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Recap: Problem of Mass
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* Masses generated Via
interaction of particles with Higgs field
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Conseqguences

- Higgs boson with mass: MH =V 2>VU
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- Fermion masses and Yukawa interactions:
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- Higgs boson with mass: My =V 2Av|
not predicted]
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- W boson mass and Interaction:

M = direct connection

- Higgs potential:

( More in Ist talk:

| Margarete Muhlleitner: The Higgs Boson |
— Key to our Understanding of the Universe
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The beating heart of the Standard Model @\

* Higgs boson: not just another particle!
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The beating heart of the Standard Model @\

* Higgs boson: not just another particle!
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Mass ~ Couplmg Strength

. New Quantum concept of mass! |

- After classical Newton and Einstein
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Mass ~ Couplmg Strength
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@ Higgs Boson Production at the LHC@
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—iggs Boson Decays
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@ATLAS
EXPERIMENT
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I\ "Clean” Signatures: leptons or photons, e.g,
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I\ "Clean” Signatures: leptons or photons, e.g,

H—Z7Z7* - 4¢

e (alculate invariant mass from decay products
* il selected events Into histogram
e Search for a signal peak over backgrouna:
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Electroweak Symmetry Breaking
V@) V)

Higgs boson

Forces
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Higgs Couplings to Bosons

1 P \ ? p
rate o —- o GP"
mW e"‘l \'v

Beta Particle
a" (electron)

W-boson mass (mw) sets

rate of radioactive 3-decay
and burning of the sun
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Higgs Couplings to Bosons G
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Higgs Couplings to Bosons G
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. Higgs Couplings to Bosons
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. Higgs Couplings to Bosons
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Flectroweak Symmetry Breaking
V@) V(@)

Quarks

Higgs boson

Fundamentally independent from mass generation for gauge bosons!

Léptohé
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§ 2. Higgs Couplings to Fermions (GA
1 ectron mass (me) sets size of atoms

C
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1
.;tomic radius o< —
m€

2. Higgs Couplings to Fermions (A
energy levels of chemical reactions

Up quarks (mass ~2.2 MeV) lighter than down quarks (mass ~ 4.7 MeV)

Proton:

(up|up|down) Mass: 2.2 + 2.2 + 4.7 MeV +

Neutron:

(up|down|down)

Mass: 2.2 + 4.7 + 4.7 MeV +
W

ll. Physikalisches Institut Karsten Koneke

-M+strong force = 938.3 MeV

Proton lighter than Neutron

= Protons are stable
= Hydrogen atom

—-M+strong force = 939.6 MeV

Adapted from Salam, Wang, Zanderighi, Nature 607/ (2022) 7917

14/3 1
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@ cffective Field [ heory Interpretations@

-xtend SM with new physics operators:

L = ‘LSM + Z C§6)O§6)/A2

(assumes no new particles below A = | TeV)
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@ cffective Field [ heory Interpretaﬂons@

I CMS Preliminary 138 fb™" (13 TeV)
—tend SM with new ph>/5|cg operators: ’ 1 o Best — 68% CL (stat @ syst) = Linear (observed)
f| | SMexpected —— 95% CL (stat @ syst) Linear (expected)
\ ,f,r‘i Expected 95% CL (stat & syst) my = 125.38 GeV  Profile other EV, pgy = 0.11
E : (6) A(6) / A2
L — ‘L —|— C. O. A EVy x 1000 [ ——— *
SM l l / EV; x 1000 e —— r
] EV, x 100 [ ——— I
(assumes no new particles below A = | TeV) EVs X 10 - ——
EV4 x 10 - I
* Use combined measurement of many FVex10) m———— e
: : : EVe x 10 T —— l\
differential cross-section results - . I—
EVs — O l\
|/ EFT parameters fitted simultaneously! EVs - I
- Eigenvector rotation (to remove insensitive directions) =Hho
EVi fR—— [
EVio ——— ——— r
EV13 x 0.1 —C [
EVi4 x 0.1 —fmC— |
EVi5 x 0.1 — - |
EV16 x 0.1 | | | _-r_ | | I F
- ~ 75 50 =25 00 25 50 75 100 100 10
CMS-PAS-HIG-21-018 ] Parameter value w Probed scale A at 95% CL (TeV)
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EVs —HONS l\
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- kigenvector rotation (to remove insensitive directions) =V | [re—
EVi4 —p—— [—
EVio — ——— [—
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e SM: Higgs interactions CP-even — test for CP-odd contributions

g

5] ATL-PHYS-PUB-2025-03 |

N=1TeV :
95% confidence level

/ATLAS Preliminary

. 1 Expected e Observed
y vs=13TeV, 139-140 fb~

0.60  [-0.81,1.54]—
[-1.26, 1.28] -

~1 0 1 2 3 4

H— ZZ" (prod.+decay)
JHEP 05 (2024) 105

I | Best Fit 95% CL
VBF H—-> 1T (per) — i—l—.—I 0.21 ['023, 070] —
arXiv:2506.19395 | | [-0.41, 0.44]
WH, H - bb (prod.) |- — 0.10  [-0.62,0.85] -
ATL-PHYS-PUB-2025-022 | | [-0.58, 0.59] _
arXiv:2504.07686 | ’ [-0.90, 0.90] _
H > vy (prod.) - S S 0.24  [-0.53,1.02] —
Phys. Rev. Lett. 131 (2023) 061802 | ’ [-0.94, 0.94] |
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e SM: Higgs interactions CP-even — test for CP-odd contributions

PR

5] ATL-PHYS-PUB-2025-03 |

TLAS Preliminary | A =°1 TeV. Expected ® Observed -
[ v5=13 TeV, 139-140 fo-1| 95% confldencge level ]
i i Best Fit 95% CL
VBF H - 171 (prod.) [~ ——— 0.21 [-0.23, 0.70] —
arXiv:2506.19395 | | [-0.41, 0.44]
WH, H - bb (prod.) ——— 0.10  [-0.62, 0.85]—
ATL-PHYS-PUB-2025-022 ’ [-0.58, 0.59] ~
H- WW" (prod.)[~ l—o—|—| -0.20 [-1.00, 0.60] -
arXiv:2504.07686 | ' [-0.90, 0.90] 4 No CP-odd contrbution )
I | | observed in Higgs-fermion
H - yy (prod.)- —— 024  [-0.53,1.02] - interactions | f
Phys. Rev. Lett. 131 (2023) 061802 | ' [-0.94, 0.94]
. I | H ——~
H— ZZ" (prod.+decay) 0.60  [-0.81,1.54]
JHEP 05 (2024) 105 | [-1.26, 1.28] |
1 0 i 2 3 4 7
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e Search: heavy scalar resonance X decaying to
ight scalar resonance Y and H,5 boson

o largest excess In 63 Tev (pp — X) KB (X — YH —> yybl_g) .
at (my, my) = (300,77) GeV: 0.65 ¢ (3.33 0) global (local)

o(pp = X)B(X = YH - 7rbb) [fb]

132 fb-1 (13 TeV)
F L L L L

: CMS

95% CL upper limits
1070k
- Median expected Bl 68% expected
E —— Observed 95% expected
10%F
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3
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107F aymmmspogties m, - 360 Gev (x10%) E
) IiSreENy m, - 320 GeV (x10°)
10 F“ my =300 GeV (x10?)
i * my =280 GeV (x10")

100 #@& my =240 GeV (x10°)

E.

T
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My [GeV]
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101()[?_ CMS 95% CL upper limits
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108F
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Concluding Remarks
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Mass ~ Coupling Strength

= New Quantum concept of mass seems to work!

Phiiges = (D) = 12> = 29" + vy

ATLAS Preliminary
Run2:Vs=13 TeV, 36.1- 140 fb™
Run 3: Vs = 13.6 TeV, 165 fb™

my=125.09 GeV, |y, | <25

® Run2: k. =«
+ Run 2: k,, = free param.

<> Run 2 + Run 3: x, = k;
SM prediction

The heart of the Standard Model Is beating strong

Plethora of results iImprove our understanding of nature

Better statistical precision and ingenuity of people!
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Concluding Remarks
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Mass ~ Coupling Strength &
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* Plethora of results improve our understanding of nature

* Better statistical precision and ingenuity of people!

Future can be even brighter

* Much better precision...

* Higgs potential...
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Concluding Remarks
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‘my ~ 106 MeV.

- Lepfons -

Matter:

Miop = 173 000 MeV

= | /3 GeV (%mTungsten>)
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Forces

Electromagnetism Strong Force

Matter
| particle, |
2| e.g. electron |

<

Photon Y <Forcecarrier; Gluons o

Time

W+, Z9, W- bosons

mw = 80,4 GeV
mz = 91,2 GeV

Weak Force

. Physikalisches Institut Karsten Koneke 34/31



Mass In ‘normal” Matter

e Mass in Atoms: Proton mass:
> 99.9% In nucleus 038.3 MeV ~ 1 GeV

* Mass in nucleus:
~95% due to binding energy of the Strong Force

JOU T Dl etal. Science a2p. 1224-1227 (2008

1500

1000

—— experiment

—= width
o Input
¢ QCD
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§  Brout-Englert-Higgs Mechanism (GA

* Solution to problem of masses of elementary particles: (developed in 1960s by Brout, Englert, Higgs, et al.)

- Introduce scalar field ¢(x) with potential:

V() = p*¢” + A"
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§  Brout-Englert-Higgs Mechanism (GA

* Solution to problem of masses of elementary particles: (developed in 1960s by Brout, Englert, Higgs, et al.)

- Introduce scalar field ¢(x) with potential:

V($) = 1" + Ao
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Brout-Englert-Higgs Mechanism (GA

* Solution to problem of masses of elementary particles: (developed in 1960s by Brout, Englert, Higgs, et al.)

- Introduce scalar field ¢(x) with potential:

V(¢> — ,LL22 \ ‘i ForA>0, u2>0:

, V()

numbers }

| feel comfortable here in the
middle

* - * Re()
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Brout-Englert-Higgs Mechanism (GA

* Solution to problem of masses of elementary particles: (developed in 1960s by Brout, Englert, Higgs, et al.)

- Introduce scalar field ¢(x) with potential:

ll. Physikalisches Institut

Karsten Koneke

ForA>0, u2<o:
Spontaneous symmetry breaking
. V(9

Re(¢)

Im(¢) l ?

v L
— =4 —— ~ 246 GeV
V2 \/ N y

Minimum at (¢) =

*) simplified 36/31



Brout-Englert-Higgs Mechanism (GA

* Solution to problem of masses of elementary particles: (developed in 1960s by Brout, Englert, Higgs, et al.)

