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Why a Nobel prize!

Explanation of Mass...
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Mass In "“normal  Matter

Mass in atoms:

> 99.9% In the nucleus

e Mass in nhucleus:

~95% binding energy of the Strong Force

E = mc?
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Brout-Englert-Higgs Mechanism &
* Problem: Mass of elementary particles: :ZJE

. . 1 . — . .
- Mass terms in Lagrangian (boson:—imiAuA“; fermion;—m sy1)) violate invariance under gauge transformation!
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V(g) = 12 (¢70) + A (616)
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Brout-Englert-Higgs Mechanism &
* Problem: Mass of elementary particles: :ZJE

. . 1 . — . .
- Mass terms in Lagrangian (boson:—imiAuA“; fermion;—m sy1)) violate invariance under gauge transformation!

e Solution:

2 :
(developed in 1960s by Brout, Englert, Higgs, and others) For A> 0, uz > 0.

- Introduce complex scalar field ¢(x) with potential: V(o)

V(g) = 12 (¢70) + A (616)

| feel comfortable here in the
middle

— Re(¢)
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Brout-Englert-Higgs Mechanism &
* Problem: Mass of elementary particles: :ZJE

. . 1 . — . .
- Mass terms in Lagrangian (boson:—imiAuA“; fermion;—m sy1)) violate invariance under gauge transformation!

e Solution:

2 :
(developed in 1960s by Brout, Englert, Higgs, and others) For A> 0, u? < 0.

| | Spontaneous symmetry breaking
- Introduce complex scalar field ¢(x) with potential: V()

V(g) = 12 (¢70) + A (616)
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— =/ —— ~ 24
7 \/ o) v 6 GeV

Re(¢)

Minimum at (¢) =
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Brout-Englert-Higgs Mechanism &
* Problem: Mass of elementary particles: :ZJE
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- Mass terms in Lagrangian (boson:—imiAuA“; fermion;—m sy1)) violate invariance under gauge transformation!

e Solution:

2 :
(developed in 1960s by Brout, Englert, Higgs, and others) For A> 0, u? < 0.

| | Spontaneous symmetry breaking
- Introduce complex scalar field ¢(x) with potential: V()

V(g) = 12 (¢70) + A (616)
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&) Consequences :
- Higgs boson with mass: o — o _gg_

not predicted!|
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o) Consequences

- Higgs boson with mass: = vl
5 W 'mH — /2 AU
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o) Consequences ;
- Higgs boson with mass: — _gg_

not predict

- W boson mass and interaction:

|
|

5., .
_ | direct connection
mw = 9 | ——

- Fermion masses and Yukawa interactions:

. — AfU direct connection
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The LHC with ATLAS & CMS

LHC beam bunch crossing rate:
40 MHz

Up to ~7/0 pp collisions per
bunch crossing

= ~3 billion pp collisions per second
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Up to ~7/0 pp collisions per
bunch crossing

= ~3 billion pp collisions per second
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. Proton—aroton coH|S|on energy ECM \/s
- 7TeV (201 1),8TeV (2012):“Run 1"
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e Nlumber of produced events N = o - L
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. Proton—aroton coH|S|on energy ECM \/s f»'
- 7TeV (201 1),8TeV (2012):“Run 1" i

- 13TeV (2015-2018):"“Run 2" Q ghj

e Nlumber of produced events N = o - L

LHC beam bunch crossing rate:
40 MHz

Up to ~/0 pp collisions per
bunch crossing

= ~3 billion pp collisions per second

- Production cross section o

- Integrated luminosity L

A Higgs boson
IS only produced In |

* Number of produced Higgs bosons:
1 Run ’: Gl—liggs ~ 25 pb

| 7
= NHiggs = 20 pb-251' = 625 000 } 1 Obﬁ C?f 10
- Run 2: NHiggs = 55 pb- 140 fb-! =7 700 000 | collisions |
8 )

9 /48 Karsten Koneke



10/48

25m

Al LAS Detektor

—

Tile calorimeters

LAr hadronic end-cap and
forward calorimeters

Toroid magnets LAr electromagnetic calorimeters

Muon chambers Solenoid magnet | Transifion radiation fracker

Semiconductor tracker

Karsten Koneke



—iggs Boson Production at the LHC

UNI

FREIBURG



Higgs Boson Production at the LHC
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Higgs Boson Production at the LHC
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Higgs Boson Production at the LHC
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) H1gos Boson Decay :
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) H1gos Boson Decay :
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& Higgs Boson Decay :
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—How do we 'see’ the Higgs boson!

e "Clean” Signatures: leptons or photons
* (alculate invariant mass from decay products:
m? = \p1 + pz‘ = (El + EZ) — |p1 ‘|‘Z72|

* Hill selected events into histogram

Search for a signal peak over background:

Counts

Background

Mass

| 3/48 Karsten Koneke
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How do we 'see’ the Higgs boson!
e "Clean” Signatures: leptons or photons ,It\lL;t\Sllgrellirﬁir:a;y K éﬁta;(m;e;v)l |
H— ZZ* - 4l e
* Calculate invariant mass from decay products: Q 9= 13TeV. 139 0,V
: ) o g140- —
mzz‘P1+P2\ :(E1+E2) —|p1 +p2| |_i'>j120
* Hill selected events Into histogram 100

A\

®
N

Search for a signal peak over background:

II|III|III|III|III|III|III|III|III|I

Counts

Background

Mass
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Run: 182796
Event: 74566644
2011-05-30 07:54:29 CEST
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) Impact of mi- i
* InSM: mw = mw(Miop, MH,...) i _EE_

t
H O
WMQV\W W/Z ~~bininn WL W/Z ~nibnnn W/ Z
b
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) Impact of mr

* In SM: mw = mw(Miop, MH,...) -

t
WN‘Q“W W/Z ~rbnnn W/Z  W/Z ~~nAbnnn W/ Z
b

- Mesurement: mw = 80.3/9 + 0.013 GeV
- Impact on mw In electroweak fit: Amw( Top) = £2.7 MeV, Amw(H) = 0.1 MeV
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&) Impact of mn :
* In SM: mw = mw(Miop, MH,...) 4 =1
: H
WVQ\'\W W/Z ~~Fnrinnn W/ Z W/ZWV\QA’NV»W/Z
b
- Mesurement: mw = 80.3/7/9 = 0.013 GeV
- Impact on mw In electroweak fit: Amw( Top) = £2.7 MeV, Amw(H) = 0.1 MeV
* |mpact of Amp on cross-sections Atheo  Aexp  AMH

and branching fractions very small: BR(ZZ)  £1%  ~10% +2.5%
OVBF +2%  ~19% x0.3%
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@) | t of 2
) mpact of My -
ot o L
¢ In SM: — 20
n SM: mw = mw(Mtop, MH,. . .) - SE
t H ""\'
w MQW W W/Z s WZ W/Z i W/Z
b
- Mesurement: mw = 380.3/9 £ 0.013 GeV
- Impact on mw In electroweak fit: Amw/(lop) = £2.7 MeV, Amw(H) = 0.1 MeV
* |mpact of Amy on cross-sections Atheo  Aexp  Amy
and branching fractions very small: BR(Z2)  #1%  ~10%  £2.5%
OVBF +2%  ~19% +0.3%

= Measurement precision of m

csood enough for this

- but precise measurement important!
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_ . . 80 & =
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o . 60 - =
* Fiducial cross-section measurement: - -
40| -
- Observed: Org(H = ZZ2* = 4¢) = 3.28 £ 0.32 fb ! -
- Expected: Osgsm(H = ZZ* = 4£) = 3.41 £ 0.18 fb 20 - ”
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| arXiv:2004.03969 |
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https://arxiv.org/abs/2004.03969

@)

N/

e BRsm(H —= ZZ*) =~ 2.6%

- BRow(Z = £8) ~ 34%

= BRsm(H = ZZ* = 4¢) = 0.016%

=~|200H =& ZZ* = 4 events in |39 fb!

