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2 Motvation |

* The top quark plays an important role in searches for physics beyond the SM, both
as dominant background and as key signature for signal

» Main focus: treatment of the top quark background in BSM searches (high-pT
and/or large multiplicity regimes)

 cover new (mostly data-driven) techniques for ttbar estimation used in Exotics,
SUSY, HDBS and B2G analyses

» and when the top background is taken from MC: summary and discussion
concerning the “top pT reweighting”

* Full list of results from BSM searches from both ATLAS and

EXPERIMENT

| Collaborations:

 ATLAS: Exotics, SUSY, Higgs and Diboson searches
« CMS: Exotica, SUSY, Beyond 2 Generations

* Apologies if your preferred search is not included due to lack of time


https://twiki.cern.ch/twiki/bin/view/AtlasPublic/ExoticsPublicResults
https://twiki.cern.ch/twiki/bin/view/AtlasPublic/SupersymmetryPublicResults
https://twiki.cern.ch/twiki/bin/view/AtlasPublic/HDBSPublicResults
http://cms-results.web.cern.ch/cms-results/public-results/publications/EXO/index.html
http://cms-results.web.cern.ch/cms-results/public-results/publications/SUS/index.html
http://cms-results.web.cern.ch/cms-results/public-results/publications/B2G/index.html

Resonances decaying into 3" generation quarks

ATLAS

EXPERIMENT

 Search for ttbar resonances in fully hadronic states ATLAS-JETM-2018-03
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http://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/JETM-2018-03/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2018-48/

Heavy resonance decaying into vector bosons

« Search for heavy resonance X decaying to a pair of vector CMS-B2G-16-029

bosons (WW or WZ) in the lepton plus merged jet final state g q")
* W — e (or u) v, while the other W,Z — qq’
reconstructed as 1 large-R jet using jet substructure < W/Z q
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: : W %
m(WV) and m(V-jet): SM bkgs estimated from data
« 2D conditional templates populated from simulation g /
before detector simulation
35,910 (13 TeV)
. . . re) FroerprrrrpTTTT [rerryrrrrrTrTrrTTT
- scale and resolution model derived as function of gen. & [ oms s G W K05
jet pT; templates populated as sums of 2D Gaussians — £ | T j
similar to kernel estimation Tl L Mesmopas ]
g [ 1 95% expected
> _l”']'”"”]”'I'”]”'I359fb(13TeV_) > 'l""l""r""l""l""?s‘g'ﬂ')(]s"l:ey) '.':3
8 600 CMS muon, high-purity — — 8 10° = CMS muon, high-purity = ©
o~ ’ + Data ] 0 . { Data ]
>, 500 = W+Y/t B e 5 [] W+ets ]
] [ ] W+jets . g 10 i} \é\::wth E
1% Bkg. sh 5 shape unc.
& 400 — Gaﬁk; TvWW s — Bjk(z TvrWW
565 — WETeV)sWZ ] 10 — W(2TeV)sWZ 3
: lepch=08p8) g (oxB=005pb) S 10001500 2000 2500 3000 3500 4000
200 - 10 S/~ PR 5 mg, . (GeV)
100 e - 1 Rl ”d ...!.u|||'|'|l||||||||||||| - « W HVT model B: excl. up to 3 TeV
: "“I“IH» .
= 0_ — = 14F mm L4 =U. .
B o il 8 o TR unumuuuu' Graviton (k=0.5) excl. up to 1 TeV
L LELE - 15 gt gt 1L T T
40 60 80 100 120 140 160 180 200 1000 1500 2000 2500 3000 3500 4000 00

Mg (GeV) My (GeV)


http://cms-results.web.cern.ch/cms-results/public-results/publications/B2G-16-029/

Resonance decaying to a pair of Higgs bosons

 Search for heavy resonance X decaying to a pair of Higgs CMS-B2G-18-008
bosons (HH — bb WW) 2
q
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http://cms-results.web.cern.ch/cms-results/public-results/publications/B2G-18-008/

