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Higgs production in pp collisions at 13 TeV
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‣ We all know the five favorite 
Higgs production 
mechanisms and tend to 
forget about another

‣ The SM cross section for 
single top plus Higgs 
production is ~500x smaller 
than that for gluon fusion

‣ σ(tHq) = 71 fb

‣ σ(tHW) = 16 fb

‣ Why even bother looking?
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Associated tH production

• Two dominant diagrams for tHq production in SM:
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� Destructive interference in SM ) cross section 18.3 fb†

� With an inverted sign of Yukawa coupling yt = �1 the interference is
constructive, � = 234 fb† (⇥13 enhancement)

2 / 30

†Farina et al., JHEP 05 (2013) 022; Biswas et al., JHEP 01 (2013) 088

Discovery through interference

‣ Small cross section due 
to destructive 
interference between 
two diagrams

‣ Similar for tHW 
production

‣ If the sign of the top Yukawa coupling is 
inverted (κt = -1), interference is 
constructive, and cross section is x10 larger!

‣ Most production modes depend on the 
square of the coupling, insensitive to sign

‣ Bounds on κt largely derived from decays

‣ Constraints assume no new particles in 
loops

‣ Composite Higgs, FCNC processes could 
enhance cross section further
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tH production in the middle of everything

‣ tH production has recently 
gained attention in the 
context of standard model 
effective field theory

‣ “opens up the rather 
unique possibility of 
accessing top-Higgs, top-
gauge, triple gauge, gauge-
Higgs interactions in the 
same final state.”

‣ See JHEP 1810 (2018) 005 
and arXiv:1904.05637
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K. Mimasu, 21/06/2018 SMEFT @ the LHC

SMEFT at the LHC: key players
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CMS Run 2 searches for tH
‣ Excellent opportunity to search for tH in LHC Run 2 data

‣ CMS Run 1 result (JHEP 06 (2016) 177) only explored κt = -1

‣ tHq cross section ~x4 larger at 13 TeV than 8 TeV

‣ Include tHW as signal, improved analysis techniques, greater 
exploration of κt ≠ -1

‣ Two CMS searches for tH production (PRD 99 (2019) 092005)

‣ H→WW multileptons: small branching ratio but better S/B, non-
prompt lepton backgrounds

‣ H→bb: Largest branching ratio but very large tt background

‣ Commonalities:

‣ Both take advantage of top semi-leptonic decay and forward light jet

‣ Both have tt (including ttH) as their most significant background

‣ Plus: reinterpretation of H→γγ in the tHq context
 5
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H→WW→leptons: selection

‣ Trilepton final state

‣ μμμ, μμe, μee, eee

‣ Z veto

‣ Same-sign dilepton final state

‣ μμ, μe

‣ Both cases

‣ At least one b-tagged jet

‣ At least one non-tagged jet

‣ ~75% H→WW, ~20% H→ZZ, 
~5% H→ττ
‣ Significant fraction of selected 

data events also pass selections 
for ttH analysis, counted as signal
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The tHq (H → WW) process

• 2 same sign leptons(2lss), one from 
W from top, the other from one W 
from Higgs

• Two light (often soft) jets from H

• One forward jet from q-quark
• One b quark from top decay
• Three W bosons

• 3 leptons (3l), one from W from top 
and the other two from Ws from 
Higgs

• No central light jets

Characteristic signal signature (tHq):
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H→WW→leptons: backgrounds
‣ Two dominant sources of background

‣ tt+(W/Z/H/γ) with prompt leptons

‣ Modeled with simulations

‣ tt with non-prompt leptons

‣ Modeled with data using loose-to-
tight extrapolation from control 
regions

‣ Separate multivariate discriminators 
for two main backgrounds, using info 
on jet and b-jet multiplicities, forward 
jet activity and kinematic properties 
of leptons

‣ Combine information from two 
discriminators into one variable
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Backgrounds with non-prompt leptons

• An important background consists of events with non-prompt leptons
� Mostly tt̄ ! `+ jets, where a b jet fakes a lepton

• Data-driven estimation
� Extrapolate from regions with loosened cuts on

lepton ID and isolation
• Nominal selection apart from that

� Construct per-event weights from fake rate
• Fake rate f is the probability that a lepton passes

tight selection given that it passed loose one:

f = Ntight/Nloose

• Measured in control regions in data

• Also measure from data electron charge mis-ID
� Utilise same-sign ee pairs with m`` ⇠ mZ
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Non7prompt$leptons$are$es5mated$using$a 
loose7to75ght$extrapola5on$(“fake$rate”)

• Mostly$from$tt$̅(some$DY$in$3L$channel)$
• Dominant'background$in$all$channels$

