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What is CONTUR?

=9 Constraints On New Theories Using
RIVET

* The LHC search programme often
of a new model...

* But many models might already be ruled out
because they would cause visible distortions in
spectra of “standard” processes! _

o Does this sound

* Challenge is figuring out how a new model familiar?

compares to hundreds of measured

distributions...
* ...and understanding
within
uncertainties

* ... eventually, including the Standard Model



e

Y We have the technology

* We have the infrastructure to make rapid particle-
level Data/MC comparisons.

* We use it all the time: it's called RIVET!

* Originally for MC Generator comparisons of SM
predictions, and tuning

* Trivial to switch out so we compare to a
SM+BSM prediction!

* We already have 100s of precision measurements from
LHC ready to be used in this way...

More analyses being added all the time as part of the
ATLAS and CMS approval procedures.
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Overview of the CONTUR
method

Input: Universal Feynrules Object (new physics
Lagrangian coded up in python) or SLHA specification for
a built-in model

MC Generation of events. By default, Herwig to inclusively
generate events involving new particles
(works with any MC generator which RIVET can read)

Pass through ~150 RIVET routines from particle-level
LHC results: quick since everything is at particle-level!

Only possible because of design principles of RIVET: eg
caching of expensive operations

Routines categorised into ‘pools’ grouped by
experiment, Vs and final state to ensure orthogonality

Compare size of deviation to reference data from
HEPData (including correlations within a measurement
when provided) to check if signal would already have
been seen.

UFO describing BSM model

Herwig: event generation for
all new 2->2 processes

RIVET+HEPdata to determine
effect of BSM on existing
measurements

CLs method for exclusion

Constraints On New Theories Using RIVET




Overview of the CONTUR

method

* Input: (new physics

Lagrangian coded up in python) or SLHA specification for : D ot W] § g Godiab ]
a built-in model S, —
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* Routines categorised into ‘pools’ grouped by
experiment, Vs and final state to ensure orthogonality

* Compare size of deviation to reference data from
HEPData (including correlations within a measurement
when provided) to check if signal would already have
been seen. If it would be statistically distinct, the
model is eliminated! 5



Do measurements really give

= comparable exclusions?

Bold claim: For the same final state and
luminosity, searches and measurements have
roughly the same exclusion power.

Not surprising: searches and measurements would
both use similar calibrations, reco techniques etc...

A search might use machine-learning or other
optimisation to eke out sensitivity to benchmark
models (at the cost of model dependence)

* Can be quite hard to recast search results in
terms of other models or other parameter
choices.

A measurement would have the advantage of being
performed in a BSM-agnostic way, but typically
unfolded to particle-level and has analysis logic
preserved. Hit in sensitivity, but easy to re-use!
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State of the art MC predictions

and correlations

* Absence of unambiguous BSM in LHC measurements to date => make Oth-order assumption that data=SM
Can be improved with high-precision SM theory predictions and uncertainties!
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State of the art MC predictions

and correlations

Absence of unambiguous BSM in LHC measurements to date => make Oth-order assumption that data=SM
Can be improved with high-precision SM theory predictions and uncertainties! From M. Altakach et al, 2111.15406
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https://arxiv.org/abs/2111.15406
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New sensitivity of LHC measurements to Composite Dark Matter

-section measurements to so-called “stealth dark

uge group, where constituents are charged under

The sensitivity of particle-level fiducial cross section measurements from ATLAS,

CMS and LHCD to a lep

L ohic 1
P

model is

previously been the subject of resonance searches. Here we compare it directly
to state-of-the-art predictions for Standard Model top quark production and also

died. The model has

been the subject of several searches at the LHC. We study the impact of EXIStIng
LHC measurements on such models, first in the benchmark regions addressed by
searches and then after relaxing some of their assumptions and broadening the
parameter ranges considered. In each case we study how the new parameters
change the potentially visible signatures at the LHC, and identify which of these
signatures should already have had a significant impact on existing measurements.
This allows us to set some first constraints on a number of so far unstudied
scenarios.

‘third

v-energy theory contains mesons which can be
itter (DM) candidate which cannot. We evaluate

H m masses. Using existing lattice results, we then

hypercharge’ model and variants. The constraints are applied on parameter regions of each model that fit
data and come from high-mass Drell-Yan di-muons and measurements of Stan-
dard Model processes. This latter set of observables place particularly strong bounds upon the parameter
space of the By — Lz model when the mass of the Z’ boson is less than 300 GeV.




CONTUR vs

Composite Dark Matter
(heavy dark mesons)

A case study

https://arxiv.org/abs/2105.08494
J. M. Butterworth, L. Corpe, X. Kong, S. Kulkarni, M. Thomas
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llustration by Chris Wormell from “A Map of the Invisible”
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Dark meson phenomenology at the LHC  axiv:2105.08494

* What if dark matter is a composite particle arising from non-

Abelian dynamics? eg SU(4) which confines at some scale A ;4. "
* Leads to bound states of mesons and baryons. Simplest case, dark RO
pions 1Ty and dark rho pp, in addition to dark baryons (DM (®) > pba (U2

candidates)—> Heavy Dark Mesons
(Kribs et al. arXiv:1809.10183)

* Dark fermions transform under electroweak part of the Standard
Model: communication with SM

My, [GeV]

(c) pp = mpap (SU(2)L) (d) pp — 7pwp (SU@)n)

* There are no direct searches for this model by ATLAS or CMS:
instead to constrain this model using the bank of existing LHC
measurements using CONTUR

200 400 600 800 1000 B 200 400 800 800 1000

* Dynamics of the theory depend a lot on n = my, /m, | e e

(e) s-channel pp — pp — 171~ (SU(2)L) (f) s-channel pp — pp — I+~ (SU(2)g)