Resonance decaying to a Z and Higgs bosons

« Search for spin-1 resonance Z’ decaying into a Z and H(125)

bosons with Z — 2e,2u,2v and H — bb’ CMS-PAS-B2G-19-006

* Higgs boson reconstructed as jet with substructure

* 0 lepton (large MET) and 2 lepton channels, for the first ¢
time including VBF production (forward jets)

*m(Z’) or mT(Z’) distributions estimated from data in CRs fromq
the sidebands (SB) of the Higgs candidate jet mass distribution

« extrapolated to SRs through analytical functions derived
from simulation

* number of parameters for the fit to data is determined by
a Fisher F-test
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https://cds.cern.ch/record/2725672?ln=en

SM/Exotics 4 tops

* Sea

rch for extremely rare 4 tops in 1L/ 20SL

* highest sensitivity categories in 1L (20SL) requiere

at least 10 (8) jets, 4 b-tagged jets and 2 (1)
reclustered jets

- Data-driven method to estimate tt+jets background

Events

MC corr.

» assume that the probability of b-tagging a jet in tt+jets
event is essentially independent of the number of
additional jets;

ATLAS-EXOT-2017-11
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* Obs. (exp.) limits (95 %
C.L.) of 5.1 (3.6) x SM

* Limits on 4 tops via EFT


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2017-11/

SUSY in 4 top + MET final states |

« Search for SUSY in 1L and multiple jets

* signal regions categories based on N-jets, N-bjets,
MET and sum of masses of large-R jets (NJ)

* Dominant ttbar bkg estimated with modified ABCD method in
two uncorrelated planes of MJ and transverse mass mT

* each event in low-mT data (R2A or R2B) is weighted with
a k factor Niax 8 / NpaPke

Ka = MC CEES /. Cbkg
R1

* the total low-mT yield is normalized to the total high-mT

yield in data
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http://cms-results.web.cern.ch/cms-results/public-results/publications/SUS-19-007/index.html

Trends from SUSY about top estimated from MC

ATLAS

EXPERIMENT

* mismodelling in M(eff): different top norm. - fitted norm. factors away from 1: simulated
parameters for each bin in the fit top MC generally harder kinematics
ATLAS-CONF-2020- 047 ATLAS-CONF-2019-040
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» Several SUSY scenarios searches use high-pT jets originating from ISR to improve sensitivity;
norm. factors are <1 by 1-2 sigma: mismodelling in the ISR system in ttbar

ATLAS-SUSY-2018-12
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2019-040/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2020-003/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/SUSY-2018-12/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2020-047/

Events / 100 GeV
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Search for leptoquarks decaying into top and tau

ATLAS

EXPERIMENT

« Search for pair production of leptoquarks (LQ) decaying

each in a top and tau-lepton ATLAS'CONF'2020'£E9
« 21 e/p + 21 1(had) + 22 jets (1 b-jet) p )
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2020-029/

Common sentence in ATLAS and CMS when ttbar is from MC

and references therein, and Refs. [53-55]). The modeling of SM tt production in POWHEG is
known to predict a harder pr spectrum of the top quarks than observed in the data. An empir-
ical reweighting for top quark pairs based on the pt spectrum of generator-level top quarks is
applied to obtain a better agreement with the measured differential tt cross section [56, 57].

terms, with Top++2.0 [33-39]. A correction depending on the top-quark pr value is applied to account for
shape effects due to NNLO QCD and NLO EW corrections according to Ref. [40]. The cross sections for

