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Higgs production and decay

Common ways to produce a Higgs boson through 𝑝𝑝 collisions:

~125 GeV

Production cross sections [1]

https://cds.cern.ch/record/2227475
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Higgs production

Most common production mechanisms:

𝑔𝑔 → 𝐻

𝑡 ҧ𝑡𝐻

[Weak] Vector
boson fusion (VBF)

WH and ZH

Can probe fermionic 
couplings of the Higgs

Can probe bosonic 
couplings of the Higgs
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Higgs production

Less common ways:

𝑡𝐻 and 𝑡𝐻𝑊: Allows to resolve relative 
phase of 𝐻𝑡𝑡 and 𝐻𝑊𝑊 couplings

𝑔𝑔 → 𝑍𝐻: Allows to resolve relative 
phase of 𝐻𝑡𝑡 and 𝐻𝑍𝑍 couplings
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Higgs decay

Higgs boson decay modes commonly used in analyses:

ℬ for major decay modes [1]

𝐻 → 𝑓 ҧ𝑓

𝐻 → 𝑍𝑍 or 𝑊𝑊

𝐻 → 𝛾𝛾

~125 GeV

http://cds.cern.ch/record/1559921
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Mass
Measure mass from the resonance mass line shape:

Doable from the 4ℓ and 𝛾𝛾 final states to excellent precision (1-2% resolution)

Best measurements to date:
→ 4ℓ + 𝛾𝛾 combined measurement of ATLAS and CMS using LHC Run 1 data [1]:

𝑚𝐻 = 125.09 ± 0.21 stat. ± 0.11 syst. GeV
→ 4ℓ + 𝛾𝛾 measurement of CMS using LHC Run 1 + Run 2 2016 data [2]:

𝑚𝐻 = 125.38 ± 0.11 stat. ± 0.08 syst. GeV
→ 4ℓ measurement of ATLAS using LHC Run 1 + Run 2 2016-2018 data [3]:

𝑚𝐻 = 124.94 ± 0.17 stat. ± 0.03 syst. GeV

𝐻 → 4ℓ

𝐻 → 𝛾𝛾

https://doi.org/10.1103/PhysRevLett.114.191803
https://doi.org/10.1016/j.physletb.2020.135425
https://cds.cern.ch/record/2814431
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Spin-parity
Angular correlations change for different Higgs boson spin and parity scenarios.

Any spin-0 coupling

Different spin-2 
couplings

Different spin-0 
couplings

Can exploit such information from
Higgs boson production
(correlation between Higgs boson 
and associated particles) or decay 
(correlation between decay
products) to measure the spin and 
parity of the Higgs boson

Plots from Refs. [1,2].

https://doi.org/10.1103/PhysRevD.86.095031
https://doi.org/10.1103/PhysRevD.89.035007
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Spin from diboson decays

Extensive list of tests of 
spin-1 and -2 hypotheses 
from CMS and ATLAS using 
𝑍𝑍,𝑊𝑊 and 𝛾𝛾 decays [1,2]

The Higgs boson is consistent with spin 0.

Spin-1 models excluded at >99.999% CL from CMS using 
𝑍𝑍 +𝑊𝑊 decays.

Spin-2 models excluded at >99% CL from CMS using 
𝑍𝑍 +𝑊𝑊 decays, or at 99.87% for minimal gravitons 
using 𝑍𝑍 +𝑊𝑊 + 𝛾𝛾 decays, >99.9% CL in the tested 
ATLAS models using 𝑍𝑍 +𝑊𝑊 + 𝛾𝛾 decays

https://doi.org/10.1103/PhysRevD.92.012004
https://doi.org/10.1140/epjc/s10052-015-3685-1
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Anomalous spin-0 couplings: HVV