[a4] uonIas-s50.3

[94] uondas-55043

[3] UoRas-550.3



CONTUR results

Left-handed model Right-handed model
P%, p*p, P D . p% only

m(pp) / m(TTp)
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Search for high-mass dilepton resonances
using 139/fb pp collision data collected at
13 TeV with the ATLAS detector
https://arxiv.org/abs/1903.06248

One of a few detector-level analyses in
RIVET thanks to dedicated smearing
functions!



https://arxiv.org/abs/1903.06248

CONTUR results
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P%, p*p, P D . p% only
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Measurements of fiducial and differential
cross-sections of tt production with additional
heavy-flavour jets in proton-proton collisions at
13 TeV with the ATLAS detector (36/fh)
https://arxiv.org/abs/1811.12113

ttbb final state (both dark pions decay to tb)



https://arxiv.org/abs/1811.12113

CONTUR results: zoom on low-n region

Left-handed model et e« Excluding the most sensitive analysis
pOD, P'D, PD 68% CL exclusion

*DY resonant search: because signal would not cause a
‘bump” in this region

* CONTUR still excludes large areas of this region . What
measurements contribute?

*Higgs mass bin, contributions from yy measurements, as
TIo->Yy becomes important even if decay mode is
suppressed

» Boosted hadronic tt measurements play a role around
m(1Tp) 200 GeV: expected from dominant decay of pions to

100 200 300 400 500 600

GV tb, and the fact they are boosted at that mass

mTrD e - . - -

o o o *Lots of sensitivity from tt-like measurements

[0 CMS eetjet 3 CMS prptjet B ATLAS ee+jet

i AT o e e «Further High-mass Drell-Yan measurements, in particular
COATLAS Modrowc 6 (3 ATLAS €6+ 7% +jet B ATLAS high-mass Drell-Yon 2 of Tt + jets, could be helpful in future!

B CMS high-mass Drell-Yan £¢ @0 ATLAS 44 [ ATLAS v

0 ATLAS £y [ ATLAS y+Ep= [0 ATLAS jets



CONTUR vs
Z' Models for b = sutu~

Fresh from the arXiv

https://arxiv.org/abs/2110.13518
B.C. Allanach, J. M. Butterworth, Tyler Corbett

15
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llustration by Chris Wormell from “A Map of the Invisible”


https://arxiv.org/abs/2110.13518
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Z’ models motivated by LFV anomalies

*Models containing a Z' with non-trivial >VZW<

flavour interactions s
Mass, mixing angle, coupling coms hich comtibuen 0 B, — B mpcng. T
0.41
«Central values of fits to LHCDb results
allows one parameter to be expressed in .
terms of the others, leading to favoured & 0.0
regions in a 2D plane. ~0.21

«Scan over those regions with CONTUR

~0.4°

0.0 0.1 0.2 0.3
gx(1 TeV/My)



Z’ models motivated by LFV anomalies

Deformed 3" Family Hypercharge
Model (DY3’).

Favoured region is below the blue
line. Above the white line, 95%
exclusion.

« Main signature is dimuons

* In the high Z' mass regions, what
sensitivity there is comes from
the ATLAS dimuon search, which

IS Iimplemented in : 5 COMS it 9™ jct @ LHOb £4jot
ATLAS ¢¢ ATLAS low-mass £
RIVET/CONTUR. For TFHM 1000 2000 o0 @ OMS €b+ie =ATLAg et
models that's all there is. Har (G20 —F iyl
* The B;-L, model, the “window™” at
low mass largely is closed by low By-L, Model

Favoured region is between the blue
lines. Above the black line, Z’ width
>30% of mass. Below the white line,
95% exclusion.

mass Drell Yan and Z ->ll
measurements

10"

ax % TeV /My

100 200 300
Mz (GeV)



Status of CONTUR

* CONTUR v2 was released in summer 2021.: first public-
facing, production ready version of CONTUR
Testing new physics models with global comparisons to

* Released with dedicated Companion manual collider measurements: the Contur toolkit
(arXIV 2102 .04377) Editors: A. Buckley!, J. M. Butterworth?, L. Corpe??]

M. Habedank®, D. Huang?, D. Yallup

SciPost Physics

b V2 20 Is Immlnent, accompanles rlvet 3 151 InCIUdes Additional authors: M. M. Altakach?, G. Bassman?, I. Lagwankar?,

J. Rocamonde?, H. Saunders| B. Waugh?, G. Zilgalvis?

* better Ma‘dg ra‘ph Support (S Jeon’ O Mattela‘e r) ! School of Physics & Astronomy, University of Glasgow,
. . University Place, G12 8QQ, Glasgow, UK
L Pyth la SU pport (D Wl |Son et al) 2 Department of Physics & Astronomy, University College London,
, Gower St WCI1E GBtT. L.ondoln, UK o
b ChangeS fOf GAM B IT Inte rface (T PFOCtor et al) 4 Departmen?‘caw?a(l,‘rofr‘lz:ltzrf g:::iZC:&S;rgiziieeljlllg PEtg []imler!sfcjy Ban;alore, India
* speed improvements and regressions testing (S August 20, 2021
B raY) Abstract

[ ] S u p po rt for n o n - L H C beams 'y m O re S M p red ICtIO n S , Measurements at particle collider experiments, even if primarily aimed at understanding

Standard Model processes, can have a high degree of model independence, and implicitly

i m p roved ana IyS i S tools, “O raCI e” pa ram ete r contain information about potential contributions from physics beyond the Standard Model.