• Define$“loose”$lepton$selec5on$that$
admits$more$non7prompt$leptons$

• Extract$$$f(=(N*ght(/(Nloose$$from  
control$regions$in$the$data$

• Weight$events$with$leptons$failing$the$
5ght$cut$to$es5mate$non7prompt$
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18 / 30 Prediction eμ μμ 3l
Signal (κt = -1) 39 26 15

ttH (κt2 = 1) 35 24 18
Background 443 211 106
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H→WW→leptons: results

‣ Classifier output distributions from combined maximum likelihood 
fit

‣ Uncertainties dominated by normalization of non-prompt lepton 
backgrounds, scale variations for ttV and ttH processes, lepton 
selection efficiencies
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H→bb: selection

‣ One isolated high-pT lepton

‣ Missing energy from ν
‣ Three or four b jets

‣ One additional jet

‣ Lots of tt background!
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• Exactly one isolated µ or e
� pT > 26 (30) GeV for µ (e)
� Used to trigger events

• Moderate 6ET

� 6ET > 35 (45) for µ (e)

• Three or four b-quark jets
� pT > 20GeV

• A non-b-quark recoil jet
� pT > 20GeV if |⌘| < 2.4
� pT > 40GeV if |⌘| > 2.4

• Dominant background is tt̄
Region S/B ratio

3 b-jets 13/1900 0.7%
4 b-jets 1.4/66 2.1%

Sample S(κt = -1)/B

3 b jets 252/45300

4 b jets 32.8/1880
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H→bb: multivariate approaches everywhere
‣ Need to assign each of the jets to parent quarks of final state
‣ Develop multivariate discriminator based on event quantities such as 

invariant masses, ΔR’s, jet η and pT values, jet charges and tagging info

‣ Choose single best assignment of jets to quarks as reconstruction 
hypothesis

‣ Do this separately under three different assumptions of initial state:  
tHq and tHW signal and tt background

‣ With tH and tt reconstructions done, form kinematic quantities specific 
to each of the reconstructions and develop another discriminator based 
on them that distinguishes the processes

‣ Validated in two-tag event sample, enriched in tt

‣ Fit distribution of that discriminator to templates from signal and 
background

‣ Simultaneously, use a tt-enriched dilepton sample to constrain the heavy 
flavor content of the tt background, using (yet) another discriminator

 10
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H→bb: results

‣ Classification discriminator from maximum likelihood fit

‣ Dominant systematic uncertainties from renormalization and 
factorization scales, overall normalization of tt+HF processes, and jet 
energy corrections
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Reinterpretation of H→γγ
‣ tH already included in CMS 

inclusive H→γγ analysis (JHEP 
11 (2018) 185), with events 
mostly populating the “ttH 
hadronic” and “ttH leptonic” 
categories

‣ Use these categories to 
constrain κt and tH production 
cross section

‣ κt, κV affect tH and ttH cross 
sections and Higgs branching 
fractions

‣ Correct changes in acceptance 
as a function of κt/κV due to 
changes in kinematics
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‣ tH production cross sections go as

‣ Perform profile likelihood scan as a 
function of κt (with κV =1), which affects 
tH and ttH cross sections and Higgs 
branching fractions

‣ Expect to favor κt = 1 over κt = -1 by 4σ, 
exclude κt outside [-0.5, 1.6] at 95% CL

‣ Data favor κt > 0 over κt < 0 by 1.5σ, 
exclude κt outside [-0.9, -0.5] and [1.0, 
2.1] at 95% CL

‣ 2σ excess of events over expectations in 
multilepton and γγ channels; combined 
tH+ttH rate is (2.00 ± 0.53) x SM 
expectations
‣ Consistent with dedicated ttH searches

Constraints on Higgs couplings
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information from all the subdetectors [26]. The individual
PF candidates reconstructed are muons, electrons, photons,
and charged and neutral hadrons, which are then used to
reconstruct higher-level objects such as jets, hadronic taus,
and missing transverse momentum (pmiss

T ). Additional
quality criteria are applied to the objects to improve the
selection purity.
Collision vertices are reconstructed using a deterministic

annealing algorithm [27,28]. The reconstructed vertex
position is required to be compatible with the location of
the LHC beam in the x–y plane. The vertex with the largest
value of summed physics-object p2

T is considered to be the
primary pp interaction (PV). Charged particles, which are
subsequently reconstructed, are required to be compatible
with originating from the selected PV.
The identification of muons is based on linking track

segments reconstructed in the silicon tracker and in the
muon system [29]. If a link can be established, the track
parameters are recomputed using the combination of hits in
the inner and outer detectors. Quality requirements are
applied on the multiplicity of hits in the track segments, on
the number of matched track segments, and on the quality
of the track fit [29].
Electrons are reconstructed using an algorithm that