- Introduce scalar field ¢(x) with potential:

ForA>0, u2<o:
Spontaneous symmetry breaking
. V(9

Electroweak Symmetry Breaking

£]Expand ¢(x) around new ground state (vacuum):

b(z) = — (v + H(x))

V2

Re(¢)

Im(¢) l ?

Minimum at (¢) = = \/_,u_ v =~ 246 GeV

v
/2 3%
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Brout-Englert-Higgs Mechanism (GA

* Solution to problem of masses of elementary particles: (developed in 1960s by Brout, Englert, Higgs, et al.)

- Introduce scalar field ¢(x) with potential:

Vo) =yiet 1At e

Spontaneous symmetry breaking
. V(9

= >
=<2k

_ 7
S >l
o

numbers }

Electroweak Symmetry Breaking

£]Expand ¢(x) around new ground state (vacuum):

1

p(r) = 7 (v+ H(z))

Re(¢)

oy v~ 246 GeV

_>\U2H2.“ Im(¢) l \/?2

Minimum at (@) = % F
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Brout-Englert-Higgs Mechanism (GA

* Solution to problem of masses of elementary particles: (developed in 1960s by Brout, Englert, Higgs, et al.)

- Introduce scalar field ¢(x) with potential:

ForA>0, u2<o:
Spontaneous symmetry breaking
. V(9

Electroweak Symmetry Breaking

£]Expand ¢(x) around new ground state (vacuum):

1
p(x) = 7 (v+ H(z))

_>\U2H2.“ Im(¢) l \/?2

Minimum at (@) = % F

Re(¢)

oy v~ 246 GeV

| Expect for 1
mass term: 2
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Brout-Englert-Higgs Mechanism (GA

* Solution to problem of masses of elementary particles: (developed in 1960s by Brout, Englert, Higgs, et al.)

- Introduce scalar field ¢(x) with potential:

V(o) =i’ + A0t IINE

Spontaneous symmetry breaking
. V(9

numbers |

Electroweak Symmetry Breaking

£]Expand ¢(x) around new ground state (vacuum):

1

p(r) = 7 (v+ H(z))

——————————

m(9)
— M2H?, N ) y t

Re(¢)

_—

e
, *
- - oy.
8 ~d‘ L)
> - . -

{ R — M — 2\ Minimum at (@) = ﬁ =\ 5% v~ 246 GeV
\ |Expectfor 1 , ol / not predicted {1
NJ mass term: 2 |
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Mass of Elementary Particles! @\

* [ he problem of gauge boson masses:

Arbitrary phase

- Principle of local gauge invariance:
1o x

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

|Matter field/particle]

, 1 d
— W — W —I— —

* Problem:
1, 1 1d \" ,1 5
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@ tlectroweak Symmetry Breaking: W Boson Mass @\

|l. Physikalisches Institut Karsten Koneke () Slmphﬂed 38/31



tlectroweak Symmetry Breaking: W Boson Mass @\

g2
gHiggs =1-V & Tqszz
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tlectroweak Symmetry Breaking: W Boson Mass @\

| Higgs
| field |
\ —

gHiggs =1-V & %2W2
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tlectroweak Symmetry Breaking: W Boson Mass @\

| Higgs | | W boson |
| field | | field |
/ﬁ;‘“*“ ‘ — e ——

gHiggs =1T-V & T¢2W2
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€

Clectroweak Symmetry Breakmg W Boson Mass
—‘ * Interactlon/couplmg nggs Wboson
strength (number) 2 ﬁe|d f‘eld

Prtiess =T—V € —¢2W2
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tlectroweak Symmetry Breakmg W Boson Mass

Ptiees =T -V € —¢2W2

ll. Physikalisches Institut Karsten Koneke

= Interactlon/couplmg nggs Wboson
strength (number) 2 ﬁeld f‘eld ;

. L || expecationvalue!
N IR
) AR L
R Saci o or RPN
R ' g - g
'y
; L
y
a
v 8
g
al
\ s
& ‘ Yy
. l
)
o

€

Electroweak Symmetry Breaking
Ve V(¢)

im(9) .m<¢)
Expand ¢(x) around vacuum:

1
V2

o(r) = —= (v + H(z))

*) simplified 38/31



€

Electroweak Symmetry Breaking

tlectroweak Symmetry Breakmg W Boson Mass

— Interactlon/coupllng nggs Wboson
strength (number) 2 ﬁe|d f‘e|d f

G V(¢)
g — T — V = _¢2 ‘ ‘ 72 = |
Re(¢) Re (¢)
Im(¢) Im(¢b)
Expand ¢(x) around vacuum:

D) 0
V'8 o VS 0
Lriiggs € — W+ = —HW* +

1

\ﬁ(vﬂLH(w))

p(r) =
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tlectroweak Symmetry Breakmg W Boson Mass

— Interactlon/coupllng nggs Wboson
strength (number) 2 ﬁe|d f‘e|d f

€

Electroweak Symmetry Breaking

2 V(g)
ng g S T 4-,3 f; @ 2 ;
. Re(¢) Re(¢)
Im(¢) Im($)
8 Expand ¢(x) around vacuum:

1

\ﬁ(vﬂLH(w))

p(r) =

Expect for ] |
W boson ——m2W?
mass term; 2 ‘i

\
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€

Electroweak Symmetry Breaking

tlectroweak Symmetry Breakmg W Boson Mass

— Interactlon/coupllng nggs Wboson
strength (number) 2 ﬁe|d f‘e|d f

e V<¢>
7. —T_y €& ¢ | e \
Re(¢) Re (¢)
Im($) Im(¢)
v Expand ¢(x) around vacuum:

1
V2

o(r) = —= (v + H(z))
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tlectroweak Symmetry Breakmg W Boson Mass

— Interactlon/coupllng nggs Wboson
strength (number) 2 ﬁe|d f‘e|d f

€

Electroweak Symmetry Breaking

e V<¢>
7. —T_y €& ¢ | e \
Re(¢) Re (¢)
Im($) Im(¢)
v Expand ¢(x) around vacuum:

1

\ﬁ(vﬂLH(w))

p(r) =
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tlectroweak Symmetry Breakmg W Boson Mass

— Interactlon/coupllng nggs Wboson
strength (number) 2 ﬁe|d f‘e|d f

€

Electroweak Symmetry Breaking

AR V(9)
ng g S T 4-,3 @
{ >ﬁ¥/‘/_/ Re($) Re(d)
Im(@) Im(®)
v Expand ¢(x) around vacuum:

1

\ﬁ(vﬂLH(w))

p(r) =
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Fermion Masses

* Also Fermion masses violate fundamental invariance under gauge transtormations
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-ermion Masses @\

* Also Fermion masses violate fundamental invariance under gauge transtormations

* Fermion mass via Yukawa coupling As:

[ffermion — _)\f :QZL¢¢R T IER¢¢L:

Higgs field
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Fermion Masses

* Also Fermion masses violate fundamental invariance under gauge transtormations

* Fermion mass via Yukawa coupling As:

[ffermion — _)\f :&L¢¢R T &R¢¢L

> (v + ?{(@)

Expand ¢(x) around minimum:
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Fermion Masses

* Also Fermion masses violate fundamental invariance under gauge transtormations

* Fermion mass via Yukawa coupling As:

»Cfermion — _)\f :&L¢¢R T ZER¢¢L

> (v + ?{(@)

)\f?) — )\f
N A

Expand ¢(x) around minimum:

Han)
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Fermion Masses

* Also Fermion masses violate fundamental invariance under gauge transtormations

* Fermion mass via Yukawa coupling As:

»Cfermion — _)\f :&L¢¢R T ZER¢¢L

> (v + ?f(m))

Af

Expand ¢(x) around minimum:

L
\
|
3

B

— =

Fermion mass

Il. Physikalisches Institut Karsten Kéneke (*) simplified 39/31



[ffermion —

ll. Physikalisches Institut

Fermion Masses

* Fermion mass via Yukawa coupling As:

_¢L¢¢R + YrOY L

=Y.

Higgs field >
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[ffermion —

ll. Physikalisches Institut

* Fermion mass via Yukawa coupling As:

Fermion Masses

—Af :QELWR +YROVL

Higgs field >

)

Fundamentally independent from mass generation for gauge bosons!

Karsten Koneke

(*) simplified 39/31



@ Lagrangian after electroweak Symmetry Breaking @\

* Higgs-boson Lagrangian:
2
»CH 3 94 ¢2W2 _’u2¢2 o )\¢4
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@ Lagrangian after electroweak Symmetry Breaking @\

‘ HiggS—bOSOn Lagrangian: Expand ¢(x) around vacuum:
2 1
~ 9 2W?2 — 1202 — \o? ¢(r) = — (v+ H(x

|l. Physikalisches Institut Karsten Koneke (%) Slmphﬂed 40/3 1



‘ HiggS—bOSOn Lagrangian: Expand ¢(x) around vacuum:
2 1
L3 94 ¢2W2 — ,ungQ — )\¢4 o(x) = ﬁ (v+ H(x))
1 g° R > 1 4
£H924(U+H) W 5 H (v+ H) 4)\(U—|—H)

*) simplified 40/3 |



Lagrangian after electroweak Symmetry Breaking @

‘ HiggS—bOSOn Lagrangian: Expand ¢(x) around vacuum:

2 1
Ly 3 "W = p2¢” - w) $(a) = —5 (v+ H())
192 R, 1 9 2 1 4
£H924(U+H) W 2,u (v+ H) 4)\(U+H)
2 2 2 2 )\
Lo S ”89 W2 4 ”Z HW? - 98 H2W? = \?H? = \oH? — Z H

*) simplified 40/3 |



‘ HiggS—bOSOn Lagrangian: Expand ¢(x) around vacuum:
2 1
9 2112 2 12 4 _ bai
[:HJ4¢W—M¢—)\¢)¢($) \@(H (x))
2 2 2 2 )\
L3 ”89 w2 4 ”Z HW? 1 98 H2W? = \?H? = \oH? — Z H
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* Higgs-boson Lagrangian:

2
»CHD 94 ¢2W2—M2¢2—)\¢4)
2 9 2 2 A\
Lo > ”89 W2 - ”Z HW? 4 98 H2W? — -~ \H? — ZH

‘Expect for 1
Higos boson —m2H?|
mass term:

= e S —— —
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* Higgs-boson Lagrangian:
2

»CH ~ g ¢2W2 _’u2¢2 _)\¢4)

4
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,CHDg

Expect for ] *
W boson  —m?*W?|
‘mass term: 2 |
\

not predmted'

L
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,CHDg
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,CHDg
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Expand ¢(x) around vacuum:

LY 242 _ 3 :%w%(w»

I—I seh‘ mteracﬂons
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e (Calculate the “

How sure are we!

