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Outline
qThe simplified model
qDi-lepton or multilepton “problem”

qOpposite sign di-leptons
qSame sign leptons and three leptons
qThree b-jet final states
qThree lepton final states with a Z

qCombination and the anatomy
qImpact on Higgs physics 
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The Simplified 
Model and 2HDM+S
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The Hypothesis (from Run I)

1. The starting point of the 
hypothesis is the 
existence of a boson, H, 
that contains Higgs-like 
interactions, with a 
mass in the range 250-
280 GeV

2. In order to avoid large 
quartic couplings, 
incorporate a mediator 
scalar, S, that interacts 
with the SM and Dark 
Matter.

3. Dominance of HàSh,SS 
decay over other decays
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The 2HDM+S
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2HDM potential,   2HDM+S potential   

Introduce singlet real 
scalar, S.

arXiv:1606.01674

Out of considerations of simplicity, assume S to be Higgs-like, 
which is not too far fetched (see below)
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The model leads to 
rich phenomenology. 
Of particular 
interest are 
multilepton 
signatures 
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Multi-lepton final 
states
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pp ! H ! Sh

! `
+
`
� +X

Expect di-leptons (mll<100 
GeV)  with jets and b-jets 
with rates comparable to 
that of the SM Higgs boson

Relatively large jet 
multiplicity compared 
to the SM Higgs

Relatively large jet 
multiplicity compared 
to the SM Higgs



Simple selection:
One DFOS lepton pair
At least 1 b-tagged jet

We fix the normalisation 
of the SM by scaling it to 
the data in the region mll
> 110 GeV

Scale factor: 0.984
A normalisation systematic 
of 2% is applied
The fit is done to the region 
below 
110 GeV

Fit results:
βg

2 = 4.09 ± 1.37 
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Discrepancy in ATLAS 
is localized at small 
values of mll 
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Some MC describe mll, but fail the b-jet kinematics
Correct Powheg to describe mll distribution (see below)

CMS PAS TOP-17-014 Event selection with exactly two leptons (e,μ), 
mll>20 GeV and at least 2b-jets
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CMS-TOP-17-018; CERN-EP-2018-074
● Poor modeling of POWHEG + Pythia8 distribution is improved through reweighting
● We fix the normalisation of the SM by scaling it to the data in the region 

mll > 110 GeV
○ A normalisation systematic of 3% is applied to all but DY
○ DY systematic = 6.8%. 3% systematic on mll shape in top 
○ The fit is done to the region below 110 GeV

● Fit results:
○ βg

2 = 2.79 ± 0.52 
○ Fit is extremely well constrained

arXiv:1805.07399

Used conservative assumption that ll+2b-jet final state is perfectly described by 
the SM. The discrepancy comes from events with Nb<2. Impacts hàWWàll

Tt+Wt is 
corrected 
(see above)

Bulk of signal 
comes from 
Nb<2

http://arxiv.org/abs/1805.07399
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H

S/h

S/h

Top associated Higgs production
(Multi-lepton final state)s 

h

Reduced cross-section of ttH+tH 
is compensated by di-boson, (SS, 
Sh) decay and large Br(SàWW). 
Production of same sign leptons, 
three leptons  is enhanced. 
Enhanced tH cross-section

Produces SS 2l, 3l with 
b-jets, including 3 b-jets

Explains anomalously 
large ttW+tth cross-
sections seen by 
ATLAS and CMS 
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CMS PAS SMP-18-002
Errors in the plot are dominated by the 15% 
uncertainty on normalization to account 
NLO/NNLO differences. The uncertainty of 
the shape is much smaller of order of few 
%