The Contur package allows users to benefit from the hundreds of measurements preserved in

1 the Rivet library to test new models against the bank of LHC measurements to date. This
Scan n I ng ’ method has proven to be very effective in several recent publications from the Contur team,
but ultimately, for this approach to be successful, the authors believe that the Contur tool
¥s pp: y
L] Su ppo rt Channel on Mattermost needs to be accessible to the wider high energy physics community. As such, this manual
accompanies the first user-facing version: Contur v2. It describes the design choices that have
https //m atte rmostwe b .cern. Ch/cedar/chan nels/co ntu r been made, as well as detailing pitfalls and common issues to avoid. The authors hope that

with the help of this documentation, external groups will be able to run their own Contur
studies, for example when proposing a new model, or pitching a new search. 18


https://mattermost.web.cern.ch/cedar/channels/contur

Machine-learning assisted parameter
scanning

Special thanks to J. Rocamonde,
G. Zilgalvis, M. Avramidou

Paper in preparation!

* When running with a rectilinear grid, we spend a lot of compute 1.0 A
time to evaluate the CONTUR exclusion on points which are
already quite obviously going to be excluded, or obviously 0.8 -
going to be not excluded < ]
« We don’t particularly care if something is excluded at 0.1 %CL or 4 v
0.3 % CL, and likewise we don’t care if something is excluded at S 04- ;
99% CL or 98%CL ... o g

<
b
1

« In other words, the only regions we really care about are those
in the vicinity of the 68% and 95% CL exclusion surfaces.

A

0.0 . .
: 500 1000 1500 2000 2500
« Can we use this fact to save ourselves some compute? Mp (GeV)

 And if so, does that mean we can do scans in far more dimensions

than previously possible ? We propose to iteratively train a

RandomForest classier to locate the
95 and 65% CL contours, and thereby
spend most of our compute budget on
regions we are actually interested in!

« Given that for models with >3 params, a rectilinear grid is
computationally unaffordable, this development could open up
CONTUR to much more complex models

19




Machine-learning assisted parameter
scanning

Special thanks to J. Rocamonde,

Paper In preparatlon! G. Zilgalvis, M. Avramidou

« CONTUR version 2.2.0 will contain the tools
for what we call the "CONTUR Oracle"

* Basic idea: for large datasets only sample
small fraction of points at a time, and train
classifier to predict exclusion status of the
rest.

 For next iteration: prioritise the points where
classifier is least confident.

 Stop once predetermined thresholds of
accuracy have been met.

 As a result, only need some fraction of full
dataset to understand the dynamics of
parameter space

Initial CONTUR scan

l

Categorise sampled points by
exclusion confidence

|

Assign sampled points to
training and testing pools

i

Train random forest using
training pool

l

Predict categories for all
points, sampled and otherwise

!

Compute accuracy and

uncertainty for testingand ——

training pools

<+—— Request new CONTUR scan

T

Select points not yet sampled
with highest entropy

T

Do predictions
pass accuracy and
uncertainty
thresholds?

Predicted
—  Yes —» exclusion
confidence

Figure 2: Process of the CONTUR ORACLE
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Machine-learning assisted parameter
scanning

Special thanks to J. Rocamonde,
G. Zilgalvis, M. Avramidou

Paper in preparation!

» Test performance on large grids (>8000 points) in

0.8

1000 2000 3000 4000
my [Gevl

(a) 2 iterations

1000 2000 3000 4000
my [Gev)

(b) 3 iterations

0.6

0.4

0.2

0,

-y
o

benchmark DM model (and others). Thats nearly
20,000 h of compute to probe full model space!

. * Promising performance: for 4-dimensional model,

only ~20% of points need to be sampled, for
> 95% accuracy and < 5% false positives

1.0 4500 7 1.0
4000 -_
o8 3500 ;] oe Accuracy FalsePositives
3000 100.0% 1 —— % False Positives 68% CL
o8 2 2500 oe 40.0% % False Positives 95% CL
& 2000 s
o4 " Lsoo | 04 98.0%
0.2 1000 02 30.0%
300 96.0% {
0.0 0.0
1000 2000 3000 4000 1000 2000 3000 4000 20.0%
m, [Gev] my [Gev]
() 4 iterations (d) 5 iterations 94.0% 1
10.0%
. . . . . 92.0% - —— Accurac y (Full Grid)
Visualisation of convergence of Oracle predictions Accuracy (Testing Dataset) -
L . . . —— Accuracy (Training Dataset) 0.0%
in 2-D slice of 4-D simplified DM model space = P . e v - o T

Fraction of points of a full Contur scan

Fraction of points of a full Contur scan
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7XTRA DIMENSIONS ~ —

Summary

Contur is a great way of releasing the potential of Rivet, of the
particle level measurements it includes, and of the MC event
generators, in a new direction

Steady flow of new physics results
Many contributions from MCnet people (as well to the above
tools, of course)
Lots of scope for new development

One priority: make more direct use of the state-of-the-art
SM predictions (see previous talks today...!)

22



extras
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llustration by Chris Wormell from “A Map of the Invisible”



CONTUR workflow

and

pools

{Final state) tag

Description of target final state

Multi-point workflow

Single-point workflow

For each point

o ampling Model Para
Calculating Observables ll v l

(specific parameter values) Loop over parameter’
values and HPC

submission
(contur-batch)

Write MCEG
configuration file,
setting parameter
values (user or
contur-batch)

BSM event generation
(MCEG eg Herwig?)