𝐴 𝐻𝑉𝑉 ~ 𝒂𝟏 − 𝑒𝑖𝜙Λ1
𝑞𝑉1
2 + 𝑞𝑉2

2

Λ1
2 − 𝑒𝑖𝜙Λ1

𝑍𝛾 𝑞𝛾
2

Λ1
𝑍𝛾 2… 𝑚𝑉

2𝜖𝑉1
∗ 𝜖𝑉2

∗

+ a2 𝑒𝑖𝜙𝑎2 f𝜇𝜈
∗ 1

𝑓∗ 2 ,𝜇𝜈 + a3 𝑒𝑖𝜙𝑎3 f𝜇𝜈
∗ 1 ሚ𝑓∗ 2 ,𝜇𝜈

HVV amplitude
∝ SM-like 𝒂𝟏 term

+ other BSM CP-even
or -odd contributions

CMS 𝐻 → 𝑍𝑍 + 𝐻 → 𝜏𝜏 measurements using Run 2 data [1]
Results in terms of fractional xsec 𝑓𝑎𝑖 = 𝑎𝑖

2𝜎𝑖/( 𝑎1
2𝜎1 + 𝑎𝑖

2𝜎𝑖) with 𝜙𝑎𝑖 = 0 or 𝜋.
→Make use of HVV vertices in both Higgs decay and production.

→ HZZ channel results [2] alone (see table in backup) also provide constraints with other 
BSM couplings profiled.

(𝑎𝑖
𝑊𝑊 = 𝑎𝑖

𝑍𝑍)

(𝑎3
𝑊𝑊 = 𝑎3

𝑍𝑍 cos2 𝜃𝑊)

https://cds.cern.ch/record/2809135
https://doi.org/10.1103/PhysRevD.104.052004
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Anomalous spin-0 couplings: HVV

𝐴 𝐻𝑉𝑉 ∼ 𝜿𝑺𝑴𝑚𝑉
2𝜖𝑉1

∗ 𝜖𝑉2
∗ + ǁ𝜅𝐻𝑉𝑉f𝜇𝜈

∗ 1
𝑓∗ 2 ,𝜇𝜈 + ǁ𝜅𝐴𝑉𝑉 tan𝛼 f𝜇𝜈

∗ 1 ሚ𝑓∗ 2 ,𝜇𝜈
HVV amplitude

∝ SM-like 𝜿𝑺𝑴 term
+ CP-even ǁ𝜅𝐻𝑉𝑉

or -odd ǁ𝜅𝐴𝑉𝑉 contributions

ATLAS 𝐻 → 𝑍𝑍 +𝑊𝑊 measurements using Run 1 data [1]
→ In terms of coupling scale factor ratios:

→ Comparable to Run 1 CMS results using the same final states [2]: 

https://doi.org/10.1140/epjc/s10052-015-3685-1
https://doi.org/10.1103/PhysRevD.92.012004
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Anomalous spin-0 couplings: HVV
HVV amplitude
∝ SM-like term

+ CP-odd contribution

𝐿𝑒𝑓𝑓 = 𝑳𝑺𝑴 +
𝑔

2𝑚𝑊

ሚ𝑑 𝐻𝐴𝜇𝜈 ሚ𝐴
𝜇𝜈 + 𝐻𝑍𝜇𝜈 ෨𝑍

𝜇𝜈 + 2 𝐻𝑊𝜇𝜈
+ ෩𝑊−𝜇𝜈

ATLAS 𝐻 → 𝜏𝜏 (Run 2 
2016) + 𝐻 → 𝛾𝛾 (Run 2) 
through VBF production 
[1,2]

https://doi.org/10.1016/j.physletb.2020.135426
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2020-08/
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Anomalous spin-0 couplings: Hgg/Htt

With 𝑚𝐻 < 2𝑚𝑡, resolving loop structure 
from 𝑔𝑔 → 𝐻 on-shell Higgs boson 
production statistically difficult.
⇒
EFT treatment with point-like couplings
→ Can be translated to 𝐻𝑡𝑡 couplings

With discovery of 𝑡 ҧ𝑡𝐻 associated 
production [1,2], one can probe 𝐻𝑡𝑡
couplings directly

