

2011, Ns =7 TeV

Delivered: 5.46 fb'
Recorded: 5.08 fb™
Physics: 4.57 b

W oct

ya  pot

Inner Tracker

Calorimeters Muon Spectrometer

Magnets

Pixel SCT  TRT

LAr Tile MDT RPC CSC TGC Solenoid

99.9 99.1 9938

99.1 99.6 996 99.8 100. 99.6

All good for physics: 95.5%

Luminosity weighted relative detector uptime and good quality data delivery during 2012 stable beams in pp collisions at

Vs=8 TeV between April 4" and December 6% (in %) — corresponding to 21.3 fb! of recorded data.

Karsten Koneke

2012, \s =8 TeV

Delivered: 22.8 fb™
Recorded: 21.3fb™
Physics: 20.3 fb

yao pot W oct

Month in Year
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Rediscovery of the Stanc

Standard Model Total Production Cross Section Measurements

ard Model

Status: August 2016

e~ 11 500 ub! ..
-8_ 107 2 o0, ATLAS Preliminary Theory
5 Run1,2 +/5=7,8,13 TeV LHC pp V& = 7 TeV
10° BOl Data 45-497070 3
i 81_%,571 LHC pp Vs =8 TeV ]
10° | - Bl Data 2037 E
C 81 pb~! .
I 35 p5! LHC pp Vs = 13 TeV -
10* BE Date 008-133fb! 3
10° £ o ;
i S - i
10% £ . o E
- o -8 o :
A 2 A i
1 i total n n in
10 3 2.0 b & o E
= A ]
A VBF i
1 E A~ VH I n =
A ]
i A ttH A -
1071 E
PP W Z tt t ww H Wit wzZ ZzZ t ttW ttZ
-cChan s-chan

Karsten Koneke
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: O
CP Admixture -
=
N == E E—
. . r 4
* Higgs boson could be mixed state of CP-even and CP-odd Y
- Mixing described by cosX
- Beyond-SM coupling to vector bosons described by Ky, (CP-even) and Ky, (CP-odd)
(é30_]|l|I|III|III|III|III|III|III|III|I_ (é30|_||IIIIIII|III|IIIIIII|III|III|III|I_I
N | ATLAS H— ZZ" - 4] 1 o | ATLAS H— ZZ" — 4l _
| - is=7TeV, 451" 1 - s=7TeV, 455" .
25 | —— Observed /s =8TeV, 20.3 6" - 25 | —— Observed /s =8TeV, 20.3 1" ]
| ____ Expected: H— WW* = evuv - - ____ Expected: H—- WW* = evuy -
20 - signal strength fit to data s=8TeV, 203 ft" - 20 - signal strength fit to data ls=8TeV, 203 1t N
. Expected: SM " ] - e Expected: SM 7
151 B TS .
10 it - 101 =
 — R T L o W A :
ol A G P S A A O""i"'l'"]""{"'.'"'l"".""1""["'|"'i"".""{"'l""T N P AT IR S
8 6 4 -2 0 2 4 6 8 8 6 4 -2 0 2 4 6 8
Ko/ Ksu ( Ka/Kgy ) - tan a

Karsten Koneke 109



\ N @
e
b

Sp

n 0 mixing between:

30

21InA

25

20

15

10

CP-even SM Higgs and
CP-odd BSM Higgs

(scan over tanX)

II|III|III|III|III|III|III|III|IIIII
| ATLAS H—- Z" — 41 i
- ls=7TeV, 4515 .
. —— Combined /s =8TeV, 20.3 15" i
- Observed H—- WW* = evuy -
N H— WW* - evuv /s=8TeV, 20.3 ' N
- Observed -
— H— Z7" — 4] =

8 6 4 2 0 2 4 6 8
( Kap/Kgy ) - tan o

Karsten Koneke

ATLAS Combined Spin and CP Results

30

25

20

15

10

>,
o
=
__E_
zI.IJ
02
= L.
CP-even SM Higgs and
CP-even BSM Higgs
(scan over Kpww)
_I|III|III|III|III|III|III|III|IIII
" ATLAS H — ZZ* — 4l
- ls=7TeV,45fb
Combined s =8TeV,20.3f5'