Differential measurements of o7 at /s = 13 TeV have demonstrated that the pr distribution
of the top quark is softer than predicted by the POWHEG simulation [67-69]. An additional
uncertainty, referred to as “Top quark pt”, is estimated by reweighting the simulation. This

reweighting of the tt simulation has been applied to match the predictions to the data [42, 43].
The correction is applied as a function of the transverse momenta of the parton-level top quark
and antiquark after initial- and final-state radiation. Specifically for this result, additional ded-

jets events, including those with no additional jets. In previous studies, better agreement between data
and prediction was observed, particularly for the top quark pr distribution, when comparing to NNLO
calculations [77]. These small improvements to the modelling are incorporated by reweighting all 77
samples to match their top quark pt distribution to that predicted at NNLO accuracy in QCD [78, 79].

tively [22, 23]. In order to better describe the transverse momenta (pr) distribution of the top
quark in tt events, the top quark transverse momentum spectrum simulated with POWHEG is
reweighted to match the differential top quark pr distribution at NNLO QCD accuracy and
including EW corrections calculated in Ref. [24]. The other SM background contributions from

The level of agreement between data and prediction for the lepton pt and the leading jet pt improves if the
top-quark p distribution in the nominal ¢7 simulation is corrected to match the top-quark pt calculated at
NNLO in QCD with NLO electroweak corrections [73]. In this analysis, the full difference between the

and many others. . .



Top pT mismodelling: summary

* For full story of the top pT since 2013, see ‘back in time’ @ in the back-up

* As a summary:
= general trend of the NLO predictions to overestimate the data at high pT(top)
= same trends seen in resolved and boosted, consistent among experiments
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* Things to have in mind:
= largely affect searches using simple variables such as HT or M(eff)
= it's one of the main uncertainty if used in precise measurements
= if reweighting is used: case-by-case assessment
= previously shown data-driven methods are a potential way around it


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2018-009/
https://cds.cern.ch/record/2636284?ln=en

» Approaches taken up to now:
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= reweight parton-level kinematics (usually top and anti-top pT) to the best
available fixed-order prediction
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> In the last years, several high-order predictions available®

= M. Czakon et al., Phys. Rev. Lett. 116, 082003 (2016), NNLO QCD

= M. Czakon et al., JHEP 10 (2017) 186, NNLO QCD + NLO EW

= M. Czakon et al., JHEP 1805 (2018) 149, NNLO+NNLL’ (boosted)

= C. Giutschow et al., Eur. Phys. J. C 78 (2018) 4, 317, MEPS@NLO QCD+EW
= M. Czakon et al., arXiv:1901.04442, NNLO+EW vs. MEPS@NLO

= S. Catani et al, JHEP 07 (2019) 100, NNLO, MATRIX

= M. Czakon et al., Chin. Phys. C 44 (2020) 8, 083104, NNLO+NNLL’

= N. Kidonakis, Phys. Rev. D 101, 074006 (2020), aN3LO

= S, Catani et al, arXiv:2005.00557, NNLO in MS scheme

(*) this is a non-comprehensive list

M, (GeV)


https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.116.082003
https://link.springer.com/article/10.1007/JHEP10(2017)186
https://link.springer.com/article/10.1007/JHEP05(2018)149
https://link.springer.com/article/10.1140/epjc/s10052-018-5804-2
https://arxiv.org/abs/1901.04442
https://link.springer.com/article/10.1007/JHEP07(2019)100
https://iopscience.iop.org/article/10.1088/1674-1137/44/8/083104
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.101.074006
https://arxiv.org/abs/2005.00557

14 Reweighting to fixed-order predictions H

» Approaches taken up to now:

= reweight parton-level kinematics (usually top and anti-top pT) to the best
available fixed-order prediction

» take the top pT distribution from you preferred calculation; extract from
your MC sample (without selection) the (anti) top p; histogram with the
same binning (use “last top” in MC record, that is after radiation and

before decay)

» get the ratio between the two histograms, use this ratio to assign to
each MC event a weight; in relevant cases, use this reweighted
distribution as nominal (CMS) or as systematic (ATLAS) uncertainty
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Reweighting to measured distributions

» Approaches taken up to now:
= reweight parton-level kinematics to differential cross-section measurements

» CMS often does not use the reweighted distributions as 'nominal’ but
rather takes the difference between reweighted and non-reweighted
distributions as a syst. uncertainty. This is not recommended for searches
iIn high pT due to the lack of statistics in deriving the weights in the tail
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https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsTOPSummaryFigures

» Approaches taken up to now:

Reweighting to distributions in control regions

= derive ad-hoc reweightings to data in control regions using particular
reconstructed distributions

> often used in BSM searches, but what if we cannot define such a
signal-free CR?