H-value'

€

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

2. Probability to obtain result xops or less likely, given 1(x|Ho):

p:

e Map

stanc

— d
P N o= Y

ll. Physikalisches Institut

dlC

C

f(x|Hy)dx
Lobs

d-value to Gaussian

eviations Ng:

2
o ,—2y /2

Probability density

Observed

data value \
[

. S C—

Set of possible results
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How sure are we!

e (Calculate the "'p-value':

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

2. Probability to obtain result xops or less likely, given 1(x|Ho):

0O CMS H-oyy 19.7 b (8 TeV) + 5.1 fo' (7 TeV)
D
= = \/_v
p= [ f(elHo)da 0 )\
= P AN — 20
Lobs gmzf_
1 /]
. 10° & .7, 30
e Map p-value to Gaussian 4 '
, , 107 e
standard deviations Ng b 4o
2
0 6—2y /2 106 - - M| w
p — d E ~\‘~\ ,—" 50
\/2— y 107 & T Joemed 7S TeV
— — serve e
: — 0
No m 0oL Y o QeednTel
— - - Expected 7 TeV
ol - - - [Expected 8 TeV
10 _I I 1 1 | | I I | | I 1 1 1 | 1 1 1 | | L1 1 1 | L1 1 1 | 1 1 1 I | I I |
110 115 120 125 130 135 140 145 150

m, (GeV)
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How sure are we!

e (Calculate the "'p-value'

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

2. Probability to obtain result xops or less likely, given 1(x|Ho):

0O CMS H-yy 19.7 fb" (8 TeV) + 5.1 fb' (7 TeV)
(D)
=
p = f (z|Ho)dx : R 1L
=2l W . 20
Lobs S
. - |30
e Map p-value to Gaussian '
standard deviations Ng: 40
OO 6_2y2/2 2 .. N S o
P — dy E 50
P 107 g et I Gpeenved 7 8 eV
N g 27‘- 10‘8; Y - gf;:(r:\t/:c? 74 ZVTeV
- - Expected 7 TeV
al - - - [Expected 8 TeV
* Significance: 5.70 Ho M 120 iz 130 13 140 145 150

m, (GeV)
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L ook elsewhere effect: Local vs. Global significance

e Significance:

- How likely does the background fluctuate to the observed (or more extreme) value = p-value

- ITransform p-value into (local) significance assuming Gaussian probability distribution = Zo

- 3 < Z < 4:"evidence'”; 4 < Z < 5:"strong evidence”; Z > 5:"observation”

- Depends on background

* When there Is another unknown signal parameter; e.g., unknown mass my of a resonance: what to do!

- How to claim “observation” for any value of my within a search range!?

- Much larger chance to find an excess Iin a narrow mass window If we scan this narrow window over a very wide mass range
= "look elsewhere effect”

- Correct p-value by scaling it by the “number of places we have looked", or a “trials factor”
wide mass search range

_ Trials factor could, e.g., be simply :
mass resolution

- Often called "Bonferroni-type correction”

. Physikalisches Institut Karsten Koneke 42/31



Beam acceleration and control

Use of Electromagnetic fields F = q(i + v X E))

Steering Acceleration

dipole

éx A voltage generator induces an electric field Protons always
-...,quadrupole inside the RF cavity. Its voltage oscillates feel a force in the
q uadru pOlC — with a radio frecuency of 400 MHz. forward direction.
y ~fjuadrupole
0 5 5 5 s °—
d i p O I c MW
The magnetic field is more efficient I

Protons never feel a force
2 in the backward direction.

v

F.= yrm()? = q(E, +VB)) Time varying electric fields - RF cavities/resonators

(metal container for electromagnetic field)

pv —
q p(EL +VB)) The magnetic field does not accelerate at all (F = qv X B)

For ultra relativistic particles (v & ¢) and pE| = cpB|,

the required: DC acceleration if not impossible (4)? dl = 0) then is

not effective (breakdown voltages)
electric rigidity (£, p) is: 300MV -> “impossible”

maghnetic rlgldlty (BJ_p) 1s: 1Tm -> ”easy” Kyriacos Skoufaris, FCC Early Career Forum, |3 Jan.2025

ll. Physikalisches Institut Karsten Koneke 43/31


https://indico.cern.ch/event/1489465/contributions/6287464/attachments/2994201/5275084/How_to_collide_beams_in_the_future.pdf

X

e Once

1 he kx Framework

iggs-boson parameters are fixed in the SM

89S boson mass Is known, all other

€

* [0 allow for measurement deviations from SM rates, introduce coupling modifiers:

o] Ya
(ga)SM
g; - 1
(0-BR)(i — H — f)= ——1
L'y
K; - Kf
— OSM (Z—>H) BRSM (H—>f) HLQ
H
Assumption:
e Only one SM Higgs-like state at ~ 125 GeV with negligible width HC Higgs XSWG (anxive| 307.1347)
= Back J—‘MBI

|l. Physikalisches Institut

Karsten Koneke



http://arxiv.org/abs/1307.1347

Fffective Field Theories: Muon Decay (A

Fermi-Theory (1933) Theory of Weak Interaction
Effective Field Theory “Full" Field Theory
=3 Vu
o
Ve
Ve
1 1 g2 G

5~ 7 5~ anc

- 2 2
or g~ << Myy IS 2 —m2 —m2, ’m2, NG
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Higgs Boson Mass

H — 77* = 4/ A H = yyand H = ZZ* — 4¢f

EXPERIMENT

. -1 | | | | | | | | | | | | | | | | | | | | | | | | |
Run 2: 138 fo™ (13 TeV) —Total | |Stat. Only | | | | | |
Run 1: 5.1 fb™' (7 TeV) + 19.7 fb" (8 TeV) ATLAS - Total Stat. | | Syst. | Combination
Total (Stat. Only) » y
1015 14014 Run1: ,/s=7-8TeV,25fb~*, Run 2: /s =13 TeV, 140 fb
4“ 124.90 -0.15 \ g 1 4) GeV Total Stat. Syst.

053 1045 Run1 H — vy : e——— 126.02 + 0.51 (+ 0.43 + 0.27) GeV
de ' ' 124.70 451 (-0.47) GeV Run1 H — 4/ : ® I 124.51 + 0.52 (+ 0.52 + 0.04) GeV
2e2. = 125.50 )~ *:ff) GeV Run 2 H — v o 12517 + 0.14 (+ 0.11 + 0.09) GeV

+0.29 140.97 Run2 H — 4/ 124.99 + 0.19 (+ 0.18 + 0.04) GeV

2u2e — 125.20 *02° (*027) GeV
__________ |______'_i-26____ Run 142 H — 125.22 + 0.14 (+ 0.11 + 0.09) GeV
Run 2 o 125.04 )2 (f(?_ '1111) GeV Run 142 H — 4/ 124.94 + 0.18 (+ 0.17 + 0.03) GeV
Run 1 125.60 Too.f: (:,::13) GeV Run 1 Combined 125.38 + 0.41 (+ 0.37 £ 0.18) GeV
: Run 2 Combined 125.10 + 0.11 (+ 0.09 + 0.07) GeV

+0.12 ,+0.10
Run 1 + Run 2 k= 125.08 15 () GeV Run 1+2 Combined 125.11 £ 0.11 (+ 0.09 + 0.06) GeV
|
] ] | ] ] ] | l ] ] | ] | ] | I | | | | | | | | | | | | | | | | | | | | | | |
122 124 126 128 130 123 124 127 128
m,, (GeV) my [GeV]

my =125.08 £ 0.10(stat) £ 0.07 (syst) GeV my =125.11 £ 0.09(stat) £ 0.06 (syst) GeV

CMS .
— : arXiv:2409.13663 - .Rev.
. Physikalisches Institut Karsten Koneke et d < Z 46/3 |



https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-21-019/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2022-20/

Impact of my

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

€

H

t
H O
W‘\’O‘NW W/Z ~~rbinrionn WL W/Z ~rrrbmnn W/Z
b

- Measurement uncertainty: Amw = 9 MeV

- Impact on mw In electroweak fit: Amw(

e |mpact of Amy on cross-sections
and branching fractions very small;

= Measurement precision of m

800G

- but precise measurement important!

ll. Physikalisches Institut

Ka

op) = 2.7 MeV, Amw(H) = 0.1 MeV

Atheo Aexp AMH
BR(Z7) +1% ~10% +1%
OVBF +2% ~11% +0.1%

enough for this

rsten Koneke 47/3 1



. Higgs Boson Width

Flectroweak Symmetry Breaking
ALt N V()

ll. Physikalisches Institut Karsten Koneke
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—xpected width: I'ysm = 4.1 MeV
- Direct limit: Ty < 50 MeV @ 68% CL (<330 MeV @ 95 % C.L)

CMS

arXiv:2409.13663 |

- Lifetime too short to measure:
['h>35x109MeV@ 95% CL |~ Phys.Rev.D 92,072010 (2015) |

. CMS simulation 13 TeV

* Use H = Z2Z() = 4f and 2£2v 10°F q0202v (e, 1) F
- 10° . =

CMS, | - Evidence for off-shell production: 3.6 ¢ e —— SM H signal (|HF) E
5 4 /o~ 0 SM contin. (|Cf)
— -T'y =327 MeV 1 —— SMtotal (H+CP)
' o [HF+|CF ?