- Expect to see 206 signal events (A-€)

- Excellent signal reconstruction and S/B

e Fducial cross-section measurement:

- Observed: grg(H =& £Z* = 4£) = 328 £ 0.32 fb
» /" = 48) =341 £0.18 b

- Expected: Ofigsm(

—

Comparison with theory predictions
19/48

Differential cross-section measurements:

Karsten Koneke

do/dp’ [fb/GeV]

Theory/Data

N/N,

O
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-
an)
| Dlt | | ! ’E
® dla ] (|
0-12_ ATLAS 1:] Syst uncertamhes 1 YL
HozZ o4 Al
. +
0.1— Vs =13 TeV, 139 fo o RadISH K = 1. +XH _—
= NNLOPS K = 11 +XH
| diiiiis XH = VBF+VH+ttH+be+tH
L Total stat. @ syst. uncertamty__
0.081— —#— Fitted ZZ* Normalisation |
B p-value MG5 FxFx = 15% |
R M p-value NNLOJET = 15%
006~ & &y p-value RadISH = 6%
LA [l P p-value NNLOPS = 8% -
i ] 2
0.02— -
m LN A N ]
S 5. W I
O ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, A P w8
2_ | _—
1.5 |-
1—’—----- I TR P T T i i i o v [l o i i i —_—
N A
0.5— _
1.5¢ + 4 -
=== WP s e S SR S RS SRR S S SH S —
i
0-5_ L 1 L L ! I 1 1 =
0 10 20 30 45 60 80 120 200 350 1000

H = 77 > 4.

| arXiv:2004.03969 |

p* [GeV]
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* BRsm(H — vy) = 0.23%

Expect: ~ | /500 signal events
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-xcellent signal reconstruction

1 l | 1 I I

T — T T T T T T T T T
¢ Data ATLAS Preliminary
Vs =13 TeV, 139 fb”
"""""""" Background m,, = 125.09 GeV

—— Signal + Background

All categories
In(1+S/B) weighted sum
S = Inclusive

,,,,,,,,,,

TR ATt

| ATLAS-CONF-2020-026 |

=Yy
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e (Cross section measurement:

(0 X Byy)obs = 127 £ 101b
= 127 + 7 (stat.) £ 7 (syst.) tb
(00X Byy)exp = 116 £ 51b
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* BRsm(H — vy) = 0.23%

UNI
[
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. 1T 1T 1 I L I T 1 1 | L | L L | 1 | L L | L
o Expect: ~ 17500 signal events ~ Observed | aras preiminary rota e
(expected) | (S=13TeV, 139 o’ i it [MSy ol
_ | . . P H—yy, m, = 125.09 GeV otal  Stat. Svet
- Excellent signal reconstruction significance: oA s S
ggF + bbH el 1.02+0.11 (£0.08,+ "7 )
> = % I *~ ® ¢ % [ Tt ¥ ¥ x [T 0 —% v ¥ r r [ ¥ ¥ 7 =
® =8 Data ATLAS Preliminary = . .
© 3000L ' (s<13TeV. 139 o' = 7.5 (6.1) O |ver ==t 134+ 028 (£0.18,+ 212 )
2 o500 Background m,=125.09 GeV ~ —
% 20005_ - Signal + BaCKground All Categories _E 5.6 (2.8) O- WH : : 2.33 £ 822 (i 823 , X 813 )
?_ - In(1+S/B) weighted sum =
g 1500E S = Inclusive _E (|7) O|lzH | o : 064+ 00 (£ 0% % oo )
D 1000;— ,,,,,,,,, —;
500E- = 4.7 (5.0) O |ttH+1H HeH 082 % o0 (% o2 ;% o)
@1005_5!{{!; N N T T N U T T N T T T A T T AN T T M AN T NN M T N N A M BN B
= - - —2 —1 0 ‘ 2 3 4 5 6
o3 = = SM
é O: = GH/GH
I @ | @ ) S| - - B B B - B S B R S S-S L G- S S-S S - R S —: @ . :
> 05115 120 130 140 150 160 ¢ O'(tH) < 8 times SM pFOdUCJEIOﬂ rate
0 m,., [GeV]

- Best [Imit thus far!
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) VBF H = WW* = evuv

H—=WW=*—evuy candidate and two jets with VBF topology

Longitudinal view 45  Projected n-@ view

§ >
l' US

y, 25+
i
\
,. \:‘%x
electron =N
S o ]
4 0° 90° 180° 270° 360
O? 0,
4 , Run 305618, Ev. no. 2461194919
£ ' ' _ Aug. 05, 2016, 08:37:53 CEST
e,
XA —
\ ATLAS
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D)

N/

Events / bin

Data / Pred.

= ~1300 VBF H > WW”* — evuv events in 139 fb-!,
but difficult backgrounds... employ deep neural network

107
10°

III|III||lIIlIIIII|IIII|IIII|IIII|IIII|IlII|III

ATLAS Preliminary # Data 1\ Uncertainty 3
s =13TeV, 139 fb” B ZzZy B He :
H - WW* - evuv M H, MOtherH
VBF-enriched N> 2 tt'we I ww -

Mis-Id || Other vv —;

Z/y*e 77 GR
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1.5§I I 11 | 11 | 1T 11 I 111 I 1T 11 | 1T 11 | | I+I | T 11 | L 11 I;
1 :
0.5

DNN output
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VBF H = WW?* = evuv

* Large BRsm(H = WW?™) = 22%
- BRem(W = £v) = 10.8% = BRsu(H = WW* = evuy) = 0.25%

| ATLAS-CONF-202

UNI

FREIBURG


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-014/

9 VBF H = WW* = evpuy

* Large BRsm(H = WW?™) = 22%

- BRom(W = #v) = 10.8% = BRsm(H = WW* = evuy) = 0.25%

= ~1300 VBF H &> WW* — evuv events in |39 fb-!,
but difficult backgrounds... employ deep neural network

observed rate

expected rate

(exp syst.)
(sig theo.)
(bkg theo.)

' Observed (expected) significance: 6.6 (6.1) o

S5 [ i
- - | | | | | |
f 108 L ATLAS Preliminary +4-pata  \\ Uncertainty
% - (s=13TeV, 139 fb” WHe WA,
S 10°H > WW" - evuy Moter H  Hwt
Lﬁ = VBF-enriched N> 2 SR Bw Pz
10" e ~ Mis-ld  [other vv
_O' 14 = T T T | | T =
D : :
ol 1.2 ]
@ T é\\ \\& \\\\\\\ \
8 s «\\\\3\\&&-\\\&\\&\\\\\\\%\\\\\\\\ \\\\\\\
0O o8F -
0.6 ! I ! 1 ! ! i
o) 4F
é i
— 3k
> 2
m
| 1
é 0

E 107 III|IIII|IIIIIIIIIIIIII|IIIIIIIIIlIIII|IllI|III
= [ ATLAS Preliminary # Data \ Uncertainty 3 Signal strength:
£ 10°F (s-13Tev, 139 fb" Hzy B He f
3 10° H - WW* - evuv B+, [ otherH _:. O-Z . B
- VBF-enriched N> 2 dwe Wl ww U= —
104 Z/y — 7z CR . Mis-Id ] Other vV _ (Ui . Bf)SM
10° :
+0.24
102 MVBF = 0.99 —0.20
+0.1
10 = 0.99 _%.132 (stat.)
1 +0.07
—0.06
o 1.5 +(()). ;
o i —V.1
© : +0.10
g 0.5 | | ] ] | | ] | | | ] | ] | | ] —0.08
0O 01 02 03 04 05 06 0.7 0.8 0.9
DNN output
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&) H = WW?* = evuy

BURG

> 6000
o Large BRSM(H —) WW*) ~ 22% 8 i ATLAS Preliminary+Data &Uncertainty 7
o 5000-_\f§=13TeV,139fb" N W 4
B BRSM(W — f\)) ~ |0.8% = BRSM(H — WW* — 6VMV> = 0.25% Y Egg:SI;VW i Bother H T/t E
(7)) _
. . T 4000(- Bww Bz .
= ~420000 H = WW™ — cVLLV events In |39 fb-!, 2 i Mis-ld  [Jother vv -
Ll - j
:)ut d|ﬁ° cult bac|<grounds . 3000}~ .
— ———1r—————— olgnal strength: - :
Yo r . i )
Q. [ — 68% CL : 20001 _
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+ L —— SM68%CL (0'7; : Bf) 1000~ _-
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) i _ +0.16 ’ :
b§16' B ’uggF o 120—015 - 14T T T T T T T T T T T T T T T T T T T T T T T T T T T 14
_ = )

- ] = 1.20 £ 0.05 (stat.) <« 1-21 " i i
= a o 1 \ \t«\?\\\\.e\\n-&v‘wm&-omkx\ \\&
—. 0 (expoyst) &, U
: : +O.1O . 06_—1 N N I N [ S ) O N ) N N N S N N N N A l—:
121 h - “0.08 (sig theo.) S 100gE T T

: : +0.12 2 ook

- — o

— o
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0.4 0.6 0.8 1 1.2 1.4
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| ATLAS-CONF-2021-014 |
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@) Fermion Masses

e Also Fermion masses violate fundamental invariance under gauge transformations

25/48 Karsten Koneke
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@) Fermion Masses

