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Production and decays of the Higgs boson
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• At a mass of ≈ 125 GeV, many production and decay modes are available

• Many have been observed already (talk by Antonio De Maria)

https://agenda.infn.it/event/17057/timetable/?view=standard#45-measurements-of-higgs-coupl
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• Will discuss rare decays and production

• Already presented:
◦ tt̄H and H → µµ ⇒ Antonio De Maria
◦ FCNC t → Hq ⇒ Danny Noonan

• A selection of recent results:
◦ H → ``γ (includes Zγ), CMS

• JHEP 11 (2018) 152

◦ H decaying to quarkonium and photon, ATLAS
• PLB 786 (2018) 134

◦ H → invisible, ATLAS
• arXiv:1809.06682, submitted to PLB

◦ pp → tH, CMS
• arXiv:1811.09696, submitted to PRD

https://agenda.infn.it/event/17057/timetable/?view=standard#45-measurements-of-higgs-coupl
https://agenda.infn.it/event/17057/timetable/?view=standard#35-rare-top-production-at-the
https://inspirehep.net/record/1678088
https://inspirehep.net/record/1680462
https://inspirehep.net/record/1694476
https://inspirehep.net/record/1704945
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H → ``γ
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• Decay H → ``γ involves loops and can be sensitive to BSM particles
running in them
◦ SM B(H → ``γ) ≈ 1.8× 10−4



H → ``γ JHEP 11 (2018) 152
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• CMS search for H → ``γ with 36 fb−1 at
√
s = 13 TeV

• Two channels:
◦ H → Zγ, Z → `` (` = e, µ) with m`` > 50 GeV
◦ H → γ∗γ, γ∗ → µµ with mµµ < 50 GeV (and veto quarkonium decays)
◦ A number of subcategories based on jets, 3rd lepton, pH

T , photon ID. . .

• Fit a peak in m``γ on top of a smooth background

https://inspirehep.net/record/1678088
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• For mH = 125 GeV put upper
limit σ/σSM < 3.9 at 95% CL

• Related ATLAS search[1]

◦ Largely similar but specifically
targets H → Zγ channel

◦ Observed upper limit is
σ/σSM < 6.6

[1] JHEP 10 (2017) 112

https://inspirehep.net/record/1678088
https://inspirehep.net/record/1613896
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Quarkonium and photon
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• H → Qγ provides an alternative way to probe couplings to quarks
◦ In SM B(H → ψ(nS) γ) ∼ 10−6, B(H → Υ(nS) γ) ∼ 10−9

◦ Destructive interference between direct and indirect production[1]

• They are of similar size for Υ ⇒ Access to the relative phase of Hbb coupling

[1] Bodwin et al., PRD 88 (2013) 053003

https://inspirehep.net/record/1239842


Quarkonium and photon PLB 786 (2018) 134
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• ATLAS search for H → Qγ, Q = J/ψ, ψ(2S),Υ(nS), n = 1, 2, 3
◦ Q → µµ
◦ 36 fb−1 at

√
s = 13 TeV

• Unbinned 2D fit to distribution of (mµµγ ,mµµ)
◦ Non-parametric model for continuum bkg from region with loosened event

selection

https://inspirehep.net/record/1680462


Quarkonium and photon PLB 786 (2018) 134
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• Upper limits on B(H → Qγ) at 95% CL

Decay Observed [10−4] Expected [10−4]

H → J/ψ γ 3.5 3.0+1.4
−0.8

H → ψ(2S) γ 19.8 15.6+7.7
−4.4

H → Υ(1S) γ 4.9 5.0+2.4
−1.4

H → Υ(2S) γ 5.9 6.2+3.0
−1.7

H → Υ(3S) γ 5.7 5.0+2.5
−1.4

• CMS recently updated their search for H → J/ψ γ[1]

◦ Observed (expected) upper limit: B(H → J/ψ γ) < 7.6 (5.2+2.4
−1.6)× 10−4

[1] Eur. Phys. J. C 79 (2019) 94

https://inspirehep.net/record/1680462
https://inspirehep.net/record/1700175
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• In SM B(H → ZZ → 4ν) ≈ 1.0× 10−3

◦ Gets enhanced if H decays to invisible BSM
◦ Higgs portal to dark matter

• Focus on a recent result from ATLAS
◦ 36 fb−1 at

√
s = 13 TeV

• VBF topology with a large pmiss
T

◦ Jets with large η gap, not back-to-back, mjj > 1 TeV
◦ Bins in mjj

• Main backgrounds are
Z (→ νν) + jets and
W (→ `ν) + jets
◦ Estimated from

dedicated CR

https://inspirehep.net/record/1694476
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• Observed upper limit B(H → inv) < 0.37 at 95% CL
◦ Expected upper limit is 0.28

