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Ten Years Ago This July.
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Before July 2012

3

1964

1961
1967

1968

Almost 60 years ago the first ideas of the 
Higgs mechanism 

Then there were precision 
measurements of EWK 
parameters at LEP giving 
hints of where to look

A book we all had on 
our bookshelves

Sifbrand de Jong @ EPS 2005



A marvel of engineering was required
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LHC magnet
Helium above the lambda 

point 2.4K
Helium at 2.1 K

Below the lambda point He is a superfluid and the thermal conductivity is ‘infinite’*.
*about 100 times better than the best copper anyway.



The Detectors
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The CMS detector at P5 near Cessy France The ATLAS detector at P1, Meyrin

CMS with a 4T B-field, precision EM 
calorimetry, a silicon tracker and 
muons detection in the return yoke.

ATLAS with air-core toroids for muon 
detectiion and a liquid argon EM 
calorimeter. 



~140 fb-1 

delivered at 
13 TeV.
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Run 1
7 - 8 TeV

Run 2
13 TeV

Higgs
observed

Since July 4th 2012 much has changed.

5.05 fb-1



The Higgs Sector
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ℒSM = −
1
4

FμνFμν + ψ̄γμDμψ + h . c. + |DμΦ |2 + ψiyijψjΦ − V(Φ)

A gauge interaction
similar to what we have seen before.

A Yukawa interaction
unlike anything we have 
probed from before.

A potential:

The keystone of the BEH 
mechanism and the SM. 
Never probed

V(ϕ) ≈ − μ2(ϕϕ†) + λ(ϕϕ†)2

One of the main goals of the CERN LHC program was to find the 
Higgs boson and to study the Higgs sector of the standard model 



The Higgs Field - Basics
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The Higgs mechanism is an elementary part 
of the standard model. 

Introduced to ensure gauge invariance with 
massive vector bosons.

The Higgs field permeates the universe with a 
non-zero vacuum expectation value of 246 GeV.

The Higgs boson is a quantum excitation of the field. 

Knowing the mass of the Higgs boson we can calculate the 
coupling of the Higgs boson to all the elementary particles.



Production Modes
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Gluon-Gluon fusion (ggf)

VH Production

Vector boson fusion (VBF)

49 pb / 6.9M Higgs in 140 fb-1 3.8 pb / 520k Higgs in 140 fb-1

2.3 pb / 320k Higgs in 140 fb-1 0.5 pb / 70k Higgs in 140 fb-1

 productonttH

tH production

0.07 pb / 10k Higgs in 140 fb-1



Cross Sections and Branching Ratios
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Mass of the Higgs Boson 125.38 ± 0.14 GeV (CMS)

The coupling of the Higgs boson 
to other elementary particles is  
proportional to the mass.

The channels with the cleanest 
signals and best understood 
backgrounds are ZZ* and .γγ



Recent  from ATLAS and CMSZZ* → 4ℓ
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Full run 2 H → ZZ* → 4ℓ

Eur. Phys. J. C 81, 488 (2021)Eur. Phys. J. C 80 , 10 (2020) 957

Full run 2 H → ZZ* → 4ℓ

http://dx.doi.org/10.1140/epjc/s10052-021-09200-x
https://cds.cern.ch/ejournals.py?publication=Eur.+Phys.+J.+C&volume=80&year=2020&page=957


The Higgs Potential and the Mass
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V(Φ) = −μ2Φ†Φ+λ(Φ†Φ)2

= V0+
1
2

m2
HH2 + λvH3 +

1
4

λH4

So knowing the Higgs boson mass one can find  and the Higgs potential.λ

ℒSM = . . . − V(Φ)

 are the free parameters of the Higgs potential with  and μ and λ v2 = −
−μ2

λ
m2

H = 2λv2

From  we obtain the vacuum expectation value of the Higgs field to be 246 GeV.mW =
1
2

gWv



The Mass
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-0.10
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Observed: Stat+Sys

Observed: Sys-Only

H → ZZ* → 4ℓ

mH = 124.92 ± 0.19 (stat) +0.09
−0.06 (syst) GeV

122 123 124 125 126 127 128 129

 CMS
 (8 TeV)-1 (7 TeV) + 19.7 fb-1Run 1: 5.1 fb

 (13 TeV) -12016: 35.9 fb

 (GeV)Hm

γγ→Run 1 H
Total (Stat. Only)