* Also Fermion masses violate fundamental invariance under gauge transtormations

* Fermion mass via Yukawa coupling As:

[’fermion — _)\f :@EL¢¢R T &R¢¢L

Higgs field
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@) Fermion Masses
>

* Also Fermion masses violate fundamental invariance under gauge transformations oi

* Fermion mass via Yukawa coupling As:

£fermion — _)\f :ZEL ¢¢R T ¢R¢¢L e am?d mm(i)mum: )

> )

REIBURG

v+ H(x)
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) Fermion Masses

. . o 2
* Also Fermion masses violate fundamental invariance under gauge transformations oi

* Fermion mass via Yukawa coupling As:

[’fermion — _)\f :@EL¢¢R T &R¢¢L

> )

)\f?) — )\f
N A

Hajn)
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' O
) Fermion Masses §
e Also Fermion masses violate fundamental invariance under gauge transformations EE

* Fermion mass via Yukawa coupling As:

£fermion — _)\f :ZEL ¢¢R T ¢R¢¢L e am?d mm(i)mum: )

> )

Af

v+ H(x)
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@) Fermion Masses

* Also Fermion masses violate fundamental invariance under gauge transformations oi

* Fermion mass via Yukawa coupling As:
)

NI
REIBURG

[ffermion — _)\f _wL¢wR T ¢R¢¢L

Higgs field >
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' O
) Fermion Masses §
e Also Fermion masses violate fundamental invariance under gauge transformations EE

* Fermion mass via Yukawa coupling As:

[ffermion — _)\f _wL¢wR T ¢R¢¢L

Higgs field >

)

Fundamentally independent from masse generation for gauge bosons!

25/48 7 Karsten Koneke
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* H — bb dominant decay channe (BR .58@ 3 . ATIAS o Data i
e VH (V=W or /) assooated production: o 2600 e 13 Tov 108 B VH, H - bb (u=1.17) —
-~ Olepton (£ = wv) <b =~ - 04142 leptons — 'II?:::)O(S;IZ ten) 3
- | lepton (W = £v) E 200—_ 2+3 jets, 2 b-tags it T
- ) lepton (Z — {{) § — Dijet mass analysis | Single top —
_ j j Bl W jets _
— ~30000 V(—leptons)H( — bb) events in 139 fb! 5 [ WeishtedbyHiggs S5 W Wuiet -
% 150__ B-only uncertainty |
= - — I Pre-fit background
g B — VH,H > bb x5 _
100/— —
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S0 ' ~
- i
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m,, [GeV]

| arXiv:2007.02873 |
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B H — bb :
—) Y
N/ g
| I | 1 1 | 1 | 1 | 1 | o | 1 |_||_|_|__
e H — bb dominant decay channel (BR ~58%) 40- ATLAS o Data
e VH (V=W or 2) assooated production: b & 135 O‘C 1:23,;;\;”1339 o -\I;Ii:;o:o;) ob (1=1.17)
- Olepton (£ = wv) U fi;f< ; 30 2+3 jets, 2 b-tags B-only uncertainty

- | lepton (W — £v)
- 2lepton (£ = £4) q vV

= ~30000 V(—leptons)H( — bb) events in 139 fb-!

Dijet mass analysis
Weighted by Higgs S/B

t
T

x

40 60 80 100 120 140 160 180 200
m,, [GeV]

N N
O Ol
L I L | 1T | L L | L | L1 | L | I

i

—
-

Ol

A

}

Events / 10 GeV (Weighted, B-subtracted)
o

| arXiv:2007.02873 |
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°* H — bb dominant decay channe

- 0 lepton (Z = wv)
- | lepton (W — £v)
- 2lepton (£ = £4)

IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII

H — bb

ATLAS VH H—> bb F—13 TeV 139 fb1
— Total - Stat.
Tot. ( Stat., Syst.)
0.95 *0-27 +0.18 +0.19 40 0}
WH F ¢ 4 . _0.25 (Z0.18 » 018 ) :
£ e 1.08 05, (%017.%15)| 5.3 O
Comb. H--H 1.02 *018 (+0.12 4014
. 4)_17 (—0.11 013 ) 67 O
S R N I N N T I B B
00.511.52253354455
ubb
VH

| arXiv:2007.02873 |
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(BR ~58%)
e VH (V=W or /) assooated production:

N
-

N
Ol

N
-

—
-

Events / 10 GeV (Weighted, B-subtracted)

Karsten Koneke
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{

O O
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ATLAS —o— Data
s =13 TeV, 139 fo Bl VH, H — bb (u=1.17)
0+1+2 leptons Diboson

2+3 jets, 2 b-tags B-only uncertainty

Dijet mass analysis
Weighted by Higgs S/B

t
T

x

A

}

40 60 80 100 120 140 160 180 200
m,, [GeV]
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>,
— = TT 5
N/ :
-_E_
: zl.l.l
e Strongest coupling to leptons SE
- BRsm(H = 1) = 6.3%
= ~480 000 H — 1t events in |39 fb-!
x10° L B B L L L L B L L L B
> _I L I | I | L I | L | | I I I L I_ . . _ _1
S [ ATLAS Preliminary }/ oaia - Observed ATLAS Preliminary H —» 1t Vs = 1;3;'ev, 139 fb
o Vs = - 77272 Uncertaint ) :
- 40: /\(J SR1S3T9VJ139fb g—fife(lo-gszSM) : (.ex!?oected). —Total — Stat. Theo. Yyl <
5 i Ot?:eTrTbackgrounds : signiticance. Tot. (Stat., Syst.)
o 30 ~ Misidentifiedr ~ — | o —y 1.53 #1222 (#190 +1Ih)
i _ ttH OV _1.32 -0.93 -0.94
20 - VH| »—d—n 0.95 57 (‘048 oz2 )
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10 ~ 39(46) 0 ggF| wa= 0.95 527 (S015 023 )
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3 05F T i v AT
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SM branching rat - e
PY ' LA L B L B B LN BN AL BN BLENLINL L L AL L BRI B

ranching ratio: S 300F ATLAS s Data
- BRom(H = pu) = 2.18 x 04 N e \s=13TeV, 139 fb™ —'Sl:ptal ng f
7 — olgnal p
= ~|700 H = up events in 139 fb-!, I 500 H = .-- Bkg. pdf
huge Z/y* — up background 0

e Split events into 20 categories to maximize sensitivity

* kit myyu spectrum

- Determine background function with huge MCs

o Results:

- Signal strength u=1.2 £ 0.6

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

- Observed (expected) significance: 2.0 (1.7) o

- Observed (expected) upper Iimit on BR:
2.2 (1.1) x SM (95% C.L.)

= Non-universal coupling to leptons!

29748 | Phys. Lett. B 812 (2021) 135980 | e Koo
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|
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g

N/

SM branching rat - e
PY ' LA L B L B B LN BN AL BN BLENLINL L L AL L BRI B

ranching ratio: S 300F ATLAS s Data
- BRom(H = pu) = 2.18 x 04 N e \s=13TeV, 139 fb™ —'Srptal ng f
7 —Slgnal p
= ~|700 H = up events in 139 fb-!, I 500 H = .-- Bkg. pdf
huge Z/y* — up background 0

e Split events into 20 categories to maximize sensitivity

* kit myyu spectrum

- Determine background function with huge MCs

o Results:

- Signal strength u=1.2 £ 0.6

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

- Observed (expected) significance: 2.0 (1.7) o

- Observed (expected) upper Iimit on BR:
2.2 (I1.1) x SM (95% C.L.) Recent CMS result:

e Signal strength u =1.19 0444 45

= Non-universal coupling to leptons! e Observed (expected) significance: 3.0 (2.5) ¢
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— — cC

* H — cc 2"d generation decay channel (BR ~2.9%)

- 0O lepton (Z = wv)
on (W — £v)
on (£ = £1)

- | lep

- 2 lep

e VH (V=W or Z) associated production: b
q <

~I500V(—>Ieptons)H(—>cc) events in |39 fb-!

| |
- Data

Bl VH(— cc) (u=-9)
B VZ(— cc) (u=1.16) -

VW(- cq) (1=0.83)
B-only uncertainty _|
— SM VH(— ¢C) x 26 -

" ATLAS Pr Prellmmary

 {s=13TeV, 139"
—- 0+1+2 leptons

| 1+2 c-tags, All SR
3000—

AN
o
o
O

- +‘+‘ N

Events after B-subtraction / 10 GeV

o
S
S
|
|

| | 1 1 | ]
180 200
J m,. [GeV]

60 80 100 120 140 160

| ATLAS-CONF-2021-021
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lIIIIIIIIIIIIIIIII]IlllllllIllIl
ATLAS Preliminary VH,H - ¢t Vs=13 TeV, 139 fb

— Total — Stat. ( Tot.) ( Stat., Syst.)

