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- Higgs boson with mass: my = V2|
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- Higgs boson with mass:
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WV boson mass and interaction:

Higgs potential.

Motivation

not predi

mi = V2]

|

e! |

|

mw = _g direct connection

)oes

produc:tio W

— 1
| InSM: A\ = —mj;/v°

>
o
=
e )
BEI
S&
2 (919) + 2 (610)°

H potential as 4

Tree level



HIggs and our Universe

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

: Higgs role
Role of elementary particle masses Consequence established?
Up quarks (mass ~2.2 MeV) lighter than down quarks (mass ~ 4.7 MeV) Proton lighter than Neutron
Proton  (uplup|down): 2.2 + 2.2 + 4.7 MeV + EM+strong force = 938.3 MeV = Protons are stable No
Neutron (up|down|down): 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

.\%
-

1;1N

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

‘ Neutron
- Proton

Beta Particle
a" (electron)

Adapted from Salam, Wang, Zanderighi, Nature 607 (2022) 7917
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Production Decay -] e
) T bb
[ 11 | i | i | 11 | i | i | i [ [ 1 | I§ -9 | | I | | | | | | I | | | | | | | tso H
- :% oC - hb 1o
=t 4 (N3LO.OC . NLOEWD € o T o0 2 f HH
Ogr = 48.5pb (87 %) X [ _B= BE [
’ T 10 = 2107 =0
ector boson fusion (VBF) = 1 ®  E 1t =
~q 1_ - H (NNLO qcD + N2 = 1 m N — W+ Z0
T W™ = m — - CC i 1 Hi
e © 1L — WH (NN W) = 77
o Wz 1{////%:§NE@5§?E 1 0% E
T~ — = ] . -
over = 3.78 pb (7 %) -1 B |
z 1 100 E 20,y
associated prod. with W/Z / i} N - t W
q vy | 102 M(H)= 125 GeV . o ] Higgs W
y Tl b b b b b b b b b g ) T T T ’
_ S /6 7 8 9 10 11 12 [3 [4 15 09 122 124 126 128 130 W
q VH H n \'s [TeV] M, [GeV] ’ Y Y

ovh = 2.3 pb (4 %)

ouH = 0.5 pb (0.9 %)
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Higgs Boson Mass

~ICMS,/| *
[ Sep [RERL L H = Z7% — 4¢,
CMS Preliminary / [ —
Run2: 138 f6" (13 Tev)  —md —Total | |Stat. Only
Run 1:5.1fb™ (7 TeV) + 19.7 b (8 TeV)
Total (Stat. Only)
4u ..1 124.907;; (*).) GeV
de m—— 124.707.7 () GeV
2e2u ‘ st 125.50:’:_ '2267 T: '2245 ) GeV
2u2e ._l._. 125.20%,7 (*).') GeV
Run 2 bod 125.047)7; ()) GeV
Run 1 ——  125.607),; (\);"’) GeV
Run 1 + Run 2 o 125.087;, (%)) GeV
| | | | I ] | ] ] ] | | ] | | | | | |
122 124 126 128 130
m, (GeV)

my =125.08 £ 0.11(stat) = 0.05 (syst) GeV

'y <60MeV @68 % C.L. (320 MeV @ 95 % C.L)

CMS /|

| CMS-PAS-HIG-21-019 |

7 /146

{ UNI
[

1 FREIBURG

[ | [ | [ [ |

_.
—

ATLAS e Total Stat. Syst. | Combination
Run1: /s=7-8TeV,25fb~!, Run 2: \/s = 13 TeV, 140 fb~!
Total Stat. Syst.

Run1 H — vy : ® | 126.02 + 0.51 (+ 0.43 + 0.27) GeV
Run1 H — 4/ | ® I 124.51 + 0.52 (+ 0.52 + 0.04) GeV
Run2 H — ~y hF_l 125.17 + 0.14 (+ 0.11 + 0.09) GeV
Run2 H — 4/ 124.99 + 0.19 (+ 0.18 + 0.04) GeV
Run 142 H — v 125.22 + 0.14 (+ 0.11 + 0.09) GeV
Run 142 H — 4/ 124.94 + 0.18 (+ 0.17 + 0.03) GeV
Run 1 Combined | | —® | 125.38 + 0.41 (+ 0.37 + 0.18) GeV
Run 2 Combined I-qj-l 125.10 + 0.11 (+ 0.09 + 0.07) GeV
Run 1+2 Combined 125.11 + 0.11 (+ 0.09 + 0.06) GeV
||..I.I...|:-T-|‘...|....I..|.|.|.|

123 124 125 126 127 128

my [GeV]

my =125.08 £ 0.11(stat) = 0.05 (syst) GeV

5 Phys. Rev. Lett. 131 (2023) 251802 |

Karsten Koneke



https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-21-019/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2022-20/
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HL-LHC Higgs Boson Mass

H — ZZ* — 4¢

CMS Phase-2 Projection Preliminary

H = vy

CMS Phase-2 Projection Preliminary

3000 fb™

A

H—yy

—
N
OI[T T 11

8 /46

- - = Stat. Only
m,, = 125.38 + 0.07 (£ 0.02 stat.) GeV — Stat. + Syst.

JNI

3000 fb' (14 TeV)

0.15

0.1

0.05

H-—Z7Z

— 4

-
‘--- ....
- ..
L 4

=g G| 68%

2 4 =ms CL 95%

125.28 125.3 125.32 125.34 125.36 125.38 125.4 125.42 125.44 125.46 125.48

my, [GeV]

FREIBURG

Mass uncertainty (MeV)

Width upper limit at 95 % CL (MeV)

CMS /!

| CMS-PAS-FTR-21-008 |

Combined | 4u 4e 2e2u 2u2e Combined
Stat. uncertainty 22 28 83 51 59 94
Syst. uncertainty 20 15 189 94 95 150
Total 30 32 206 107 112 177

Karsten Koneke

" CMS-PAS-FTR-21-007 |



https://cds.cern.ch/record/2804042
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/FTR-21-007/index.html

Impact of my

* InSM: mw = mw(Miop, MH,...) o

t
H B
W vQ« W W/Z s WZ W/Z i W/Z
b

- Measurement uncertainty: Amw = 9 MeV

- Impact on mw In electroweak fit: Amw(Top) = 2.7 MeV, Amw(H) = £0.1 MeV

* |Impact of Amn on cross-sections Atheo  Aexp  AMH
and branching fractions very small. BR(ZZ) 1% ~10%  £2.5%
OVBF +2% ~11% x0.3%

= Measurement precision of my good enough for this
- but precise measurement important!

9 /46 Karsten Koneke




Indirect Contraints on Higgs Boson Width

CMS <140 fo' (13 TeV)

e UseH = /2/®) = 4L and 2£2v S S B :

14 — 2I12v+4l off-shell + 4l on-shell  —

- 2|12v off-shell + 41 on-shell -

° RGSU‘J[S. 121 4| off-shell + 41 on-shell -
CMS, /| Fvidence for off-shell production:.é C 1ol Observed B
S R .,

-2 A InL

95% CL

i g
/’ A 5
; p r ;
y ¥ |
/2 0 23 |

- Ty =457 MeV

J5 Phys. Lett. B 846 (2023) 138223 |

|||||||.|‘|‘|||||

68% CL

I, (MeV)

10/46 Careten Komoke " Nat. Phys. 18 (2022) 1329 |



https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-21-013/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2018-32/
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0

Combined
VBF-tag

VH-tag

ttH-tag

ggH-tag

<. InvisibDl | B n D .
- (o™
- Invisible Higgs Boson Decays :
an)
z 1E I I | I | I I - , o , o zm
2 oof aas  —omnea - @ Search for invisible decays of Higgs boson: addition tol ;7 S&
2 08E Vs=7TeV,47f6' ..... Expected E
o g Vs =8TeV, 20.3 fi' I+ 1o = * o
awnaw i 4 - SMiBR(H = ZZ™ = 4v) ~ 0.1 %
g 0-6F = , ,
S 05 4 - Interpretation as decay into Dark Matter
c_gl 0-4 _; C\JH :-_ 1 ] 1 lllIlI 1 1 1 lIlIII 1 1 | L lllll 1 1 1 Ill%
§ 0.3 — g K ATLAS — B, ., <0.093
0.2 = P=_ - . All'limits at 90% CL
0.1E S 10737 \\\ \s= 7TeV, 470" =
s e I@ le [ - \\ \s= 8TeV, 20.3fb" 7 Higgs Portal WIMP:
o A N - Tt -
T & T s U {s=13TeV, 139fb' < -.---. Scalar
4.9 fo'' (7 TeV), 19.7 tb" (8 TeV), 140 fo'' (13 TeV = 1077 F . = .
CMS T F ( | ) | ( | ) | ( Z b; I T N — Majorana
1= r© CMS 95% CL upper limits - = S T -
> bm 09__ - e “\.~ VeCtOFEFT
> \ - —®— Observed | T ettt e, 2 ., ] —
\ ~ - 7 _45 """""""""""" '~
v é 0.8~  ~©- Median expected — 1 O - ‘= - —_'. _____ VeCtOr _
5 : P : _ . ,/'—_‘_“. - - - T . UV model, o = 0.2
L 07E 95% expected - o e 7 Other experiments:
2 - 0.49 (0.32 —=-"" m,=65GeV .7 ~." . il P '
S 0.6 — 0.26 (0.30) ] 49 S M PR ot PP LLL . .
T F . 100 e T e I Bl Xenon1T-Mig
% 0.5 S — coherent elastic neutrino-nucleus scatter 8 _ - DS50-MigNQ
0ab- - 1 — - DS50-MigQF
: 0.21 (0.1 10753 |k m, = 100 GeV - - - - PandaX-4T
0.3
- o = LUX-ZEPLIN
u 0.18 (010) - b 11l ] L3 v ol 1 L 1l ] 1111111
0-2£0.15 (0.08) —— = _ 1 2 3
S E 10 1 10 10 10
- | | . Myyvp [GeV]