Systematics 
that will 
directly 
affect the 
shape
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BSM inputs to the fit
● The following assumptions

are made:
a. The masses of H and S are 

fixed to mH = 270 GeV and mS
= 150 GeV

b. The only significant 
production mechanisms of H
come from the t-t-H Yukawa 
coupling:
■ Gluon fusion
■ Top associated production

c. The Yukawa coupling is scaled 
away from the SM Higgs-like 
value by the free parameter βg

d. The BR of H ➝ Sh is fixed to 
100%

e. The BRs of S are Higgs-like
● Therefore, the only free 

parameter in the fits is βg
2 16
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The simplidied model seems to describe the discrepancies 
in different corners of the phase-space with large 
differences in cross-sections, eg, OS and SS di-leptons



Combination of fit results
● Simultaneous fit for all 

measurements:
● To the right: (-2 log) profile 

likelihood ratio for each 
individual result and the 
combination of them all

● The significance for each 
fit is calculated as 

● Best-fit: βg
2 = 2.92 ± 0.35 

● Corresponds to 8.04σ

18

Interpretation: Measure of the inability of current MC tools to 
describe multiple-lepton data and how a simplified model with 
HàSh is able to capture the effect with one parameter

JHEP 1910 (2019) 157
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3
Excesses in di-leptons with full-jet veto not included above

Run 2
arXiv:1909.04370

Overall, MCs do a good job 
describing data except for 
mll<100 GeV

QCD NNLO to qqàWW, NLO QCD to 
ggàWW and NLO EW corrections applied
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arXiv:1910.08819

Residual  discrepancies at high mll will be fixed with 
missing NNLO QCD and NLO EW corrections

Excess at low mll remains prevalent, indicating that effects seen in 
Run 1 were not statistical fluctuations. Preliminary NNLO QCD 
corrections do not fix the issue (see Mitov et al.)
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Anatomy of the multi-lepton anomalies

Final state Characteristic Dominant SM 
process

l+l- + jets,  b-jets mll<100 GeV, dominated 
by 0b-jet and 1b-jet

tt+Wt

l+l- + full-jet veto mll<100 GeV WW

l±l± + b-jets Excess with N±>2, 
moderate HT

ttV

l±l±l  + b-jets Moderate HT ttV

Z(àl+l-)+l pTZ<100 GeV ZW

JHEP 1910 (2019) 157

Anomalies cannot be explained by mismodelling of a particular 
process, e.g. ttbar production 
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Impact on Higgs 
Physics

The presence of a BSM signal of the type HàSh would lead to:
q Elevated cross-sections

• Currently the measured h signal strength is

q The presence of extra leptons in association with h. Affects 
the Wh measurement

q Distortion of Higgs pT and rapidity (under study)

µ = 1.133± 0.054(exp.)
<latexit sha1_base64="sDVChhrmM35bz/8T2erlZvDcfhU=">AAACCXicbVDLSgNBEJyNrxhfUY9eBoOgl7BrfB6EoBePEYwK2RBmJx0zOLO7zPRKwpKrF3/FiwdFvPoH3vwbZ5MgvgoaiqpuuruCWAqDrvvh5CYmp6Zn8rOFufmFxaXi8sqFiRLNoc4jGemrgBmQIoQ6CpRwFWtgKpBwGdycZP7lLWgjovAc+zE0FbsORUdwhlZqFamvkiOv7FUqfqzcsru7Qzd9hB6m0IvLg61Cq1iy8hD0L/HGpETGqLWK73474omCELlkxjQ8N8ZmyjQKLmFQ8BMDMeM37BoaloZMgWmmw08GdMMqbdqJtK0Q6VD9PpEyZUxfBbZTMeya314m/uc1EuwcNFMRxglCyEeLOomkGNEsFtoWGjjKviWMa2FvpbzLNONowxuFcJhh7+vlv+Ri2+ZYrpztlKrH4zjyZI2sk03ikX1SJaekRuqEkzvyQJ7Is3PvPDovzuuoNeeMZ1bJDzhvn4A1l9I=</latexit>
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Survey of LHC results on Vh (V=W,Z) 
production (Y. Hernandez et al., 
in preparation)
The BSM (HàSh) signal appears at 
low pTh and the SM signal is prevalent 
at larger pTh

Include those results from ATLAS and 
CMS where no requirements on pTh
(or correlated observables)  is not 
done or used in an MVA. 