1 Comb. H_‘_k 9 (17, 5%)
A ST N W NN TN NN W U | TN N A T TN Y TN T T NN WO M T Y SO M WO M
60 40 -20 O 20 40 o0 80 100 120
Mo b s
" — CC

Observed (expected)
upper Iimit on 0-BR

26 (31) x SM (95% C.L)
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upper limit on
Higgs-charm-coupling:

8.5 (12.4) x SM (95% C.L.)
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o) T A :
H z
i ) -
__E_
o . . > 30_"'I""I'"'I""l""l""I""I""I""I"'_ ZE
* Tiny branching fractions: 3 - Bkg ] DI
[ b — Bkg+H—1yy +Sig (u=1.5) {
- BRsm(H — eey)|m, <30 gev = 7.20 % [0~ S ool
o L
BRsM(H = Lpy)|m,,<30 Gev = 3.42 x 10 j .,
- ~1200 H —>£€y events in I39 fbI 105
ee resolved VBF-enriched - : -~ | - ATLAS 1 :
| : 5F Vs=13TeV, 139 fb- ®
ee merged VBF-enriched | === E IN(1+ Se, / Bs,) Weighted sum )
uu VBF-enriched —E—ﬁ L
ee resolved high-p_, ——
ee merged high-p_ 4——5-5—
pp high-p_ | ————
ee resolved low-p_ ——— ATLAS
t ; (s =13 TeV, 139 fo
BE merged low-p,, | - Total unc.
UL Iow-p -;—m-— = Syst. only
H—y' v—>llv globalfit = | e Observed (expected) significance: 3.2 ¢ (2.1 o)

—8 —6 —4 —2 0 2 4 o) 8 10
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Production and Deca
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g' 00000000 / t
Vector boson fusion (VBF)
q 9
Wz, H
W.Z

- . ~ .‘ . p .‘ ,‘ 1. A J ,’,"7
associated prod. with W/Z

a W.Z
W.Z
q H

| ATLAS-CONF-2020-027 |
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@) Production Modes

e Assume SM branching ratios

ATLAS Preliminary j—e— Total Stat. Syst. SM
Vs=13TeV, 24.5-139 fb™
m, =125.09 GeV, |y | <2.5

pSM=86 7o Total Stat. Syst.
|

ggF H=+H 1.00 007 ( +005, +0.05)

VBF H = 115 *515( o013, 915)

ZH | ® : 0.98 1‘8;2?( +0.16 , fg:}g)

tH+tH . 110 “050( Toies To1s)

06 08 1 12 14 16 18 2 22 24 2.0
Cross-section normalized to SM value
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Global u = 1.06 + 0.07 = 1.06 + 0.04 (stat.) +0.03 (exp.) o0

(sig. th.) +0.02 (bkg. th.)
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O

) The x Framework :
-

e Once Higgs boson mass I1s known, all other Higgs-boson parameters are fixed in the SM gE

o allow for measurement deviations from SM rates, introduce coupling modifiers:

9 Ya
T ~ (9a)su

(. I
(0-BR) (i » H — f) =~
L'y

/{2 . /QQ

— OSM (Z — H) BRswu (H — f) 2 /

H

Assumption:
e Only one SM Higgs-like state at ~ 125 GeV with negligible width LHC Higgs XSWG (anxivi  307.1347)
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) x Coupling Moditiers
ATLAS Preliminary =
(s=13TeV,245-139fp' 987 CL—
my = 125.09 GeV, IyH\ <2.5 95°% CL
K~ ~6% ——-o—— \ —-b .
Assume: | L : T Assume:
No BSM o [=12% ‘ - E"“V and Bunder are
contributions - 149 : - rée parameters.
B.. =R =0y " — ———— Constrain kw < |
( inv undet ) T - _ - _
K, |= 4% —_— ——— and kz < |
o [TP——— -— Add:
Ky |RTB - VBF H — invisible
B | B-8,-0 «  <9% @ 95% CL|(< 11% expected)
B, C p_ =92% B i
| i | | %ﬁ | |
0.8 1 12 0 0.5 1

+7725 | ATLAS-CONF-2020-027 |
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* SM: gol and H — vy are loop-induced

- New particles could participate in the loop

= Contributions of BSM?

= lest effective coupling factors for
photons (Kky) and gluons (Ko)

38/48
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1.3
1.25
1.2

g1.15

L oop-induced Couplmgs
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ATLAS Preliminary  * SMVale :

+ Best Fit ]

/s=13TeV,24.5-139fb" ... Observed 68% CL

m, =125.09 GeV, |y | <2.5 —— Observed 95% CL—]
Py, = 51%
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o~ m
7 Mass ~ Coupling Strengtw :
aa
Assumption: E 1‘ 'ATLAS Preliminary B
= = Vs=13TeV,24.5-139 10" e
SM Higgs boson coupled only to SM particles, o [ M=12009GeV.l, [<25py,=84% & -
: o : L S R EEEEEEEEE SM Higgs boson _
.e. no “beyond SM physics (BSM) < 107 =
- effective couplings to photons and gluons, . - .- -
Higgs-boson width resolved using SM assumptions 107 E &b JE
107 & =
S -
il m,(m,,) used for quarks -
107 E =
o S | = | =
\é 1.4 —
BLL 1.21 =
Y, B | | i
] R R RESRRRELCEELEEED 5{——
0.8_,,,,," S S S _
107" 1 10 10°

Particle mass [GeV]
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Simplified Template Cross Sections (STX5) &
e Evolution of kK model _EE-

- Measure cross section In exclusive kinematic regions

SIS _
p7 [0, 200] p7 [200, 0]
I—’—| H
P

‘ = 1-jet \ ‘ > 2-jet \ 200
300

p,_,f? 450

. 650

60 o0

120

200

20748 arxiv:1610.07922
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Mmbined ST XS Measurement
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?2 (J2.44: —0.63
| | |

t o I ] | | 11 | I | | | | Ijl | | | | | I | iI.l

-6 —4 —2 0 2 4 6 8 .
Karsten Koéneke Parameter normalized to SM value

VH, H = bb

ATLAS-CONEF-2020-027 l— e
= () jets . r
“ATLAS Preliminary Total Stat. Syst
Pl < 200 Gev Vs=13TeV, 139" e 014 4042 40,07
. ’ B,,/B,,. : 1.07 (o, )
Yy -zz -0.12 ' -0.11: -0.06
g[uon fusion my, = 125.09 GeV, y | <25 [-I;EI‘ o e
i P =95% B,3/B - === 077 )3, (702 01
S /7 7S\ SM : 1 -0.28 ‘-0.25° -0.12
66\/6600@‘\/ —e— Total | Stat. . . . . .
g t E= Syst I sm : 0% 1 " :
= 2jets t H Total Stat. Syst.
A LT SOt , __al 41022 1019  +0.10
o 0-jet, pyf < 10 GeV e 082 4550 (~0.18 -0.09
iy < 350 GeV . - +0.15  +0.13 +0.08
g t 0-jet, 10 < p <200 GeV & 112 544 (942 —007)
Zelelelelelelelel0) 1-jet, p* < 60 GeV S| 061 31 (1228, s0.19)
ey U - . ey 931 (0 0
. S— - 1045 +0.42 +0.15
1-jet, 120 < p! <200 GeV —e—| 0.72 541 (o0 —0.09
— Vector boson fusion (VBF) 09—Hx By, | >2iet,m, <350GeV, pi < 120Gev |- 030 045 (1042 2019
> 2jets : 4 4 0.41 +0.21
EEc > 2-jet, m, <350 GeV, 120 < p!' < 200 GeV - 0.67 ‘3aa ( *0 S fo )
> e 040 40 37 +0.15
q 3 200 < p* < 300 GeV 148 “gag U ohe oo
1. 1056 +0.52 4020
s - A44  +133 4055
W Z N p}} 2450 GeV 176 442 (105 -0.40
V(lep)H mj; > 350 GeV q . ’ L‘_"‘:';'_\J -----------------------------------------------------------------------------------------
e q < 1-jet ! | 1.00 058 (202, i)
— ; , , .66 1154 +0.62
> 2-jet, m; < 350 GeV, VH veto - ! 229 1’55 (_1a5 —0.47)
1% . ‘ +0.83 ,+0.79 +0.24
HZV, pT < 75 G'eV I)l <9200 GeV qqﬁqu o B > 2'jet, mﬁ <350 GeV, VH tOpO 0.65 0.73 ( —0.69° _021)
27 _ +0.64 4059 +0.26
. > 2-jet, 350 < m; <700 GeV, p/ <200 GeV 081 556 (o520 _0o1)
Htv, 75 < py < 150 GeV . . > o H +0.34  +0.29  +0.19
> ) S > 2-jet, m; 2700 GeV, p"” <200 GeV 1.16 (75 )
ol > Hey | > 290 0 <y < T00GeV o <2006 | associated prod. with W/Z i ; e
2 2-jet, m;; 2 350 GeV, p’f 2200 GeV | 120 537 (Zgaar —0.144)
o 50 <0 TR R q .. - &1 s
— Sl W 7 S pY <75 GeV | pag 2 (RS ey
Hew, pV > 250 GeV ~a ~J
Py > -~ ’ P 75 < p! < 150 GeV {0 S e 2
/ \ ‘ qq—Hlv x B,. 10.93 ,40.83 4042
' v +0 79 +0 71 +0.34
) pY =250 GeV 128 os56 (052 -0.21)
pp — HU q H +0.74  +0.54 +0.50
p¥ < 150 GeV 0.19 5 (Zg570 _0.59)
" 99/qq—HIl x B, | 150 < p¥ < 250 GeV 130 O77 (1070 103
r v 10.91 ,+0.81 +0.41
' H +0.77 ,+0.76  +0.13
® Channels. Ry < 8108V 0.72 564 (064 —0.08)
H +0.51 ,+0.51 +0.08
. H —_— 60 < p7l <120 GeV 0.66 543 (_ga3 -0.05
- 060 ,+0.59 +0.14
_ > ZZ ) 4{ — — — 120 < p! < 200 GeV 1.00 5= (Cosor -0.40)
H +0.53 ,+0.52 +0.10
__ g0 ey 086 545 (045 -0.00
yy tH x B :{ e ]:1 71 43.31 ,+3.23 +0.71
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Fermi-Theory (1933)