@ - Evidence for off-shell production: 3.3 ©

LAS
XPERIMENT _ FH : 4.3+2.7 MeV

do / dm,,,, (fo/GeV)
-

E

/| Dq,. 7
[ g
i 4

)

/ 10°°E
_ 1 . 9 / 024 10 E
51 arXiv:2412.01548 | 07F
500 1000
_ my,, (GeV)
II. Physikalisches Institut Karsten Kéneke Nat. Phys. 18 (2022) 1329 49/3 1



https://arxiv.org/abs/1507.06656
https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-21-019/index.html
https://arxiv.org/abs/2412.01548
https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-21-013/index.html

Higgs Boson VWiadtn

* HL off-shell Higgs boson production using a * HL-LHC with combined ATLAS+CMS:
neural simulation-based inference technique i _
q 'y =4.1+08MeV
[ arXiv:1902.00134 13000 fb™ (13 TeV)
§ - L L L L L e L||C|M||Sllllr.. l —— T T T [ T T T 1]
- - A TL A S E i Projection .
17'5: Vs =13 TeV, 140 fb™ — Obs NSBI - 15— ]
- -—— Exp NSBI - .~ w/ YR18 syst. uncert. (f =0) 1
15.0— —_ i — | "
u Obs H_|stogram - - w/ Run 2 syst. uncert. (f =0) i
--—- Exp Histogram . - ) !
12_5 — . --- w/ Stat. uncert. only (fai=0) ) -
{‘ - 10
10.0 o
I 3
7.5 Ras
‘ RASes
| // ‘ —
5 0 “ 95% g rTTrTTe ‘.//.;}/-./. .—r 3 95% CL
RSN -
L - i -
C i — i _
o E 68% CL .
—_— , |1111|1111|1\r sl BRI B
2.0 2.5 3.0 0 5 3 4 5 6 7
KH = I'H/I'ﬁ"” l—‘|-| (MeV)
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https://arxiv.org/abs/2412.01548

€

H — Z7* — 4f

X

=~[200 H = ZZ* — 4f events in 139 fb-! 1

o BRsm(H — ZZ*) = 2.6% E 10 ;ATI'LASJ l l; E?;;S“ZLGQV) o
- BRw(Z — #0) = 34% R TR T LI
= BRsu(H = ZZ* = 4£) = 0016% 2190 s E
120 -

100

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

k\\

oo
o

- Excellent signal reconstruction and S/B

o
-

e Fducial cross-section measurement:

- Observed: org(H = ZZ* = 4¢) = 3.28 £ 0.32 fb
- Expected: Orgsm(H = 22" = 4£) = 3.41 £ 0.18 fb

N
-

AN
(\

20 ¢

%0 90 100 110 120 130 140 150 160 170

m,, [GeV]
_— 1 arXi»:2004.039¢9 f————————————————————
|l. Physikalisches Institut Karsten Koneke 51/31



https://arxiv.org/abs/2004.03969

H — Z7* — 4f

< B | | | | | | B

*\ (o) 5 012 ATLAS ' Qo uncertainti ]

° BRSM(H N ZZ ) — 26A g T H o Z7* > 4] E ﬁﬂgnggi?=tﬁi7,+XH 3

sr [ B=13Tev, 139" o RAGSHK o1

- BRsm(Z = #f) = 3.4% 5 01— - NNLOPSK =11, +XH

8§ I L al Stal. © Syet. uncertainty

— BRSM(H — ZZ* — 4{) = 00|6% 0.08_— —s— Fitted ZZ* Nor};na'lisation t

B p-value MG5 FxFx = 15%  _|

B . Y -value NNLOJET = 15%

=~1200 H = ZZ* — 4f events in 139 fb- 00| 14" pvae RaSH 6%

o : T p-value NNLOPS = 8% -

_ . 0.04 1| I Iy . .

- Expect to see 206 signal events (A-€) i " |+. | 3

- | | 0.02— || ,,,,,,,,,, | s —

- Excellent signal reconstruction and S/B - ; et ¥ -

O ke A D SR AIIII) Crrrrrs Tt s 3 VP N

- - - s L ) — e

* Fiducial cross-section measurement: S .: | | | .

= . v v

5  Agpeyheette g et PR o —

- Observed: Org(H = ZZ* = 4¢) = 3.28 £ 0.32 fb 8 o5l | | L,

- Expected: Crgsm(H = 22 = 4f) = 3.41 £ 0.18 fb o 150 L + =

| | | z i iiiin o SRR fIIIIII TS -

= Differential cross-section measurements: < ost . .

0 10 20 30 45 60 80 120 200 350 1000
Comparison with theory predictions p¥ [GeV]
arXiv:2004.03969
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https://arxiv.org/abs/2004.03969

VH

VBF

ttH

Combined

ll. Physikalisches Institut

m.~ 1.8GeV

IIII

|

| IIIIIII 1

[5 ATLAS-CONF-2025-006 ——

e o _ s[> B R N -
- 12 1E ATLAS Preliminary
L%’SM (H - 17) = > = Run2:Vs=13 TeV, 36.1- 140 fo”
—— e — Run3:Vs=13.6TeV, 165 b
1 1 I 1 || 1 1 I 1 || || 1 I 1 1 | | I 1 1 1 I I 1 1 1 1 I || | 1 1 B B mH — 125_09 Gev, |yH| < 2_5
ATLAS Hott (s=13TeV, 140fb"| &g 10" 3 Run2iico= ki pg, = 82%
- Tot. .Syst_ \\\\Theory p-value — 999, N B i Run 2: k. = free param., p_ = 90%
- ¢ Run2 + Run3: kx, = K,
Tot. (Stat. Syst. SM prediction
\£ 092 032 +0.15  +0.28 1072 & [ =
[ ] . -0.27 ( -0.15  -0.22 = Ny =
N\ — o 7
! +0.67 +0.56  +0.37 B N
——o——] 098 614 ( 054 035 - e d _
[ 1 O_3 — Force carriers Higgs boson —
I +0.19 +0.13  +0.13 = =
o 1.04 o437 (043 011 = g7 H -
! _I II| | | | lIIII| | 'JI | lIlIIl | | | IIIII| | ]
o +1_02 +O87 +052 > 1-4 _I.IIII | | | IIIII| | | | IIIIII | | | IIIII| |
i: 0.77 4592 ( 077 050 s i -
""""""" frorree e ] O 12F E
|-\¥-| 0.99 i1 (007 009 o F -
| | l | 1 1 | ‘ | | 1 1 I | | | 1 I 1 | | 1 I | 1 | | I | 1 1 | : ﬁ :
0 1 3 5 6 0.8 F j —
SM _lllll | | | llllll 9 I | llllll | | lllllll | ]
@ (oxB)"**/(cxB) - ~=
107" 1 10 10°

) Particle mass [GeV]
EEEEEEEEEE HEP 03 (‘2025) 010 Karsten Koneke 52/31



https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2025-006/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2022-07/

— — TT

. CMS 138 fb” (13TeV) 138 b (13 TeV)
e Strongest coupling to leptons
L » Observed -+ 1ctot [+ 1o stat e Observed —+ 1o tot + 1o stat
- BRsm(H — 11) = 6.3% = ~485 000 H — 17 events
. GOOd h| h- I_l SeﬂS|t|\/|t tot stat syst theo bbb ot stat syst theo bbb
e Cut-based (CB) & multiclass neural-network (NN) analyses ghypr(H) yo o e e | e
pt! [200-300] CB }_I|_| 0.70 7725 “033 “064 07 - 046 CB | ® 1.94 7593 T 1275 J143 128

| | . H <2 dJetorm_[0,
* 16(15) STX5 bins in NN (CB) analysis R = 1551088 1058 1020 o9 vor || TTEEATRBEAG 1
CMS 138 fb ' (13 TeV)

+1.21 +1.07 +021 +0.10 +0.53
-0.99 1.19 -1.02 -021 -0.26 -0.54

EXpeCted E00s OB e 1.65 1758 Tose 2075 T30 105 p/*[0,200] CB |—'_E‘| '0-29f11171 X097 07> 045 il
' H +1. A . 1. » H =2 Jet m. [350,700 !
e Observed —+ 1o tot + 1o stat Uﬂcertalnty 99 NN —e— | 2317146 1074 1031 118 1 0.7 qqH 2 2 Jet m, | INN |_._|; 1.47 105 1085 1037 026 1039

NN (CB) b w8l Excellent qu sensitivity

|
|
|
|
|
I
! i +0.46 +0.16 +0.39 =003 +0.20 039 +0.32 +0.16 +0.06 +0.15
| 0.18 Zg46 “016 ~038 _005 020 pH [0,200] CB |"'i 0.68 T535 To31 016 _o006 015
tot stat syst theo bbb : T !
[symmetrlzed] | qaH = 2 Jet m, [700,c<] NN F;-I 1 04 +0.32 1028 1009 +009 +0.12
CB Lo 0.93 +0-12 +0.06 +0.07 +0.07 +0.04 M [0.10] | | -031 -0.27 -008 -0.08 -0.11
u | . -0.12 -0.06 -0.07 -0.07 -0.03 | 20/ (l 30/) upT ' NN |_._| | 165 +8.g§ +8.3; *8‘2§ :_8.% +8.§g !
i (@) (@) ggH 0 Jet | -0.47 -0.58 -0.28 -0. !
| 010 -0.06 -0.06 -0.04 -0.03 | P¢[200-°°] | *¥¥ -045 -030 -024 -012 -0.19
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ggH NN }—I_‘

|
|
| I
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I | [
| ' I
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https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-19-010/index.html

. @SM(H—M?I_?) = 58 %

* VH (V=W or Z) associated E?roduction:
- O lepton (Z — vv)
- | lepton (W — £v)

- 2 lepton (Z — )

Run: 200787
@ EXPERIMENT i on 144100666

) Event:
http://atlas.ch | Date:  2012-09-@5
P Time: ©3:57:49 UTC




. QQSM(H—M?I_?) = 58 %

* VH (V=W or Z) associated E?roduction:
- O lepton (Z — vv)
- | lepton (W — £v)

- 2 lepton (Z — )

@EXPERIMENT 144100060

http://atlas.ch ! 012-09-05
y 57:49 UTC




m, ~ 4GeV

o Bym (H — bb) =58%
* VH (V=W or Z) associated E?roduction:

epton (Z — vv)
epton (W — £v)
epton (Z — t¥) |

= ~30000 V(—leptons)H(—bb) events in Run 2

70

- ATLAS Simulation Preliminary

sof VS =13 TeV GN2 T
- tE jets, ep = 70% [l - S ight-jet

(@)
o
tion

Run 3 reco

AN
o
jec

u, d

tre

GN1
DL1d

: 3 m 209787
- | » | ] ; i 144100666

2017 2018 2019 2020 2021 2022 { 012-09-05

_Je

C-jet rejection
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PLOTS/FTAG-2023-01/

gluon-gluon fusion (ggF)
g

tHH—bb

m, ~ 172 GeV

g
Ggr = 48.5 pb (87 %) Gt = 0.5 pb (0.9 %)
U) | | I | | | | | I | | | I | I | | | I I |
* Tree-level top-Yukawa measurement oL ATLAS ¢ Data
: . , > — _ =
- Very difficult to predict and model dominant ttbb background w - Vs =13TeV, 140 fb ttH (b, =1.0 =
- ATLAS obs. (exp.) significance: 4.6 (5.4) o - 1TH(bb) . MlttH (b =081) -
- Single-lepton and Dilepton Background
I I I I I I I :
ATLAS o] Total Unc. mm Syst. only Stat. only SM + Theory 105 E_POSt_fIt 7// Bkgd. Unc. _E
Vs =13TeV, 140fb~", my=125.09GeV Total ( Stat. Syst.) - I e =
' + 0. + 0. + 0. _ ® :
pt €[0,60) GeV |- Fe——— 125 Tgi 05 Tow - Lo -
PHE[60,120) GeV | emw 077 0% comvex _
pt! €[120,200) GeV |- Hee—] 0.88 0% 0w lom - - -
pH €[200,300) GeV |- e 0.77 03 0% T0m - " _‘_|—~I_—I-h¥
— + +0.44 + 10°E =
p-ll-l E [SOO, 450) Gev B 0.27 -g:gi ) 82; ) 822 - : | | I | | I | | I | | I | | I | | I | | I | | I | | I | | :
S 13F gy L ~
pH € [450,0) GeV [~ H—— 063 0% 0h 0@ | £ qof  (Hen 1Ok -
O - 1' d — ttH (u_ =0.81) + Bkgd -
inclusive |- = ost 9B S e B R
| | | | I | | I T S S S S S S S i
1 - 0-93 25 2 75 . 0.5
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2020-24/