 0.31) GeV± 0.34 ( ±124.70 

 4l→ ZZ→Run 1 H  0.42) GeV± 0.46 ( ±125.59 

Run 1 Combined  0.26) GeV± 0.28 ( ±125.07 

γγ→2016 H  0.18) GeV± 0.26 ( ±125.78 

 4l→ ZZ→2016 H  0.19) GeV± 0.21 ( ±125.26 

2016 Combined  0.13) GeV± 0.16 ( ±125.46 

Run 1 + 2016  0.11) GeV± 0.14 ( ±125.38 

Total Stat. Only

H → γγ, ZZ* → 4ℓ

mH = 125.38 ± 0.14 (± 0.11) GeV

Measurement made in the ZZ* and  channels 
precision limited by both statistics and systematics

H → γγ



The Width
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The standard model width  or  .

Both are too small to be measured directly in a pp-collider.

ΓSM
H = 4.1 MeV τH ∼ 1.6 × 10−22s

So iff  we can measure the width 
from the ratio of the on-shell to the off-shell yields.

μH
off−shell ≡ μH

on−shell

σon−shell ∼
g2

prod ⋅ g2
decay

ΓH
σoff−shell ∼

g2
prod ⋅ g2

decay

s4
and

Knowing the Higgs potential all the Yukawa terms and the Gauge terms are defined.

All the couplings to all particles can be calculated  Higgs width ( ).→ ΓH

But:



The Width
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Phys. Lett. B 786 (2018) 223 

H → ZZ* → 4ℓ, H → 2ℓ2ν

ΓH < 14.4 MeV
2015 and 2016 data

σoff−shell
vv→H→4ℓ

σon−shell
vv→H→4ℓ

∝ ΓH

vv = gg, WW, ZZ, Zγ, γγ
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)µ4l)+qq production (l=e, →EW ZZ(

Figure S3: Shown are the m2`2n (left) and m4` (right) distributions for the gg ! 2`2n and EW
ZZ(! 4`) + qq processes, respectively. These processes involve the SM H boson and inter-
fering continuum ZZ production contributions. The color code and the coupling constraints
are indicated on the legends below. The dashed green histogram is the direct sum of the H
boson signal and continuum ZZ contributions without their destructive interference, whereas
the solid magenta histogram is the amplitude-level sum with the interference included. The
distributions are shown after parton shower and inclusively in the number of generator-level
jets.

q

q̄
0

V

Z

qq̄
0 ! V Z:

Figure S4: The Feynman diagrams contributing to the qq ! ZZ and qq 0
! WZ processes

at tree level are represented with a single diagram. These two processes constitute the major
irreducible, noninterfering background contributions in the off-shell region.

non-resonant ZZ interferes destructively with off-shell H

https://www.sciencedirect.com/science/article/pii/S0370269318307494


The Width

16

0 5 10 15

 (MeV)HΓ

0

5

10

15

20

 ln
 L

Δ
-2

 

=0 (SM-like)aif
 unconst.a2f
 unconst.a3f
 unconst.1Λf

Observed
Expected

CMS Preliminary  (13 TeV)-1140 fb≤

68% CL

95% CL

0 1 2 3 4 5
off-shellµ

0

10

20

30

 ln
 L

Δ
-2

 

=1V,F
off-shellR

 unconst.V,F
off-shellR

Observed
Expected

CMS Preliminary  (13 TeV)-1138 fb≤

68% CL

95% CL

0.08 <  < 9.16 MeVΓH

ΓH = 3.2 +2.4
−1.7 MeV

  the most precise measurement up to nowσ(ΓH) ∼ 50 % ΓH

CMS-PAS-HIG-21-013

σoff−shell
vv→H→4ℓ

σon−shell
vv→H→4ℓ

∝ ΓH

vv = gg, WW, ZZ, Zγ, γγ

 and  events and both on-shell and off-shell events .H → 4ℓ H → 2ℓ2ν

H → 4ℓ

first evidence for off-
shell Higgs 

production at 3.6σ

http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-21-013/index.html


Cross Sections and Branching Ratios
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ℒSM = . . . + |DμΦ |2 + ψiyijψjΦ . . . .

Gauge Couplings: 
Tested with ZH, WH, etc  
measurements 

Yukawa Couplings: 
Explore with H couplings 
to fermions.