Effective Field Theory
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Theory of Weak Interaction
“Full" Field Theory
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Fermi-Theory (1933)

Effective Field Theory

cffective Field [ heories: Muon Decay

Theory of Weak Interaction
“Full" Field Theory

Vi
o
Ve _
1 1 T
Cor q2 << m%\/’ S q2 — m%v — —m%v sigle Si%v — 71;
-xtend SM with new BSM operators: L =Lom+ Z Cl@()l@//\2

- Assume: No new particles below A = | TeV ;
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EF | it Results

ATLAS Preliminary
v/s=13TeV, 139 fb~'
my = 125.09 GeV, |yy| < 2.5

SMEFT A =1 TeV

— 68 % CL
....... 95 9% CL
—e— Linear
Linear + quadratic

(1] o 4ny | s o—— e
CI—G,uG,uH,top (X1O) R
Cfl)q ............ _._'_ ....
A Ao
HW,HBHWB,HDD,uW,uB | = —o—
\ | |
-0.2 —0.1 0 0.1 0.2
| | ‘ | | | | ‘ |
R I —— S \———
HW. HBHWB.HDD.UW.uB | e e
C[1] ............ _.—- ...........
Hu,Hd,Hg")
2l — e
HG,uG,uH,top e D ————— <+ et
[ I I |
-2 —-15 -1 -05 O 0.5 1 1.5 2
[ ] ]
C[3] ............ P~ V—
HW,HB,HWB,HDD,uW ,uB annes
o o—
HG,uG,uH.top —
C[1] ........ _._ .......
H/(S)’”/ ........ .
_._ .....

1
Chyto o (x0-1)

10 -8 -6 -4
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-2 0 2 4 6 8 10
Parameter Value

[0 EF]

harameters fittec
-xcellent sensitivity

(3)
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ATLAS Preliminary Vs=13TeV, 139 fb’
m,=125.09 GeV, |y, | <2.5
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—-0.4
—-0.6
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Opens the window to global combined analyses!
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Decays Into Bosons

Decays Into Fermions

Rare processes

Combinations and Interpretations

Future
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) mminent Future

e STXS from

ttH, H — bb

N
T | B — T T [ T T 1 T T [ T T T [ T T 1 ATLAS Prellmlnary E ;toéilstlcal UnC E 10 —— ATLAS Prehmmary
ATLAS Preliminar 13 TeV, 139 fb” g e Q = :
¥ ‘/_ Tol (Stat. Syst) Vs=13 TeV, 139 fo B Systematic Unc. — —  {s=13TeV, 139 fb"
—Total = Stat. D - HidE - 13’3 Y H— WW* - evuv I SM Prediction %DS ’ i Pey = 95 %
utfH p's [0,120) GeV = e 11.98 -1.33 (—0.46 -1.25 p-value = 52% Total (Stat. Syst.)  SM Unc. < = r
. : 0.88 142 (+070 +124 ggH-0j, p! < 200 GeV 190 oty [ X o) U 08 o} 1657 il I
- P}E.EH =y. =
fiH pl [120,200) GeV ; “1.aa (Zoeg -127) ggH-1j, p" < 60 GeV 0:85 0% (433 0B) ! o4 = f .—I—|
ggH-1j,60 < p" < 120 GeV i Mo - ol +0.16 -
o ot [200,300) GeV F—e—H 1.02 *) ng? tggg) . " 8 1 ol 1072 = 1
P, : : -0.86 - - ggH-1j, 120 < p"' < 200 GeV VA8 “oos ( Theo i gir ) +0.21 =
u : +0.71 /+0.58 +0.41 GGErELp =200 ey 153 070 ( loais logr) 1 021 i
{iH pl'e [300.450) GeV P e -0.08 ;s (Co54 —042) ggH. p'* > 200 GeV O 217 08 r0E 048, 4,0 1073 =
‘ l T 1
: EW qgH-2j, 350 < m_ < 700 GeV, p* < 200 GeV -0.20 *085 ( +040 +038 ; = P
T ' 0.01 *+41 (+105 +0.95 2L ARyt TN GRY RL <200EeY | o) 020 _os ( 0ss: 0as) | *013 o Ar
tiH pl'c [450,) GeV —— =U. 1.32 (_0,91 —0.96) EW ggH-2j, 700 <m, <1000 GeV, p* < 200 GeV [ — 050 0 [ Y ) £0.11 o Z
| I Nl e oae o A EW qgH-2], 1000 < m, < 1500 GeV, pyf <200 GeV 1.07 T05 ( Zoa. Zozm) | x0.10 .% T i
Inclusive reod 0.43 033 (D019 027) EW qqH-2j, m; > 1500 GeV, p* < 200 GeV 096 T35 (05, %) | 008 o O i I i
1 I 1 1 1 i 1 1 I 1 1 1 I 1 1 1 I 1 1 1 l 1 1 1 . o +0:47 +0.43 +0.18
9 0 2 4 6 8 10 EW qqH-2j, m,, > 350 GeV, p* > 200 GeV 113 0 ( Zo3s» —015 ) +0.09 N(ets): > 1 1 so >0 S
| | | | | DT(H) [GeV]: [60, 120] [120, 200] [200, 300] [300, oo

H = WW*
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H — 1T

e Observed — Tot. unc. — Stat. unc. —
— Expected [ ] Theo. unc.

H — 1t cross-sections (|yH| <25)3

L
»

— e
i T T R lll Illllllll [ llllll| llllllll| l

@l
L
e =

= 6™/6tH for m =125 GeV

ttH -1 0 1 2

...and more avallable...