𝐴 𝐻𝑡𝑡 = −
𝑚𝑡

𝑣
ത𝜓𝑡 𝜿𝒕 + 𝑖 ǁ𝜅𝑡𝛾5 𝜓𝑡𝐴 𝐻𝑔𝑔 ∼ 𝑎2

𝑔𝑔
f𝜇𝜈
∗ 1

𝑓∗ 2 ,𝜇𝜈 + 𝑎3
𝑔𝑔
f𝜇𝜈
∗ 1 ሚ𝑓∗ 2 ,𝜇𝜈

→ If 𝑓𝑎3
𝑔𝑔𝐻

=
𝑎3
𝑔𝑔 2

𝑎2
𝑔𝑔 2

+ 𝑎3
𝑔𝑔 2 sgn

𝑎3
𝑔𝑔

𝑎2
𝑔𝑔 and 𝑓𝐶𝑃

𝐻𝑡𝑡 =
෥𝜅𝑡

2

𝜅𝑡 2+ ෥𝜅𝑡 2 sgn
෥𝜅𝑡

𝜅𝑡
,

the two fractions are related as 𝑓𝐶𝑃
𝐻𝑡𝑡 = 1 + 2.38

1

𝑓𝑎3
𝑔𝑔𝐻 − 1

−1
. 

https://doi.org/10.1103/PhysRevLett.120.231801
https://doi.org/10.1016/j.physletb.2018.07.035
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Anomalous spin-0 couplings: Hgg/Htt

→ Another CMS analysis of multilepton 𝑡 ҧ𝑡𝐻 + 𝑡𝐻 final states 
combines with the 4ℓ and 𝛾𝛾 channels: 

𝑓𝐶𝑃
𝐻𝑡𝑡 < 0.73 @ 95% CL [3]

CMS constraints on CP-violating 
contributions in Higgs boson 
production via fermionic 
couplings
→ Using Run 2 4ℓ + 𝜏𝜏 data, 
also combining with recent 
𝑡 ҧ𝑡𝐻, 𝐻 → 𝛾𝛾 analysis [1,2].

https://cds.cern.ch/record/2803420
https://doi.org/10.1103/PhysRevLett.125.061801
https://cds.cern.ch/record/2809135
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Anomalous spin-0 couplings: Hgg/Htt

→ 𝐻𝑔𝑔 CP mixing angle: Run 2 2016 𝑊𝑊 → 𝑒𝜈𝑒𝜇𝜈𝜇 data from ATLAS:

tan 𝛼 < 0.5 @ 68% CL [1] ( 𝑓𝐶𝑃
𝑔𝑔𝐻

< 0.2 in CMS language)

→ 𝐻𝑡𝑡 CP mixing angle Run 2 𝑡 ҧ𝑡𝐻, 𝐻 → 𝛾𝛾 data from ATLAS:

𝛼 < 43° @ 95% CL [2] ( 𝑓𝐶𝑃
𝐻𝑡𝑡 < 0.47 in CMS language)

→ Also Run 2 𝑡 ҧ𝑡𝐻, 𝐻 → 𝑏ത𝑏 data from ATLAS:

𝛼 < 66° @ 68% CL [3] ( 𝑓𝐶𝑃
𝐻𝑡𝑡 < 0.83 in CMS language)

𝑡 ҧ𝑡𝐻, 𝐻 → 𝛾𝛾

https://doi.org/10.1140/epjc/s10052-022-10366-1
https://doi.org/10.1103/PhysRevLett.125.061802
https://cds.cern.ch/record/2805772
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Anomalous spin-0 couplings: Hττ

Same amplitude/Lagrangian formalism as in 𝐻𝑡𝑡 couplings 
to determine CP-violation in 𝐻 → 𝜏𝜏 decays

ATLAS [1]:
𝛼: [−25, 43] @ 95.5% CL

CMS [2]:
𝛼: [−42, 40] @ 95% CL

https://cds.cern.ch/record/2809728
https://doi.org/10.1007/JHEP06(2022)012
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The Higgs boson is predominantly a CP-even spin-0 
particle as prescribed in the SM.