The Yukawa couplings of the fermions to the 
Higgs field are given by:

gf = 2
mf

v
This is ~ 1 for the top quark and 2 x 10-6 for electrons

Coupling of the Higgs boson to 
the vector bosons given by:

VH Production

1
2

g2
Vv



Differential and Fiducial Cross Sections
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Fiducial cross-sections are intended to be as model independent as possible. 

Match to the experimental conditions  and phase space.

Then divide that region up further 

The shape information provided by differential 
cross sections can be exploited for a range of 
further interpretations.

The distributions of different observables can 
be potentially modified due by BSM effects



STXS Measurement 
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High pT: probe 
EFT operators,

and BSM 
contributions

modeling of 
ggH bkg into 

VBF 

QCD jet scalingQCD jet scaling

QCD jet scaling

With 140 fb-1 of data we can divide up the measurements into multiple bins.

To compare between experiment and theory we use the Standard Template Cross Sections 

STXS for short.



STXS Framework
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Yukawa coupling

Gauge coupling
Yukawa coupling

Yukawa coupling



STXS H → γγ
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 is well suited to STXS measurements 
sensitive to all production modes 
H → γγ

Clean signal with high efficiency and well 
understood backgrounds 

JH
EP 07 (2021) 027

81 different STXS analyses 
categories

http://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-19-015/index.html
http://dx.doi.org/10.1007/JHEP07(2021)027


STXS H → γγ
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JHEP 07 (2021) 027

http://dx.doi.org/10.1007/JHEP07(2021)027
http://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-19-015/index.html


STXS H → γγ

23 JHEP 07 (2021) 027

The statistical precision of the 
gluon-gluon fusion production 
mode is now at the same 
level as the uncertainty in the 
theory prediction.

http://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-19-015/index.html
http://dx.doi.org/10.1007/JHEP07(2021)027


STXS for H → ZZ*

24

gg → H × BZZ*

gg/qq → Hℓℓ × BZZ*

ttH × BZZ*

qq → Hℓν × BZZ*

qq → Hqq × BZZ*

tH × BZZ*

ATLAS-CONF-2021-053

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-053/


25

ATLAS DRAFT

0

10

20

30

40

50

60

70

80

|)
[p

b
]

H
y

/d
(|

σ
d

ATLAS Preliminary

-1 = 13 TeV, 139 fbs

γγ → H*, ZZ → H

*ZZ → H

γγ → H

Combination
Systematic Uncertainty
Total Uncertainty

XH=1.47, +KMG5 FxFx 
XH=1.14, +KResBos2 

XH=1, +KSCETlib 
XH=1.1, +KNNLOPS 

tH+Hbb+Htt=VBF+VH+XH

0 0.15 0.30 0.45 0.60 0.75 0.90 1.20 1.60 2.00 2.50

|
H

y|

0.5

1

1.5

T
h
e
o
ry

/D
a
ta

(a)

1−

0.8−

0.6−

0.4−

0.2−

0

0.2

0.4

0.6

0.8

1

0
σ

1
σ

2
σ

3
σ

4
σ

5
σ

6
σ

7
σ

8
σ

9
σ

|
H

y|

9
σ

8
σ

7σ

6
σ

5
σ

4σ

3
σ

2σ

1σ

0
σ

|
H

y|

0.01 0.01 0.01 0.02 0.01 0.01 0.01 0.04 0.01 1.00

0.04 0.04 0.03 0.05 0.04 0.03 0.05 0.06 1.00

0.05 0.04 0.03 0.04 0.04 0.03 0.02 1.00

0.05 0.05 0.04 0.05 0.04 0.02 1.00

0.04 0.04 0.03 0.04 -0.01 1.00

0.05 0.04 0.03 0.00 1.00

0.05 0.06 -0.00 1.00

0.04 -0.00 1.00

0.01 1.00

1.00

ATLAS Preliminary
γγ → H*, ZZ → H

-1 = 13 TeV, 139 fbs

(b)

Figure 4: (a) Di�erential ?? ! �+- cross-section for the rapidity, |H� |, of the Higgs boson and (b) the corresponding
correlation matrix between the measured cross-sections. The measured cross-sections are compared with ggF
predictions by NNLOPS, MG5 F�F�, R��B��2 and SCET���, where NNLOPS, MG5 F�F� and R��B��2 are
normalised to the fixed order N3LO total cross-section with the listed  -factors. MC-based predictions for all other
Higgs boson production modes -� are normalised to the SM predictions.
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Figure 5: (a) ?? ! � + - cross-sections for the number of jets in the event, #jets, and (b) the corresponding
correlation matrix between the measured cross-sections. The measured cross-sections are compared with ggF
predictions by NNLOPS, MG5 F�F�, STWZ,BLPTW, G�S�� and S�����, where NNLOPS and MG5 F�F� are
normalised to the fixed order N3LO total cross-section with the listed  -factors. MC-based predictions for all other
Higgs boson production modes -� are normalised to the SM predictions.
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Combination of  and  by 
ATLAS for differential  and inclusive cross-sections 
with full Run 2