£=> " DELPHES VBF analysis for 3000 fb-": BR(H = inv.) < 3.8 % @ 95% C.L.[CMS-PAS-FTR-18-016] ]_

Karsten Koneke



https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/FTR-18-016/index.html
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[ CP Measurement in HVV Coupling

EXPERIMENT

CP-odd through interference of SM with dim-6 CP-odd: L//\z :L//SM\Z + 2c;Re( ;M%Cp_odd)

> >
+ ¢ | A p-odd]|”-

Optimal Observable: ,

00 = JRe( M Vsl o~ /457 VBE production ana
e = /205 VBF production (H = yy)| ~ZjfH = £/ = 44 decay
— [ O gk 1 — T~ / )
~ — ATLAS ¥ —— Data i Z ' /f
n 70— ] P wof — Sig. + bkg. 14 ] 1 rrrrjrrrrrrrryrr 11111 T T T T 1] ~~ 14_| T T T T ] T T I — é L
= — Vs =13 TeV, 139 b’ s Towbkg. ] O i 1 < L aa tat-only i
S — , o : —— Continuum bkg. 4 | - = EXp. —_— i . n — Wi ' i
g) s0F- M, (118, 132] GeV ;;i; 305_ Continuum bkg. = % 25_ ATLAS xp. Comb Obs. Comb : % - ATLAS With systematlc.s .
5 F TT+TLsLT s 1 X - Vs=13TeV,36- 139" ... Exp.Hoyy —Obs.Hoyy ] ' 12 H=>ZZ*—4l T Omaonad aroduston
9 50:_ —4— Data 1F 1 4 A - R - Vs=13TeV, 139 fb™ ---=- Observed decay .
_'5) 40 — VBF (SM) = £ T T ,1:60 — 20 - Exp. H5 1t =—Obs. H— 1t | 1 O‘_p_va|ue SM: 37% S ’Observed combined 7]
o — Total bkg. | + GeV] = i ] i | _
E — . Syst.Uncer. b my — u ] ; :
m 30__ + - — ] 8— ]
CB : \\\ I \\\ : 15._—’.’. ‘_t ]
+ 20— = , ]

E E_ _E Z"'. "’9 """ . 6_ ]
10? \\\\\\\\\\\ BE— ° -— 10_— "'~,~' —_ : :
_ B = - ) - - 95% CL
2 b [VBF(SM) - - - B 1| G B _-
o C 17 VBF (d=0.06) 1 om0l BF ] - )
©  sp b VBF(E=0.00) ‘|+ - R SR TCH N A § o- -
R S REEEELLLLL o o §  68%CL Ermm—— r,.l__;:::;l:,;_:;,_ T - e A Rt
1 S S S O I T L1 1 1 Y = 1 I I | L1 1 1 B A -

-6 —4 -2 0 2 4 6 _ _ _ 0
015 -01 -0.05 0 005 0.1 0.15 O >R E—
) d C -
Phys. Rev. Lett. 131 (2023) 06I802] HW
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2018-30/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2020-08/

£

ATLAS

EXPERIMENT

Parametrize 1-Yukawa coupling: Lpg.r =

* (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 T

 Observable: signed acoplanarity angle between 1 decay planes

- spanned by iImpact parameter and/or decay products (mtt, nt9)

Zero momentum frame

Data / Pred.

10

| ATLAS @ Data H—1t (best-fit)

— + B Z-1t (best-fit) —— H-o1t (0 =0°)

= [s=13TeV, 139 fb" Misidentified H->t (¢° = 90°)
- Tlepthad High @ Other backgrounds /., Uncertainty

B Boost 0 Boost_1 VBF 0 VBF 1

-Aln(L)

[0° < @cp < 360°] [0° < @cp < 360°] [0° < ¢"cp < 360°] [0°<("cp<360°]

¢

*

bin

CP Measurement in H = 1t Decay

m ° —-— @ !
“ k1 (COS p-TT +sin ¢ TiysT)H SM Hrt coupling: CP-even (¢ = 0°)
N

/

t | | | | | I | | | | | | | | | I | | | I | | | I | | | | ,Jf/
— ATLAS —— Observed: ¢°°* = 9+16° (68% CL) ]
- Vs=13TeV, 139" ..._.. Expected: ¢ = 0+28° (68% CL) -

¢r =9 £ 5°(syst) = 16°(stat) -
2 W i expected 0+ 8) | /. 3 -
- | Pure CP-odd excluded .
— at 3.4 0 (2.1 0) —
E-_::::: ............................................................. 2. C.S'_:.:
NG S 16 2
|: ] | | | | | | | | I | | l~~~. | | | | 1 | | | | | | | ] :I

-80 -60 40 20 0 20 40 60 80

0 [degrees]

U Eur. Phys. |. C 83 (2023) 563 ]—KtKCPk[:

W pe = -1 £ 19° (0 £ 21°) [JHEP 06 (2022) 012] J—



https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2019-10/
https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-20-006/index.html

CMS

HL-LRC CP Measurement in H = tt Decay

m -

Parametrize t-Yukawa coupling: Lp.r = > ~K7(C0OS ¢ TT + sin ¢TTW57 )H SM Hrt coupling: CP-even (¢: = 0°)
CMS Supp/ementary \ a1 )
- I I LA IR . ,_‘\__-,_
8 60 \ — With YR18 syst. uncert. : p =0x5 o
g [W — With YR18 syst. uncert. + bbb ;f(p 0+5//]
N 50:— — With Stat. uncert. only : @ ._ O +5 —
I — With Run 2 syst. uncert. : 0, =0 £ 5 i
40 - —
30 -
S N WY 1 A :
20 —
10E39 N -
O_....I....I....I.. S R R B
—40 -30 -20 -10 0 10 20 30 40
G——-
Current | ¢ range o™ (degrees)

|5/46 HEP 06 (2022) 012 J Karsten Koneke



https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-20-006/
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CMS
E e o M VA

EXPERIMENT

Z Z
* Small BRsm(H = Zy) = 0.15% | i W
- BRsM(Z = #f) ~ 34% N A H{;{
= BRsm(H = Zy = £fy) = 0.01% , ,
> FT T T T |
: i 5 [ ATLASand CMS
= ~765 H = /vy = £fy events in 139 fb-! ‘:j 60F 1 HC g — 023
and difficult kinematics ) S o paaround
. . £ 4of -
* First evidence from ATLAS+CMS o | :
. . 301 g
combination: : :
20— —
- Observed signal yield = 2.2 + 0.7 x SM o 2;::::::::::,::::::::::::::::::: :
- Observed (expected) significance: 3.4 ¢ (1.6 o) & ok
D_zil....|....|....|....|....|....|i
115 120 125 130 135 140 145
mz, [GeV]

" Phys. Rev. Lett. 132 (2024) 021803 }
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2022-22/

ATLAS

EXPERIMENT

(e
A
N S
i y
} /
/&
f
.’/
A |
i m
V .
4 /4
. 4
e i

3""""'318 .
- ATLAS Simulati , 1.4 S -
Arassmiaion _w.zz e EXtrapolate to Measure y(H), Niet, pr(jet 1),
3 S H - vy Jos &
- _ <C
;_ — 4. full phase space and p1(H)
- e o6 S’ 22— | | | | | | | |
— L [0 - ATLAS i H—oZzZZ* —
%%% e T %0-5 (\D 2 H— Z77* H— vy v H — vy —
- 0.4 O - ’ y ¢ Combination -
- . O 1.8_— Vs =13TeV, 139 b [ ] Systematic Uncertainty —
i 0.3 T = Total Uncertainty -
- - ) 16 - ¥ MG5 FxFx K=1.47, +XH _
= 02 5 - ResBos2 K=1.14, +XH —
3 EPg : . B 1.4F SCETlib K=1, +XH -
F lotal cross section: S ok TS,
) 10 20 30 45 60 80 120 200 300 es0 13000 100 ————7———7——r—— 11— 1.2 ? ceveees XH=VBF+VH<+{fH+bbH+tH -
H [GeV] 2 ma ATLAS — SMo (pp—H, m,, = 125.09 GeV) : S \ .
T f F y H—syy & H—ZZ*—4 QCD scale uncertainty ] ) W —
D& 80 ¢ Combined H—syy + H—»4l Total uncertainty (scale ® PDF+ct) | = 0.8 E_.T} I .+ + JHEP 05 (2023) 028: }
70F 58.2 + 8.7 pb g osaf Fli :
= — N N E =
60} (SM:59.9 + 2.6 pb) S i :
>0F E 0.2F L S I -
- i B LUy n
40F ]| E PP EEE LT S B RS L Y S D D
s0f- 1l 18 2F ! =
: \s=7TeV, 4510’ 1 S 451 ] . I I_
20— Vs =8TeV, 20.3 ' 1 Q - R TR NN bea 1t e N
10E (s =13 TeV, 139 &' i < PR u ' T
: Vs =13.6 TeV, 29.0-31.4 f&' 1 8 05 . . , | . . . , .
T B B B B R B R I e
0 7 3 9 10 17 15 13 14 0O 10 20 30 45 60 80 120 200 300 650 13000

Vs [TeV] py [GeV]

Eur. Phys. ). C 84 (2024) 78 |
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2022-12/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2022-04/