= New addition to combination = more

and combination with other diboson,

m; [GeV]: [0, 350]* [0, 350]

recise determination of

top, etc. measurements. ..
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gluon fusion + gg — Z(— qq)H

>2 . =22 >2
[0, 200] : :
[350, o[ ! [60, 120]  [350, o[ !
. VBF+V(oqqH ' ttH

coefficients



) High Luminosity LHC (HL-LHC)

46/48

Luminosity [cm2s™]
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e Peak luminosity = =Integrated luminosity
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SM Higgs boson
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) Summary
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VWhat we know about the Higgs boson
* <2%o precision on my
* All measured quantities are consistent with SM

* Many more /s = I3 TeV results available and in the pipeline

Significant progress In theory, essential for precise measurements and interpretations
* e.g.improved calculation of ggF cross section (N3LO QCD) = theory uncertainty: 8.5% — 5.0%

New era of precision and interpretation, access to rarer and rarer processes

* ~8 Million produced Higgs bosons in 139 fb-! during LHC Run 2
e Differential cross section measurements

* Simplified Template Cross Sections
* Effective Field Theory interpretations
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Charm-Higgs Coupling from pr(H)

* Idea: pr(H) sensitiv to Charm-Yukawa coupling:

UNI

- Interference between Charm-, Bottom-, and Top-quark loop in ggl

ed

N
A

)

]

I
-
-
X
N
<

—
DN
— T T T T T 1

1.0+

0.8

(/o daldpr y)/(1/o daldpr ,)sm

C Charm-Higgs coupling strength K¢
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@ Charm-Higgs Coupling from pt(H = ZZ* = 4¥)

< | | | | | | i
Q ¢ Data
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VBF(y) Production in H = bb Decays

* Photon taggec

| | | | I | | | | |

................

o —
N
< @
®
—
Illlh\ l

I

|

| | | | | | | | | I | | | | | | | | 1
50 100 150 200 250
m,, [GeV]

% 5 ATLAS e Data —
S, Vs=13TeV, 13210’ .;*YYﬂ =13 -
‘?f E VBF H(_> bb)"'y 7, Bkg. Uncertainty .
E%D 3 Weighted by Higgs Boson S/B =
= 2r -
1C—> | | . s
2l | -
CIC.) i

>

LL]

©

Q

i

=2

()]

=

u=13x10
Observed (expected) significance: 1.3 (1.0) O

59/48 [ arXiv:2010.13651 ]

Karsten Koneke

UNI

FREIBURG


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2020-044/

VBF(y) Production in H = bb Decays

O
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* Photon taggec

Weighted Events / 10 GeV (Bkg.-subtracted)

N w B~ O

\‘fQIIIII1IIIIII

< @
®
- —
Illlh\ |

_Ill_r._

| | | | I | | | | | | | | |

— ATLAS

e Data
- (s=13TeVv, 132"  EEHii(y,=13)
- 8 : Wz

- VBF H(— bb)+y ~, Bkg. Uncertainty
— Weighted by Higgs Boson S/B

S B

II|IIIIIIIII|IIII|IIII|I

v
.............

| I | | |
200
m,, [GeV]

] ] | | | ] | ]
100 150

. \ncluswe (vvnth

Events / 8 GeV (Weighted, Bkg.-subtracted)

Dhoton veto):

——
i ATLAS «Data. i, 3
20 Vs=13 TeV, 126fb1lH—>bb( = 0.9535) —
- VBF H — bb Z—bb ~ Hobh -
153 Weighted by Higgs Boson In(1+s/b) b
- _L * ~,Background uncertainty -
10~ —
e + .
551 + .
0F Y T //////////*///;/ *%
5 + =
I T N A N TN TN AN TR SN TR AN SR SR TR NS SO TR MR N B N

30 100 120 140 160 180 200
o [GEV]

Inclusive Production:

u = 0.95 +0.37 -0.35

Obs. (exp.) significance:

27 (29) 0

VBF Production:
h=0.95+0.38 -0.36

Obs. (exp.) significance:

26 (2.8) O

250

H=13=x1.0

Observed (expected) significance: 1.3 (1.0) O

52/48

[ arXiv:2010.13651 ]

Karsten Koneke

| arXiv:2011.08280 |



https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2020-044/

VBF(y) Production in H = bb Decays &

* Photon taggec

Weighted Events / 10 GeV (Bkg.-subtracted)

- VBF H

— | | l | | | I

— ATLAS

- Vs=13TeV, 1321b"
(— bb)+y

B Zyij

7, Bkg. Uncertainty

-~ .
Q\{

I

]

Hyii (1, = 1.3)

Illlllllllllllllllllllll

| ] | | ] ] ] | | ] |
100 150

200

250
m,, [GeV]

. \ncluswe (thh dhoton veto)

o I

o © ATLAS «Data. -
S 20F Vs=13TeV, 126 ' mH—bD (1. n-=0.950355) —
= - VBF H — bb Z—bb -
= 150 Weighted by Higgs Boson In(1+s/b) B
k22 B ~,Background uncertainty -
2 oL -
8 [ wm + :
_g) . -
Ko 5:0 + _:
= : -
> 0F Y T //////////*/// *e
> . -
8 T E
2 -5 + =
ﬂ S | | | I | 1 | I | | | I | 1 | | | | | I | | —
c 80 100 120 140 160 180 200
i ., [GeV]

Inclusive Production:
u = 0.95 +0.37 -0.35
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e Combination: Inclusive Production:

U = 0.99 +0.35 -0.33
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Obs. (exp.) significance:

VBF Production:
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Obs. (exp.) significance:
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H = WW™ = evuv
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Signal strength:
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H = WW™ = evuv

* Large BRsm(H = WW?™) = 22%
- BRem(W = £v) = 10.8% = BRsu(H = WW* = evuy) = 0.25%

= ~420000 H = WW* — evuv events in 139 fb-!,

but difficult backgrounds...

ggH-0j, p:' <200 GeV

ggH-1j, p:’ < 60 GeV

ggH-1j, 60 < p’T* <120 GeV

ggH-1j, 120 Sp': <200 GeV

ggH-2j , p:' <200 GeV

ggH, p:’ > 200 GeV

EW qqH-2j, 350 <m, <700 GeV, p’T* <200 GeV
EW gqH-2j, 700 <m, <1000 GeV, p:’ <200 GeV
EW ggqH-2j,1000 < m; < 1500 GeV, p:' <200 GeV
EW gqH-2j, m, > 1500 GeV, pIT'I <200 GeV

EW qgH-2j, m, > 350 GeV, p'T" > 200 GeV

p-value = 52% Total (Stat. Syst.) SM Unc.
120 "0 { I0%. ) » oo
pias R HE KBy 1 agq
Gzg 0B BB By 0 L4
.
Hr—— 146 "0 ( loger lour) 1 021
b el 153 1070 (I0as loer) 1 o2
Femtmr 217 0% (‘0% ‘o4 ) ! +028
it oigp M 4 00 By v o0
. — 050 2% (e, %y 1 xom
1oy MR g e REy 4 g
096 1T (0%, 1) ! sooe
|
ag A A28 BBy L ton
P S T T I | I W T W N TR SN TR T NN TR SO SN TN NN TR TN MO TN (NN SN SN NN TN NN S TR NN SN N W
-1 0 1 2 3 4 5 6 7
o/ o
SM

58/48

ATLAS Preliminary
Vs=13TeV, 139 b
H—- WW*— evuv

l L L)

T I T L L I I L L) 1 L} l L L)

Fe4d Total

[ Statistical Unc.
Bl Systematic Unc.
I SM Prediction

. 6000
>
© 5000
P
£ 4000
2
" 3000
Signal strength:
g - Bf 2000
(/
o= ¥
(0'73 . B )SM 1000
0.16
HggF = 1.20 iO.lS 5 14
= 1.20+£0.05 (stat.) « 12
o 1
o0s (expsyst) &
J:(())ZI)% (sig theo.) = ©F
+0.12 o -
E 400F

200F

| ATLAS-CONF-202

Karsten Koneke

BURG

- ATLAS Preliminary 4 pata
- Vs=13TeV, 139 fb
’ H H
H - WW* > evuv - 9F B Huer
aoF SR Bother v /wi
Bww Bz

Mis-id [ other vv

»

T rprr Tyt rrrprrrd
I I I I I

§\\ Uncertainty -

w\%{\\&\v&v‘wm&‘mk\;\*&\** \\é

1000f



https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-014/

D) H — bb
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= Increase sensitivity to BSM
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CP Measurement In ttH Production with H = vy
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CP Measurement In ttH Production with H = vy &
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* Parametrize ttH coupling:
L = ’Zr {W_t k; [cos(a) + i sin(a)ys]| Wt} H

* SM ttH coupling: CP-even (x=0)
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CP Measurement In ttH Production with H = vy

e Results:
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B 500;_ +20 _ 10_2 — =
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D 400F L i
q) = —
ESOO— - o
o0 i i
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200 0 ey A lesseseesesmessesasesmessesesssses e = PPN —— 36
2 107° = : =
100 _ E — Combined — VBF-cat. ]
b L e . Observed — ggH-cat. ttH-cat. -
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http://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-19-006/index.html
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Gluon fusion
o=31.051b
Self-coupling, A

VBF
o=1.7261b
VVHH coupling, c2V

HH— bbt*t
HH— bbbb
HH— bbyy

HH— W'WW'W
HH— W'Wyy
HH—> bBW*W'