H → γγ H → ZZ* → 4ℓ
ATLAS DRAFT
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Figure 3: (a) Di�erential ?? ! � + - cross-section, along with (b) the corresponding correlation matrix, as a
function of Higgs boson transverse momentum ?

�
T in the full phase space, compared to Standard Model predictions.

The � ! WW (red inverted triangles), � ! //
⇤ ! 4✓ (blue triangles) and combined (black squares) measurements

are shown. The dotted red line corresponds to the central value of the NNLOPS ggF prediction. The error bars on
the data points show the total uncertainties, while the systematic uncertainties are indicated by the boxes. The bottom
panel of (a) shows the ratio of the measured cross-sections to ggF predictions by NNLOPS, MG5 F�F�, R��B��2,
SCET��� and R���SH, where NNLOPS, MG5 F�F� and R��B��2 are normalised to the fixed order N3LO total
cross-section with the listed  -factors. MC-based predictions for all other Higgs boson production modes -� are
normalised to the SM predictions. The shaded bands on the ratios indicate the relative impact of the PDF and scale
systematic uncertainties on the prediction. These include the uncertainties related to the -� production modes. The
grey area represents the total uncertainty of the measurement. For better visibility, all bins are shown as having the
same size, independent of their numerical width.

Table 5: ?-values in percent quantifying the compatibility of the measured cross sections with various SM ggF
predictions. All predicted distributions from NNLOPS and M��G����5_�MC@NLO-FxFx, while only ?�T and
|H� | predicted distributions from R��B��2, are scaled overall to the fixed order N3LO total cross-section. All other
predictions are normalised to their respective total cross-section. The non-ggF predictions are added, as discussed in
Section 2. The uncertainties in the theoretical predictions are ignored when calculating the ?-values.

SM prediction ?
�
T |H� | #jets ?

lead. jet
T

NNLOPS 78% 98% 92% 29%

MG5 F�F� 71% 98% 84% 20%

R��B��2 24% 93% - 28%

SCET��� 75% 98% - -

R���SH 3.1% - - 12%

G�S�� - - 84% 9.1%

S�����+MCFM+O���L���� - - 2.1% 0.4%

STWZ,BLPTW - - 89% -
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Figure 2: Total ?? ! � + - cross-sections measured at center-of-mass energies of 7, 8, [77] and 13 TeV, compared
to Standard Model predictions taken from Ref. [34]. The � ! WW channel , � ! //

⇤ ! 4✓ channel and combined
measurements are shown. The individual channel results are o�set along the x-axis for display purposes. The
black box on the combined measurements represent the systematic uncertainty, while the error bars show the total
uncertainty. The light grey band shows the estimated uncertainty due to missing higher-order corrections, and the
dark grey band indicates the total uncertainty on the prediction. The total theoretical uncertainty corresponds to the
higher-order-correction uncertainty summed in quadrature with the sum of the PDF and U( uncertainties, and is
partially correlated across values of the center-of-mass energy.

Table 4: ?-values in percent quantifying the compatibility of the individual � ! //
⇤ ! 4✓ and � ! WW results for

the combined total and di�erential cross-sections.

Compatibility

Inclusive 52%

?
�
T 20%

|H� | 23%

#jets 80%

?
lead. jet
T 47%

6th January 2022 – 14:28 9

σmeas
13 TeV = 55.5+4.0

−3.8 pb

σSM
13 TeV = 55.6 ± 2.5 pb



SXTS H → bb

26

-,,

-,-

-,.

-,/

-,0

Ǌ�
$b^

%�

-/3�b^͍-�$-/�PaR%

?IO @]p]
HD?DTOSC�]llnkt*�JJHK
DF)IEJHK

,

-,

.,

N
]p
ek
�pk

�
HD

?
D
TO

S
C

0,, 2,, 4,, -,,, -.,,
lDP�$CaR%

,

-,

.,

N
]p
ek
�pk

�
D
F)
I
EJ
HK

1

10

210

310

 [f
b]

le
p

V
B × bbH

B × 
VH ST

XS
σ

ATLAS Preliminary
-1=13 TeV, 139 fbs

V = W V = Z

 lep. (resolved + boosted)→, V b b→  VH, H 
Observed Tot. unc. Stat. unc.
Expected Theo. unc.