All H = WW?™ = fviy

137 fb™ (13 TeV)

|VBF phase space

/ |ggF production

S Sy A rT T ] @ - CMS ggF —e— Observed -
. I | 8 . TLAS ® Data B Powheg+Pythia8 1 o~ 5 " VBF || Statistical
% ] e Data —: g [ {s =13 TeV, 139 fb || Data Stat. Unc. A Powheg+Herwig7 i Zi 10 E_ WU ZH+WH [ | Experimental _E
% = N\ Sys. Uncertainty 3 £0.004F ygE 4y WW* > ey | DataTotalUnc. v VBFNLO@LO+Pythia8 ] & - B iH [] Theoretical :
= 3 FoWiW=ernviNg =01 Powheg+Pythia8 (p=90%) 5 & ' ¢ VBFNLO@NLO ] B i
=3_'— 5 5:_ Vs=13TeV, 139 fb™" u: Powheg+Herwig7 (p=96%) - 8 0.003- . ¥ MG5+Herwig? ] B ]
o =Y » MadgraphFxFx (p=96%) - N ] 10 = B
3 23_ i E 0.0021 m¥¥ - = =
: :;‘ . . } - 0.001f ] : ¥ i
1.5 \ — VI B L _
— ﬁ. ) * ] B ‘ ] x ] =
ul = o AoV —
IE " * ] o t : 1
u N = - i
0.5 e 3 -0.001F .
L ® — - | Lo | | | I -
- o = o 2 _
PR | | | | | | 5 2% R ¥ | ER-T -
SR SUNNET SR SRR SR SR R S ¥ ERR Y | T 1 —
O = - =l 1 O 1 L Las
o 05:_ | | | | | I I I E Q é_ "4 "a ¥ _§ = 0.5
al 0-40  40-45 45-50 50-55 55-60 60-65 65-70 70-80 80-1000 & Oggl R Y - T
0 500 1000 1500 2000 / 600C < 0
I a7
p; [GeV] m; [GeV]
Eur. Phys. ). C 83 (2023) 774 | ‘5 Phys. Rev. D 108 (2023) 072003 | " JHEP 03 (2021) 003 |
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2020-25/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2018-49/
https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-19-002/index.html
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3. Another angle 60 - 700 oo
0.15
9. Future 120 1000 pHiy
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200
| O. Summary 0 25 00 Hjj o0
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Background efficiency
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5l Combined Ky and K. extraction

EXPERIMENT

e Combine information from pt(H) with VH(bb) and VH(cc):

M(_) 10‘[_ | | | I | | | | | | | | | | | | | | | | | | | | | | | _l— M(_) 10_1_ | | | I | | | | I | | | | I | | | | | | | | | | | | | _I—
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68% confidence interval 95% confidence interval
Bgsm =0 [—-1.61, 1.70] [-2.47,2.53]
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' HL-LHC Combination:H — bb and — — cc A@AS

‘\\\ \ EXPERIMENT

"> CMS-PAS-FTR-22- 00| ATL-PHYS-PUB-2021-039

Uy H(H—pb) = 1.00 £ 0.03(stat) + 0.04(syst),
Uy H(H—ce) = 1.0 £0.6(stat) = 0.5(syst).

CMS Phase-2 Projection Preliminary 3000 fb' (14 TeV)

CMS Phase-2 Projection Preliminary 3000 fb! (14 TeV)
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* [ree-leve
- Difficult

ttH, H = bb

top-Yukawa measurement

topology, many objects in final state
- Very difficult to predict and model dominant ttbb background

- Employ machine learning; measure pr(H)
- ATLAS obs. (exp.) significance: 1.0 (2.7)

- CMS obs. (exp) S|gnn°cance 1.3 (4. I) c

ATLAS I 13'II'eIV 139 fb fio! n|q_12§ GeV
SM compatibility: 45%
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CMS Preliminary 138 fb™' (13 TeV)
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Combined IH.H : O-3|3 026 -0.16 jro.|21
I | | | | | | | |
0 5 10
" CMS-PAS-HIG-19-011 | i = 6/0g,,
a ] . . . )
= |EMS71 Projection from analysis of 2016+2017 data

| in the opposite-sign di-leptonic channel



https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2020-23/
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-19-011/index.html

e Strongest coupling to leptons

- BRsm(H = 1) = 6.3% => ~485 000 H — 17 events in 139 fb-/;~12.6 M in 3 ab-l | oectoniromBun2dai HLLHC, is = 14 Tev, 3000 "

H — 1T and HL-LHC
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DI-Higgs Production =
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EXPERIMENT

Gluon fusion
c=31.05fb
Self-coupling modifier:

SM
K). = Aunn /AHHH

VBF
c=1.726 b
Self-coupling modifier: K
VVHH coupling modifier: kv

Single-Higgs
Sensitivity to Ky via  # -
hisher-order corrections:
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EXPERIMENT

Gluon fusion
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HH at HL-LHC

ATL-PHYS-PUB-2022-053 |

e HL-LHC extrapolation from full Run 2 combination of. = [T . IATL,IAS ULABBARARRS RRRRS RERRF A8 AR =ay g
N — " u / ;
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Baseline 2.2 2.8 0.99 34 -30/+33 81— —
Theoretical unc. halved 1.1 1.7 0.65 2.1 —47 /448 i |
Run 2 syst. unc. 1.1 1.5 0.65 1.9 —53/+65 - -
ab= LR . SRR S A S 9%

Uncertainty scenario K1 68% CI k3 95% CI . 68

No S}’St. unc. [0.1, 2.6] :'0.5, 64 O L1 1 | | L] 1 | \“h,,.u [ | | L] 1 | | L1 1 | | L1 1| | Ll 1 | | L1l 1 |

Baseline -0.5, 6.1 -1.6, 7.5
Theoretical unc. halved [-1.2, 6.9] -2.6, 8.5]

—2 -1 0 1 2 3 4 5 §) V4 8
KA

Run 2 syst. unc. -1.2,69]  [-28,8.5 [=> > bbyy expected significance at 3000 fb-!: 2.16 ¢ [CMS-PAS-FTR-2 | —OO4]j
" (3+3 ab', all channels) from CERN HL -l HC Yellow Report (w/ systematics): HH significance: 4.0 o and 0.52 < k< 1.5 @ 68% C.L. -
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https://cds.cern.ch/record/2703572
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/FTR-21-004/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2022-053/

/. Combinations and Interpretations
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direct connection




Production Modes

Main production modes observed (assume SM branching ratios)

o _ W/z
= =
O — )
o 10 —
n —
o -
g =L ‘ ’
O g Z% ]
1= —— 77 S
E ‘¢ Data (Total uncertainty) 45_
B _\

~ | Syst. uncertainty
. SM prediction

e
<
I

| | | | B

S 1 | | | | -
0P 0 i Z | 10 b f
2 22 ES SN
o | = 0 T <
+— — — - [>w %%cb
© - E) W H
o 05 | | | | | — — _1 0 @

ggF + bbH VBF WH ZH ttH tH _ éﬁéﬁ;—:;:k_:; _

q q’

Production process

Global 4 =1.05 £0.06 = 1.05 £ 0.03 (stat.) = 0.03 (exp.) = 0.04 (sig. th.) = 0.02 (bkg. th.)
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2021-23/
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Combined ST XS Measurement

 Measurements In many kinematic reg|ons

* *

ATLAS

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

' @) arXiv:2402.05742 _
ATLAS s el

\/_13TV139fb , My 12509GV SMEFT A =1TeV
1 c . c c

of | 1 B s . . S
I I | =owew @ EF] Interpretation of Nature combination
IIII n T
: L = 1 B L |
5 _g l > e |9 EFI parameters fitted simultaneously!
gc 0.8 M ver . .

i o § - kigenvector rotation .
" o 5 (to remove Insensitive directions)
e T % Opens the window to global combined analyses!
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Vector Boson Scattering

/ /

* Brout-tnglert-Higgs mechanism: - v T
= [Mass to W boson: adds longrtudinal E j :
VWW-boson polarization mode " v ,r/\f”::‘”’*

q/ q q/

E 10 = | | | | | | | | | L - . - . 14 .TeV
0 - - o> | CMS
Ny 103 — {TLAS [ Personal overlay! J . 8  Phase-2 Projection
2 £ \s=13TeV, 36.1 fo’ = S | _
@ - W*W-jj EW - = AL _
W 10?% & —— Data - Background — L 1 e

= W=Wjj EW in the SM = g - e _

B Gauge dependent non-SM calculations  _ Q - S e |

10 k= no HWW vertex . o |\ /7

= | no WWWW vertex - Y A :

%/ — Unitary gauge - a<) oL /T Bl

Zc — no WWWW vertex _ A

1 : + Feynman gauge — §_| ‘‘‘‘ - WW rest-frame i

= = = .=+ pp rest-frame

E+ . © I

- i Observe longitudinal WW production _

111 I 1 1 1 1 | 1 1 1 | | //I/{/I///////////// //I/I/I/ /I/I/I//I /I/I/{/I/

0 100 200 300 400 500 600 700 800 900 1000 oL—— 20'00 — 40'00 — 60|OO

Observe electroweak production of W*W# +2-jets with 6.5 O m, [GeV] Luminosity [fb_1]

CMS

' CMS PAS FTR-22-001 |
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2017-06/
https://cds.cern.ch/record/2806962
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High Luminosity LHC (HL-LHC)