Data/Background

Sanity checks, Information
resubmission of failed
points, etc. Preserved results of

(contur-gridtool) measurements

(HEPData)

3L Three leptons
4L Four leptons
EEJET eTe™ at the Z pole, plus optional jets torative refinement of
EE.GAMMA e¥e” plus photon(s) BSM Signal scanned parameter
EMETJET Electron, missing transverse momentum, plus optional jets (typically Information space
W, semi-leptonic # analyses) (eontur-zoom)
EMET GAMMA  Electron, missing transverse momentum, plus photon Statistical analysis: CLs Statistical analysis: CLs
i i determination for chosen determination at each .
GAMMA  Inchusive (mult.l );{hotons parameter values point in grid Likelihood
GAMMA MET Photon plus missing transverse momentum (contur) (contur -g) evaluation
HMDY Dileptons above the Z pole for the model
HMDY EL Dileptons above the Z pole, electron channel
HMDY MU Dileptons above the Z pole, muon channel /
JETS Inclusive hadronic final states i
LLJET Dileptons (electrons or muons) at the Z pole, plus optional jets
LL GAMMA Dilepton (electrons or muons) plus a photon Histogram visualisation
! for a given set of Visualisation of CLs
LMDY Dileptons below the Z pole parameter values exclusion and dominant
LMETJET Lepton, missing transverse momentum, plus optional jets (typically (contur-mkhtml) pools in each region
W, semi-leptonic tf analyses) f using nerwig) Extraction [contuz-plot)
METJET Missing transverse momentum plus jets of cross-sections and (if using Herwig) Interactive visualisation of
MMETIET Muon, missing transverse momentum, plus optional jets (typically W, Va;’::mm;’mes calcm;(ed ;mss"sa;:ﬁan space lexclusi«:m
semi-leptonic {f analyses) (contur-extract- “and branching ratios at {contur-visualiser)
MMET_GAMMA Muon, missing transverse momentum, plus photon heruig-xa-br) each point in grid
MMJET ptp— at the Z pole, plus optional jets (contur-scan-
MM_GAMMA ' plus photon(s) herwig-xs-br)
TTHAD  Fully hadronic top events
Different-flavour dileptons plus missing transverse momentum
LIL2MET |, - -
(i.e. WW and #t measurements)
Table 1: Description of the currently considered (Final state) tags used to sort analysis

histograms into orthogonal pools.

For ATLAS/CMS, 7/8/13 TeV

Visualisation of parameter
space and results
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22,

M CONTUR 101

* Key idea: the SM Lagrangian is very finely balanced. You can'’t easily add
BSM particles without the effect showing up in SM distributions

LHC measurements

8,X°X
8,X-X")~hoM (X*X*H+ XX
2igh (XOX~¢ — 3

25
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el
=

) CONTUR 101

* Key idea: the SM Lagrangian is very finely balanced. You can'’t easily add
BSM particles without the effect showing up in SM distributions

+ BSM _— LHC measurements

Processes

£ (XX He )+ (XX — X-X")+ More

ZigM (XOX 67 — XIX*9") +igha, (3 S booste
+WHo  light (X" X*¢° — X~ X~¢°) d
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CONTUR vs
Vector-like Quarks

A case study

27

llustration by Chris Wormell from “A Map of the Invisible”
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Standard VLQ framework from Buchkremer et al
(arXiv:1305.4172), comes with UFO file (also used by ATLA

q Q9 Qa9 Q
Introduces quark partners: LHC programme ha \/\Mgm P T Y N WY EMIQCD
mostly focused her el x & o A p?(l)rdu DR
B(-13) T@/3) X((G/3) VY(-4/3) since reduced «- |8 “ R o R o e P
Couple to SM via usual quark EM/strong couplings, but dependence, . =
modified W/Z/H couplings: But single-production . o R s Weak PEo
* B,T:interact with W, Z or H via modified weak couplin@Stisu=aleiizylellelv v A4 v Production
which we can probe Fas
* X, Y: interact only with W via modified weak coupling CONTUR! g Qi % Q;
So X -> Wt, Y->Wb due to charge conservation @) ()
. g qi g
Three params: ; § % W ) .
* k: absolute coupling of VLQs to SM quarks 2. % A v - V\_/eak
% : /l A > Single
* i relative coupling of VLQs to it" generation . "0 4 oa Q Q Production
* & relative coupling of B,Tto Vin {W, H, Z = © W g

3rd-gen, but 1st-gen has richer

phenomenology due to valence-

28



1.0 7 1.0 1.0
0.8 0.8 0.8
’&:‘ —
= 0.6 1 = 0.6 0.6
T T 2
S & o
= 04 = 04 . 0.4
i
0.2 0.2
0.2
0.0 T T T 0.0 — T . r {
00 02 04 06 08 L0 02 04 06 08 L0 0.0
BR(B — tW) BR(T — W) '
(a) )]

Figure 5: Sensitivity of LHC measurements to (a) B-production for Mp =
(b) T-production for My = 1350 GeV. The CONTUR exclusion is shown in the bins in which it
is evaluated, graduated from yellow through green to black on a linear scale, with the 95% CL
(solid white) and 68% CL (dashed white) exclusion contours superimposed. The mauve region

is excluded at 95% CL by the ATLAS combination [16].

95% CL exclusion

68% CL exclusion

I ouie Corne. CERN (lcorne@cern ch)

1200 GeV and

BR(T — HY)

https://arxiv.org/pdf/1808.02343.pdf

EUROPEAN ORGANISATION FOR NUCLEAR RESEARCH (CERN)

ATLAS Sz

EXPERTMERT

Phys, Rev. Lett. 121 (2018) 211801
DO 10.1103PhysRevLett 121211801

GERN-EP-2018-205
Movember 28, 2018

Combination of the searches for pair-produced
vector-like partners of the third-generation quarks
at vs = 13 TeV with the ATLAS detector

Assumes pair-
production only !