 < 250 GeV

W,t
T

150 < p  < 400 GeV

W,t
T

250 < p  > 400 GeV

W,t
T

p
 < 150 GeV

Z,t
T

75 < p  < 250 GeV

Z,t
T

150 < p  < 400 GeV

Z,t
T

250 < p  > 400 GeV

Z,t
T

p
0
1
2

Ra
tio

 to
 S

M
 

Figure 6: Measured +�, + ! leptons cross-sections times the � ! 11̄ branching fraction in the reduced 1.2 STXS
scheme.
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Figure 7: Observed correlations between the measured reduced stage-1.2 simplified template +�(+ ! leptons,
� ! 11̄) cross-sections, including both the statistical and systematic uncertainties. The colour indicates the size of
the correlation.

5.3 Constraints on e�ective interactions

The STXS results presented in the previous section are interpreted in an e�ective Lagrangian approach to
place constraints on potential modifications of the strength and tensor structure of the+�,� ! 11̄ process.
Extra terms are added to the SM Lagrangian (LSM) to obtain an e�ective Lagrangian (LSMEFT) following
the approach in Refs. [27–29]:

LSMEFT = LSM +

’
8

2
⇡
8

⇤⇡�2
O

⇡
8 , (1)

14

Observed WH and ZH. Differential cross-sections 
analysis sensitive to pT>250 GeV, probing pT>400 GeV


μbb̄
WH = 1.03 ± 0.19 (stat) +0.21

−0.19 (syst)

μbb̄
ZH = 0.97 ± 0.17 (stat) +0.18

−0.15 (syst)

JHEP 12 (2020) 085 ATLAS-CONF-2021-051

http://dx.doi.org/10.1007/JHEP12(2020)085
https://cds.cern.ch/record/2782535/files/ATLAS-CONF-2021-051.pd
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 at high .H → bb pT
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VH, H ĺ bb

Two analyses on full run 2 dataset
� Traditional analysis with anti-kT(R=0.4) 

jets, using MVA methods.
Ϋ Similar strategy as H ĺ bb observation paper 

but with improvements in objects, MVA, 
control regions, background modelling ǥ

� Boosted analysis targeting pT(V) > 250 GeV
Ϋ use large radius jets (anti-kT, R=1.0) with 

substructure info, and track jets for b-tag
Ϋ cut-based categorization, with groomed jet 

mass as final discriminant

QCD@LHC-X 2020, 2 Sept 2020Giovanni Petrucciani (CERN) 18April 2020 arXiv:2007.02873 (sub. to EPJC)
arXiv:2008.02508 (sub. to PLB)

Very challenging 
channel 

detect highly boosted 
jets.

VH, H → bb

pTH > 1 TeV

0.8 < pTH < 1.2 TeV

JHEP 12 (2020) 085

H
IG

G
-2

1-
01

8

ℒSM = . . . + |DμΦ |2 + . . .

http://dx.doi.org/10.1007/JHEP12(2020)085
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2021-08/


H → ττ
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• Bring sensitivity to region of the phase space not well measured by 
 and .


• Principally the VBF production mode and the high  region..


-gluon-fusion: Higgs pT > 300 GeV


-VBF: mjj > 700 GeV
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Figure 15: (a) The measured values for �
H
⇥ B(H ! ⌧⌧) relative to the SM expectations in the nine fiducial volumes

defined in the STXS measurement. Also shown is the result from the combined fit. The total ± 1� uncertainty in the
measurement is indicated by the black error bars, with the individual contribution from the statistical uncertainty in
blue. (b) The measured correlations between each pair parameter of interest in the STXS measurement. The spades
symbol (�) indicates that the criteria on m

j j
only apply to events with at least two reconstructed jets.
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Figure 9: Distribution of the reconstructed di-⌧ invariant mass (mMMC
⌧⌧ ) for all events in the (a) ⌧had⌧had, (b) ⌧lep⌧had

and (c) ⌧
e
⌧µ signal regions. The bottom panel shows the di�erences between observed data events and expected