• In ATLAS combination[1] with
other modes and Run 1
B(H → inv) < 0.26 (0.17)
is observed (expected)

• Combined CMS result[2] is
B(H → inv) < 0.26 (0.20)

[1] ATLAS-CONF-2018-054 [2] arXiv:1809.05937

https://inspirehep.net/record/1705958
https://inspirehep.net/record/1694380
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tH production

arXiv:1811.09696
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• Destructive interference between dominant amplitudes
◦ Sensitive to strengths of HWW and

Htt couplings and relative phase[1]

◦ SM cross section around 90 fb

• Searched for in CMS
◦ 36 fb−1 at

√
s = 13 TeV

◦ Multitude of Higgs decays utilized

• Multilepton channels target
H →WW , t → b`ν
◦ µ±µ±, e±µ±, 3` channels
◦ Main bkg with non-prompt

leptons is data-driven
◦ MV classification against tt̄V

and tt̄ + jets

[1] Maltoni et al., PRD 64 (2001) 094023,

Farina et al., JHEP 05 (2013) 022

https://inspirehep.net/record/1704945
https://inspirehep.net/record/559131
https://inspirehep.net/record/1202876


tH production arXiv:1811.09696

t

W

b

q

t

H

q′

yt

W

W

b

q

t

H

q′

gHVV

Combined BDT bin

E
ve

nt
s/

B
in

0

20

40

60

80

100

120

140

160

180
Data

Htt
Wtt
Ztt

WZ
, VVVttt, t±W±tZ, W

Conversions
Nonprompt
Charge misid.
Total uncertainty

 tH (expected)×10

CMS  (13 TeV)-135.9 fb

±µ±e

Combined BDT bin
1 2 3 4 5 6 7 8 9 10

D
at

a/
P

re
d.

0

1

2

3
Total uncertainty

Combined BDT bin

E
ve

nt
s/

B
in

0

5

10

15

20

25

30

35

40

45
Data

Htt
Wtt
Ztt

WZ
, VVVttt, t±W±tZ, W

Conversions
Nonprompt
Total uncertainty

 tH (expected)×10

CMS  (13 TeV)-135.9 fb

3 leptons

Combined BDT bin
1 2 3 4 5 6 7 8 9 10

D
at

a/
P

re
d.

0

1

2

3
Total uncertainty

12 / 15

• Destructive interference between dominant amplitudes
◦ Sensitive to strengths of HWW and

Htt couplings and relative phase[1]

◦ SM cross section around 90 fb

• Searched for in CMS
◦ 36 fb−1 at

√
s = 13 TeV

◦ Multitude of Higgs decays utilized

• Multilepton channels target
H →WW , t → b`ν
◦ µ±µ±, e±µ±, 3` channels
◦ Main bkg with non-prompt

leptons is data-driven
◦ MV classification against tt̄V

and tt̄ + jets

[1] Maltoni et al., PRD 64 (2001) 094023,

Farina et al., JHEP 05 (2013) 022

https://inspirehep.net/record/1704945
https://inspirehep.net/record/559131
https://inspirehep.net/record/1202876


tH production arXiv:1811.09696

t

W

b

q

t

H

q′

yt

W

W

b

q

t

H

q′

gHVV

Combined BDT bin

E
ve

nt
s/

B
in

0

20

40

60

80

100

120

140

160

180
Data

Htt
Wtt
Ztt

WZ
, VVVttt, t±W±tZ, W

Conversions
Nonprompt
Charge misid.
Total uncertainty

 tH (expected)×10

CMS  (13 TeV)-135.9 fb

±µ±e

Combined BDT bin
1 2 3 4 5 6 7 8 9 10

D
at

a/
P

re
d.

0

1

2

3
Total uncertainty

Combined BDT bin

E
ve

nt
s/

B
in

0

5

10

15

20

25

30

35

40

45
Data

Htt
Wtt
Ztt

WZ
, VVVttt, t±W±tZ, W

Conversions
Nonprompt
Total uncertainty

 tH (expected)×10

CMS  (13 TeV)-135.9 fb

3 leptons

Combined BDT bin
1 2 3 4 5 6 7 8 9 10

D
at

a/
P

re
d.