2022 2023

2024

2025

2026 2027 2028 2029

J|AIS|O|N|D{J|FIMAM[][]|A|S

s|o|ND|J|FiMAM

N[D|J|FMAM|]|J|A

Run 3

JJASWND

2032
VEIEIE
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Shutdown/Technical stop
Protons physics
Ions

Commissioning with beam

Hardware commissioning

Peak luminosity [1 034cm'23'1]

J O|N|D{J|FIMAM| ]| J|A|S|O|N|D{J|FIM/AM| ]| J|A|S|O|N|D
Run 5

YETS 15w
YETS 19 W

O = N W B~ O O N
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2500
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1500
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0

2028 2030 2032 2034 2036 2038 2040 2042
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F

Integrated luminosity [fb

-200 M

-100 M

Number of produced Higgs bosons

experiment




Progress In [ H Prediction (in a tiny nutshell)

Gavin Salam

the master formula

o= Z deldxz S0 [ (32) 8(x1228) % |1 + O(AIM Y|

Ly

12

10

5i/6total x100%
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ag Improvements in precision from
the Lattice (until FCC-ee Z hadronic)

Opor = 48.68 £ 3.9 (scales) £ 1.9 (PDF) £2.6 (a5) Pb

(00}

Alexander Huss

- PDF and ag

- Finite quark masses effects

1 - Missing EW and mixed EW-
! QCD corrections

- Mismatch in the PDF (NNLO)

_: and perturbative order N3LO
1 - Missing HO beyond N3LO

- \ 6(PDF+at)
i \ o(t,b,c) S(EW)
5(PDF-TH)
d(scale)
| ! l ! ] ! ! ! l 1 1 1 l I | 1 | ! ! | ]
0 20 40 60 80 100

Collider Energy / TeV

Marumi Kado at Higgs202 |

Many more signal processes!

Karsten Koneke

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

Gavin Salam

gg partonic luminosity (Vs = 13TeV)

1.107¢ .
= - —— CT18
5 L08F _ msHT20
g 1.06 F —— NNPDF40
€ 1.04
c
= 1.02
(@)}
(@)
~ 1.00
§ 0.98 :
&> as(mz)=0.118
©0.96 -
102 103
Mgy [GeV]

Modelling of signal and background key!
- NLO QCD and EW predictions matched to PS
- NNLO PS matching

Simon Platzer

- CPU time challenge Frank Siegert


https://indico.cern.ch/event/1030068/timetable/?view=standard#71-atlascms-higgs-in-the-light

Higgs couplings strength

Higos Couplings at HL-LHC

(s = 14 TeV, 3000 b ' per experiment

| Total ATLAS and CMS
ATLAS = CMS Current - Stat|St|Ca| HL-[_HC Projection
Run 1 combination precision —— Experimental

—— Theory Uncertainty [%]
Tot Stat Exp Th
Iify 139 6% Ky = \ 1.8 08 1.0 1.3
/{W 11% 6% Kw="—\ 1.7 08 0.7 1.3
HLZ 119% 6% KZ=' 1.5 0.7 06 1.2
/{g 149 7% Kg = | 25 09 08 2.1
Rt 30% 11% Kt B= | 3.4 09 11 3.1
Kp 26% 13% Ky == | 37 13 13 32
/{7- 15% 8% K: = 1.9 09 08 15
Ky = | 4.3 38 1.0 17

JHEP 08
(2016) 045 [ 19 Nacure 607 (2022) 60-68 KZY \9.8 25 17 6.4

0 002 004 006 008 0.1 012 0.14

Measurements here assume
no BSM in Higgs width

43/46

Expected uncertainty

Karsten Koneke

UNI
[

FREIBURG

e Dataset 25X larger

e Uncertainty reduction
by factor 3

* [heory uncertainties
dominant



https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2021-23/
https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-22-001/

A bright Future. ..
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y Future colliders combined with HL-LLHC
ng g S @FC WG Uncertainty values on Ax in %.
00 04 08 12 16 20 00 06 12 1.8 24 3.0 Kappa-3, 2019 Limits on Br (%) at 95% CL.

Yy arXiv:1905.03764 |——
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https://arxiv.org/abs/1905.03764

A bright Future. ..

r

free Ky

I
T K| <1
[

Current precision ~6%

00 04 08 1.2 1.6 20

B FCC-ce/eh/hh HEEE CLIC3000 M ILCioo00 W LHeC |ky| <1

i FCC-eesqs o CLIC500 ILC5sp9 B HE-LHC | Ky | <1
FCC-ee»ag CLIC5g0 ILC»50 HL-LHC | Ky | <1
CEPC
' Future colliders combined with HL-LHC
ng g S @FC WG Uncertainty values on Ax in %.
Kappa—3 . 2019 Limits on Br (%) at 95% CL.
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https://arxiv.org/abs/1905.03764

Summary

What we know about the Higgs boson

* All measured quantities are consistent with SM

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%,

more Improvements ongoing...

New era of precision and interpretation

* More and more “boosted’ analyses and other things that were not possible before

LHC Run 3 will give us another boost in our understanding

* Not only due to higher statistical precision, but also to the ingenuity of people!

-uture upgrades and accelerators will dramatically improve our understanding of the mass generating
mechanism
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= Higgs Boson Width

* Expected width: I'hsm = 4.1 MeV

- Direct limit: 'y < 60 MeV @ 68% CL (~15 X T'nsm) [ = CMS-PAS-HIG-21-019

- Lifetime too short to measure:
[y >35% 109 MeV@ 95% CL | Phys.Rev.D 92,072010 (2015)

48/46 lllustration Karsten Koneke


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

% —iggs Boson Width

* Expected width: I'hsm = 4.1 MeV

- Direct limit: Th < 60 MeV @ 68% CL (~15 X T'hsm) [ CMS-PAS-HIG-21-019 | CMS Simulation 13 TeV
- Lifetime too short to measure: . 10° = gg—212v (I=e, ) E
Iy >35x 1079 MeV @ 95% CL Phys. Rev. D 92,072010 (2015) | 103 . E
it — SM H signal (HP) °
@ |Cea: Higgs ’>'\ 102_ SM contin. (\C‘.’Z) é
AN b, = =
y J S L — SM total (H+CP)
O - 2 2 >
. = {0k II_'_'—L,_HL IH[ +|C] =
- Cross-section & oof . E
O - — 1 dS © 10_ g— '-.__L _§
= H= / (s — m#)? + Tgms © 1045 -, -
O = = -
10°F e
10°F
10—7 %_ I | | I I I | | _é

500 1000

My, (GEV)

Nat. Phys. 18 (2022) 1329 |
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https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-21-013/index.html
https://arxiv.org/abs/1507.06656
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-21-019/index.html

* Expected width: I'hsm = 4.1 MeV

- Direct limit: Ty < 60 MeV @ 68% CL (~15 % T'sm) [ 2% CMS-PAS-HIG-21-019 |

- Lifetime too short to measure;
'y >35x 1079 MeV @ 95% CL [ Phys.Rev. D 92,072010 (2015) |

* |dea: o
Gp -G

- Cross-section on-resonance:

48/46 lllustration
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CMS Simulation

% —iggs Boson Width
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—— SM total (JH+CF)
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https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-21-013/index.html
https://arxiv.org/abs/1507.06656
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-21-019/index.html

% —iggs Boson Width

* Expected width: I'hsm = 4.1 MeV

- Direct limit: Th < 60 MeV @ 68% CL (~15 X T'hsm) [ CMS-PAS-HIG-21-019 | CMS Simulation 13 TeV
- Lifetime too short to measure: 10° = gg—212v (I=e, ) E
Iy > 35 % 1079 MeV @ 95% CL [ |Phys. Rev. D 92,072010 (2015) | 103 & ’ _
3 — SM H signal (|HF) °
* |dea: " 3 SM contin. (|ICP) -
o\ Higes_ 2 )5
’ f = — SMtotal (|[H+C[)
. - oo [HF+|CF :
- Cross-section on-resonance: & of -

1]

~10% of all pp = H = 7Z

500 1000
m,,, (GeV)

"™ Nat. Phys. 18 (2022) 1329 |
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https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-21-013/index.html
https://arxiv.org/abs/1507.06656
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-21-019/index.html
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- Direct limit: Ty < 60 MeV @ 68% CL (~15 % T'sm) [ 2% CMS-PAS-HIG-21-019 |

- Lifetime too short to measure:

['hn>35x%x 1077 MeV@ 95% CL

* |dea:
g
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Measure ratio of both:

lllustration

Higgs Boson Width

* Expected width: I'hsm = 4.1 MeV

CMS

Phys. Rev. D 92,072010 (2015) I

Karsten Koneke
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CMS Simulation
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—— SM H signal (|HF)
SM contin. (|CF)

—— SM total (JH+CF[)
- [HF+|CF
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~10% of all pp = H = 7Z
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https://arxiv.org/abs/1507.06656
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-21-019/index.html

e (CP-odd in
e (P-odd in

e Ana

lysis strategy:

CP Measurements

—Yi _

iggs-Gauge Interactions need higher-order operators
iggs-fermion interactions (top-Yukawa) can be tree-level

Ly = Tq)t(Kt T i%ﬂ)%H — _K;)’t@ﬁ_t(COSOZ +iys sSin @)y,

SM ttH coupling: CP-even
(Kt =0 ora=0°)

- |dentity CP-sensitive variables (angular variables, pr(H),...)