Extracting coupling modifiers

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

- Interference between Charm-, Bottom-, and lop-quark loop In ggi

Shape & coupling dependent on BR

CMS i
———— PRL118,121801,2017 —— o o 1381 (13 TeV) .
c% 14-_ == K.=-10 xSM | i ﬁ
= T 1.5 g N
§ _ -
SN (3 5
S 1.2} -
< ! -
N 0.5} .
= 3
’\E 10' OZ —3
_ S - -
C < 08f —1-
S - 1
_______ - —1 .5 [#Bestfit *SM --95%CL —68% CL B(x,, Kb)l
IR B RN B A B AN A A B A T A SN B AT B R
8 6 4 2 0 2 4 6 8

CMS

7 JHEP 08 (2023) 040 |

Charm-Higgs coupling strength modifier K¢
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https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-21-009/index.html
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.118.121801

e Combine information from

« 10

S N B~ O

ll. Physikalisches Institut

Combined Ky and K¢ extraction @\

O7(H) with VH(bb) anc

VH(co):

—I_ | | | I | | | | | | | | | | | | | | | | | | | I | | | _I— Q _I_ | | | I | | | | I | | | | I | | | | | | | | | | | | | _I—
- ATLAS % Standard Model ~ ----68% CL 7 < 10; ATLAS % Standard Model ~ ----68% CL -
- H—> 22", H - vy, % Obs. Combination —95% CL o] H—ZZ*,H — vy, % Obs. Combination — 95% CL _]
- VH(bb), VH(cT) Bggy = 0 - - VH(bb), VH(cT) Bggy, profiled ]
- Vs=13TeV, 139 fb’ ] 6‘_\/§=13Tev,139fb'1 ]
- - ab m m -
- = oF | i} P -
- - o I k-
- - O | 4 ¢ N
2 - o U -
- — —4 —
:l_ | | | | | | | | | | | | | | | | | | | | | | | | | | | _l: —6:1— | ] ] | | ] ] ] | | ] ] ] | ] ] ] ] | | ] ] ] | ] | ] —I:
—1 -0.5 0 0.5 1 —1 -0.5 0 0.5 1
K, Kp
Scenario Observed Observed
68% confidence interval 95% confidence interval
Bgsm =0 [—1.61, 1.70] [-2.47,2.53]
No assumption on Bgsym [—2.63, 3.01] |—4.46,4.81]

5 JHEP 05 (2023) 028
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2022-04/

e Small BRsm(H — Zy) = 0.15%

- BRsm(Z = #£) ~ 3.4%
= BRsw(H — Zy — #£y) = 0.01%

>

= ~765 H — Zy — {fy events in 140 fb-! G

and difficult kinematics g

e Run 2 + partial Run 3 result: §°
- Observed signal strength y = 1.3J_r8:g

- Observed (expected) significance: 2.5 ¢ (1.9 o) .

=IE1 % combined Run 2: obs. (exp.): 3.4 o (1.6 o)

~
J
D
_J

Gl ATLAS H — £Ly result: obs. (exp.): 3.2 o (2.1 o)

Il. Physikalisches Institut (£ = electron or muon) Karsten Kéneke

TLAS

/s =13 TeV, 140 fb™
/s =13.6 TeV, 165 b
H— Zy all categories

In(1 +868/Bes) weighted sum

(weighted)

—“ AP ON D

¢ Data
— Signal + background
— Signal
Background



https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGP-2024-19/

e Small BRsm(H — Zy) = 0.15%

- BRsm(Z = #£) ~ 3.4%
= BRsw(H — Zy — #£y) = 0.01%

= ~765 H — Zy = {{y events in 140 fb-!
and difficult kinematics

e First evidence from ATLAS+CMS combination:

S O B/ observed rate
gnal strength (b == (0 - B)gp;  expected rate

- Observed signal strength u = 2.2 £ 0.7
- Observed (expected) significance: 3.4 ¢ (1.6 o)

A@ ATLAS H — €Ly result: obs. (exp.): 3.2 o (2.1 o) J

Il. Physikalisches Institut (£ = electron or muon) Karsten Kéneke

o
o

Weighted events / GeV
S )
o o

W
o

N
o

Data — Bkg
o N

I
N

ATLAS and CMS
LHC Run 2 ¢ Data

In(1 + S/B) weighted Signal + background
---- Background
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2022-22/

H — {fy

. . . > 30_""""""""I""I""""""""""
e Tiny branching fractions: § I ST
. P 25; — Bkg +H—yy + Sig (£=1.5)
— i = B
BRsM(H = ppy)|my<30 Gev = 3.42 % |05 S
- ~1200 H — ##y events in 139 fb-! 10°F
ee resolved VBF-enrié:hed I I e I | B _
| i 5 Vs=13TeV, 1390 o
ee merged VBF-enriched : == E IN(1+ See/ Beo) Weighted sum i
pu VBF-enriched e -
ee resolved high-p_ ——— 2 4 E
| an _ :
ee merged high-th —————— | 2 : ]
up high-p_ | ———— f] 0 - +;¢;
ee resolved low-p — o ATLAS —2 -
Tt T 5-13Tev, 139 110115 120 125 130 135 140 145 150 155 160
ee merged low-p., - -+ Total unc. My, [GeV]
L Iow-th -5—-— m Syst. only
Hoyy-olygiobalfit == | e Observed (expected) significance: 3.2 ¢ (2.1 o)
-8 -6 -4 2 0 2 4 6 8 10

Il. Physikali_ ... ___ Sl B/(GX B)SM
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2018-43/
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~5%

~5%

~9%

~| 0%

~6%

~25%

~6%

~6%

~25%

M | W

“Effective”
coupling
modifiers

Karsten Koneke

Ky

5] ATLAS-CONF-2025-006 |

Parameter value

—— .
- ATLAS Preliminary
Vs =13 TeV ,36.1- 140 fb”
:—1? m, =125.09 GeV, |yH| <25
_:_ , Leptons Quarks
== : <] s [N
Force carriers Higgs boson
@ i
r - -l - H
@ I
------------ -l - - - - ===
o Effective x,,x,.x,, Py, = 89%
..... Resolved x,,x,,k,, Py, = 82%_
® ——— SM prediction
®
III|IIIIIIIIlIIIIIIII|IIIIIIIII|IIIIIIII|IIII|

~5%

~4%

~5%

~|0%

~6%

~25%

M | W

“Resolved”

coupling
modifiers
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2025-006/

5] ATLAS-CONF-2025-006 |

o —O— C
=53% Kz ATLAS Preliminary
! 4% — Run2: Vs =13 TeV ,36.1— 140 b —
e — -1
4 25% KW —— Run 3: Vs = 13.6 TeV, 165 fb
Ky = &v/8v.sm i m,, =125.09 GeV, |y, | <25 )
;::9% K " : o : Leptons Quarks
f _ . -
8f =10% Kp| — e d| s n
-

Force carriers Higgs boson

;o o=b6% K,

H
Ke = 8f/8f,SM 59, - 7
K
~14% "~
z6% K‘g I @ i —— Run 2
I o+ Run 2 + Run 3 .
~6% K, —o—— —— SM prediction
~25% i )
@ |
TR0% Rz G |
) L1 Ll N B B B A A IR I ) ) L

08 1 12 14 16
Parameter value
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2025-006/

§  Further Coupling Strength Checks@\

Assume:

No BSM
contributions

(Binv = Bundet = O)

. Physikalisches Institut

Parameter value

Karsten Koneke

S aiamsmes  ERaaTaes  Eammmees o — ————————— [5) ATLAS-CONF-2025-006 ——
* ATLAS Prellmmary . - This a”a'ys's -14%
- Run2:{s =13 TeV ,36.1- 140 fb" - ; Nature 607 52 (2022)
—— Run 3: Vs = 13.6 TeV, 165 fb! : B Run 3 + Run 2 combination 189/
| - o)
i m,, =125.09 GeV, y, <25 ~ |
o Leptons Quarks i -26%
i Vel vulvellu| c ) :
5. mn 15%
B Force carriers ~ Higgs boson |
H '1 40/0
-37%
° —&®— Run 2 -149,
----- ¢ Run 2 + Run 3 _
® —— SM prediction -(%
-48%
L L L ! L L ] ! ! L L ! ! ! | L ! ! ! | L L ! !
0.8 1 1.2 1.4 1.6 0 0.1 0.2 0.3 0.4 0.5 0.6

Expected uncertainty
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2025-006/

K COuplmg IVIOdn“ers

5 Nature 607, 52-59 (2022) r————

~6% Ky e ATLAS Run 2
—~ o | | Leptons Quarks
~I I/O Kt_ r-——--=-—----| Ve vu VT U - —
—~ o : o
Assume: <13% K| e an - Assume:
° B Force carriers Higgs boson
~QO :
No BSM 8% & == DEEml v Binv and Bynde: are
0 ~25%  Ku| e T RIS | free parameters
contributions i _ '
— — =7% Ko == =0 o et Constrain kw < |
(Binv - Bundet - O) B - -k - Binv_freel, B.U'20’ Ky <1 ~ -
2:6% Ky |-:-.-.-. : —— SM prediction and KZ S I

Parameter value not allowed

=% | | VT Add:

-68% CL ir-1terva VBF H — invisible
Binv_ """"""""""""""""" 1 S
Bu."""""T"""""l'"'| | | )
0 005 01 015 02
95% CL limit

—[ﬁ Back J—
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2021-23/

e SM: goF 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 (i)

v Y
7w

Loop-induced Couplings

‘5] Nature 607, 52-59 (2022)