ATLAS-CONF-2020-029
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2020-029/

To reweight or not to reweight...

» Approaches taken up to now:

= not to reweight (ATLAS), since the comparison of different MC predictions,
when turned into systematic uncertainties, can (at least partially) cover the
mismodelling

» with the precision we have (from data) and we want (in precise
measurements), we cannot anymore ignore this issue
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Hy [GeV] Here the nominal distribution is reweighted using
information from the ttbar control region. A dedicated
syst. uncert. is assigned. The CR happens to be the
signal region of ttbar measurements.


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TOPQ-2020-02/
http://cms-results.web.cern.ch/cms-results/public-results/publications/TOP-17-019/index.html

Uncertainties derived by top pT reweighting

* In both ATLAS and CMS, the treatment changes depending on the use case,
l.e. correcting effs. or acceptance in ttbar measurements, BSM searches, etc.

* If no control region in data is found for BSM searches, usually CMS corrects to
the top pT to NNLO QCD + NLO EW correction by default, while ATLAS considers
it as a systematic uncertainty

- Recent examples® of top pT reweightings and associated uncertainties:

| Results Reweighting to Uncertainty (shape)

C% % ttH ML NNLO QCD + NLO EW Difference between weighted and un-

(CMS-HIG-19-008) weighted scenarios

gl tt cross-section NNLO QCD + NLO EW symmetrised full difference between

B (ATLAS-TOPQ-2020-02) on and off

egil Vector-like quarks NNLO QCD full difference between

Pt (ATLAS-EXOT-2016-13) applying and not applying

C'% | tt resonances function derived from data (p. 15)  symmetrised difference between on

(CMS-B2G-17-017) and off

fém | SM 4 tops function derived from differential ~ function variation within a +1 sigma

' (CMS-TOP-17-019) measurements

CM% 5 Heavy H to ttbar function derived from differential ~ varying the two parameters of the
(CMS-HIG-17-027) measurements function

(*) this is a non-comprehensive list


https://cds.cern.ch/record/2725523/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TOPQ-2020-02/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2016-13/
https://arxiv.org/abs/1810.05905
https://arxiv.org/abs/1906.02805
https://arxiv.org/abs/1908.01115

Considerations on reweighting to fixed-order predictions

« Commonly raised points concerning the reweighting to fixed-order:

= the latest NNLO calculations recommend different functional forms for the
renormalisation and factorisation scales for different observables

= PDFs, top mass, scale variations and scale choices not always easily
available in theory predictions, nor match ATLAS/CMS settings

» given that the baseline Powheg V2 ttbar MC in ATLAS and CMS uses
the same fact. and ren. scales (sqrtfm”2+pT~2]), having calculations with
the same scale for all variables would be helpful

» having calculations with the same choices would help the
Collaborations to apply the correction in a consistent way where needed
(e.g. ATLAS/CMS uses top mass of 172.5 GeV in Powheg, while theory
uses 173.3 GeV as input parameters for the calculation)

'?TLT_’t

= for the distribution, 2.3
. o | JHEP10(2017)186
R
= for the ppz distribution, (2.4)
H 1
= TT = (mrys + mT,f) for all other distributions, (2.5)

. — 2 2 _ _ = 2 2 . . A .
where mr; = /mi + PT4 and mp; = /m7 + Py are the transverse masses of the top


https://arxiv.org/ct?url=https://dx.doi.org/10.1007/JHEP10(2017)186&v=729fbc0b

Reweighting, but to which distribution?