The ATLAS Collaboration

o

ATLAS e T ATLAS
V5=13TaV, 36.1 fb" t E=13Tev, 361 1"
VLG combination B 1200 % VLG combination

& Observed lower mass fimit

S, Observed lower mass limit

% SU(2) doublet |

O SU) snglet 81360
1340
1320
B 1300 ,. 1
0.10203040506070809 1 0 01020304 050607
BR(T — Wb) BR(B — W)
(@) (b)

Figure 4: Observed lower limits at 95% CL on the mass of the (a) T and (b) B as a function of branching ratio
assuming B(T—Hit) + B(T—Zt) + B(T — Wh) = 1 and B(B—Hb) + B(B—Zb) + B(B—Wi) = 1. The yellow
markers indicate the branching ratios for the SU(2) singlet and doublet scenarios where the branching ratios become

approximately independent of the VLQ mass [8].
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'3 CONTUR vs Direct searches

A
I

1.0 1.0

0.8 0.8
T =)
= ~ 0.6 0.6
T T s
3 S04 ©
= .
& g 0.4

e
b

e
IS)

0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6
BR(B — tW) BR(T bl

(a) ®)

CONTUR SenSitiVityl of LHC measurements to (a) B-productio) CONTUR SenSitiVity

comes mainly from gy p I Rt e e comes mainly from
Z+jetS hduated from yellow through green to black on a li Top or W

Il 687 CL (dashed white) exclusion contours superi
measurements ! )5% CL by the ATLAS combination [16]. measurements

I ouie Corne. CERN (lcorne@cern ch)

* VLQ decays may enter phase
space of a many measured
LHC cross-sections: b-jets,
Z/\WH+jets, dibosons,
multipletons...

* Additional CONTUR sensitivity
can be explained partly by the
fact that we consider other
production modes than pair-
production!
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)
x gi‘(\i‘?‘}'\\

Assuming X/Y are decoupled (v. High mass)

1.0 1.0
0.8 0.8
)
= 0.6 0.6
T s
= 0.
= 0.4
0.2
0.2
T T T = 0.0 T T
0.2 04 0.6 0.8 1.0 0.0 . 0.4

BR(B — tW) BR(T
. (2) ®)
CONTUR sensitivity

comes mainly from
Z+jets
measurements !

itivity of LHC measurements to (a) B-productio] CONTUR SenSItIVIty

for My = 1350 GeV. The CONTUR exclusion is sHKXOILAISN mamly from
hduated from yellow through green to black on a li Top orwW

d 68% CL (dashed white) exclusion contours superi

)5% CL by the ATLAS combination [16]. measurements
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CONTUR vs Direct searches

A
I

Latest ATLAS VLO search for Z-channel
decays came out as a CONF note for EPS

Beats the CONTUR exclusion, but using
139/fb instead of the 3.2/fb Z+jets
measurement!

CONTUR result excluded much of this
region a full year before the dedicated
search came out

VLQs have been searched for at ATLAS and CMS in Run 1, and more recently with an early Run 2
dataset, focusing mainly on the pair-production mode [12-24]. Constraints on VLQ production have
also been recently derived [25] using a range of differential cross-section measurements at the LHC,
complementing the direct searches. VLQ pair production, proceeding primarily via the strong interaction

Highlights the potential role of CONTUR as
a scouting tool to determine regions where
dedicated searches are needed
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https://cds.cern.ch/record/2773300/files/ATLAS-CONF-2021-024.pdf

Bounds from by non-
W:2H=0-1:0 collider constraints:
| Region above is

excluded

95% CL exclusion
68% CL exclusion

1000 1500 1000 1500 2000

Mg (GeV) Mg (GeV)
(a) (b)

W:Z:H=1:0:0 W:Z:H=1:1:1

Region to left is
excluded at 90%

< 0.075

CL by CONTUR

1000 1500 2000 2500 500 1000 1500 2000 2500

Mg (GeV) Mg (GeV)
(e) (d) - -
0 ATLAS WW B ATLAS p+EWiS+jet @ ATLAS e+EJF+jet CO|0UI’S |nd|cate
[ ATLAS pp+jet B ATLAS ee+jet [0 ATLAS #4+jet

[0 ATLAS jets B CMS jets
0 CMS e+EP=+jet @ ATLAS 4¢

param space

dominant pool of LHC
analyses in each point of

I ouie Corne. CERN (lcorne@cern ch)

* Despite lack of dedicated searches, the 1st-
generation k-mvLg plane is largely excluded

* ‘ATLAS WW’ pool contains measurements in control
regions of a search for leptoquarks. In many parts of
plane, this is most sensitive analysis (unusual phase
space probed!)

* A strong argument for searches to make
auxiliary particle-level measurements in their
papers!

* The lep+MET+jet inclusions occur where pair
production has died off but single-production retains
appreciable cross-section

* Sensitivity driven by control region
measurements in an 8 TeV Wjj measurement

* “One model’s control region is another model’s search
region”: model-independent measurements may be
key to handling this conundrum !
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Nt

Y CONTUR to ex

W:Z:H=0:0:1 W:Z:H=0:1:0

1000

1500 5 1000 1500 2000

Mg (GeV) Mg (GeV)

(a)
W:Z:H=1:0:0

0.150

0.125

0.100

< 0.075

0.050

0.025

500 1000

1500 2000 2500 500 1000 1500 2000

Mg (GeV) Mg (GeV)

(e)

0 ATLAS WW
3 ATLAS pp+jet
[ ATLAS jets

(d)

B ATLAS p+EWiS+jet @ ATLAS e+EJF+jet
[ ATLAS ee+jet [0 ATLAS £6+jet
B CMS jets

0 CMS e+EP=+jet @ ATLAS 4¢

1 ouie Corne CERN

(lcorne@cern ch)

95% CL exclusion
.......... 68% CL exclusion

2500

Colours indicate
dominant pool of LHC
analyses in each point of
param space

plore new region

i

* Despite lack of dedicated searches, the 1st-
generation k-mvLg plane is largely excluded

* The lep+MET+jet inclusions occur where pair
production has died off but single-production retains
appreciable cross-section

* Sensitivity driven by control region
measurements in an 8 TeV Wjj measurement

* “One model’s control region is another model’s search
region”: model-independent measurements may be
key to handling this conundrum !
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¥ CONTUR to explore new region

iy I

cvanen el Despite lack of dedicated searches, the 1st-
WZH=010 [ 68% CL exclusion generation k-mvLg plane is largely excluded

* ‘ATLAS WW’ pool contains measurements in control
regions of a search for leptoquarks. In many parts of
plane, this is most sensitive analysis (unusual phase
space probed!)