EEEEEEEEEE

ké\.l.25 [ | | | I | | | I | | | | | |

- ATLAS 4 Observed bestfit -
{ ooF. ¥5=13TeV,36.1-138 1o —Pnhirbeloblis
F my=125.09GeV, |y,|<25 X Standard Model ~ _
115 - K, profiled, p,,, = 63% B
110 —
1.05 -
1.00 - —
0.95F -
0'90 __I | | | ] | ] | ] | ] | | | ] ] ] | ] ] | ] | ] | ] | | I__
090 095 100 1.05 1.10 1.15
? ’
o Higgs

éﬁ
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2021-23/

Nature 607, 52-59 (2022) jm——

umption on total width needed; assume all parameters >0

e With ttH measurement: Koz| | e A{TLAS| U kykz/kH
= lest compatibility between I 4
. . Aig —e—  {s=13TeV, 36.1-139 b Kt/ Kg
- direct ttl—l coupling (&) and | I my=125.09GeV, |y [<25 -
- coupling In ggf- loop, I.e. effective Ayt —o
coupling modifier for gluons (k) 1 e _
ct
ﬂ’Zg B 1> —e— B, =B, =0 (pSM=71O/°)_
2 -0 —— SM prediction
Wz
A,z >
Az z °
/I’L'Z H@
l i b @ )
ILLTIIII'IIIIIIII|IIII|IIII|IIII|

0 0.5 1 1.5 2 2.5 3
68% CL interval

= Bad(@l—éé/Bl
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2021-23/

Measurements in many

<inematic regions * *
[ -

20F . ; T L _ 2 10; E - ol
- ] ] A @ ~ i i
ATLAS Run 2 o o 055_' |_; I .
| - ok - ] 5 %
@ Data (Total uncertainty) ol | ] ; | ] b Y : 10 | .
Syst. uncertainty 0 10 200 0 60 120 200 0 120 200 ‘ 200 300 450 oo

=== SM prediction pt [GeV] pt [GeV] pt [GeV] py [GeV]

o [pb]
o [pb]
o [fb]
2,
|
|

| tH
— 4 — 37 . _ — : , , _ : — 1000
2 2 | = - = 100 S 750
rS 5 i o b = o I - © - L 1— ° .
: : 200797 : T 500 @ -
. @ ] - S0~ B : ]
I I SIS S G A A % z ST
oL __— (0] I - = I - ! ] 0 s ] q
VH-enriched VBF-enriched 350 700 1000 1500 co 350 1000 o a

W AR T i Z

= 103 - T T T T ] = T 1 T = |
&, 9 & 102 T 5= 200 - —
Tl ° - M ﬁ
1 I ]

_I_ 10 _I_ 100 Tﬂ,1 - - a» o e = H

10" - : .I. :
10° [ - i
0 ] ; | | | O —_ | ] | | ] —‘

10 0 75 150 250 400 00 0 150 250 400 00 0 60 120 200 300 450 0o t /b
p¥ [GeV] p% [GeV] pH [GeV]
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2021-23/

Kk Framework vs. £ | eExample @\

K-framework: Ky = 1.5 SMEFT: On®) = 01

3: § 1 | I | I 1 I 1 | | 1 | I I I | | | | I | I | | Ig 3: : I | | | I | | I | I | | | | | | | I I | 1 I | |—
© — MadGraph Simulation — SM _ © _ MadGraph Simulation — SM? _
 pp = WH — vbb — BSM ] 10* &= PP — WH — Ivbb — SMP+SMxBSM ~ —
104 — 3) —
= ky=1.5 = - SMEFT Operator: O, with ¢ = 0.1 n
B - B ) drL vV 7
10° - 10° £ =
10% = E 10° - =
10 = = 10 =

1 ] | | | | I | | ] | | | | | | | | | | | | 1 | ] | |— 1 | | ] | I ] ] | 1 | ] | | | | | | | | I | ] | | I
= - I I b I I I: = - I I | L L |I_:
% - . 75 - L L=
% 2: h % 2: | I -
= qFor e e e ————— - = T TR ARSI -
M [ S ST SR AN SR ST WA S NN S S ST S N S S S S N T S S R M B P P A S SR SR S NN ST ST SN S NN S S S T N
0 100 200 300 400 500 0 100 200 300 400 500
Higgs P, [GeV] Higgs P [GeV]

ﬂ Graphics courtesy of Brian Moser at Higgs 2020
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https://indico.cern.ch/event/900384/contributions/4063544/attachments/2131095/3589029/BrianMoser_ATLASHiggsEFT.pdf

SMEFT

@

Coefficient Operator Example process
CuG (Gpo™ T4u,)H G, Coefficient Operator Example process  Coefficient Operator Example process
q — — ( — _ q 14
* B D, H)(l,y*,) £
— c HIDFEHY (HYD. H Z7 CHi (H'i D, p V" br >— /
CuW (QPO-MVUT)TIH WIL{I/ 1 A t 14 3__1 HbD ( ) ( g ) ZE H q N H
il q —>———(
_ =~ . _ q v
Cub (Gpo™ur)H By, q t g G (HYDLH)Gr M) oy
_ _ CHG HTH GAVGA'“V _——— q S H
(3231 (QP’YMQt ) (%‘7“ QS) a H s q e
o T V(] J cre (Hi D H)(epy"er) A e
Cqq (QPfY,UJT qr)( sV T qt) q )Z >— (0 q NH
_ _ CHB H'H B,, B"" e | 7
¢ (@p Yt ) (37" gs) . 1 P q ¢
aq pTndt)\4rY" s g 22, g CHq (H'i D, H)(qpv"qr) NS
Cqq (@pYum" qe) (@' qs) L . -
_ _ ‘ c HTHW! wir | Wt
Cuu (up’}/#u"')(usfyﬂut) ! L fl o " WE H ng (HTiﬁIIJJH)(QPTI’YMQT) ! v
] ) t 1> T
C(zizu, (up7u Uy ) (’U,,,. ’Y'uus) q 7 — - q -
I I Y =2 _ u
o (T v ) (7" 115) CHWSB Hir HW,, B ZE H e (H'D W H) () NS
_ q —> — ( u ~H
8 - A A
Cod (up YT ur ) (dsy" T dy) 4 — 7 d !
, _ _ c HTH)(l,e.H . CHd (H'i D , H)(dpy"d,) /
O (@TAa) (@ T ) e (HHH) (e H) H < g N e
ngz (Qp’YuTAq'r) (CZS 7MTA dt)
g ¢ t
ca fABCGﬁ”GfPGg“ %~, H
g
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@ cffective Field [ heory Interpretaﬂons@

A 3 CMS Prelimingry 138fb™" (13 TeV)

- ' o —  68% CL ( ) — L Lin + d
-xtend SM with new physics operators: e oo | ™ o
x3 X3
§ i
(6) (6) 2 ) H*D? H4D2
L : LSM + C * O * /A = X2H2 X2H2
Z Lot o w
by Chws X 100 ==
Cchw X 100 —==
. L|J2H3 L|J2H3
(assumes no new particles below A = | TeV) e =
Re(Cen) !
Y2XH P2XH
Re(cy) x 10 ===
Re(ciw) x 10 —==
Re(ctG)x1ow—'—

Re(cow)
Re(cua)

o 43 EFT parameters fitted, one at a time ————

Chq(3) X 100
Chg(1) X 10
CHd X 10f¢

CHu X 10
cni(3) x 10

CH|(1) | —————

CHe
CHa(1)
CHQ(B) 5 : fr——

yyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyy

Re(Chitv)

CHb
Cut X 0.1 -

(CL)(LL) (CL)(LL)

xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx

yyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyy

(RR)(RR) RR)(RR)

(LL)(RR) (LL)(RR)

Opens the window to global combined analyses! e i

cod(8)IIII|IIII|IIIIIIIIIIII:II|||||IIIII|IIII ﬁllllll L1 1 1 1191
75 50 25 00 25 50 75 101 109 10!

CMS, | Parameter value Probed scale A at 95% CL (TeV)

— : - CMS-PAS-HIG-21-018
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@ cffective Field [ heory Interpretations@

“xtend SM with new physics operators:  EFT interpretation of “Nature” combination

L = ‘LSM + Z C§6)O§6)/A2

e |9 EFI parameters fitted simultaneously!

- kigenvector rotation
(to remove Insensitive directions)

(assumes no new particles below A = | TeV)

Opens the window to global combined analyses!

mmm Linear (obs.) ot 5o
Linear (exp.) 5 s ; ~ Psm i

HH

AN

e Best Fit
C 5 - 5 | | _ 68 % CL
o : . v N | 95 % CL

N
L

|
N
L

- - o e—— - - -
-* -
R

-+
+-
+-

- +~
--*--
--+-
- - -

— e —
S R N—
*—-
—— - --
|

Parameter value scaled
by symmetrized uncertainty (¢’ /o)
(@)

|
AN
— -
I

O, 00,00,  OL,0000 S
7 0, QS
'5’@9 ‘fe@% TR BB AR T %K% “5 %

59 |HEP 11 (2024) 097 |
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CP Measurement in HVV Coupling (GA

CP-violation through interference of SM %SM (CP-even) with dm-6 CP-odd ﬂcp_gdd:

Optimal Observable: @ VBF production and ool VBF,VH production and
00 = 2Re(My-Hce-oad)/ |- Msul” | INFWNY |H — ZZ* — 4£ decay H = WW?* = evuv decay

EXPERIMENT

g 0.9 ;_ g 1 4 __I T [ T T T [ T T T 1 -I"-I- étatl-orily T T 7 I__ . 7(  CMS C,\:I\538 fb1 (1 3 TeV)
© ,sF. ATLAS Simulation -  ATLAS — With systematics i 2 arXiv:2403.00657 ]
c Ok . = = = VBF+VH, ¢,, = 5.0 N - 7 i
S m H—ZZ*—4l Y Gz C}l 1 2_ H—Z77*—4] o Expected combined — Best fit 68% CL
S % 5 _13TeV == VBF+VH SM - Observed production -
B S VBEsVH. & = 5.0 - Vs=13TeV, 139" === Observed decay - -0.76  [-4.19, 0.67]
N F  115GeV<m, <130 GeV o " p-value SM: 37% 111t Observed combined -
© mil > B -
e 055 N =2,m >120 GeV - ] s Ciip 012  [-0.44, 0.81]
S o.E : :
035_ W [ ] Chw 0.08  [-0.79, 0.51]
E i n
02F : - -
= i F - —] CHWB 0.17 [-1.62, 1.05]
. .
0.1 ER— B 7]
o emmwed T i - c 0.03  [-0.23,0.16
= 95% CL HB : [-0.23, 0.16]
[, | ' | I A L L L T e B e LT g
= - ] v -0.26  [-0.76, 0.41]
CD E--'l-- H' B N
s 20 :_'i"'..'l.. ................................................................................................. ;""i'-""l"'"i“ 2 | ]
7 R S e - S— IR \ 0. S & SN A 68% CL_ C e -0.54  [1.57,0.83]
. ] | ] ] ] |
4 6 Coi -0.08  [-0.23,0.12]
II|IIII|IIII|IIII|IIIIIIII|IIII|IIII|IIII|IIII|II