« Commonly raised points concerning the reweighting to fixed-order:

= top pT gets corrected, but what about other (partially correlated) variables,
e.g. ttbar mass?

» usually analysers monitor the change in agreement between data and
reweighted MC in other distributions (especially ttbar mass) and make
sure that the reweighting does not spoil the agreement

»> NNLO QCD and NLO EW predictions for top pT and ttbar-system mass
are available

Y7
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Vs =13 TeV
NNLO QCD + NLO EW"’

Some NLO MC+PS

your preferred MC

1/ do/dM_ [GeV"]

10°°

107

after top pT rew.
moves away from
prediction

107

10°°

2.075
1.65
1.225

P T Sy B S
08 1000 2000 3000 4000 5000 6000

ory/MC

The:

‘| BN RLL




Options to explore: reweight to multiple distr. and recursive rew.

« Commonly raised points concerning the reweighting to fixed-order:

= top pT gets corrected, but what about other (partially correlated) variables,
e.g. ttbar mass?

» usually analysers monitor the change in agreement between data and
reweighted MC in other distributions (especially ttbar mass) and make
sure that the reweighting does not spoil the agreement

»> NNLO QCD and NLO EW predictions for top pT and ttbar-system mass
are available

» 2-D reweighting (for example based on pT(top) and m(ttbar)) would
account for correlations among variables from which the weights are
derived

» Another option: the recursive approach. Reweight different distributions
iteratively and repeat the procedure recursively (2 x 2) — giving a MC
prediction which matches both top pT and ttbar mass NNLO predictions
(can get further refined using other variables and become 3x3...)

> yet, any reweighting is imperfect until the full kinematic dependence in
the full phase space is known: NNLO MC + PS...



Top pT reweighting: systematic uncertainties

« Commonly raised points concerning the reweighting to fixed-order:
= and finally, which uncertainty should be added?

» ATLAS and CMS usually assign a systematic uncertainty derived from
the difference between the applying and not the reweighing

» both searches and measurements profile this uncertainty; if the
nuisance is pulled towards the NNLO prediction, this is expected

. d
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TOPQ-2020-02/
http://cms-results.web.cern.ch/cms-results/public-results/publications/TOP-17-001/

23 Conclusions H

* Many novel data-driven background (ttbar) estimation methods: really large amount
of efforts by the Exotics, SUSY, B2G and Higgs communities

* Allow to search for NP in extreme phase-spaces without dealing with top pT and
other mismodellings (or lack of stats in the tails)

* Yet, top quark pT mismodelling is still one of the main issues with the current dataset

* Both ATLAS and CMS have a broad (multi-dimensional)
differential measurements and MC tuning programs: the compare
only way to solve this issue is to continue these efforts

* MC tuning may improve the agreement, but if the
discrepancy is really due to missing QCD and EW
corrections, forcing the MC parameters to bring the
top pT distribution in agreement with data is likely to
break the agreement in other distributions

* Meanwhile, refined approaches to the “top pT reweighting” are possible

* Inputs from the theory community would be vital, as well as novel calculations and
access to tools to perform NNLO computations

* Thanks to all my collegues from ATLAS and CMS who helped in preparing the talk,
and you for the attention!
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TOP 2013: both ATLAS and CMS begin to see softer top pT in data

Differential Cross Sections: p

M. Aldaya
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Top py: in general softer spectrum in data

slides at TOP 2013



https://indico.desy.de/indico/event/7095/session/15/contribution/49/material/slides/0.pdf
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2013: CMS ‘short-term solution’: propose to use top pT reweighting

Measurement of the top quark mass
using the B-hadron lifetime technique

CMS PAS TOP-12-030
The CMS Collaboration

an assumption on the mass hypothesis is made. The top pr spectrum from
simulation, assuming 1,=172.5 GeV, is compared to one observed in data [35-
37]. The simulated top pr spectrum is then re-weighted to the unfolded top
pt spectrum observed in data. The difference in i;; due to the re-weighting is
interpreted as the uncertainty on m; due to a potential mis-modeling of the top
quark pr distribution.