Let’s examine its couplings closer for the SM-like 
tensor structure...
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Constraints on production modes

Combine results from all channels and interpret:
→Measurements so far consistent with the SM [1,2]
→ Gluon fusion within ~5%, VBF within ~10%
→ Consistent excess in 𝑡𝐻, but large uncertainty due 
to small xsec and 𝑡 ҧ𝑡𝐻 contamination

https://doi.org/10.1038/s41586-022-04893-w
https://doi.org/10.1038/s41586-022-04892-x
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Constraints on visible decays

→Measurements so far consistent with the SM [1,2]
→ 𝑍𝑍,𝑊𝑊, 𝛾𝛾, and 𝜏𝜏 precision within 10%

https://doi.org/10.1038/s41586-022-04893-w
https://doi.org/10.1038/s41586-022-04892-x
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Interpretation in terms of couplings

→ 𝐻𝑍𝑍, 𝐻𝑊𝑊,𝐻𝜏𝜏, and effective coupling modifiers for 𝐻𝛾𝛾, 𝐻𝑔𝑔 measured to 10%
→ ATLAS also presents constraints with invisible and undetected branching ratios.

(see comparison on next slide)

From [1,2]

https://doi.org/10.1038/s41586-022-04893-w
https://doi.org/10.1038/s41586-022-04892-x
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𝐻 → invisible limits

ATLAS invisible and undetected branching ratio result 
from combination of all channels:
ℬ𝑖𝑛𝑣 < 0.13 and ℬ𝑢 < 0.12 at 95% CL

(assuming 𝜅𝑍, 𝜅𝑊 ≤ 0)

From Ref. [1], based on Run 2 
𝐻 → inv. data:
ℬ𝑖𝑛𝑣 < 0.15 from VBF [2]
and
ℬ𝑖𝑛𝑣 < 0.19 from 𝑍 → ℓℓ 𝐻 [3]

Most stringent CMS limit
from Run 2 VBF [4]:
ℬ𝑖𝑛𝑣 < 0.18 @ 95% CL

Other CMS 𝐻 → inv. interpretations:
𝑡 ҧ𝑡𝐻 [5]: < 0.46
𝑍 → ℓℓ 𝐻 [6]: < 0.29
𝑔𝑔 → 𝐻𝑗, 𝑉 → 𝑗𝑗 𝐻 [7]: < 0.28

https://doi.org/10.1038/s41586-022-04893-w
https://cds.cern.ch/record/2801694
https://doi.org/10.1016/j.physletb.2022.137066
https://doi.org/10.1103/PhysRevD.105.092007
https://cds.cern.ch/record/2668677
https://doi.org/10.1140/epjc/s10052-020-08739-5
https://doi.org/10.1007/JHEP11(2021)153
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Beyond couplings: STXS (1.2)
The idea is to split production modes finer in specific final states, 𝑝T

𝐻, or 𝑚𝑗𝑗 and 

measure the cross section for each ‘production bin’.

So far, ATLAS Run 2 
results consistent 
with the SM [1]

Other CMS results 
from individual 
channels:
𝑊𝑊 [2]
𝜏𝜏 [3]
𝛾𝛾 [4]
𝑍𝑍 [5]

https://doi.org/10.1038/s41586-022-04893-w
https://cds.cern.ch/record/2812784
https://cds.cern.ch/record/2807752
https://doi.org/10.1007/JHEP07(2021)027
https://doi.org/10.1140/epjc/s10052-021-09200-x
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Beyond couplings: Fiducial differential xsecs
→ Another way to go beyond simple coupling constants is to measure the aggregate 
Higgs boson production xsec in bins of 𝑝T

𝐻, 𝑦𝐻 or other kinematic variables within a 
fiducial selection volume.