0

1

2

3
Total uncertainty

12 / 15

• Destructive interference between dominant amplitudes
◦ Sensitive to strengths of HWW and

Htt couplings and relative phase[1]

◦ SM cross section around 90 fb

• Searched for in CMS
◦ 36 fb−1 at

√
s = 13 TeV

◦ Multitude of Higgs decays utilized

• Multilepton channels target
H →WW , t → b`ν
◦ µ±µ±, e±µ±, 3` channels
◦ Main bkg with non-prompt

leptons is data-driven
◦ MV classification against tt̄V

and tt̄ + jets

[1] Maltoni et al., PRD 64 (2001) 094023,

Farina et al., JHEP 05 (2013) 022

https://inspirehep.net/record/1704945
https://inspirehep.net/record/559131
https://inspirehep.net/record/1202876
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• H → bb̄, t → b`ν channel
◦ MV jet assignment under tHq, tHW ,

and tt̄ + jets hypotheses
• E. g. which jets correspond to H → bb̄?

◦ MV discrimination against dominant tt̄ bkg
◦ tt̄ + HF constrained in situ

• `±`′∓ CR enriched in tt̄
• MVA to distinguish tt̄ + LF and tt̄ + HF

• H → γγ channel
◦ Reinterpreted from a measurement of

Higgs properties in H → γγ[1]

◦ Fit a peak on top of smooth bkg in mγγ

[1] JHEP 11 (2018) 185

https://inspirehep.net/record/1704945
https://inspirehep.net/record/1666825
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• Scan over κt = yt/y
SM
t

• For SM, obs. (exp.) upper limit is about 25 (12)× σSM(pp → tH)

◦ There is ≈ 2σ excess stemming from multilepton and γγ channels
◦ Consistent with the excess observed for tt̄H

https://inspirehep.net/record/1704945


Outlook
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• With main modes of production and decays of the Higgs boson
established, interest to rare processes increases
◦ These are corners in which new physics can still be hiding

• We are just in the beginning of the journey
◦ All results shown here are with 2016 data set — stay tuned for full Run 2
◦ Looking forward Run 3 and HL-LHC
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Categorization in CMS H → Zγ → ``γ JHEP 11 (2018) 152

Category e+e−γ µ+µ−γ

Lepton tag Additional electron (pT > 7 GeV) or muon (pT > 5 GeV)

Dijet tag At least 2 jets required At least 2 jets required

Boosted pT(eeγ) > 60 GeV pT(µµγ) > 60 GeV

Untagged 1

Photon 0 < |η| < 1.4442 Photon 0 < |η| < 1.4442
Both leptons 0 < |η| < 1.4442 Both leptons 0 < |η| < 2.1

R9 > 0.94 and one lepton 0 < |η| < 0.9
R9 > 0.94

Untagged 2

Photon 0 < |η| < 1.4442 Photon 0 < |η| < 1.4442
Both leptons 0 < |η| < 1.4442 Both leptons 0 < |η| < 2.1

R9 < 0.94 and one lepton 0 < |η| < 0.9
R9 < 0.94

Untagged 3

Photon 0 < |η| < 1.4442 Photon 0 < |η| < 1.4442
At least one lepton 1.4442 < |η| < 2.5 Both leptons in |η| > 0.9

No requirement on R9 or one lepton in 2.1 < |η| < 2.4
No requirement on R9

Untagged 4
Photon 1.566 < |η| < 2.5 Photon 1.566 < |η| < 2.5

Both leptons 0 < |η| < 2.5 Both leptons 0 < |η| < 2.4
No requirement on R9 No requirement on R9
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Uncertainties in CMS H → Zγ → ``γ JHEP 11 (2018) 152

Sources H→ Zγ→ ``γ H→ γ∗γ→ µµγ
Theory
– ggH cross section (scale) 3.9% 3.9%
– ggH cross section (PDF) 3.2% 3.2%
– VBF cross section (scale) +0.4%− 0.3% +0.4%− 0.3%
– VBF cross section (PDF) 2.1% 2.1%
– WH cross section (scale) +0.5%− 0.7% +0.5%− 0.7%
– WH cross section (PDF) 1.9% 1.9%
– ZH cross section (scale) +3.8%− 3.1% +3.8%− 3.1%

– ZH cross section (PDF) 1.6% 1.6%
– ttH cross section (scale) +5.8%− 9.2% —
– ttH cross section (PDF) 3.6% —
Underlying event and parton shower
– Muon channel 3% 4.7%
– Electron channel 3% —
Branching fraction 5.7% 6%
Integrated luminosity 2.5% 2.5%
Lepton identification and isolation
– Muon channel 0.6% 2%
– Electron channel 1.2% —
Photon identification and isolation
– Muon channel 2.3% 1.6%
– Electron channel 2.2% —
Pileup reweighting
– Muon channel 0.6% 0.3%
– Electron channel 0.9% —
R9 reweighting
– Muon channel 6.5% 9%
– Electron channel 6.8% —
Trigger
– Muon channel 1.3% 4%
– Electron channel 1% —
Energy and momentum (muon channel)
– Signal mean 0.04% 0.08%
– Signal resolution 4% 5%
Energy (electron channel)
– Signal mean 0.15% —
– Signal resolution 4% —
Jet energy scale
– Muon channel 2.5% 3.8%
– Electron channel 2.7% —
Jet energy resolution
– Muon channel 0.3% 0.7%
– Electron channel 0.3% —
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Distributions for H → Υγ in ATLAS PLB 786 (2018) 134
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Uncertainties in ATLAS H → Qγ PLB 786 (2018) 134