T 100
C
S 90
-
IS
€ 80
ATLAS 0
/s =13 TeV E 70
(O]
139 fb - 60
i
O
K =1 © 50
>
LL
B ooF 40
g

|:|ttHoc =(Q° 20
BiHjb o. = 0°
WWHo=0° 10

0
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SM CP-even
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CP-odd

L

ATLAS
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139 fb’

K =1

B ooF

OJVBF
VH

[CJttH o = 90°

—

2345678

Category

1 WtHib o = 90°
- tWHo = 90°

|| ol s
9 1011121314151617181920

Category

Karsten Koneke

Leptonic |-
CPBDT |-
discriminant |-

- Often use multivariate analysis to:
- combine CP-sensitive information
- separate signal from background

< Leptonic Bkg Rejection BDT discriminant

< Continuum |~
“ background

20

19

I
SM ttH/tH

17) 14

18

13
16

15

CP odd ttH/tH
|




CP Measurement in ttH Production with H = yy

W
o
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IIIIIIIIIIIIIIII

— >
o Expect ~160 events in 139 for! £, P 83
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* Parametrize ttH coupling:

e Results:
144} —
L = vt (ke [cos(a) +isin(a)ys] g, } H - |a| > 43° excluded (95% C.L.)

* SM ttH coupling: CP-even (a=0) - Pure CP-odd coupling excluded at 3.9 O

| Phys. Rev. Lett. 125 (2020) 061802 |
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.125.061802

CMS

Compact Muon Sclenoid

e (CP-odd in
e (P-odd in

‘CﬁH —

“multilepton’ topology
Combine with yy and ZZ°

—Yi _

Tq)t

138 fb' (13 TeV)

o
IIII|IIII|IIII|IIII|IIII|IIII|

H — Multilepton
H— yy/ZZ
[ ]H — Multilepton/yy/zZ

[168% CL

---------- 95% CL

+ Bestfit

¢ SM expected

iggs-Gauge Interactions need higher-order operators
iggs-fermion interactions (top-Yukawa) can be tree-level

(% +iysKy )P, H = _K;)’t@ﬁ_t(COSOZ +iys sSin @)y,

SM ttH coupling: CP-even
(Kt =0 ora=0°)

~2 2
Ki + K

<0.55 @ 68% C.L.
(jof < 48° @ 68% C.L)

||I||||I-:‘
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- Pure CP-odd coupling
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HEP 07 (2023) 092 |
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Karsten Koneke

o] < 43°
@ 95% C.L.

=15

CP Measurement In t(t)H Production

ttH, H — yy topology
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https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-21-006/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2019-01/

e (CP-oddin
* (CP-odd In top-Yukawa can be tree-level

/ .
K¢ SIN (X

+
= 0.5
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“multilepton” topology
Combine with yy and ZZ°
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¢ SM expected
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138 fb' (13 TeV) Camas 11"
Illllllllll__ s =13TeV, 139 fo 1l -
- : 1 Jao
I ] -
2 - |20 5
Ry L 1 o
ki + ki - 1 -
<oss@esncl | | : -
I 1110
(0 < 48° @ 68% C.L.) - -
-2 % Bestfitt a=11",k/=0.84 -
| | :‘ - % SMCP-even: a=0,k;=1 .
5.5 e i CP-odd: or =90, k=1 }
“t—“tCOS@ S 0o 1 207

- Pure CP odd coupling excluded at 3.7 O .

cMS, !

HEP 07 (2023) 092 |

Karsten Koneke

atl.2o

/
Kt = Ky COS (Y


https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-21-006/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2020-03/

H — Z7* — 4f

e BRsm(H — ZZ*) = 2.6%
- BRsm(Z = £F) = 3.4%
= BRsM(H = ZZ* = 44) = 0.016%

=~|200 H = ZZ* = 4f events in 139 fb-!

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

- Excellent signal reconstruction and S/B

e Fiducial cross-section measurement:

- Observed: Org(H = ZZ2* = 44) = 3.28 £ 0.32 fb
- Expected: Crgsm(H = 2% = 4¢) = 3.41 £ 0.18 fb
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H — Z7* — 4¢
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¢ BRSM(H — ZZ ) ~ 26/) g C H o 27% s 47 E— E/I}éisoaxégg}? Iffw)(H*XH n
s+ . Vs=13TeV, 139 fb" : K=Tir -
- BRsm(Z — #f) =~ 3.4% s o1 T NNLOPS K= 11axH
g R e
= BRSM(H — 77F > 4{) = 0.0|69% 0.08— —s— Fitted 2Z* NorIr/nallsatlon -
B p-value MG5 FxFx = 15% |
B | Sl - -value NNLOJET = 15% -
—~1200 H = ZZ* — 4£ events in 139 fb! oosf-| 11 pvalue RadlSH - 6%
& : | - p-value NNLOPS = 8% -~
— : 0.04- 1§ -
- Expect to see 206 signal events (A-€) 1 § 1 .I 3 -
_ . . 0.02|— LT 3 —
- Excellent signal reconstruction and S/B - I LR, 5
OO Sy et s P AL ALl PP 551 WP N
e Fducial cross-section measurement: & 2r =
E" .
- Observed: Opg(H = ZZ* = 4£) = 3.28 £ 0.32 fb 8 I F e T .
)
- Expected: Ofgsm(H = 22" = 4¢) = 3.41 £ 0.18 fb —
2 50 —— + :
, , , I | R .
= Differential cross-section measurements; o5 .
0 10 20 30 45 60 80 120 200 350 1000
Comparison with theory predictions p¥ [GeV]

| arXiv:2004.03969 |

53/46 Karsten Koneke



https://arxiv.org/abs/2004.03969

Charm-Higgs Coupling from pt(H)

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

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

—
N
PN
S
[
I
e
-]
X
(09
<

Jdc

Charm-Higgs coupling strength modifier K¢

—
N
— T T T T T 1

(1/a daldpr.p)(1ia daldpy ,)sm

1.0}
- Direct cc = H production . |
c KZC .= (g )C 08‘
Higgs oo |
Jc

< Charm-Higgs coupling strength modifier K¢
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(8l Combination: H = yy and H = 7Z* = 4¢

EXPERIMENT & —
S o R | - .
e || shaveaniy _; Measure Giot, YH, Niet, p(jet 1), pr(H) (=
?g: - -t Fixed kpb =1 . . E ' ' '
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;—Ih - KZ;17.3.
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(5] Combination: H — yyand H = 2/ = 4¢

EXPERIMENT

LI | L I L | L | L I L | IIIIIIII
- ATLAS ]

3 2.5
© "I H-yy,Vs=13TeV, 139 fb~! : , : .
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* Tiny branching fractions: -~ Bkg+Ho7y

255

>
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_ _ = i
BRsM(H = Hy)|mp<s0 Gev = 3.42 % 10 N 15
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ee resolved low-p — o ATLAS 2|
Tt (s =13 TeV. 139 fb~ 110115120125130135140145150155160
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EXPERIMENT
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EXPERIMENT

&) - — bb

| |
* H — bb dominant decay channel (BR ~58%) 401 ATLAS —e— Data
: : -1 _
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| N B | b b1 | b | 11 | I | b | b | 11 | _
* H — bb dominant decay channel (BR ~58%) @ 40" ATLAS —e— Data -
. +2 ~ = 1 = .
e VH (V=W or Z) associated procuchon: b & 350 51 123ITe:” 13970 -‘I;"La H — bb (1=1.17) =
_ 0+1+2 leptons iboson -
- Olepton (Z = vv) E - _ - _ .
I+ P S ~  2+3jets, 2 b-tags ~| B-only uncertainty -
- |lepton (W = 4v) 7 30:_ Dijet mass analysis B
- 2 lepton (Z — %) an 5 5:_ Weighted by Higgs S/B E
~3000O V(—>Ieptons)H( — bb) events in |39 fb-! D : -
i . ! ! c 20t -
ATLAS VH H—> bb \F—13 TeV 139 fb1 O) - -
—Total  —Stat. D 15 ]
Tot. ( Stat., Syst.) E _ ? _
WH H-o- 095 030 (%i.%01)| 400 > 10 —
G g E
71 i 1.08 025 (1017 w018y £ 3 o S _ ? -
) —0.23 -0.17 » -0.15 ° - 7
- $ R | -
_______________________________________________________________________ ; O - R AN AN \\\\\\\E\QE\\\\E\EE\}E\EE\\\\\\\\\\l WNNNSS R %ﬁﬁ%
e B —
| | | 1 | | | 1| 1 | | 1 | | | 1 1 | | 1 | | | 1 1 | L 1 1 | | 1 1 | I_

Comb. H-0-H +0.18 ;+0.12 +0.14 -
S 102 5y ()| 67 0 S 40 60 80 100 120 140 160 180 200

005 115 2 25 3 35 4 45 5 LLI

e m,, [GeV]

VH

Eur. Phys. ). C 81 (2021) 178 |

60/46

Karsten Koneke



https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2018-51/

H — bb

e (Cross-section measurements as function of pr(V)
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* Explores higher pt(V)

= Increase sensitivity to BSM
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* H — cc 2nd generation decay channel (BR ~2.9%) , [ 2, aTLAs — oo fobs) :
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- ) eptOﬂ (Z — {{) 7 2_52_ ............................. __

= ~|500V(—’|ept0nS)H(—’CC) events in |39 fb-! 2 SR AT :""‘:\"5 """"""""" S

E SOO?ATLAé +Data i 1.5F ]

52250:_\1_13Tev139fb Bl VH(— cc) (u=-9) _Z e ———— 1;_ E

~ ~ 0+1+2 leptons B VZ(— cc) (u=1.16) - _ P - : : e

§  ©oom gl VW(acq)L(Lu=0..83) : ATLAS VH,H - cE  Vs=13 TeV, 139 fb o :

- “F 2;;"&'&1"‘;%‘1";2‘; —Total ~ —Stat. (Tot.) (Stat., Syst.) >t :

o 1s0- | - Comb. "'—‘—}" 9 b5 (Goo 57) 30 20 40 0 10 20 30

9 _ i cvc e ey Wy by by by by gy

S 1001 4 = 60 40 20 0 20 40 60 80 100 120 Ko

: : RUTEE: - Observed (expected)
N R eeektt .y  — Observed (expected) upper limrt on

sof E upper mrt on O0-BR Hggs—charm—couphng:

5080100 i20 40 160 180 200 6 (3 |) x SM (95% CL) 85 (| 24) x SM (95% CL)

] Eur. Phys.).C 82 (2022) 717 | oo (= Back # |
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VBF(y)

Production in H = bb Decays

Photon taggec

q q

27
%%

| [ ! [ I [ I I I | I I I !