Those results where the final state is 
treated more “inclusively” display 
elevated signal strengths for Wh 
production. 

This represents a 3.5σ deviation from 
the SM value of 1. BSM signal 
normalization less than expected 
from multilepton excesses assuming 
Br(HàSh)=100%. Indicates that 
Br(HàSS) > Br(HàSh)

µInc(V h) = 2.51± 0.43
<latexit sha1_base64="UZi5FliKnwZkxLGzP4wCERTl6Sw=">AAACBHicbVDLSgMxFM3UV62vUZfdBItQN8NMW18LoehGdxVsLbRlyKSZNjTJDElGKEMXbvwVNy4UcetHuPNvTB+IWg8EDufcy805Qcyo0q77aWUWFpeWV7KrubX1jc0te3unoaJEYlLHEYtkM0CKMCpIXVPNSDOWBPGAkdtgcDH2b++IVDQSN3oYkw5HPUFDipE2km/n2zzx0yuBR8VG/+Cs5Bx67ZhD16mUc75dcB13AjhPvBkpgBlqvv3R7kY44URozJBSLc+NdSdFUlPMyCjXThSJER6gHmkZKhAnqpNOQozgvlG6MIykeULDifpzI0VcqSEPzCRHuq/+emPxP6+V6PCkk1IRJ5qYnJNDYcKgjuC4EdilkmDNhoYgLKn5K8R9JBHWprdpCadjHH1HnieNkuOVnfJ1pVA9n9WRBXmwB4rAA8egCi5BDdQBBvfgETyDF+vBerJerbfpaMaa7eyCX7DevwD5b5XZ</latexit>
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Simplified model 
predicts low pTh. Due 
to proximity of the 
turnover, 
uncertainties are 
hard to assess.

Working with IHEP 
and V. Ravindran et 
al. to evaluate 
robustness of 
rapidity, where data 
tends to be more 
central than 
prediction 

Eur.Phys.J. C76 (2016) no.10, 580
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V. Ravindran et al.



Outlook and Conclusions
qDiscrepancies in multi-lepton final states at the 

LHC with current MC tools are strong
qWhile significance is dominated by OS di-lepton 
final states, discrepancies appear in SS ll and 3l
qThey appear in corners of the phase-space 
dominated by different processes: Wt/tt, WW, ZW
§Hard to explain with mismodelling of one process

qDiscrepancies interpreted with simplified model 
where HàSh, S is treated as SM Higgs-like and one 
parameter is floated

qFeatures of the Higgs data from LHC agree 
qualitatively with the simplified model used here

qFurther strengthens the need for precise 
measurement of Higgs couplings in e+e- (and ep) 27
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Additional Slides



The Lagrangian

29

Introduce H and X fields with the 
interactions listed below

arXiv:1506.00612
arXiv:1603.01208
arXiv:1606.01674



The Lagrangian

30
Note that some of the effective quartic couplings shown earlier appear here as trilinear.
What was formerly a three body decay is now a two body decay.

Can be embedded into 
2HDM+S (N2HDM)
See also M.Muhlleitner et al.
arXiv:1612.01309 
arXiv:1708.01578 



The Decays of H
qIn the general case, H can have couplings as those 

displayed by a Higgs boson in addition to decays 
involving the intermediate scalar and Dark Matter

31

H ! WW,ZZ, qq, gg, Z�, ��,��

+ H ! SS, Sh, hh

H ! h(+X), S(+X)

Diboson decayDominant decays



The intermediate scalar, S
qDark Matter is introduced in the form of a scalar and 

the decay Hàh\chi\chi via effective quartic couplings 

32

q Due to gauge invariance we encounter an awkward 
situation where a three body decay may be larger or 
comparable to a two body decay. This can be naturally 
explained by introducing an intermediate real scalar S 

Also decays to SM
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Masses in the 2HDM+S