-4 -3 -2 -1 0 1 2 3 4 5

@ Parameter value

e(AM A CP-odd) + C?\//Cp-odd\z
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e (CP-odd in Higgs-Gauge interactions need higher-order operators

e (CP-odd in Higgs-fermion interactions (top-Yukawa) can be tree-level

CP Measurement in t(t)H Production @\

—Yr L~ . L
CMS, Loy = 5 Py (1 + iysiy )P H = =Ky dips (cos @ + iys sin @)y, @
"multilepton’ topology SM ttH coupling: CP-even
Prs !
/—— | | Combine with yy and ZZ’ (ke =0 ora=0°) ttH, H = vy topology | [sUMa¥
CMs 138 fb™ (13 TeV) D T T T T
S 1'5:_ H%MUH”GD’[OF{ | | 2 - — 1o +Bestfit ><S|V| —
w o F [ H-yyzz 15 1-53_ ----- 26 E
“¢ 1 [JH — Multilepton/yy/ZZ R S 36 R . =
I F | 055_ ] E
2 + 0.5_— zf , E :. E
- O -
O o2 - : .
: ~2“t . 0.5 . —
v o] <43° | f e e
T < 0.55@ 68% C.L. @ 95% C.L. - ATLAS -
- aL -1.5F {s=13Tev, 1391 E
e 95% CL (lof < 48° @ 68% C.L) o eomERmE
C ¢ SMexpectec j 245 1 05 0 05 1 15 2
_1 -5_1 ] ] ] I_O|.5I ] ] ] Ol ] ] ] ] 0.5 ] ] JI ] ] ] ] 1!5 !

/
Kt = Ky COS (¢

- Pure CP-odd coupling excluded at 3.7 O ...

cMS, !

HEP 07 (2023) 092
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CP Measurement in H — tt Decay @\

n +

Parametrize t-Yukawa coupling: La-r = > ~K7(COS ¢ TT +sin ¢, TiysT)H SM Hrt coupling: CP-even (¢r =
o (CP-odd in Higgs-Gauge interactions need higher-order operators ® CP-odd in Higgs-fermion interactions (t-Yukawa) can be tree-level!
e Reconstruct T decay modes 19 CMS | JHEP06 2022)012 | 137 fl, ! (13 TeV)
 Observable: signed acoplanarity angle between 1 decay planes Kclo - o '_ Ob;ervled I“I-{)TT :._1.:_ I PN
- spanned by impact parameter and/or decay products (m*, ©0) < . .
g 10 --- Expected: aI;}l;T =0+
N - 0
H— ti't— ntnv v | R A
/-
Pure CP-odd excluded| 8 -
at 3.0 0 (2.6 0) -
6 __ \\\\\
 95.5%
4 -
) B
[ 68.3 %0 ON\m e
O I | | | | | ]
/\ ~90 —45 0 45 90
#ero momentum frame a"TT = —1 £ 19 (stat) £ 1 (syst) & 2 (bin-by-bin) & 1 (theo)® a7 (degrees)
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Higgs couplings different?

e SM: Higgs interactions CP-even — test for CP-odd contributions

J5) ATL-PHYS-PUB-2025-031 |

ATLASPreIiminary_I/\'_1I-|'-e\l/' - ] 3 | - -
- = : Expected e Observed | = ATLAS Preliminary a a a ]
Vs =13 TeV. 139-140 fb—1: 95% COnﬁdenC:B level P : :—)T v's =13TeV, 139-140fb~! W cruy=(4m)” W Crj=1 W Crj=0.01
| | | ;B: - |
i , Best Fit 95% CL | Y
B l I
VBF H - 17 (prod.) - ——— 0.21 [-0.23, 0.70] - § 10" — ]
arXiv:2506.19395 | 5 [-0.41, 0.44] Lo
WH, H - bb (prod.) |  — 010 [-0.62,0.85] ﬁ ﬁ
ATL-PHYS-PUB-2025-022 ’ [-0.58, 0.59] |
H—- WW" (prod.)— l—.—l—l -0.20 [-1.00, 0.60] - (ool B
arXiv:2504.07686 | ’ [-0.90, 0.90] ] : :
H - yy (prod.) - —————— 0.24  [-0.53,1.02]— : _
Phys. Rev. Lett. 131 (2023) 061802 | | [-0.94, 0.94] ~ - )
H—ZZ" (prod.+decay) 0.60  [-0.81,1.54]—
JHEP 05 (2024) 105 : [-1.26, 1.28] ] 107~ E
-1 0 i 2 3 a4 ; :
m CHW VBF H - 17 (prod.) WH,H — bb (prod.) H—- WW"* (prod.) H - yy (prod.) H—- ZZ* (prod.+decay)
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Dark Matter (DM)

 Galaxy rotation curves |
bbsreation i e

.. from starlight . .

L Observations from: .

. .t ri21emihydrogen T
. Velocity " L AR R T |

~ p . . e . y __'. : . '. . ’ ) . b :

O ko sT)

S0 T 133 : T o o Expected from’ M. = ry:
S o o, TN 07 thevisible disk: (<) T T 5
. B T e e A G
0,000 - 30,000 40,000 .
R ~°  Distance (light years) .

~2 /% of total energy in Universe Is
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-
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No perfect DM candidate in SM!

0.2°
Angular scale




95% CL upper limitonB,,_ .,
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Invisible Higgs Boson Decays

e Search for invisible decays of Higgs boson: addition to 1 17
- SMB (H - ZZ") - 40) ~ 0.1 %

X\/X
 H

N\

. Interpretation as decay into Dark Matter nucleon
M1isSS — — -
>Dark Matter = p 3 S ! ' ! 3 . 0,093
T 5 : ATLAS 7 Mo <D
— . = All limits at 90% CL
- § 1 0—37 __ \\\ \s= 7TeV, 47fb" = )
| | | | | | O i \\ s= 8TeV, 20.3fb" 7 Higgs Portal WIMP:
— — - B -1, PR
= ATLAS — Observed s % 1074 i \ (s=13TeV, 13977 = --- Scalar
= (s=7TeV,47f ... Expected 3 = o N ] ------ Majorana
- (s=8TeV,20.3 ft = ] © - Tl S~ — —
2 (s =13TeV, 139 ' + 26 = 0 Er T f R Vectorge
= — 10 - AR - Sy I VeCtoryy model, o = 0.2
= 0 — N T oA T _
= » R 1 Other experiments:
— 10°%° Lt T - — - Xenon1T-Mig
—f - s’ coherent elastic neutrino-nucleus scattering _ - DS50-MigNQ
2 E R ] —— - DS50-MigQF
3 3 10.7 10798 = ‘ —| - --- PandaX-4T
- (7.7 %) ’ | ! | I LUX-ZEPLIN
- | | | | | | | = - = -
107" 1 10 102 10°
mWIMP [GGV]
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@ Additional Scalar/Higgs Bosons!

e Search: heavy scalar resonance X decaying to

> ' )
C G %00r  ATLAS Preliminary S
|Igh i Scalar resonance S and H125 bOSOﬂ * VS =13/13.6 TeV, 140 / 58.6 fb (10" 5
= . X — SH - bbyy 3 £
- o . . 7 IQ
- RUﬂ 2 + ear|>/ RUﬂ 3 b 400! 95% CL observed upper limit w _CT:
| Z
0000000920990 ~
g i p | :
K : 300 §
X // i
A >t < 10° 5
W H v | =
K 200} =
J 2209922299999 - ‘ - S
o
>
_
Y : O
% 106||||||||| """ 2 106||||||||| 100' o\o
o . ATLAS Preliminary ¢ Data ] o . ATLAS Preliminary ¢ Data ] - 1 8
@ 10°F ys—13TeV, 140" —m, (575.200) (Pre-Fit)} @ 10°F {5_13.6TeV, 586" —m, (575,200) (Pre-Fit)] : 10
i = ; X,S ; : ; = 19. ; 90O. X,S ; ;
1 O4i X—SH—bbyy I yy+jets | 1otk X—SH—bbyy I yy+jets ' :
2 b-tagged SR B HH 2 b-tagged SR B HH !
103§_ Post-Fit Etsf;r;gle Higgs 103? Post-Fit E%r;gle Higgs 0 260 : - - 460 660 - - : 860 10'00
107 B Z(-> Gg/bb)yy 102} M Z(—> qg/ob)yy myx [GeV]

72 Uncertainty

72 Uncertainty
¢

o largest excess In 63 Tav (pp — X) 9% (X — SH — bEW)

at (mX, mS) = (235,60) GeV: 2.0 local

o 1072 o 1072

X 15 1 & 15 ' : S :
5 o Y 7 <IN "”“’*“’%/JF//// ///WWW - Previous ATLAS deviation at (mX, mS) = (235,60) GeV with
O 007 02 03 04 05 06 07 08 09 1 = %01 02 03 04 05 06 07 08 09 1

3.506(2.00) local (global) not confirmed

PNN(mX =575 GeV, mg = 200 GeV) PNN(mX =575 GeV, mg = 200 GeV)
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H — yy

i -1

x10°CMS Supplementary 132 o™ (13 TeV) CMS 132 b (13 TeV) CMS 132 b (13 TeV)
%220:—'|_'I;"'|"" ""I""I""_: (b 1|||||||||||||||||||||||||||||||||||||§ 3 02__'||||llll|llllIIIIIIII|IIII||||||||||__
2 200 9?; GeV ¢ Data E = T 2 P H-ow — Observed -
_ & TH = 99 © : = [ \/ ] - _
o 180% " — S+B fit = <> A VO S 00.18 == Expected + 16 —
S 160N e B component = o \ '/ _ 2 - .
> = E o 0 016~ = Expected + 26 7
L 140F +1o - &S - = - N ]
3 L S | A— l0e B L NoyxB
100 F- E 3 E T - S §
80 E > : T 0121 T —
il ] - ~= N NN _
60; = % - Q 0.1 h —
0F ER- o Jso x0T :
20F- . : 6" 0.081 -
] - -
oo T B component subtracted - _ 0.06 E
s00F : E ; 0.04F -