00 1500 2000 00 100 1500 . * A strong argument for searches to make

w o auxiliary particle-level measurements in their
W:Z:H=1:0:0 W:Z:H=1:1:1 papers!

1000 1500 2000 2500 500 1000 1500 2000 2500
Mg (GeV) Mg (GeV)
(c) (d) . . y
WNATLAS WW  SATLAS b BF®4jet W ATLAS o+ B pjet Colours indicate * “One rIlodeI’s control region is another model's search
B ATLAS juctict O ATLAS o 3 ATLAS £6-+jet dominant pool of LHC region”: model-independent measurements may be
S jets S jets . .
0 CMS e+EP=+jet @ ATLAS 4¢ ana'yses in each p0|nt of key to hand“ng th|S Conundrum !
param space 34
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plore new region

i

cvanen el Despite lack of dedicated searches, the 1st-
WZH=010 [ 68% CL exclusion generation k-mvro plane is largely excluded

0.150

0.125

* ‘ATLAS WW’ pool contains measurements in control
regions of a search for leptoquarks. In many parts of
plane, this is most sensitive analysis (unusual phase
space probed!)

0.100 [
< 0.075
0.050

0.025

T T N * A strong argument for searches to make
w o auxiliary particle-level measurements in their
W:Z:H=1:0:0 i W:Z:H=1:1:1 papers!

* The lep+MET+jet inclusions occur where pair
production has died off but single-production retains
appreciable cross-section

< 0.075 <

* Sensitivity driven by control region

1000 1500 2000 2500 500 1000 1500 2000 2500 measurements in an 8 TeV WJJ measurement
Mg (GeV) Mg (GeV)
(c) (d) . . y
BN ATLAS WW W ATLAS o+ EF=-jo @ ATLAS e+ EI 4ot Colours indicate * “One rIlodeI’s control region is another model's search
O ATrag et DRt ceriet EIATLAS tret dominant pool of LHC region”: model-independent measurements may be
S jets S jets . .
0 CMS e+EP=+jet @ ATLAS 4¢ ana'yses in each po|nt of key to hand“ng th|S Conundrum !
param space 35
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*¥ CONTUR to explore new region
| i

: Difference In exclusion pattern wrt 1st-
95% CL exclusion :
WzH=0:01 Tiaelscie) - gen scan driven by proton PDF!

* k-dependent single-production modes
were only appreciable if VLQs could
couple to valence quarks

500 1000 ) 15(00 ) 2000 2500 500 1000 1.'20 ) 2000 2500
Mg (GeV Mg (GeV’ . .
gl ® * This explains why 2nd-gen scan

W:Z:H=1:1:1

04

has reduced x-dependent shape

0.3

€
0.2

* Impact of QCD jet analyses also seen
for higher masses (CMS 13 TeV jet

‘I
0.1 1

w e o ome w0 o0 ub o mass, and ATLAS 13 TeV dijet and
’ | - - inclusive jet analyses)
W ATLAS WIW B ATLAS p+E7™+jet B ATLAS e+ Ef™+jet Colou rs |ndlcate
[ ATLAS ee+jet [0 ATLAS pp+jet [ ATLAS £é+jet .
W ATLAS 4¢ T ATLAS jets B CMS jets dominant p00| of LHC
analyses in each point of
param space 36
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W:Z:H=0:0:1

03
I3
0.2

0.1

i
500 1000 1500 2000
Mg (GeV)

(a)
W:Z:H=1:0:0
0.4

0.3

€
02
I
0.1 i
1
500 1000 1500 2000 2500
Mg (GeV)
()

[ ATLAS ee+jet @ ATLAS pp-tet
[ ATLAS 4¢ [ ATLAS jets
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EE

1
1000 1500 2000
Mg (GeV)
(b)
W:Z:H=1:1:1

]
500 1000 1500 2000
Mg (GeV)

()
BB ATLAS WIW W ATLAS p+E™ 4 jet @ ATLAS e BT jet

[ ATLAS #¢+jet
B CMS jets

95% CL exclusion
68% CL exclusion

~—

2500

2500

Colours indicate
dominant pool of LHC
analyses in each point of
param space

CONTUR to explore new regiofrnll

Difference In exclusion pattern wrt 1st-
gen scan driven by proton PDF!

k-dependent single-production modes
were only appreciable if VLQs could
couple to valence quarks

* This explains why 2nd-gen scan
has reduced x-dependent shape

Impact of QCD jet analyses also seen
for higher masses (CMS 13 TeV jet
mass, and ATLAS 13 TeV dijet and
inclusive jet analyses)
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95% CL exclusion
W:Z:H=0:1:0 68% CL exclusion

* Also notable is that a lot of the

R s e e N T v o sensitivity in this scan is only possible
el e because of published uncertainty
W:Z:H=1:0:0 W:Z:H=1:1:1

breakdowns in these measurements,
which allow correlations to be accounted
for

1.0

0.8 1
0.6 4

0.4 4

* Exclusion much more modest if error
breakdowns would not have been

0.2 4

500 1000 1500 2000 2500 500 1000 1500 2000 2500

Mg (Gev) Mg (Gev) I |
(;; “ . published (see backup)!
@ ATLAS WW B ATLAS o+ B3 4jet B ATLAS e EES et Colours indicate
[ CMS /+E™ss et [ ATLAS pp-tjet @ ATLAS 4¢ ;
(] ATLA;je;l;‘. - mm CMS jets#+J [ ATLAS tt hadronic dom I nant pOOI Of LHC

analyses in each point of
param space 33
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What about the (many) more

;«) ) realistic scenarios?