background events (black points). The observed Higgs-boson signal, corresponding to (� ⇥ B)/(� ⇥ B)SM = 0.92,
is shown with a filled red histogram. Entries with values above the x-axis range are shown in the last bin of each
distributions. The prediction for each sample is determined from the likelihood fit performed to measure the total
pp ! H ! ⌧⌧ cross-section.
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Figure 10: Distribution of the reconstructed di-⌧ invariant mass (mMMC
⌧⌧ ) for all events in the (a) boost, (b) VBF_1

and (c) VH_1 signal regions. The bottom panel shows the di�erences between observed data events and expected
background events (black points). The observed Higgs-boson signal, corresponding to (� ⇥ B)/(� ⇥ B)SM = 0.92,
is shown with a filled red histogram. Entries with values above the x-axis range are shown in the last bin of each
distributions. The prediction for each sample is determined from the likelihood fit performed to measure the total
pp ! H ! ⌧⌧ cross-section.
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pH
T > 100 GeV

https://cds.cern.ch/record/2779179
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-19-010/index.html


H → ττ

30

• Bring sensitivity to region of the phase space not well measured by 
 and , i.e. ggF high pTH and especially VBF: 


-gluon-fusion: Higgs pT > 300 GeV


-VBF: mjj > 700 GeV

H → γγ H → 4ℓ
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Digging Deeper in Higgs Gauge Couplings - H → Zγ
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ℒSM = . . . + |DμΦ |2 + . . .

CMS-PAS-HIG-19-014

significance: 2.7σ (1.2σ exp.)

http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-19-014/index.html


Digging Deeper in Higgs Gauge Couplings - H → Zγ
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ℒSM = . . . + |DμΦ |2 + . . .

Searches for the  Decay ModeH → Zγ

h
<latexit sha1_base64="J16lRymcTpm7oDAUVpEQCJYjwWs="></latexit>

�
<latexit sha1_base64="Y9OFLjKtBShdL0eNsw8geGsxyPI="></latexit>

Z/�⇤
<latexit sha1_base64="2dhaOsayK8KI6+bhe/WgfFLo+6w="></latexit>

`+
<latexit sha1_base64="bdZJIokR6WGfo0zJr5DQw8gO4f0="></latexit>

`�
<latexit sha1_base64="ygd9NYt+5+2R3mR63Q+Bp3rxzg4="></latexit>

~ 2.3% of Br(γγ)|H2|W a
µ⌫W

µ⌫a
<latexit sha1_base64="70VT6B36LbHxydW8L2d/hvxsIAw="></latexit>

Field tensor coupling not measured yet!

Z-photon
A priori straigthforward similar search 
for a leptonic (electrons and muons) 
decaying Z and a photon.
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ATLAS Result
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CMS Result

NEW  
Higgs 2021

ggF, VBF, VH and ttH 
enriched channels

~10%HL-LHC

To follow closely at Run 3 for first evidence!

Already significantly better sensitivity than analysis used for the YR projection

significance: 2.2σ (1.2σ exp.)

Phys. Lett. B 809 (2020) 135754

https://www.sciencedirect.com/science/article/pii/S0370269320305578?via=ihub


Reaching Down to the Rare Decay Channels
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With the branching ratios  the fermion 
mass  we have only recently with the full 
statics of Run 2 we been able to identify 
the  decay channel.

∝

μμ

Branching ratio is ~  2 × 10−4



H → μμ
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μ = 1.19+0.44
−0.42

JHEP 2021, 148

Measured in all categories 

Significance = 3.0 , expected 2.5σ

Measured signal strength:

ATLAS significance = 2.0.

https://link.springer.com/article/10.1007/JHEP01(2021)148#article-info
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Figure 4: Expected and observed profile likelihood scans for c . The per-channel likelihoods are obtained using a
five-POI fit, in which each channel has a separate VH(! cc̄) parameter of interest.

7 Summary

A direct search for the decay of a Higgs boson to a charm quark-antiquark pair has been performed using
139 fb�1 of pp collision data recorded at

p
s = 13 TeV by the ATLAS detector. The search uses three

channels, ZH ! ⌫⌫cc̄, WH ! `⌫cc̄ and ZH ! ``cc̄. Signal events are identified using a multivariate
charm tagging algorithm.

To enhance the signal sensitivity, events are categorised according to the pT of the reconstructed vector
boson, the number of jets and the number of c-tagged jets. The analysis strategy is validated with the study
of diboson production, which is found to be consistent with the SM prediction, with observed (expected)
significances of 2.6 (2.2) standard deviations for the V Z(! cc̄) process and 3.8 (4.6) standard deviations
for the VW(! cq) process.