ATLAS
/s =13 TeV, 132 fb™ )
B Zyjj

VBF H(— bb)+y 7/, Bkg. Uncertainty
Weighted by Higgs Boson S/B

4 Hyjj (1, = 1.3)

‘.
N
N\ ——
L1111 NN

|

1 I | | |

Weighted Events / 10 GeV (Bkg.-subtracted)

50 100

1 | 1 1 1 |
200 250
m,, [GeV]

I [ v
150

u=13x1.0
Observed (expected)
significance: 1.3 (1.0) O

* |nclusive (y veto):
= L ) L L BN EL AL LA
3 C ATLAS «Data _ rosn
& 20 Vs=13TeV, 126" MH—-bb(k . =0.95,55) —
= C VBF H — bb £—bb :
7 150 Weighted by Higgs Boson In(1+s/b) =
2 - ~,Background uncertainty 1
m 10:_ _:
8 b wm } 5
'g) 5 ]
K] C + ]
S :
> 0F //////////{f///?///»*e
> 4
0 - .
2 -5 + E
(D 1 I 1 1 1 I | | 1 | 1 1 1 I 1 1 1 I 1 |

% 80 100 120 140 160 180 200
i m,, [GeV]

Inclusive Production:

M =0.95+0.37 -0.35
Obs. (exp.) significance:
27 (29) 0

VBF Production:

M =0.95+0.38 -0.36
Obs. (exp.) significance:
26(28) 0

e Combination:

Inclusive Production:

1l =0.99 +0.35 -0.33
Obs. (exp.) signif.:
30300

VBF Production:

1 =0.99 +0.36 -0.34
Obs. (exp.) signif.:
29(29) 0

HEP 03 (2021) 268 |

5 Eur.Phys.].C.81 (2021)

537 |

e Boosted:

- Improved H = bb boosted
tagger (DBB)

- st measurement of VBF

at hish pr,

- Most precise measurement

of boosted ggf to date

- ggf:

- p= 21
- Obs. (exp.): 1.2 0 (0.9 0)

- VBF:

+1.9
—1.7

_ = 5t2l
=000

- Obs. (exp.):3 0 (0.9 0)

CMS Simulation Preliminary

138 fb' (13 TeV)

VBF category
DDB passing

VBF category
DDB failing

ggF category
DDB passing

ggF category
DDB failing

0O 010203040506 070809 1

CMS Preliminary

signal fraction

ttH

138 fb™' (13 TeV)

e Per-bin fit

800 < p, < 1200 GeV

675 < P, < 800 GeV | —

ggF category

600 < P, < 675 GeV | —

550 < p, < 600 GeV | —

500 < p, < 550 GeV |—

450 < P, < 500 GeV | —

22211 Combined fit
-------- SM expectation

CMS

Karsten Koneke

CMS-PAS-HIG-21-020 |

10 -5 5 10 |, 15
ggF
>
> m, > 2000 GeV |-
@
©
(@)
% 1000 < m, <2000 GeV |-
> 1 1
-10 -5 10 15
Hygr
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: U
o
V(ag)H(bb) at high pr :
e S
. =
* [ully-hadronic final state D
. : S 600 S VH — qgbb ata erHiggs
- Challenging at pp collider! & " &-tsrev. 1371 VH - ag ca MV Otrrtig
2 I multijets ./, Uncertainty
— 2 boosted \arge—Rjets 2 500; SR:250 < p!! <450 GeV SR: 450 < p! <650 GeV SR: p!' > 650 GeV

 |nclusive result:

— +1.0
- U= 1.4_0.9

- Obs. (exp.) significance:
.7 ¢ (1.2 o)

e Also in 3 pt(H) bins

Background Subtracted

Karsten Koneke
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CMS, !
g \\ = U
= T "C (o
| 7/ \\ \ \\
L € \\ - \‘ B
cMS, /|
| Eur. Phys. . C 83 (2023) 562 == e
, CMS 138 fb' (13 TeV) CMS 138 b (13 TeV)
e Strongest coupling to leptons
_ _ o » Observed -t 1ctot [+ 1o stat e Observed —+ 1o tot * 1o stat
BRsm(H — 11) = 6.3% = ~485 000 H — 17 events
. GOOd h| h— T(H) SeﬂS|t|\/|t tot stat syst theo bbb tot stat syst theo bbb
e Cut-based (CB) & multiclass neural-network (NN) analyses sMp Yo ot B O e v e
“p*; 200-300] CB I| i 0.70 235 "0 o064 097 - 0.46 u CB ' T 1.94 7553 Zose 1575 Jias — 128
' ' ' H . ' | | ' qoH < 2 Jet or mjj [0,350] | | ' ' . ‘
e |6 (15)STXS binsin NN (CB) analysis % NN = 1.55 0% 1058 1020 048 102 NN| 0.99 112 1197 1021 040 1059
CMS 138 fo' (13 TeV) | i
Expected s OB B s R e e || oB| HEE= 02011 08 14T ~1 03
' ggH NN :|_-_| 9 31-146 +0.74 1031 +1.18 +0.37 I'quH22Jetmj,‘[350,700] | s | 147 +105 1086 1037 +0.26 +0.39
o Observed I_l-l_- 16 tOt -I__ 16 stat Unce r-taln-ty | : -098 -074 -029 -048 -0.37 NN | - 104 -0.85 —037 —-0.28 —0.39
NN (CB) e o v e e o o bxcellent qqi sensitivity
tot stat syst theo bbb . RaR0Jet I 1P -0de cole ~o% 005 ~o20 | pti0200 CB o 0.68 %53 “031 Zo16 —006 ~015
[symmetrlzed] | qaH = 2 Jet m, [700,c<] NN H 1 04 +0.32 1028 1009 +009 +0.12
CB Lo 0.93 *0.12 +0.06 +0.07 +0.07 +0.04 o | o | 031 -027 -008 -0.08 -0.11
. - - — — — ' +0. +0.47 +0.57 +0.24 +02
n | 0.12 -0.06 —0.07 -0.07 —0.03 12% <| 3%> Mtose NN HeH 1,85 0t o ot T05s 059 |
Inc | 0.11 +0.06 +0.06 +0.05 +0.03 | ' +058 +032 +0.28 +033 +0.
I"": 0-82i0_10 t0.06 t0.0G 1_0_04 i0'03 : p- [200,e] cB |_.|_| 0-69_8.1512 ggg 852 8?3 8%3
p'l"[10,200] ' +0. + 0. + 0. +0. 1 0. b4 . o0 ' 4 | | . '
| Manoser NN #H 043 0% 1032 1037 ~ois o014 o2 EmERE NN [l 0.16 1531 1030 004 ~004 —015
| I !
0.20 +0.08 +0.13 +0.12 +0.06 ' o | | ‘ ' ' ' | ‘ +0.95 +0.77 +051 1004 +0,
CB HeH 0.97 T3 T00s Ttz “00d ~006 ‘osq CB| HEE 0,87 *12! +050 +088 044 105t viossy CB e 0.77 +085 1077 1ost 1004 oz
5 25% (23% M1 ' T +
" NN T 0.67 7329 +008 +014 +010 005 6 (237%) SIS NN = 073133 3% 1881 0% 152 NN e 0.79 153 195 1088 0% 0

|
|
I |
| \
| I |
| : \
! . . +1.38 +1.21 +057 +0.23 +0.25
: o (60420, CB - HElH 337707 108 10e o8 foa ov[i50. OB L 265 7126 2111 053 ~010 —0.25
CB | o I | 0 68 +024 +0.17 +0.14 +0.06 +0.09 i T : uV\TIH ‘ 157 150 +053 4023 028
) -0. -0. -0. -0. -0. H 1 Jet 0.6 _ _ 0. \ ‘ +1.37 +1.30 +0.33 +0.23 +0.
K | 023 ~010 2019 ~0:08 —0.09 | 7Cy (24?) SONN | i 210105 1040 105 0% fone NN e 2.657 125 T121 023 010 025
qqH NN 1= 0.81+0-17 +0.14 +0.06 +005 +0.06 o © | |
| ’ -0.16 -0.13 -0.06 —-0.05 -0.06 : ‘
I ' ~121 +060 +066 ~0.69 +0.45 : +0.90 +0.80 +0.34 +0.23 +0.09
CB H‘-—| 1.94 v CB I 1.97 Z081 —074 —029 —0.10 —010
| P [120,200] | ~1.24 -0.60 -0.67 ~0.70 -0.50 p¥ [0,150] : ;
| | |
ggH 1 Jet 078 +054 +0.19 +049 +0.25 ZH [ +0.91 +0.82 +0.37 +0.23 +0.08
CB | | ° | 1.80 +046 +036 +0.23 +0.12 +0.08 NN ' 1612065 053 —018 023 -0.25 NN ‘ 2.00 Zog1 —076 -029 012 —0.09
| |
' NN : I ® I 1 79+0'47 +0.37 +026 +0.11 +0.08 0 ( O> : 0.88 +0.25 +0.61 +0.45 +0.36 : +1.01 +0.89 +0.22 +0.41 +0.13
| | | fY _042 -036 -021 -0.07 -0.07 oi0200 CB o 0.05" 755 “02s 066 127 -o4e oY [150,64] CB (- 2.23 " g Z077 ~016 —0.21 014
T [ T ’ \
| \
ggH = 2 Jet ! 0.67 +0.41 +0.27 +0.43 +0.20 ZH | o +1.00 +0.89 +0.24 +0.39 +0.13
v b b b b NN M 149 Zg56 041 ~025 —022 ~019 NN 1 218 982 “078 0t 021 013
O 1 2 3 4 5 N TN ER T N EE R NN R RN AR e b b v b b b b b b s b
Parameter value 2 0 2 4 6 8 10 12 14 16 18 2 0 2 4 6 8 10 12 14 16 18
Parameter value Parameter value
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— — TT

e Strongest coupling to leptons
- BRsm(H = 11) = 6.3%
= ~480 000 H — 11 events in 139 fb-!