* During journal review, it has been pointed out to us that the scenario
with all 4 extra VLQs is unrealistic — unlikely that new particles would
form a quadruplet. Instead, we should consider:

* Singlets: (B), (T)
* Doublets: (BT), (XT), (TY)

* Triplets: (BTX), (BTY)

* Each for 1st, 2nd, 3rd-generation couplings, and 4 benchmark W/H/Z- o
coupling assumptions

* That's 7 multiplets, each with 3 generation-couplings, each with 4
W/H/Z-couplings, each with 300 points per scan, running 30,000
events at each point...

* Determining the constraints for this many scenarios in short order
would normally take months... but can it be done with CONTUR?

* We wanted to use this challenge to put the CONTUR machinery to the -

test, and demonstrate the flexibility/speed of the method o



Speed of CONTUR means we can rapidly explore
more permutations of this complex model

A

3rd-Generation

2nd-Generation

o [

(i) BTXY 0:0:1 i) BTXY 0:1.0 (k) BTXY 1.0:0 (i) BTXY 0:0:1 () BTXY 0:1:0 (k) BTXY 100 () BTXY L:1:1 (i) BTXY 0:0:1 (i) BTXY 0:1:0 (k) BTXY 1:0:0
) ATLAS tf hadr () ATLAS 4y & v+X I ATLAS tf hadr () ATLAS vy & v+ X B ATLAS ¢+MET+jet [JATLAS i’+MET+j.ct [ ATLAS tf hadr )
@0 ATLAS WW  BER ATLAS p+EF4jet @0 ATLAS e+ EM+jet D ATLAS WW B ATLAS p+E™=4jet [ ATLAS e+ED= 4 jet [ ATLAS WW B ATLAS o+ Ef™+jet @0 ATLAS e+ B +jet
@ ATLAS eetjet @0 ATLAS pptjet [ ATLAS £i+jet @ ATLAS eetjet @3 ATLAS pptjet [ ATLAS £f+jet B ATLAS ee+jet D ATLAS puptjet 3 ATLAS £E+jet
B ATLAS 4¢ [ ATLAS jets B CMS jets W ATLAS 4¢ [ ATLAS jets @ CMS jets B ATLAS 4f [0 ATLAS jets B8 CMS jets

95% CL exclusion

68% CL exclusion
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Speed of CONTUR means we can rapidly explore
more permutations of this complex model

s

(a) BT 0:0:1

2nd-Generation

(b) BT 0:1:0 (c) BT 1:0:0 (a) BT 0:0:1

(e) XT 0:0:1

(m) BTXY 0:0:1

[ ATLAS tf hadr

(n) BTXY 0:1:0

A

(b) BT 0:1:0 (¢} BT 1:0:0

3rd-Generation
g

(0) BTXY 1

CJATLAS vy & v+ X

(p) BTXY 1.1

(m) BTXY 0:0:1 (n) BTXY 0:1:0 (a) BTXY 1:0:0 (m) BTXY 0:0:1

[CJ ATLAS ti hadr [ ATLAS vy & v+X

»

(n) BTXY 0:10 (o) BIXY 1:0:0

l R B ATLAS /+MET+jet [JATLAS (+MET+jet
EDATLAS WW W ATLAS 4+ EP=+jet @3 ATLAS e+ER=-+jet EDATLAS WW  WEATLAS pu+ EP*tjet [ ATLAS e+ EF™tjet @ ATLAS W . ATLAS ot EF=et
D ATLAS eet+jet [ ATLAS pp-+jet 3 ATLAS £f+jet @8 ATLAS eetjet [ ATLAS ppu+jet [ ATLAS £f+jet 0 ATLAS ee+jet @ ATLAS up+jet
@ ATLAS 4£ [ ATLAS jets @ CMS jets @ ATLAS 4¢ [ ATLAS jets Bl CMS jets B ATLAS 4¢ [ ATLAS jets
95% CL exclusion
| ouie Corpe CERN (lcorpe@cern chy [ 68% CL exclusion

[ ATLAS ¢ hadr

[ ATLAS e+EP=jet
[0 ATLAS #+jet

W CMS jets
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Speed of CONTUR means we can rapidly explore

more permutations of this complex model

A

(f) BTY 0:1:0 (g) BTY 1:0:0

2nd-Generation 3rd-Generation

om0
Mg (62

(&) BTY 0:0:1

)

(i) BTXY 0:0:1 (i) BTXY 0:1:0 (k) BTXY 1:0:0 () BTXY §:}:

[0 ATLAS WW B ATLAS p+ER™tjet @ ATLAS e+EZjet
[ ATLAS eetjet [ ATLAS pptjet [ ATLAS £/+jet
[ ATLAS jets B CMS jets

95% CL exclusion

68% CL exclusion
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1 (i) BTXY 0:0:1 (i) BTXY 0:1:0 (k) BTXY 1.0:0 (1) BTXY L:1:

(i) BTX-Y 0:0:1 (j) BTXY 0:1:0 (k) BTXY 1.0:0 (1) BTXY L:3:}
D ATLAS WW B ATLAS p+EF™+jet @ ATLAS e+ EF'™+jet B ATLAS {(+MET+jet [ ATLAS £+-MET+jet [J ATLAS # hadr
[ ATLAS ee+jet T ATLAS pp-+jet [ ATLAS £é+jet 3 ATLAS WW R ATLAS p+Ep*+jet [ ATLAS e+Ey"™ +jet
[0 ATLAS jets @ CMS jets O ATLAS 7y & v+X @ ATLAS eetjet D ATLAS pp-+jet [0 ATLAS £f+jet
B ATLAS 44 [ ATLAS jets [l CMS jets



Heavy Dark Mesons



Dark meson phenomenology at the LHC

n

600 800 1000
M, [GeV]

(a) pp — pha (SU(2)L)