The analysis yields an observed (expected) limit of 26 (31+12
�8 ) times the predicted cross-section times

branching fraction for a Higgs boson, with a mass of 125 GeV, decaying to a charm quark-anti-quark
pair. The result is interpreted in the kappa framework, considering e�ects on the Higgs boson width,
which results in an observed (expected) constraint on the charm Yukawa coupling modifier strength
|c | < 8.5 (12.4), at the 95% confidence level, the most stringent constraint to date.
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Figure 3: The post-fit mcc distribution summed over all signal regions after subtracting backgrounds, leaving only the
VH(! cc̄), VW(! cq) and V Z(! cc̄) processes, for events with 1 c-tag (left) and 2 c-tags (right). The red filled
histogram corresponds to the VH,H ! cc̄ signal for the fitted value of µVH(cc̄) = �9, while the open red histogram
corresponds to the signal expected at the 95% CL upper limit on µVH(cc̄) (µVH(cc̄) = 26). The hatched band shows
the uncertainty on the fitted background.

where BSM
H!cc̄

is the H ! cc̄ branching fraction predicted in the SM.

Constraints on c are shown at 95% CL for each of the three channels and for the combined likelihood fit
in Fig. 4. The combination allows an observed (expected) constraint to be set of |c | < 8.5 (12.4) at the
95% CL.

17

Data-background, including
: 3.8  for  WH( → cc̄), VZ, VW σ VW( → cq) first limits on  coupling:κc

σ/σSM < 26 (31 exp.)

Getting there.

arXiv:2201.11428

SM VH → cc̄ × 26

https://arxiv.org/abs/2201.11428
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2021-12/


  and H → cc H → bb̄
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The observed and expected values of  and μVHcc̄ μVHbb̄



The Higgs Boson Self-Coupling
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= V0 +
1
2

m2
HH2 + λvH3+

1
4

λH4

V(Φ) = −μ2Φ†Φ+λ(Φ†Φ)2

From the Higgs boson mass find  from λ λ = m2
H /2v2 ∼ 0.13

 determines the strength of the Higgs self-coupling  measure it from HH productionλ →

This is a particularly hard measurement: ggF  and  VBF 
 at 13 TeV.

σ = 31+1.4
−1.2 fb

σ = 1.726 ± 0.036 fb

H H

H H

There are many different analyses searching for this decay channel 



HH → bbbb
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PreliminaryCMS  (13 TeV)-1          138 fb

95% CL upper limits
Observed
Median expected
68% expected
95% expected
Theoretical prediction

 bbbb→HH 
=1

VBF
µ=1, 

ggF
µ

All categories

CMS-PAS-HIG-20-005

Search strategy is to select events with 4 high pT b-jets 



H → Invisible
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Does the Higgs couple to dark matter?

Does the dark matter particle get its mass by coupling to the Higgs boson? 

Signature in VBF are two 
forward jets and a large central 
missing momentum 

Precise estimates of the backgrounds 
are essential for this measurement.

and this

They are:



Higgs to Invisible
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Figure 1: Leading-order Feynman diagrams for the production of a Higgs boson in association
with two jets from VBFH (left), and representative leading-order Feynman diagrams for the
production of a Z boson in association with two jets either through VBF production (middle)
or strong production (right). Diagrams for the production of a W boson in association with two
jets are similar.

event reconstruction is detailed in Section 3, followed by the analysis strategy in Section 4.
Section 5 describes the systematic uncertainties and finally the results are presented in section 6,
with a conclusion in Section 7.

2 Data and simulation samples
The central feature of the CMS apparatus is a superconducting solenoid of 6 m internal diame-
ter, providing a magnetic field of 3.8 T. Within the solenoid volume are a silicon pixel and strip
tracker, a lead tungstate crystal electromagnetic calorimeter (ECAL), and a brass and scintillator
hadron calorimeter (HCAL), each composed of a barrel and two endcap sections. Forward steel
and quartz fiber calorimeters (HF) extend the h coverage provided by the barrel and endcap de-
tectors. Muons are detected in gas-ionisation chambers embedded in the steel flux-return yoke
outside the solenoid. A detailed description of the CMS detector, together with a definition of
the coordinate system used and the relevant kinematic variables, can be found in Ref. [20].