x103 IIIIIIllllllllllllIIIIIIIIIIIIIlIIIIIII
> _I L I L | L | I I I L I L l_ _ -1
S [ ATLAS 4 Dais - Observed ATLAS H— 1t s =13TeV, 139 fb
© 40 V/s=13TeV,139fb! 777 Uncertainty - —Total — Stat Theo. Y,/ <?29
~ [ AllSRs H— 17 (093 X SM) - (expected) | |
— B — TT 7
§> i Other backgrounds _ signiﬁcance: Tot. (Stat., SYS'[.)
o 30 ] Misidentified 7 = — ‘ 1.06 *128 (+1.07 +0.70 )
- } ttH . -1.08 094 -0.53
i - +0.61 +0.50 +0.34
20 1= - VH F—@—H 0.98 —0.58 (—0.48 -0.33 )
: : 0 96 +0.34 (+0.15 +O.31 )
10 B — 3.9(46) 0 ggF Q- Y'Y _0.28 -0.15 -0.23
- - +0.20 +0.13  +0.15
O -: : : : I : : : : | I 1 1 | I 1 1 1 I 1 11 I | L = 5.3 (6.2) 0 VBF m 0.90 _0.17 (_012 _012 )
o s = T O I
m 05F o L - 0.93 *0-13 +0.07  +0.12
cis 0.0 Ew%ﬁﬁ};ﬁ%,, /'", Z__ —— Comb. IT -0.12 (—0.07 -0.10 )
- - | o ‘ E | | | | | | | | | | | | | | | I | | | | I | | | | | | | | | | | | | | I | |
© —-0.5F |~ | | —
Q El I N ﬁ2f07 9 SIgnaI | 1 15 0 1 2 3 4 5 6 7
50 75 100 125 150 175 200 meas SM
mMMC [GeV] (GXB) / (GXB)
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Boosted H — 1T

* Highly boosted pr(H) > 250 GeV
- Dedicated boosted di-tau algorithm

CMS/!

| CMS-PAS-HIG-21-017 |

UNI

FREIBURG

* Observed (expected) significance: 3.5 (2.2) O

* U= 1.64f8:gi e Fiducial differential measurements of pr(H) and pr(lead-jet)

Thh 138 fo' (13 TeV). 138 fb' (13 TeV) 138 fb' (13 TeV)
(D - I 1 1 1 I 1 1 | I ] 1 1
- - —— [ 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 ]
c n CMS —4— Observed — H-1t (x10) 7 % - CMS [ Observed 7 % - CMS [ Observed 7
g’ 250 |~ Preliminary i QCD multijet 3 (5 102 LlPreliminary ciiszz22: gg—H (POWHEG) + XH _ (3 102 = Preliminary ciiiiiiiz: gg—H (POWHEG) + XH _
LL - . vV . S Zz s gg—H (NNLOPS) + XH = S = s gg—H (NNLOPS) + XH -
200 - — - = S E ;@ %0 XH = VBF + VH + ttH (POWHEG) - = o XH = VBF + VH + ttH (POWHEG) -
_ ] SN N 2 7
- Total uncert. H—1t (x1.6) 1 f 1073 & o — = {07% BT _
n ] = - = D = -
150 |- - o E - o - -
- - L 104 A O 10 s
- . = = S s S 85 5555555 =
1 OO - = ~ A[UEARRREARREEEREEERRRRRENEENNNNARANASSNANNNNNANSNNNNNNNAANNNANNNY :C:J E \\\\\\\\\\\\\\\\\\\\\\\\\\\\.\\\\\\\\\\\\\\\\\\\\\\\\\\Qi
- — b ; . b
_ ] = © e N © | N
50 —a—oud e — 7 107 & = 10° IE
0 E L I ===
- %)
o 1.4 0 S
x @) @)
iy 1.2 O O
= Z =
)
o 0.8 L L
@) ©)
O 0_6 e _2 L . ! . . . . ] . . , N L , N . R phe _2 . ] . . ] N , . . ] . , , 1 , A . ,
2 500 1000 1500 2000 & 0 500 1000 1500 2000
' H ]
. 1
Signal NN score p; (GeV) p! (GeV)

)
l
o
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N
o
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67/46 Karsten Koneke



https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-21-017/index.html

HL-LHC ttH, H — bb

CMS-PAS-FTR-21-002

* Projection from analysis of 2016+201/ data in the opposite-sign di-leptonic channel D

68/46

{fH,H->bB, dilepton expected significance [standard deviations]
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| Projection scenarios:
| = --------- Statistical unc. only ~ |------
iy | e Realistic scenario
il Conservative scenario
Ny VA [ resnenens Run-2 uncertainties
_j ................................  eco——— O O—  errescrmmresme e T

CMS Phase-2 Projection Preliminary 130or 14 TeV

CMS-PAS-HIG-18-030 "

dilepton channel :

— 359fb" (2016) + ———&———— 1.0
415" (2017) ’

tot stat syst

4 +0.74 +0.39 +0.63
-0.71 -0.38 -0.59

Realistic

scenario +0.36 +0.27 +0.24
L=300f"  TTF 1.00 5933 026 -0.20

- Run-2 unc. :
scenario +0.25 +0.09 +0.23
L=3000f" T 1.00 5923 009 -021
Conservative :
scenario +0.22 +0.09 +0.20
- L = 3000 b - 1.00 5037 009 -0.14

0 500 1000 1500 2000 2500 3000
Luminosity [ fb™ ]

Karsten Koneke

Realistic

scenario +0.13 +0.09 +0.09
L = 3000 fb" " 1.00 15 009 -008

—1 0 1 2 3 4 5

L=0G/0g,
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HH: [wice the Higgs, twice the fun

* Probing the Higgs potential via HHH coupling:

Lr> —p'¢° — A"
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HH: [wice the I—hggs twice the fun

* Probing the Higgs potential via HHH cou

Ly > — MW H?— MNH?

- H self |
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HH: [wice the Higgs, twice the fun

* Probing the Higgs potential via HHH cou Fxpand ¢(x) around vacuum:
1
LD — pud? — Ao ; ¢ E(HH(@'))

e ———————————— A e
LD — \N°H? | — MH® - |
|

| H self |
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HH: [wice the Higgs, twice the fun

* Probing the Higgs potential via HHH coupling: | Expand ¢(x) around vacuum!

LD — pud? — Ao ; ¢ %(HH( x))

f
1? 1
I
I

,CH > — )\UQHQ

8 GECE0T0T ,
/ i

/ ‘

A t/b : |

| | N \ ‘W‘

8 G660 w S H
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HH: [wice the Higgs, twice the fun

* Probing the Higgs potential via HHH coupling: | Expand ¢(x) around vacuum!

LD — pud? — Ao ; ¢ %(HH( x))

{
1? 1
)
Il

LD — )\UQHQ

8 GCEE6E0y—>——¢——————- H 8 "G6EE6G0T -
,

A t/b 7 A t/b 4 "

, \ N

8 GOEOGE0e—<———————- H 8 "GEEGUTT W S H
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HH: [wice the Higgs, twice the fun

* Probing the Higgs potential via HHH coupling: | Expand ¢(x) around vacuum!

LD — pud? — Ao ; ¢ %(HH( x))

‘ il
U
)

i

LD — )\UQHQ

8 EEEEEETr—> g — = —— ——- 2 g GECEEEeT

At/b Y >
8 TEEEEEEo——t - — —— ——- 2 8 GECEEEoT
e Gluon fusion:o = 31.05 fb = ~4300 events in 139 fb-!
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£

h DI-Higgs Production

 “lLarge’ BR & clean signatures: S I A )

bb

- BRsm(HH — bbbb) = 33% = ~1430 events in |39 fb-! . | 2 | cox
- BRsm(HH — bbtt) =7.4% = ~320 events in 139 fb-! ™ | 78 | = | **

7 3.1% 1.2% 0.34%
- BRsm(HH — bbyy) =0.26% = ~11| events in |39 fb-!
VY 0.26%
ATLAS —— Observed limit
Vs=13TeV, 126—139fb-! .. (Expeftg%"mo‘ihesis)
T 7 _oggllzJ’VBF(HH) =32.71o ] é':(l-gle;ted )Ili?nit +10
= Expected imit 120 Improved results:

Obs. Exp. Obs.  Exp.
P —14<%x1<69 (-28<x1<7.8)

observed (expected) constraints at 95% C.L.:

bbyy 05 <w0v <27 (=1.1 <107 < 33)
_ -32<%1<9.1(-25<%1<9.2)
bbt*t T~
| 04 <1< 2.6 (<02 <127 < 2.4)
bbbbl- { 5.4 8.1
Combined|- +§ Q . . ’;
- |

I Lo 1 ] Sl ess—————
0 S 10 15 20 25 30
95% CL upper limit on HH signal strength uyy
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Combination of H and HH

6 CMS Preliminary 138 fb' (13 TeV)
:T i | I I I | I 1 I I I I I | | I I I I | ]
=2 - Observed — single-H comb., 5.8" .
< | K=Ky =Ky =] —— HH comb., 1.0%>* :
al 5 | -1.5 —
i single-H and HH comb., 3.1°°7 -
4 | =
3 s —
ol -
1 1
0 i 1 1 1 1 | 1 1 1 | ] | |

°5 0 15
K
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-2 Alog(L)

CMS Preliminary

138 fb' (13 TeV)

- single-H and HH comb.