S LR R EEEEEEEEEEEED =140 -

° | 0.02—
_500 _; §| ] 1 1 | I I | | L 11 1 | L1 1 | | | | | | 1 1 1 | | 1 | ||_§ :l ] 1 1 | I 1 1 1 | L1 1 1 | L1 1 1 | 1 1 1 1 | L 1 1 1 | L 1 1 1 I 1 1 |:

""""""""""""""" 120 70 75 80 85 90 95 100 105 110 /0 75 80 8 90 95 100 105 110

m,, (GeV m, (GeV) my (GeV)

)
e Search below my = 125 GeV In yy mass spectrum

e |argest excess at my = 95.4GeV: 2906 local, 1.3 ¢ global

- 6 X BR(H — yy) <73fb@95% C.L
my=95.4 GeV

- Present in different production modes: ggF+ttH, VBF VIH
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H — yy

* Model iIndependent (generic spin-0, fiducial 0) and model dependent (SM-like Higgs, total 0) search in 66-110 GeV

- 3 categories of un/converted photons

- MVAs used for SM-like analysis to both mitigate background processes and classify events

g — T T T | T T T T [ T T T T [ T T T T [ T T T T [ T 1 El 1 80I1_ 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[T T T T [TTTT]
© 1 ERNE ATLAS — Observed limit I
c'>>_ = 0o 1 <& - Vs =13 TeV, 140 fb’ £ voected limi :
— — e T T Lk Xpected limi —
= - 1 1 140 How " -
O - 1o - E | All limits at 95% CL Expected + 16 7]
9 01 | o 120 - " g
= = X 5 Expected + 26 —
- 1 ¢ 100 —
- 20 N _
B ] - 80 —]
107 ATLAS = 60 E
- y — Observed - h .
- Vs=13 TeV, 140 fb - a0F- e
i H—vy _ - -
36 N
1 0—3 e — 20 [ R
:| N T T T T T T T T T T T T |: O RN NN N I I I A A A |
/70 80 90 100 110 70 75 80 85 90 95 100 105 110
my, [GeV] m,, [GeV]

* largest excess at my = 95.4GeV: 1.7 ¢ local

- o0 XBR (H—> y;/) o r <50 @ 957 C.L
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H — yy

* Model iIndependent (generic spin-0, fiducial 0) and model dependent (SM-like Higgs, total 0) search in 66-110 GeV

- 3 categories of un/converted photons

- MVAs used for SM-like analysis to both mitigate background processes and classify events

= 1801 T

— 160E- ATLAS — Observed limit e

< - Vs =13 TeV, 140 fb” . i .

. . T 140 :_ Hosy Xpected limit _:

° T - All limits at 95% CL -

Intriguing to see small bump at T i0f W xpecea st -

same mass. . . ><I 100: Expected + 2¢ _:

© N

- Quite low significances though. .. 80 Jems
60 — 132 b (13 TeV)
e |ets see what Run 3 has to say... 40F = tie
- = - Expected + 1o
20 :— ----- Expected + 2
OII:I | 1 I L 1 1 1 I 1 1 1 1 | I 1 1 1 I | 1 1 1 | 1 1 1 1 | 1 1 1 I L 1 1 1 I 1 1 1
/70 75 80 85 90 95 100 105 110
m,, [GeV]
e |argest excess at my = 95.4GeV: 2.9¢ local, 1.3 6 global  |argest excess at my = 95.4GeV: 1.7 ¢ local
- 6 X BR (H — yy) <73fb @ 95% C.L - 6 XBR (H — yy) <50 @ 957 C.L
mu=954GeV my=95.4 GeV
— , Phys. Lett. B 860 (2025) 139067 . HEP 01 (2025) 053
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e ¢ — 17 search, 60-3500 GeV:

- Final states:
€U, €Thaq> MThads Thad®had

b — T

" m, =95GeV:

- 2.6 0local, 2.3 o global;
- Best fit aggqy%’ <¢ — TT) = (7.8+3'9) pb 107

r

- Not seen in bbg production

e CMS 138 fb™' (13 TeV) e CMS 138 fb™' (13 TeV)
o~ =TT . ' ERRS =TT i ' 3
"é : —e— Observed 2 - —e— Observed
E 102 | Expected . E 102 _ -------- Expected _
g : I 68% expected 17 g [ 68% expected ]
14 ]
o 95% expected I m 95% expected 3
= g ] = g h
(@)] 000000 B- < b
9 ¢ IE -9, =
- -
o o
E | s
N = 102 1 102F
@) - @)
o~ - N :
LO B3 SE
L 10 : o 10
- Lowllmass High-mass - Low-mass High-mass
L1 ! A ! | ! ! -4 Lo ! ! ! | !
-3.1 ) 70 1!0 200 300 100 2000 10 70 100 200 300 1000 2000
A m, (GeV) m, (GeV)

ll. Physikalisches Institut

N
- No ATLAS counterpart vet (also not i my = 1200 GeV:
clearly see’n in SM H — 77 measurement) . - 2.8 ¢ local, 2.2 & global
my, = 100 GeV: - Best fit 0., (gb — TT) = (3.13:(1)) fb
- 3.1c0local, 2.7 o global; - p-value |19 (63%) for compatibility across 77 final states (data-taking
_ _ (5.8425) oh years).
Best fit agg¢% (gb — TT) (58_20> p - Excluded by ATLAS full Run-2 (200 < m, < 2500 GeV)
- p-value 50% (58%) for compatibility [Phys. Rev. Lett. 125 (2020) 051801];
across 77 final states (data-taking years). . 95% C.L. obs. (exp.) upper limit: ~1.7 fb (~2.7 fb) )

Karsten Koneke

CMS /|

||HEP 07 (2023) 073

81/31



https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-21-001/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2018-46/

H+ 7] — WTWTjj = Cuvfujj (y\

-
e Use SM measurement of EW W*W%jj production
-+ S -
e Search for H=—— production in context of Georgi-Machacek model
q - Assume BR (HF* — W*W*) = 100 %
% B |ATL|AS T [ T T T ] 'E‘ | | | | | | | | | | | | | | | | | | | | | | I | | | |
O 302— - 1010V 139" . Du — ? P L ATLAS —— Obs. 95% CL upper limit _
5 os[ ol s a0 = = {s=13 TeV, 139 b —— Exp. 95% CL upper limit =
& [ PostFit +++ H™ (1000), sin(6,) = 0.32 1 = - » -
i 20 - B WWT " Conversions _7] T B - Expected limit (1o) _
_ / e Wz | Other prompt N o
e - Non-prompt 7/ Tot. Uncert. J 410 — Expected limit (+20) —
- - é 102 e largest excess at my+ = 450 GeV
1oF ERe - 3.3 0 local, 2.5 6 global
- ~ +H_0
5 1 < - oypr (HZ*) X BR (HE: — W*W?)
: 1 1 S =72+251b
0 ettt ———— — o)
1.4 E
= 12 /{ E 10 =
g 2% / 9 —
O 0.8 —_ B
06 E_ . . . . | . . . . | . . . . _E ] | | | ] | ] | ] | | | | ] ] ] l | | | ] | | ] ] ] ]
0 500 1000 1500 500 1000 1500 2000 2500 3000
m; [GeV] M, [GeV]

5] |HEP 04 (2024) 026
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H™jj - W™WTjj = fuvfujj @

-
e Use SM measurement of EW W*W%jj production
et - - -
e Search for H=—— production in context of Georgi-Machacek model
q - Assume BR (HF* — W*W*) = 100 %
% B |ATL|AS T | T T T ] '5' | | | | | | | | | | | | I | | | | | | | | | I | | | |
O 30E & 157y, 130" o wa = ? P L ATLAS — Obs. 95% CL upper limit
5 o5f Doom o oy oss = F (5=13TeV, 1391 —— Exp. 95% CL upper limit =
S T postFit ! .. H™ (1000), sin(8,) = 0.32 1 =2 - o -
i 20 - B WWT " Conversions _7] T B - Expected limit (1o) B
B / e Wz | Other prompt
s f Non-prompt 7/ Tot. Uncert. 1w Expected limit (+20) —
: : é 102 e Largest excess at my++ = 450 GeV
1oF ERe - 3.3 0 local, 2.5 6 global
- ~ +H 10
5E 1 < - oygr (HFT) X BR (H3* — W*W*)
1 . > =72 +251b
0 . @)
1.4 + - CMS
= 12f } - 10 137 b (13 TeV)
- / % —
O 08F e B T . 68% expected
06 :_ . . . . | . . . . | . . . . _: ] | | | ] | ] | ] | | | | ] ] ] l | l | ] | | | | | | 95% t d
0 500 1000 1500 500 1000 1500 2000 2500 3000 :"_p‘:° °
m; [GeV] m,_. [GeV] aw Sy =

5] |HEP 04 (2024) 026 - " Eur.Phys.|.C 81 (2021) 723 I—82 Y
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—H Production

i
1

> out Higgs potential | H self interactions

2172l
] | , VO
| " HH prodtation bt 14 TeV LHC at (NJoS<g QCD

| f iy w My4125 GeV, MSTW2008 (N)LO pdf (88%cl) _

—
—_—
—
—_
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Progress In [ H Prediction (in a tiny nutshell) @\

ag Improvements in precision from
the Lattice (until FCC-ee Z hadronic)

6,0 = 48.68 £ 3.9 (scales) + 1.9 (PDF) + 2.6 (a5) Pb

PDFs already at 1% (CT18 - NNPDF) Gavin Salam
Discussions ongoing

Gavin Salam

the master formula

o=y deldxz Fin ) fip(32) 6(x1158) X [1 + O(AIMY]
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HIggs and our Universe

* Higgs-boson Interactions set the quark, electron, and VW-boson masses with important consequences

: Higgs role
Role of elementar rticle m n uen :
oie O1 eiementary partiCié masses Co sequence established?

Up quarks (mass ~2.2 MeV) lighter than down quarks (mass ~ 4.7 MeV) Proton lighter than Neutron

Proton (up|up|down) @00 2.2 + 2.2 + 4.7 MeV + EM+strong force = 938.3 MeV = Protons are stable No

Neutron (up|down|down) 090 . 2.2 + 4.7 + 4.7 MeV + EM+strong force = 939.6 MeV = Hydrogen atom

. ) 1 Electron mass (me) sets size

atomic radius < — of atoms & energy levels of No

chemical reactions

5

o~
I;N

W-boson mass (mw) sets
rate of radioactive f3-decay Yes
and burning of the sun

‘ Neutron
‘\ Proton

P Beta Particle
e (electron)
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