Source Amy[ GeV |
ji+jets e+jets e
Top quark pr modeling 327 £ 048 3.07 045 2.36+0.35

At presenf, this ;gasyrement of my is strongly limited by the systematic uncertainty on the
L

ahpuEn "ENaawgy, 4 -
%‘.IDP quark transverse momentumjpectrum which makes further studies necessary. In general,


https://cds.cern.ch/record/1563140?ln=en

Back in time {

TOP 2014: further differential results about the top pT mismodelling appear

tt top-quark pr (mis)modeling
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slides at TOD 2014 timelike showers

Markus Seidel (UHH) Model uncertainties in top-quark physics Sep 30, 2014 9 /20


https://indico.in2p3.fr/event/10114/contributions/799/attachments/643/878/7p_MSeidel.pdf
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2014: ATLAS uses the top pT rewelghtlng as well (+ ttbar pT reweighting)

Since the best p0551ble modelling of the rr+Jets background is a key aspect of this analysis, a cor-
rection is applied to simulated 77 events in PowHeG+PyTHIA based on the ratio of measured differential
cross sections at /s = 7 TeV between data and the simulation as a function of top quark pr and #7
system pr [54]. This significantly improves the agreement between simulation and data in the total
number of jets (driven mostly by # system pt reweighting) and jet pt (driven mostly by the top quark
pt reweighting). This reweighting is applied to all #7+jets events, including the /7+HF component. The
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TOPQ-2013-07/
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TOP 2015: both ATLAS and CMS see the slope in ton oT

Top pr modeling: the verdict

NN NN NN NN NNy
puunt® "amg,
gunn® "a,

Really NEW (yesterday!): ‘0 *>" Full NNLO correction “confirms” observed *s

— Heymes

- *e.,slope, in direction closer to the data _,.**

' | e \:tll ......ll. --ll“““

el e |

o [EmnE L Use k-factors to reweight NLO+PS MCs ?

. = "L e Ultimately NNLO+PS would be great ©

T FE i |

Ll | =» Great to see this dialogue between LHC

i@—%ﬂ_zé precision measurements and state-of-the
R L art theory calculations

=» Important step forward in our

Full NNLO/NLO k-factor understanding of Top production !!

vs top pT : a slope!

TOP 2015, Ischia Martijn Mulders (CERN) Experimental Summary

slides at TOP 2015
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2015: MC tuning efforts ramp up both in ATLAS and CMS
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TOP 2016: many differential measurements confirm the findings

o B The top Pt modeling story

=0 S. Henkelmann
e slope in the top pt distribution: data softer than MC predictions
- largely improved by NNLO computations
- modern NLO+PS MC can also cope for part of the discrepancy
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TOP 2017: top quark modelling and tuning from ATLAS and CMS

Powheg V2 as baseline, new CMS tune
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https://indico.cern.ch/event/659310/contributions/2689745/attachments/1525658/2385822/top2017_efe_yazgan.pdf
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2016-020/
https://cds.cern.ch/record/2235192?ln=en
https://twiki.cern.ch/twiki/bin/view/LHCPhysics/LHCTopWGSummaryPlots
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TOP 2018: improvements in modelling ongoing, still not perfect

CMS-PAS-GEN-17-001 ATL-PHYS-PUB-2018-009
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Precise predictions in top-quark physics must take into account both QCD
and EW effects in order to correctly identify possible BSM effects.

D. Pagani



https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2018-009/
https://cds.cern.ch/record/2636284?ln=en
https://indico.cern.ch/event/690229/contributions/2941662/attachments/1716801/2770033/TOP2018.pdf
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TOP 2019: more and more precise differential measurements

The top p_saga...continued.....
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https://indico.cern.ch/event/792576/contributions/3411162/attachments/1916484/3168587/Top2019_ajung.pdf