matches tracks found in the silicon tracker with energy
deposits in the electromagnetic calorimeter while limiting
deposits in the hadronic calorimeter [30]. A dedicated
algorithm takes into account the emission of bremsstrah-
lung photons and determines the energy loss [31].
A multivariate analysis (MVA) approach based on boosted
decision trees (BDT) is employed to distinguish real
electrons from hadrons mimicking an electron signature.
Additional requirements are applied in order to remove
electrons originating from photon conversions [30]. Both
muons and electrons from signal events are expected to be
isolated, while those from heavy-flavor decays are often
situated near jets. Lepton isolation is quantified using the
scalar pT sum over PF candidates reconstructed within a
cone centered on the lepton direction and shrinking with
increasing lepton pT. The effect of additional pp inter-
actions in the same and nearby bunch crossings (pileup) on
the lepton isolation is mitigated by considering only
charged particles consistent with the PV in the sum and
by subtracting an estimate of the contribution from neutral
pileup particles within the cone area.
Jets are reconstructed from charged and neutral PF

candidates using the anti-kT algorithm [32,33] with a
distance parameter of 0.4 and with the constraint that
the charged particles are compatible with the selected PV.
Jets originating from the hadronization of b quarks are
identified using the “combined secondary vertex” (CSVv2)
algorithm [34], which exploits observables related to the
long lifetime of b hadrons and to the higher particle
multiplicity and mass of b jets compared to light-quark
and gluon jets. Two working points of the CSVv2

discriminant output are used: a “medium” one, with a
tagging efficiency for real b jets of 69% and a probability of
wrongly tagging jets from light-flavor quarks and gluons
of about 1%, and a loose one, with a tagging efficiency of
83% and a mistag rate for light-flavor jets of 8%. Finally,
the missing transverse momentum is defined as the mag-
nitude of the vectorial pT sum of all PF candidates in the
event.

III. DATA AND SIMULATION

Collision events for this analysis are selected by the
following high-level trigger algorithms. Events in the multi-
lepton channels must pass at least one of single-lepton,
dilepton, or trilepton triggers with loose identification and
isolation requirements and with a minimum pT threshold
based on the lepton multiplicity in the final state. Events in
the single-lepton þ bb̄ channels must pass the same single-
lepton triggers, or a dilepton trigger for the control region
described in Sec. V. The minimum pT threshold for single-
lepton triggers is 24 GeV for muons and 27 GeV for
electrons. For dilepton triggers, the pT thresholds on the
leading and subleading leptons are 17 and 8 GeV for muons
and 23 and 12 GeV for electrons, respectively. For the
trilepton trigger, the third hardest lepton pT must be greater
than 5 GeV for muons and 9 GeV for electrons.
The data are compared to signal and background esti-

mations based onMonte Carlo (MC) simulated samples and
techniques based on control samples in data. All simulated
samples include the response of the CMS detector based on
the GEANT4 [35] toolkit and are generated with a Higgs
boson mass of 125 GeVand a top quark mass of 172.5 GeV.
The event generator used for the tHq and tHW signal
samples is MADGRAPH 5_aMC@NLO (version 2.2.2) [36] at
LO precision [37] and using the NNPDF3.0 set of parton
distribution functions (PDFs) [38] with the PDF4LHC
prescription [39,40]. The samples are normalized to next-
to-leading-order (NLO) SM cross sections at 13 TeVof 71.0
and 15.6 fb for tHq and tHW, respectively [18,19].
The Higgs boson production cross sections and

branching fractions are expressed as functions of Higgs
boson coupling modifiers in the kappa framework [41],
where the coupling modifiers κ are defined as the ratio of
the actual value of a given coupling to the one predicted by
the SM. Particularly relevant for the tH case are the top
quark and vector boson coupling modifiers: κt ≡ yt=ytSM

and κV ≡ gHVV=gSMHVV, where V stands for either W or Z
bosons. The dependence of the tHq and tHW produc-
tion cross sections on κt and κV are assumed to be as
follows (calculated at NLO using MADGRAPH5_aMC@NLO

[17–19]):

σtHq ¼ ð2.63κ2t þ 3.58κ2V − 5.21κtκVÞσSMtHq;

σtHW ¼ ð2.91κ2t þ 2.31κ2V − 4.22κtκVÞσSMtHW:
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Limits on tH production

‣ Introduce separate signal 
strength parameter for tH, 
excluding ttH

‣ Fix ttH to its κt-dependent 
cross section

‣ Expected limit of 12x SM 
production cross section; 
observe limit of 25x SM
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Future?
‣ Results presented are derived from data collected in 2016

‣ Full Run 2 (2016-18) result will be more strongly integrated with ttH result, as there are significant 
overlaps in the event selection

‣ Other analyses:
‣ tH cross section is also sensitive to Higgs CP mixing phase, expect to set limits on admixture of CP-

odd Higgs in future analyses

‣ Search for Higgs-mediated FCNC process tHq with q = u, c

‣ Very (very?) far future: tHHq has strong dependence on Higgs self coupling, but unfortunately an 
extremely small cross section

‣ Much to learn yet from this process at the center of everything!
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