→ Example fiducial volume from CMS 4ℓ analysis:

→ Higgs boson production outside of the fiducial volume is ‘background’.
→Measure true cross section after unfolding, and efficiency and acceptance corrections.
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Example fid. xsecs differential in 𝑝T
𝐻

𝐻 → 4ℓ [1]
𝐻 → 𝜏𝜏 [2]

𝐻 → 𝛾𝛾 [3]

𝐻 → 𝑊𝑊 [5]

𝐻 → 4ℓ + 𝛾𝛾 [4]

𝑝𝑇
𝑚𝑖𝑠𝑠:

150-250 
GeV

>250 GeV

𝑉𝐻,𝐻 → 𝑏ത𝑏 (0-ℓ) [6]

More observables measured 
in the linked references

https://doi.org/10.1140/epjc/s10052-021-09200-x
https://doi.org/10.1103/PhysRevLett.128.081805
https://cds.cern.ch/record/2803740
https://doi.org/10.1007/JHEP03%282021%29003
https://doi.org/10.48550/arXiv.2207.08615
http://cds.cern.ch/record/2805712
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All measurements of Higgs boson couplings in 
production and decay seem consistent with the SM 
for now.

Let’s examine the last piece in our properties
investigation, the lifetime of the Higgs boson...



Best width upper 
bounds from on-shell 
mass spectra comes 
from CMS 4ℓ [1]:

ΓH < 1.1 GeV
(𝜏H > 6.0 × 10−25 s)
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Higgs boson width/lifetime

Only lifetime upper bound 
comes from CMS on-shell
4ℓ displacement [2]:

𝜏H < 1.9 × 10−13 s
(ΓH > 3.5 × 10−12 GeV)

SM value:
𝜏H = 1.6 × 10−22 s
ΓH = 4.1 MeV

Out of reach of either 
method in precision!

On-shell
4ℓ mass

https://doi.org/10.1007/JHEP11(2017)047
https://doi.org/10.1103/PhysRevD.92.072010
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Off-shell Higgs boson production

In 𝐻 → 𝑉𝑉 (𝑉 = 𝑍,𝑊), 𝑚𝑉 < 𝑚H < 2𝑚𝑉:
→ Either 𝐻 is on-shell and one 𝑉 is off-shell,  
or 𝐻 is off-shell and both 𝑉s are on-shell

→ Both 𝑉s going on-shell allows ~10% of 
events in the SM to produce an off-shell 
Higgs boson [1]

Possible to measure two off-shell
production mechanisms:

- 𝜇𝐹
off−shell (𝑔𝑔)

- 𝜇𝑉
off−shell (EW 𝐻 + 2 jets)

- Can also measure overall 𝜇off−shell

On-shell

Off-shell

Destructive 
interference

Higgs-mediated diagrams interfere 
destructively with continuum VV production:
→ Large in magnitude
→ ~Twice the size of the Higgs signal
→ Necessary in the SM to ensure unitarity

https://doi.org/10.1007/JHEP08(2012)116
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Off-shell Higgs boson production

CMS finds evidence for off-shell Higgs boson 
contributions in 𝑍𝑍 → 4ℓ + 2ℓ2𝜈 and measures 

𝜇𝐹
off−shell and 𝜇𝑉

off−shell [1].

(= 𝜇𝑉
off−shell/𝜇𝐹

off−shell)

https://cds.cern.ch/record/2801541
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Higgs boson width from off-shell

Combine with on-shell signal strength measurement to extract ΓH [1]:

On-shell Off-shell

𝜎 = න
𝑔𝑝𝑟𝑜𝑑
2 𝑔𝑑𝑒𝑐

2

𝑚2 −𝑚H
2 2 +𝑚H

2ΓH
2…𝑑𝑚2

𝜎 ∝
𝑔𝑝𝑟𝑜𝑑
2 𝑔𝑑𝑒𝑐

2

ΓH
∝ 𝜇prod 𝜎 ∼ න

𝑔𝑝𝑟𝑜𝑑
2 𝑔𝑑𝑒𝑐

2

𝑚2 −𝑚H
2 2

…𝑑𝑚2 ∝ 𝜇prod ⋅ ΓH

𝜇prod
off−shell

Measure on-shell signal strength 
from final states 𝑍𝑍 or 𝑊𝑊

Ratio of off-shell to on-shell 
signal strengths for each 
production mode gives ΓH

https://doi.org/10.1103/PhysRevD.88.054024
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Higgs boson width from off-shell