Mass-matrix for the CP-even scalar sector will modified with respect to 2HDM
and that needs a 3 x3 matrix (three mixing angles). Couplings are modified.
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Perform scans after fixing masses of physical 
bosons(mh1=125 GeV, mh2=140, mh3=270 GeV, mA=600 
GeV, mH±=600 GeV) in addition to the constraints 
described in arXiv:1711.07874, including the signal 
Yukawa coupling strength of βg

2=1.38±0.22 (translated 
into tan2β)
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Correlation plots for the three mixing angles and tanβ.
Blue (red) points correspond to Br(hàSM) within 10% 
(20%) of the SM h values (arXiv:1809.06344)
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Results using N2HDECAY (arXiv:1612.01309) 
for one benchmark point
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Impact on h boson measurements

qThe most prominent feature pertains to additional 
production mechanism (i.e. HàSh) of h with large jet 
activity (from Sàjets, model dependency). Expect 
distortion of the pT spectrum, as well. 

38

qAt this point we are 
studying the contamination 
of the HàSh production 
mechanism on 
measurement with hadronic 
final states: h+≥2j, VBF,  
V(àjj)h, Vh(àbb) (not 
discussed here) h signal 
strengths



Limits on h(àγγ)+MET

39

ATLAS, arXiv:1706.03948 
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Br(S ! ��) < 50%

ATLAS, arXiv:1706.03948 



Enhancement of tH production
qIn experiment, top associated Higgs production 

is measured as a sum of single top and double 
top cross sections

qIn the SM, we find that 𝜎th ≪ 𝜎tth

qFor the heavy scalar considered here, cV ≪ cF
qWe expect a sizeable cross section to come 

from top associated heavy scalar production 
(𝜎tH ≃ 𝜎ttH)

M. Farina, C. Grojean, F. Maltoni, E. Salvioni and A. Thamm, JHEP 1305, 022 (2013). 41
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pT ` > 25GeV

pTb > 25GeV

Nbjet � 1

Eur. Phys. J. C 77 (2017) 804

Discrepancy in 
ATLAS is localized at 
small values of mll
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Recent results from 
ATLAS with di-leptons 
with Run II display same 
tendency as Run I



Fit results: ATLAS-CONF-2018-027

Simple selection:
One DFOS lepton pair
At least 1 b-tagged jet

Normalisation systematic: 
~6.2%
Shape systematic:

Discrepancy of SM prediction, 
particularly at high ΔΦ
Choose SM prediction that best 
describes data (aMC@NLO) ➝
systematic is percentage 
deviation away from mean SM 
prediction
Varies between 1% and 2.6%

Fit results:
βg

2 = 5.36 ± 1.31 
Somewhat higher, NNLO 
corrections can potentially help

44



What is the impact of NNLO QCD?

45

arXiv:1901.05407 
First look at the NNLO QCD 
corrections for the azimuthal 
angle difference of two 
leptons in tt production. 
Discrepancy is alleviated. By 
contrast the NNLO QCD 
corrections will push mll to 
higher values, increasing the 
excess in the mll distribution. 
This helps with the internal 
consistency of the BSM 
interpretation bringing the 
normalization of both 
excesses together 
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Study with POWHEG’s NLO ME with and without PS, 
which adds jets in the final state. The correlation is 
such that is lowered and Δφll and mll is increased. 
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Impact of NNLO QCD in WW

N
or
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NNLO corrections 
are small and go 
in the opposite 
direction w.r.t 
WW@NLO 

The NNLO QCD 
corrections shift 
the mll spectrum 
towards larger 
values.  

The discrepancy 
becomes larger in 
the region of 
interest with 
mll<100 GeV
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A.Denner, M.Pellen, 
arXiv:1607.05571

EW corrections are important at high pT due to Sudakov logarithms.
Effect is less than 1% for mll<100 GeV, where discrepancies are seen.