Events of interest are selected using a two-tier trigger system [21]. The first level (L1) is com-
posed of custom hardware processors, which use information from the calorimeters and muon
detectors to select events at a rate of about 100 kHz. The second level, known as high-level trig-
ger (HLT), is a software-based system which runs a version of the CMS full event reconstruction
optimized for fast processing, reducing the event rate to about 1 kHz.

At the end of 2016, the first part of the CMS detector upgrade program (phase 1) was under-
taken with the replacement of the inner tracking pixel detector, and the replacement of the L1
trigger system. As also found in the 2016 data [15], partial mistiming of signals in the forward
region of the ECAL endcaps (2.5 < |h| < 3.0) led to a large reduction in the L1 trigger efficiency
in 2017 [22]. In the following, any trigger efficiency is given with this effect factored out. A sep-
arate correction was determined using an unbiased data sample, and applied on MC events to
reproduce the loss of efficiency. This issue was fixed before the 2018 data taking period.

The signal and background processes are simulated using similar Monte Carlo (MC) generator
configurations as described in detail in Ref. [15], and summarised below. Separate independent
samples were produced for each year of data taking. The same generator settings were used
for the 2017 and 2018 samples.

The Higgs boson signal events, produced through ggH, VH, ttH and VBFH, are generated
with POWHEG v2.0 [23–27] at next-to-leading order (NLO) approximation in perturbative quan-
tum chromodynamics (pQCD). The signal yields are normalised to the inclusive Higgs boson
production cross sections, taken from the recommendations of Ref. [28], calculated at approxi-

CMS: Search for 2 forward jets with high  and high  + MET
• Dominant backgrounds:  and  +jets
• systematically dominated by V+jets modeling

Mjj |Δηjj |
W → ℓν Z → νν

ATLAS: VBF combined with  and  production modes
•

ttH VH
V = Z → ℓℓ; V = (W, Z) → hadrons

Search strategies



H → Invisible
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ATLAS-CONF-2020-008
HIGG-2018-26
CMS-PAS-HIG-20-003
ATLAS-CONF-2020-052

CMS : BR(H → inv) < 0.18 (exp 0.10)
ATLAS : BR(H → inv) < 0.11 (exp 0.11)

Does the Higgs couple to a 
dark matter particle? Dark matter limits set 

through EFT assuming a 
new physics scale of ~1 TeV.

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2020-008/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2018-26/
http://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-20-003/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2020-052/
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What Lies Ahead?
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Run 3 will start this year with an anticipated 350 fb-1 

collected by 2025. 

Beyond that there is the HL-LHC where an expected 
3,000 fb-1 will be delivered.

Nearly one thousand times the luminosity of the original 
observation of 2012.
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New Detectors for the HL-LHC

Both CMS and ATLAS are preparing major upgrades for the HL-LHC era. New silicon trackers 
advanced triggers, precision timing detectors, new calorimeters (CMS) for the same performance 
that we have now.



Better Detectors & Better Theory at the HL-LHC

46Expected improvements in the strange PDF (left) and the gluon PDF (right)

Improvements to the PDF’s  better background estimates→

Better triggers and data rates  maintain thresholds at or below current levels.  →

Precision timing (~30 ps) detectors  reduce confusion from overlapping events. →

New machine learning techniques  improved signal selection and background rejection.→



Summary
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In the past ten years we have gone from discovery to precision 
measurements with a quality like that at LEP.

This could not have happened without:
• The marvel of engineering that is the LHC
• The engineering feat of our detectors 
• The high quality generators like Pythia, Madgraph, and Herwig 
• Precise detector simulations by GEANT4.
• New deep learning techniques to identify the signals.
• Advances in our theoretical models.

The data we will collect with the upgraded detectors will allow us to explore 
the outer reaches of the standard model as we did at LEP
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Let us hope that one day we will make plots like we did for 
the Higgs where new phenomena has to be to guide us into 
the future.

Ms (TeV)
1. 10. 400. 
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Backup



The Higgs Charge-Parity (CP) 
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In a measurement of the process  the CP structure of the Yukawa coupling between the Higgs 
boson and t leptons is studied:

H → ττ

Decay planes of . 
 the angle between the decay planes

H → ττ
ϕCP

Using different decay channels of the ’s and 
reconstructing the angle between the planes - .

CP-odd is disfavored by 3 

τ
ϕcp

σ

The mixing 
angle is 

 −1∘ ± 19∘

http://arxiv.org/abs/2110.04836