" Floating x,, K,, K, K, Ki, Ky

+1.7
— Observed, 4.7,

—4 —2 0

2 4 6 8 10

Karsten Koneke

12

14
Ky

CMS H+HH Combination

UNI
FREIBURG

Observed constraint on trilinear
coupling at 95% CL.:

—-1.2 <Kk, <75

Expected range:

—-20<kKk, <7.7

| 7 CMS Preliminary 138 fb™ (13 TeV)
. B 1 I 1 I | | I | 1 | 1 I 1 I 1 1 | | I | 1 1 i
- Observed — single-H comb. .
1.6F Ky = Koy = 1 — HH comb. —
N single-H and HH comb. 7
15F ¢ Best fit value —
- — 68% CL (10) -
14 ---95% CL (20) 3
1.3F -
1.2F ~
1.1F -
1.0F -
0.9F —
0.8F ~
: 1 | 1 | |"" | 1 1 :
0-710 5 15
K
CMS /|

| CMS-PAS-HIG-23-006 |
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HH at HL-LHC

e HL-LHC extrapolation from full Run 2 combination of: Senfieanee 17 " Combined sgnl
. Uncertainty scenario bbyy bbt*t~ bbbb Combination | strength precision [%]
- BRsm(HH — bbbb) = 33% = ~38400 events in 3000 fb-!

No syst. unc. 2.3 4.0 1.8 4.9 -21/+22

- BRsm(HH — bbtt) =7.4% = ~6900 events in 3000 fb-! Baseline 220 28 0% 34 ~30/+33

Theoretical unc. halved 1.1 1.7 0.65 2.1 —47/+48

- BRSM(HH — bbyy) =026% = ~240 events in 3000 fb-! Run 2 syst. unc. 1.1 1.5 0.65 1.9 ~53/+65
E||||I||||||||||||||I||||I||||I||||I||||I||||||||E :T _r"'|"*'|""|""|'1".|""|""|"""'|'r'_
11E ||' ATLAS Preliminary = E 5,1 | ATLAS Preliminary
- ;' v's =14 TeV, 3000 fb- . ﬁ - Vs =14 TeV, 3000 fb-’ | [ -

|

_ + HH - bbyy + bbt* T~ + bbbb [
16| Pro ection fro_Rﬁn data ¢ J

HH - bbyy + bbt* T~ + bbbb

I
[
| Projection from Run 2 data
{ Asimov data (K;)

. —— No syst. unc.

|

|

l

|

o)

Significance [o]
o

1ol — Baselme / _
| Theoretical unc. halved _

-\ | | —— Run2syst.unc s, F / .

| —e— Baseline
\ | Theoretical unc. halved
\; —+— Run 2 syst. unc.

1|||||L|||||1||1|||i‘-;.\

o N 0 O

L1

BTN T 2 S E - -
4F § = 8- -
BN N Nonete 248/ A z _ :
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https://cds.cern.ch/record/2703572
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/FTR-21-004/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2022-053/

cxtracting K

0.14

e ! PhysicsBrieﬁngTwicetheHi s, twice the challange | 2 A L B L B

\ L = [ ATLAS Simulation :

oo Vo R dm v > 0.121- —

_ - — = V ® --- H B ]

‘\ /’ _ < g i /s=13 TeV ]

NN 7 g 2 0.1 5 —

T--7 S < ¢ < i =T i

Y - : 0.08- .

, i _

| | [ i

: A ® - - H 0.06— ]

N | - -

N | | _

~N | — 7

/ ‘\\ i <« t 0.04_— ]

WO 300 400 500 OO FOO K00 i Z

— 103:| | I L | | | L UL L L I = 0-02_ ]

_8_ - | ] VHH'Hf[GCV] - -

ko> ) —0 - i .
o - ggF ZH ! ] 14 | P IR ERPPITNN e o =y LU e L T L P TS

- _G _G 1 ] - - _I I I I | | I | I | I | 1 | | 1 I"I I I | I I | 1 | I I:I I I I | 1 I_

102__ VBF ttH E _ ¥ B ATLAS Preliminary : : | ;g 0.14_| | 1 | | L | I | .I | | | I- | | I | L | | | | I_
= Own ~OhH : ] [ Vs=13TeV,27.5-798 0" i S - ATLAS Simulation i
i = - 1.3 kw=ry= =5, = , ~ > 012~ .. —
- " - - xSM . ; 5 < B _ i

10 :; _ | 4 BestFitH R _ = L e @—13 TeV _
= D - 1.2 +BestFit H+HH ! — 2 o1 " _ 0 —
~ - - - _68%CL . <C N Ky = -
| : i — "950/0 CL . — : :-I - _Kk= :

| - Y ] 0.08— ' ~

15— 1 _: 1-1: _EH “‘ ': . : : : -: T K)d= 5 :

= - —3 _  —H+HH oL _ I . i

5 ; - - A - 0.06— ; —

- : e - L :

9 ] — - o :_.J "::_ -

107e l . B ] 0.04— . _

E E 0'9 __ .~“illll"" —_ : : :.. :

i 5 _ - " ‘-. - 0.02 | -

10_2 IIIIIIIIIlIII[lIIIIlIIIIlllllllllllllll 08_| | | | | | | | | |."I | 1 I 1 | | 1 I | | | | | | | | | I I\I 1 I‘II 1 | 1 I_ : :

—=20 -15 -10 5 0 oS5 10 1° 20 =20 -15 -10 -5 0 5 10 15 20 : e T iroyer SIS
K, 37 <1< 115 (62 <1< |1.6) K, 0300 400 500 600 700 800

e =Bxk S arsten Koneke [0 Phys. Lerr B 800 (2020) 135103 ) m,,, [GeV]™

EEEEEEEEEE



https://atlas.cern/updates/briefing/twice-higgs-twice-challenge
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2018-58/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2019-009/
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https://arxiv.org/pdf/1611.03860.pdf

e Once

1 he k Framework

iggs boson mass Is known, all other

iggs-boson parameters are fixed in the SM

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

. g
(ga)SM
g; -1
(0-BR)(i — H — f)= —1
L'y
K; - K7
— OSM (Z — H) BRan (H — f) 5
N
Assumption:
e Only one SM Higgs-like state at ~ 125 GeV with negligible width LHC Higgs XSWG (ariv: 1307.1347)
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http://arxiv.org/abs/1307.1347

Production and Decay Modes

5] Nature 607, 52-59 (2022) |
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2021-23/

Assume:

No BSM
contributions
(Binv = Bundet = O)
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Assume:

Binv and Bundet are
free parameters.

Constrain kw < |
and Kz < |

Add:

VBF H — invisible



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

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

Ratio of Coupling Modifiers

Nature 607, 52-59 (2022)
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2021-23/

Assumption: NS
%
SM Higgs boson coupled only to SM particles, 5
.e. no "beyond SM physics (BSM) SI5
%

- effective couplings to photons and gluons,

Higgs-boson width resolved using SM assumptions
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S
L
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Mass ~ Coupling Strengtw
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2018-054/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2021-23/
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Coupling Combination and HL-LHC

' Nature 607 (2022) 60- 68
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https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-22-001/

cffective Field [ heories: Muon Decay

Fermi-Theory (1933) Theory of Weak Interaction
Effective Field Theory “Full” Field Theory
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cffective Field [ heories: Muon Decay

Fermi-Theory (1933)

Effective Field Theory

Theory of Weak Interaction
“Full" Field Theory

Vu
o-
Ve
1 1 ve
2
2 2 N g~ Gr
For ¢° << myy IS 2 —m2, “m2, and g /3
Extend SM with new BSM operators: L= Loy + Z 6(6)0(6)/1\2
l
- Assume: No new particles below A = | TeV ;
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SMEFT

| arXiv:2004.03447 |

CP-even CP-odd Impact on
Operator  Structure Coeft. | Operator Structure Coefl. | production decay
OLtH HH-‘-ql)urH CuH OuH HHT@)M;”H C,'IH ttH -
OungG HHTG;‘VG“VA CHG Oy é HHT(EJZ\\,G“VA CyG ool Yes
Onw HH'W, W cpw | Oy HH'WLWW'  cpm | VBE,VH  Yes
OHB HH'B,B"  cup | Oyz HH'B,B"  cyz | VBF,VH  Yes
Ouws  HH't'W,,B" cuwp | Oywp  HH'T'W.,,B" cpwpe | VBE,VH  Yes
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https://arxiv.org/abs/2004.03447

SMEFT

Coefficient Operator Example process
CuG (gpot YT, )H Gﬁu Coeflicient Operator Example process Coefficient Operator Example process
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Only direct Wiath Measurement

e s-channel production at future muon collider:

e Precision ~5%
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R=0.003%

Events

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