Excess
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Discrepancies in similar mll range also 
seems to appear in events with a full jet 
(b-jet) veto with Run I data (in the 
context of the WW cross-section 
measurement. Potential impact on 
hàWWàll analysis where the WW is 
normalized with relatively low mll
(factors of 1.1-1.2, different from high 
masses). Issue does not seem tt-related

arXiv:1711.07874
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ATLAS-CONF-2018-004

Top control sample with exactly two leptons, one b-jet and no more jets. Expect strong 
relative enhancement of Wt w.r.t. tt. MC studies in progress.

Results not included in combination as events 
are already included in top spin analysis 
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Di-lepton invariant mass depends little on the b-jet multiplicity
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CMS PAS TOP-17-014, https://cds.cern.ch/record/2621975/files/TOP-17-014-pas.pdf

None of the MCs studied is able to describe simultaneously the kinematics of top decay 
products. MT of the dilepton and MET system is not shown
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Larger rate of 3b-
jets in SS and 3l 
events



SS leptons: CMS-PAS-HIG-17-005
● CMS search for single top 

+ Higgs production:
○ At least 2 SS leptons
○ At least 1 b-tagged jet

● The full analysis uses a 
BDT, so we compare to 
pre-selection plots

● Difficulty in estimating 
the probability of HF 
decay leptons to fake 
signal leptons
○ Not enough information in 

paper
● Fit results:

○ βg
2 = 1.41 ± 0.80

○ Weak measurement due to 
lack of statistics and large 
systematics
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SS ll+b-jets: JHEP 10 (2015) 150 
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SS ll+b-jets: JHEP 10 (2015) 150 

● Final state search topology:
○ 2 or 3 leptons (must be 

a same-sign pair)
○ At least 2 untagged jets
○ ET

miss > 40 GeV, HT > 400 
GeV (binned into 
different signal regions)

● Systematic uncertainty is 
large:
○ In the fit, treated as a 

single normalisation 
uncertainty correlated 
over all SRs

● Fit results:
○ βg

2 = 6.51 ± 2.99 
○ This is relatively high 

compared to other fit 
results
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SR Key:
●1 b-tagged jet: SRs 0, 3, 4
●2 b-tagged jets: SRs 1, 5, 6
●≥ 3 b-tagged jets: SRs 2, 7



SS ll + b-jets: ATLAS-EXOT-2016-16
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SS ll+ b-jets: ATLAS-EXOT-2016-16

● Run 2 version of SS + 
b-jet search:
○ At least 2 SS leptons
○ At least 1 b-tagged jet
○ Large ET

miss and HT

● Fit to inclusive SR 
distributions 
(auxiliary figures)

● Shows the strength 
of the model to fit 
the 3 b-jet excesses

● Fit results:
○ βg

2 = 2.22 ± 1.19
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Fit results: CMS-PAS-HIG-17-005
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SS ll + b-jets: ATLAS-EXOT-2016-16
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The HistFactory method

● Constructs a likelihood function from template 
histograms

● Allows for a simple implementation of systematic 
uncertainties that affect normalisation and/or 
shape

● The likelihood:

K. Cranmer, G. Lewis, L. Moneta, A. Shibata, and W. 
Verkerke, HistFactory: A tool for creating 
statistical models for use with RooFit and RooStats, 
CERN-OPEN-2012-016.

In our case, 
each “channel” 
is a different 
measurement.

Functional 
form of 
systematic 
variation with 
nuisance 
parameter αp.

The Poisson 
probability for 
the “expected” 
and “observed” 
number of 
events per bin.

Functional 
form of 
luminosity 
and its 
variations 
(not 
necessary 
for us). 63



The fitting procedure

● The RooStats workspace is made by HistFactory
● From the workspace, a profile likelihood ratio is 

calculated,

● The best-fit value of βg
2 is then calculated as the 

minimum of -2log(λ), with an error corresponding 
to a unit of deviation in this quantity from the 
best-fit point

● The significance is calculated as √(-2 log λ(0)), 
since βg

2 = 0 corresponds to the SM-only 
hypothesis
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(here θ denotes the nuisance 
parameters)