— Observed
H—- WW* - evuv

— Observed
H— ZZ* — 4]

H—> WW* - evuv
/s =8TeV, 20.3 5"

-8 -6 -4 -2 0 2 4 6 8
Kpvv/ Ks
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O
\/ectcr Boson-rusion Analysis &
D
4 M
ZE
Comblne background dlscrlmlnatlng variables into BDT 5&
's;rswaaas'ezs'o'ssasgw e Input variables for VBF production topology,
: wof—‘ sveen | mbw 84 - Higgs boson decay topology, as well as
R | ecti
[ = Ay | background rejection
| - L L L IR L B
| ; o i ATLAS :
| : = 02 \s=8TeV, 20.3b" |~
\ ; € n>2VBF, ey °
=~ 10
L' 1
o 4| -1 -0.5 0 0.5
80 Iﬁ'» Ogor

= Fit re-binned BDT distribution

| LePton Centra“t)’ J e BDT modelling validated in background regions

“_ — — s =

eSS —

Karsten Koneke |11



Results: Gluon Fusion :
Also look at 22 jet ggF region: S

e Result is part of combined ggF significance shown on previous page

* ggF signal significance in 22 jet region alone: 1.4 o (1.2 O)
observed (expected) @mn = 125.36 GeV

100

| ATLAS n;>2ggF,ep |
i \2?;;?\/ + ¢ Obs+stat |
' Exptsyst

50

Events / 10 GeV

0 100 200
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f S ‘ S h O
¥ olgnal Strength vs. my &
-3
Assess compatibility with SM: D
* QObserved best-fit value U vs. my
* |Let total yield and I U R AR A
. = 5 ATLAS :
MH unconstrained S W [viv
& \s=7TeV,45f0"
w 4 \s =8TeV, 20.3 fb™ :
s | + Obs (7i,=128, (1=0.94) °
" 3 *| Obst+1c -
: +| Obs*+2c
+| Obst 30
2 |
b .
O L v by T B T
110 120 130 140
m,, [GeV]

Karsten Koneke
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@ Vector-Boson Fusion

BURG

Evidence for VBF production:

* ggF contribution in
>2-jet region is ~30%

* Run global fit to
determine Mver/Mggr

* Branching fraction
cancels in ratio

l“LVBF 0.79
= 1.26 T 53

Hggr

2InA

w
Q

;20

H-oWW*—=|[vlv
\s=7TeV,45fb" 3

\s =8 TeV. 20.3 fb'"

UN
FRE

_10

Significance

Karsten Koneke
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Fermion vs. Boson Couplings &
Fit simultaneously for _:EE_

coupling scale factor to fermions and vector bosons:

* Fermion coupling from top-loop in gluon-fusion production

* Vector-boson coupling from decay and VBF production

S B L L B U U U L
: - H->WWHE= vy
servations: — \s=7TeV,4.51fb"
L e -1
Ky = |O4iO| | 3 ;_\S—8TeV,20.3fb
+0.32 -+ Obs (K’V=1.O4,
Kr = 0.93 533 : x=0.93)
2 E [ Obstio
- [+] Obst26
° ' - [#] Obs+36
Excellent agfeement with UEC Bpsm 1) Lif:
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N Determining the Spin and CP Structure

e Standard Model Higgs boson: J<" = 0**

* Jest against alternative hypothesis:

- Spin 2 minimal coupling models (graviton-like):

1
L= —kp T X5
p=V.f
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ATLAS
s=8TeV, 20.3 fb"
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Determining the Spin and CP Structure
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e Standard Model Higgs boson: J<" = 0**

* Jest against alternative hypothesis:

- Spin 2 minimal coupling models (graviton-like):

1
P _ O P vV
L5 = Z AKPT,UV X,
p=V.f
- Spin O, including mixing between SM and BSM states:
-E(‘)/V — {CQ’KSM [gHWW W; W_'u] ; Il\[CQ/KHWW W;\/W_ﬂv + SoKaww W;VW_/JV]
1

- XCQ/[(KHaW W:_alu W—,LIV + hC)]}XO ’
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