CMS Run 2 4ℓ + 2ℓ2𝜈 [1]:
ΓH = 3.2−1.7

+2.4 MeV
[0.5, 8.5] MeV @ 95% CL
(7.7 10−23 < 𝜏𝐻 < 1.3 10−21s)

ATLAS Run 2 ‘16 4ℓ + 2ℓ2𝜈 [2]:
ΓH < 14.4 MeV @ 95% CL

https://cds.cern.ch/record/2801541
https://doi.org/10.1016/j.physletb.2018.09.048
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Higgs boson width from off-shell

CMS Run 2 4ℓ + 2ℓ2𝜈 [1]:
ΓH = 3.2−1.7

+2.4 MeV
[0.5, 8.5] MeV @ 95% CL
(7.7 10−23 < 𝜏𝐻 < 1.3 10−21s)

ATLAS Run 2 ‘16 4ℓ + 2ℓ2𝜈 [2]:
ΓH < 14.4 MeV @ 95% CL

(see backup for 
more results)

https://cds.cern.ch/record/2801541
https://doi.org/10.1016/j.physletb.2018.09.048
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Many exciting results from ATLAS and CMS to 
understand Higgs boson properties.

Excellent progress in exploiting kinematic 
information, more progress in the horizon.

No new physics yet, but great precision 
already being achieved.

Stay tuned for more exciting results as we 
enter the LHC Run 3 era!
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Anomalous HVV couplings from on-shell 4ℓ

→ Results from [1]

→ Approach 1 fixes or unconstrains 
couplings without assuming any 
relationship between each other.

→ Approach 2 assumes Λ1 and Λ1
𝑍𝛾

couplings are determined by the 
combination of 𝑎1 and 𝑎2 couplings 
according to SMEFT relations.

https://doi.org/10.1103/PhysRevD.104.052004
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Fiducial volume in ATLAS 4ℓ
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Fiducial volume in ATLAS 𝛾𝛾
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Fiducial volume in ATLAS 𝑏ത𝑏
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Fiducial volume in CMS 4ℓ
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Fiducial volume and obs. in CMS 𝛾𝛾



43

Fiducial volume and obs. in CMS 𝑊𝑊

Jet counting: All jets clustered with the anti-𝑘T algo. with 𝑝T > 30 GeV
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Fiducial volume in CMS 𝜏𝜏

Fiducial region definition:
→ Leptons include FSR within Δ𝑅 < 0.1

→ 𝜇𝜏ℎ: 𝑝𝑇
𝜇
> 20 GeV, 𝜂𝜇 < 2.1, 𝑝𝑇

𝜏ℎ > 30 GeV, 𝜂𝜏ℎ < 2.3, 𝑚𝑇
ℓ < 50 GeV

→ 𝑒𝜏ℎ: 𝑝𝑇
𝑒 > 25 GeV, 𝜂𝜇 < 2.1, 𝑝𝑇

𝜏ℎ > 30 GeV, 𝜂𝜏ℎ < 2.3, 𝑚𝑇
ℓ < 50 GeV

→ 𝑒𝜇: 𝑝𝑇
ℓ1 ℓ2 > 24 15 GeV, 𝜂ℓ < 2.4, m𝑇

ℓℓ < 60 GeV, 𝑝𝑇
𝑚𝑖𝑠𝑠 < 60 GeV

→ 𝜏ℎ𝜏ℎ: 𝑝𝑇
𝜏ℎ > 40 GeV, 𝜂𝜏ℎ < 2.1, should have at least one jet with 𝑝𝑇 > 30 GeV
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Anomalous spin-0 HVV couplings & off-shell

→Measurement [1] relatively stable if anomalous HVV 
couplings considered

→ Can use off-shell to further constrain these couplings

https://cds.cern.ch/record/2801541


46

Anomalous spin-0 HVV couplings & off-shell

Width and anomalous HVV coupling constraints using off-shell information [1]

https://cds.cern.ch/record/2801541