Source of systematic uncertainty
Yield uncertainty
H(Z) → Q γ

Total H(Z) cross section 7.0% (2.9%)
Integrated luminosity 2.1%
H(Z) QCD modelling 1.8% (6%)
Trigger efficiency 2.0%
Photon identification 1.4%
Muon reconstruction 2.8%
Photon energy scale 0.3%
Muon momentum scale 0.2%
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Example diagrams for VBF H → inv
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Uncertainties in ATLAS VBF H → inv arXiv:1809.06682

Table 2: Sources of uncertainty. The first set shows �, the relative improvement of the 95% CL upper limit on Binv
when the source of uncertainty is “removed” by fixing it to its best-fit value. Combined rows are not simple sums of the
rows above because of the � metric; the symbols (†, ‡,?) are parenthetically defined in the table. The column labeled
“visual” shows bars whose lengths from the center tick are proportional to �. The second set of columns shows the
e�ect on the yields and the ↵ transfer factors; values in the 1<mj j < 1.5 TeV bin are shown. The yields are for the
signal process in the SR (S), Z MC in the SR (B��

Z ), and Z MC in the CR (B��
Z ). The ↵Z is given to demonstrate the

reduction in the uncertainty in the ratio B��
Z /B��

Z . The individual yields for the W are not shown because the cancellation
e�ects are similar to the Z counterparts. The abbreviations for the theoretical sources are described in the text. The
‘-’ indicates that the quantity is not applicable. The penultimate (last) row shows the summary impact of removing the
systematic uncertainties due to the experimental and theoretical sources (as well as statistical uncertainties of the MC
samples).

Source Binv improve. [%] Yields,↵ changes (%)
using all mj j bins in 1<mj j<1.5 TeV
� visual S BZ

�� BZ
�� ↵Z ↵W

Experimental (†)
Jet energy scale 10 12 7 8 8 6
Jet energy resol. 2 2 0 1 1 4
Emiss

T soft term 1 2 2 2 2 2
Lepton id., veto 2 - - - - 4
Pileup distrib. 1 3 1 2 3 1
Luminosity 0 2 2 2 - -

Theoretical (‡)
Resum. scale 1 - 2 3 0 2
Renorm., fact. 2 - 20 19 1 2
���� matching 4 - 2 3 1 5
PDF 0 1 1 2 1 1
3rd jet veto 2 7 - - - -

Statistical
MC sample (?) 12 4 5 9 10 9
Data sample 21 6 5 12 12 6

Combined
All † sources 17
All ‡ sources 10
Combine †, ‡ 28
Combine †, ‡, ? 42

The combination of uncertainties from various sources shows that the dominant category has a systematic
origin (penultimate row of Table 2). The lack of MC statistical precision for background processes with
mj j > 2 TeV has the largest impact on Binv. We note that the � values are percent improvements of Binv, so
they do not add in quadrature or in any such standard statistical combinations.

12
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Combination of ATLAS H → inv ATLAS-CONF-2018-054
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Combination of Run 2 CMS H → inv arXiv:1809.05937
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tH cross sections arXiv:1811.09696
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Main uncertainties in CMS search for tH arXiv:1811.09696

Source Uncertainty [%] ∆µ/µ [%]
e, µ selection efficiency 2–4 17
b tagging efficiency 2–15 6
Jet energy calibration 2–15 3
Forward jet modeling 10–35 3
Integrated luminosity 2.5 10
Reducible background estimate 10–40 14
Theoretical sources ≈10 14
tt+HF normalization ≈50 7
PDFs 2–6 8
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LFV decays JHEP 06 (2018) 001
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• Tightest constraints on H → µτ and H → eτ are from CMS
◦ 36 fb−1 at

√
s = 13 TeV

◦ Categorization based on τ decays and jets, multivariate classifier
◦ Observed (expected) upper limits on branching fractions:

• B(H → µτ) < 0.25% (0.25%)
• B(H → eτ) < 0.61% (0.37%)

https://inspirehep.net/record/1644363