Combined
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FH Prospects

---H 8 66666601

E 766666001

ATLAS

e observec
5=13TeV, 275-36.110" Eigzgig I
n GSSAF (pp — HH) = 33.5 b Expected + 20 -
Obs. Exp. Exp.stat.
125 15 12
129 21 18 !
20.3 26 26 )
160 120 77 ]
230 170 160 )
305 305 240 )
] o 69 10 88
10 10° 10° 10°* 10°

95% CL upper limit on O yoF (pp — HH) normalised to o

goF

Karsten Koneke

Ky,

In(L_/L

w H O1 O N O

bb WW T ZZ Yy
bb

WW 4.6%

T 7.4% 2.5% 0.39%

27 3.1% 1.2% 0.34%

VY 0.26%
_lIIIIlllllIIII|III||IIII|IIII||II_I|—IIII|IIII_
- ATLAS Preliminary —- bbbb
- Simulation and Projections from Run 2 data —e— bbrtr
C Vs =14TeV, 3000 fb, x, = 1 b6
| Systematics uncertainties included —e LYY
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|

|

|

-e— Combination
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) Higos Boson Width

e Expected width: T'usm = 4.0/ MeV

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

- Direct mits: 'y < .1 GeV (~260 X I'tysm)

CMS 35.9 fbo™! (13 TeV)

% 70__ | [ | [ | -~

&5 B T + Data i

ok 60 H(125) 3

{2 B * qq—ZZ, Zy* ]

- B ZZ, Z2v*

q>) S50 - = gf; ! 1

w b ]

401 .. —

300 %Z : =

201 } —
1o ;{ } { }_J4J | { }

7 N O Y et

/0 80 90 100 110 120 130 140 150 160 170
m,, (GeV)

HEP 11 (2017) 047 |
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https://arxiv.org/abs/1706.09936

D)

N/

e Ex

Dectec

Higgs Boson VViath

width: I'ysm = 4.0/ MeV

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

Direct Imits: T'vy < .1 GeV (~260 X I'ysm)
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CMS 35.9 fb' (13 TeV)
% 70__ | [ | [ | -~
Q) i + Data
Q 60— H£125) N
{2 L qq—ZZ, Zy*
= [ 72, Zy*
S 50/ —i-Aana
L] i
401 __ .
300 %Z : =
20 } -
10F- } } { }
ﬁ 0
- I mwnxmm :
0 —{= W -
/0 80 90 100 110 120 130 140 150 160 170
m,, (GeV)
HEP |1 (2017) 047 |
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* Maybe via lifetime,
.e., IT it flies far enough?

-t=h/l"= |.6 xX|0225
=cT~ 5> X|[0M"m

= 100 short to measure; put limit:

[y > 3.5 % 1079 MeV @ 95% CL

Flight Length

FREIBURG

| Phys. Rev. D 92,072010 (20

5) |



https://arxiv.org/abs/1706.09936
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- Cross-section on-resonance:

on 3 99f

do/dm,, [fb/GeV]
S

- (Cross section far above resonance (" off-shell”):

2 92
~Off . / - Yi Y¢ I 10°
i—H—=f = | 7 2 \2) 2 2
2 9 10
X G Yt T O off
- Measure ratio of both: H X oo
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I T T TIT

[ | [ [ I | I I [ l [ | I | [ [ |

ATLAS Simulation \s =8 TeV

0g — ZZ — 2e2u
I"-AL gg— H* - ZZ (S)

IJ o e gy ZZ (B)
|
d

o — = 99— (H'>) ZZ

17‘;"'- -==+09—> (H"=) ZZ (n 10)

off-shell

| | | | | | | | | I | | I | | | |

200 400 600 800 1000
m,, [GeV]
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V Indirect Contraints on Higgs Boson Width &
an)
2o
* |dea: Higgs oL
gi """" gf 1
S O o e
8 -~ ATLAS Simulation \s=8TeV
- (Cross-section on-resonance: w 99 — ZZ ~ 2e2y _
= = gg— H* - ZZ (S) E
& I ¢ 99— ZZ(B) .
O - , — - gg— (H*—) 2Z =
8 103k e, T g (W) ZZ G =10)
10 e, 5
- Cross section far above resonance (“‘off-shell™). 5 5
2 2 ‘
off _ — 107F
ivH—f— [ 7 2 1+ T2.m2 ds H Lr
2 2 T — 10-6 T N W NN TR A NN MR NN NN SR N SR NN N |-I
X gi 9§ O o 200 400 600 800 1000
- Measure ratio of both: In oo m, [GeV]
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Indirect Contraints on Higgs Boson Width
an)
2o
gi """" gf 1
S O o e
8 - ATLAS Simulation \s=8TeV ;
Cross-section on-resonance: w 99 — 24 — ze2y i
= - gg— H* — ZZ (S) s
= i * 99— ZZ(B) -
e - — - gg— (H*—) ZZ -
'Cb) 10_35 =
107 E
- Cross section far above resonance (“'off-shell”): : S
2 2 sl !
off _ R p 107 £
YisH—f = | 7 2 VD1 ['2,m2 5 A Lr E
2 2 e 10-6 S [ S TR W N SN SN SN (NN T SO SO NN TS L
X 0i g 0ot 200 400 600 800 1000
Measure ratio of both: In oo m, [GeV]
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e UseH — /(™)

o ATLAS result:Th < 14.4 MeV @ 95% CL (3.5 X [Hsm)

e Caveats:

- gg = // cross sections not well known

- New physics effects could change high-mass behavior

82/48

Assuming o

- Discussecd

assumption

n-shell coupling Is same as off-shell coupling

Karsten Koneke

Indirect Contraints on Higgs Boson Width
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A

121
10
8l

‘g 14F
' - H* —» ZZ — 41,212v

[ | | I
ATLAS

13 TeV, 36.1 fb’’

| Kgv, on-shell = Kg/v, off-shell

L L
----- Expected-Stat. only

— Expected 2
..... Observed-Stat. only |
— Observed




Only direct Wiath Measurement

e s-channel production at future muon collider:
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e Precision ~5%

1800
1600
1400
1200
1000

300

h—bb

Lstep —

0.05 fb~!
R=0.003%

Events

—03 —-015 126 +.015 +.03
(arxiv:1308.2143) \E (GeV)

Karsten Koneke
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http://arxiv.org/abs/1308.2143
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Why Spin 0?

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

No charge: “&

- Mass cannot depend on direction = Spin 0

e Standard Model Higgs boson: JP = 0*

84/48

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

Strategy: falsify other hypotheses (O-, |+, |- 2%, 2,

demonstrate consistency with O hypothesis

Spin-| excluded by observed H — yy

Use angular variables

Calculate likelihood ratio
between alternative hypothesis
and standard JF = O* hypothesis

Karsten Kone

Spin and Parity

ke

UNI
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Arbitrary normalisation
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Spin and Parity

10 ATLAS H— ZZ* — 4] _

= ls=7TeV, 4515 3

_ D ata /s =8TeV, 20.3 5’ i

3 + H—> WW* > evuy =

- O S M /s =8 TeV, 20.3 &' .

107 ===="~ 0 =

102 — \ —

10° .-::: E

T &\

-5 i T : | | AR ﬁ L1 1 J L "—
10307 210 30

Cj —2 - 111 LJP/L()—I—)
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) Sp ' g
N aln dal’l X
N/ [::> =
[ e E | ce—
-5 B T b 1 | L | 1 | P b
© i E i}
& 10 ATLAS U228 >4l ATLAS H—ZZ* — 41
[y — D t is=7TeV,451b - | p
E _ dld ls=8TeV, 20.3 f6' i —eo— (Observed is=7TeV,4.51b
@) .
i e 0+ SM H--WW*=>ewvuv 3 | = Expected /s =8 TeV, 20.3 fb’
E - ls=8TeV, 20.3 5’ ] - 0'SM+ 16 .
S gl -n---- 0 - I 0°'SM*20 H— WW* — evuv
< : s 0*SM+ 3 6 /s=8TeV, 20.3 fi’
— N — B o H = vy
102 = P
- i - /. 5 t20 ls=7TeV, 4.5 fo'
- ; 7 J *30 ,. -1
3 M 's=8TeV, 20.3fb
10 g_ .': —§ 40 — : : :
- 3 30F
0t E 5
200
-5 i I E | | AN ﬁ L1 L | L1 | _— — —
1030 10 30 10 rl l— l—
~ 0 -
G=—2-In(Ly/Lo+) o ®mUETE -
projection YL
(O ' s s ' ]
-20F - -
30F :
JP=0 JP=0 JP=20 YP=2" JF=2r JYF=2" JF=2"
Kq=Kg k=0 Kq=0 Kg=2K,y Kq=2Kg4
pT<300 GeV pT<125 GeV pT<300 GeV pT<125 GeV
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Arbitrary normalisation

S | | -
N al dl’l =
P =
T | b 1 | T | 1 | P b
10 ATLAS H— ZZ" — 4l . *
= D ls=7TeV, 451 = A TLAS H—Z27" — f]'l
B ata /s =8 TeV, 20.3 &' i —eo— (Observed is=7TeV,4.51b
3 O+ S\ H--WW*—>ewyv § | == Expected 's=8TeV, 20.3 fi'
- /s =8 TeV, 20.3 &' - B 0'SM+1c .
10_1:_ ______ O— _: I 0'SM+26 H—- WW — evuvV
0"'SM+3 06 's=8TeV, 20.3 fb'
102; k\\ -; H— vy
- - 's=7TeV, 451’
103k N /s=8TeV, 20.3 fis
-5 i T l 1 | L1 | ﬂ |1 L | L |
10307 30

Cj —2 111 LJP/LQ—l—)

projection

e SM |P = 0t favored

e Other models disfavored at >99%
e CMS tested many more alternative models negatively

85/48
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JP=

0

JP

Kq=K

g

2+.

JP=2" JP=2" JF=2t yP=2"
Kq=0 Kq=0 Kq=2Kg 1<q=21<g
pT<300 GeV pT<125 GeV pT<300 GeV pT<125 GeV



@) How sure are we!

e (alculate the “p-value™

UNI
[

FREIBURG

|, Build probabillity densrity distribution [ for background-only hypothesis Ho: f(x|Ho)

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

= f(x|Hy)dx
Lobs

e Map p-value to Gaussian

standard deviations Ng:
0o ,—2y” /2

— d
p N o= Y

P-value

Probability density

Observed

data value \
'

_ P

Set of possible results
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N 9
How sure are we! :
aa
N ) ) zg
e (alculate the "p-value’™ D
|, Builld probability densrity distribution [ for background-only hypothesis Ho: f(x|Ho)
2. Probability to obtain result xops or less likely, given f(x|Ho):
OO = S e L B
= 102k ----SM expected ATLAS =
p — f (CC‘H())dCC g 10 — Observed H— yy -
— - @ m,=125.4+04 GeV =
Lobs e =
. 1O1é_ """""""""""""""""""""""""""""""""""" E;1(5
* Map p-value to Gaussian 1028 N o o
standard deviations Ng: Oj? """""""""""""""""""""""""""""""" 4°°
2 107 =
OO 6—2y /2 d ‘O'Sé_ —;16
p — y ‘O-6é_ ...................................................... —é
N, V2T 107 [Lat< 2517 1= 7Tev Il T J50
, , m dt = 20.3fb™, \s =8 TeV é
Significance: 5.20 107950 22 124 128 130
m,, [GeV]
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Impact of my

IBURG

r— 1 T T ] T T T 1 arXiv:1803.01853 h I_I_l T I_
> - ] :.: | ’,"’—
* InSM: mw = mw(Miop, MH,...) § | ewanaesoLcontous o
) W W tOP! H’ - — 80.5 — Ml Fitw/o M, and m measurements :: - = 0.46 GeV f,/' —
t Eg B Fit w/o M,,, m and M, measurements i) — =046 9050,  G&V .
. [ Direct M,, and m measurements H e |
80.45 — i ’ _
= ”O“ o ' i =
b H 80.4 |— | R
H " \\' : U A-—:
’ \\ / 80 35 — M,, comb. + 1o T
W/z A~ AAAAA W/Z W/Z ANANANAANAAA W/Z . B MW=80_379i0,013 GeV ) ol _
80.3 [— Py ~ :r’i -
- s e I .
. el o ®,=" ny : F
8025 — & ¥ NS B fitter|sul -
_“’l”,l | | | | | | ,‘}"’ | | | L",rl :EE | | I | | | | I | l_
140 150 160 170 180 190
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o) Impact of my :

;‘ B | I | | | | I | | | [ arXIV: II 80::3:.0 I 853b I? I I l-l_l | l?

PY S . — Q — 68% and 95% GL contours :: _"_‘_t_°°m='i ° LT
|n M ' mW m\/\/(mtop; ml—l! " ') 9- 80.5— M Fitw/o I\/IW and m, measurements " -- ;n; ofezé;fGev ,,*" —

t Eg B Fit w/o M,,, m and M, measurements :: —0=04690.50, GV d

I Direct M,, and m measurements H |

80.45 — i —

W 'V‘Qw W - H -

b H 80.4 [— # yl - .-

H '\' \l B Cpt ‘.,._:

" Bl \ / — M, comb.+1c =

W/Z W/Z W/Z W/Z 80.35 [ m,, -80.379 + 0.013 GeV ]

- Mesurement: mw = 80.3/9 £ 0.0 3 GeV 80.3 -
B N Lot N N7 H e —

- P, 52 03 2 _

| . 8025 — 0 O i € fitter]e]? -

- |Impact on mw In electroweak fit: D e (el fiterl..J

AmW(TOP) = £2./ Me\/; AmW(H) = +0.] MeV 140 150 160 170 180 190

m, [GeV]
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- Mpact O M4 >
aa

| I | | | | I | | | | [ arXiv: I 803.0 I 853 ) | I I-I_l -l l_

> - T ! R

P . — ) — 68% and 95% CL contours E '_"_‘_t_‘;’:"lb'iw . C

| n S M . mW m\/\/(mtop; m H; L ) g- 80.5— M Fitw/o M,, and m measurements :: o= O?I:.SZVG ! P —]

t Eg B Fit w/o M,,, m and M, measurements :: —0=046©050, GV .

I Direct MW and m, measurements H ’ _

80.45 — —]

b H 80.4 — = A .

N \\ / — M, comb. 1o ,/" =

W/Z W/Z W/Z W/Z 80.35 [ m,, -80.379 + 0.013 GeV . . ~

- Mesurement: mw = 80.3/7/9 £ 0.013 GeV 80.3 - E

B N G _

B &2 3 0 G HG7 =

: " 80.25 — ,;6?), ,\r?” 'bg,’ {,Qer\i:l G f|tter -

- Impact on mw In electroweak fit: R oA Eliterl

Amw(Top) = £2.7 MeV, Amw(H) = 0.1 MeV 140 150 760 T )

e |mpact of Amy on cross-sections Atheo Aexp  AMH

and branching fractions very small: BR(ZZ)  £1%  ~10% £2.5%
OVBF +2%  ~19% £0.3%
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Impact of my

e |In SM: mw = mw(Miop, MH,...)

t

W

H

—

’

W/Z

- Mesurement: mw = 80.3/9 + 0.013 GeV

: W/Z

b H

’
!
\ |

ST st

W/Z

- |Impact on mw In electroweak fit:

Amw(lop) = £2./ MeV, Amw(H) = 0.1 MeV

e |mpact of Amy on cross-sections

dNQC

= Measurement

branching fractions very small;

brecision of my gooc

- but precise measurement important!
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M,, [GeV]
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(a4
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: aa
| arXv:1803.01853 e e e e e
- 68% and 95% GL contours ifif M, comb. + 1o e
B v om, =172.47 GeV —
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N Fit w/o M,,, m and M, measurements ] —c-0460050, GV -
I Direct M,, and m measurements H ’ |
80.45 |- | =
80.4 " - i
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80.3 [ | —
- | i N
u 7 3 0 &% i e ~
80-25 BB ¢6Q)f /\’?, /rb?” & %-:}:'I I B =
s o o o fitter]sul?
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m, [GeV]
Atheo Aexp AMH
O O o
BR(ZZ)  +1%  ~10% +2.5%
O o o
OVBF +2%  ~19% +0.3%

enough for this
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Matter

Leptons

Generation 3

Generation 2

Generation 1 Electron-neutrino

D----‘----'----

* Masses increase with every “generation”
- me = 0.5 MeV
- myu = 106 MeV
- Miop = 173000 MeV = 173 GeV (Rmacold)
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Forces

Y 4
Strong
Elektromagnetism Force
G
Weak Force Gravity

e (arriers of forces:
- Photon (Y), Gluons (g), W+ and ZY Bosons

- should be massless...
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Forces

Y 4
| Strong
Elektromagnetism Force
G
mw = 80.4 GeV
mz =91.2 GeV
Weak Force Gravity

e (arriers of forces:
- Photon (Y), Gluons (g), W+ and ZY Bosons

- should be massless...
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