600 800 1000
fitn, [GeV]

(¢) pp = mhp, (SU2)L)

200 400 600 800 1000
Mr, [GeV]

(e) s-channel pp — pp — I*1~ (SU(2)L)

n

m,, [Gevl

(b) pp = phg (SU(2)r)

200 400 600 1000

mp, [GeV]

800

() s-chanmel pp — pp — 71~ (SU(2)R)

'Tay] uopzes-sso

[94] uopas-sso13

[ay] uopdas-ssoly

*Define 1] = mnD /mpD

Above n > 0.5, PDp can decay to diquark/dilepton pairs, expect this

model to be picked up by High-mass Drell-Yan measurements (and
the smeared particle-level HDMY search which is in CONTUR)

*Below, n < 0.5, Pp decays almost exclusively to 7T

* Chiefly decay to tv for T[D below 200 GeV, and tb above.
*Missing energy and multiple (b-)jets

*Or take advantage of single-pion production with a W or
Z: Missing energy, jets, leptons
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Dark meson phenomenology at the LHC
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Pp decays: depends on mass hierarchy

10"

Gaugephobic

Tt decays @

200 300 400 500

m; [GeV]

100

My /M, > 0.5

qq"

v

500 1000 1500

Kribs et al. arXiv:1809.10183

GO0

*Distinguish two cases for Dark Sector:
*“L eft-handed case”. DS gauged under SM SU(2)., mix with SM

W/Zly. Gives Three P with charges 0, +1, -1

.,

*“Right-handed case”: SM U(1) -> 0 p mixing only with SM y, only

have neutral pD-

*Phenomenology depends on TL'D /P p mass hierarchy

*If Dp cannot decay to T[D, it chiefly decays to leptons:
Z’ like resonance signature

*If Dp can decay to T[D, it will almost always do so

*Dark pion decays feature a variety of final states specially featuring
third generation SM fermions
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Translating results to limits of mpwm

1.0
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e

-7 Heavy
----- quark limit
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LIS B | L N L B R L L L R | RN R B | LB

—— 5U(2); model
—— SU(2)r model

Lattice calculations
<4———available

arXiv:2105.08494
9000

mpm [GeV]

10000

Ui

amps

amuv

amsS0

£

0.77
0.70
0.50

0.3477
0.2886
0.2066

0.4549
0.4170
0.3783

0.9828
0.8831
0.7687

0.153
0.262
0.338

Appelquist et al (arXiv:1503.04203)

* Follow similar strategy to Appelquist et al (arXiv:1503.04203) to
connect collider limits to DM analysis: connect non-DM

signatures (T[D) to DM via fundamental SU(4) representation,
which fixes mass scales, and lattice calculations

amS0(n)
amps(n)

Lattice dimensionless mass prediction for dark baryon

mpm(n) = X My, (M)

Lattice dimensionless mass prediction for pseudo-scalar
Appelquist et al (arXiv:1503.04203)

* LHC exclusions together with the lattice results push the dark
matter mass limits to multi-TeV mass range. Results interpolated
between different n scenarios.



Comblnlng Wlth Yeff Values above
Direct Detection results XenonlT curve are LHC Constraints via

excluded CONTUR

M. — Jpn9DM p.\n Mpm l
"o
X gpm
< gpm 10743

IIIIII
gpM = Yesf X ffDM

| o _Yer=160__ _____

 Higgs-mediated DM production cross-section related to
effective dark quark - Higgs coupling Ve

« Using inputs from lattice, eg ffDM

* LHC CONTUR limits, which are independent can be

used to compare to XenonlT constraints mpm [GeV]

» Can then extract maximum allowed yes for each DM

mass hypothesis XenonlT limits



Bringing Direct Detection and LHC limits together

1.0 I L L] I l L L] 1 l | I I l 1 1 I | 1 I I i
I CONTUR|] LHC limits via
0.8 - Allowed |1 CONTUR
F D Region | . _ _
p Pirect. : Either require low values of
0.6} |Detection - .
ét [ [Exclusion i Higgs - dark quark
Q 0 0
> o.ak Curves effective Yukawa coupling
Tt or require very heavy dark
i ~CONTUR matter
0.2 1 [Excluded
1 [Region
0 2000 4000 o000 8000 10000

Maximum allowed mpy [GeV]
coupling between

dark quarks and

Higgs



CONTUR vs

Two-Higgs Doublet Model
+ pseudo scalar mediator a
Another case study
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llustration by Chris Wormell from “A Map of the Invisible”



The 2HDM+a model

Slides: Martin
Two-Higgs-doublet model with a pseudoscalar mediator JHE PO5(2017) 138 Habedank (DESY)

* pseudoscalar mediator that couples to DM and SM particles

* additional second Higgs doublet (—"2HDM") to avoid strong constrains by Higgs boson couplings
» ratio of vacuum expectation values: tanf3

* mediator-SM coupling through mixing of mediator and second Higgs doublet
« a-A mixing angle: sin®

+ simplest theoretically consistent extension of simplified DM models with pseudoscalar mediators

Parameters
Particles
A sin(B-a) A,
H
M
L = X h
sin® tanp
A H*
M * A
A P2
9,4 Mx M,
M

* most often M, =M =M, is used
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https://link.springer.com/content/pdf/10.1007/JHEP05(2017)138.pdf

Benchmark Scenarios
(comparison to ATLAS)

Slides: Martin

ATLAS summary paper Mretmeot e Results of this paper —2009.02220 Habedank (DESY)
—JHEP05(2019)142 CONTUR paper sensitivity map in terms of CL, i most sensitive measurements
— 2000 T T T T T miss = .
> ATLAS rim,>20% 1 =Er "+Z() il
8 180001¥5.= 13 Tev, 36,410 Lt - Pe7eEonae 2000 2000
_‘< Limits at 95% CL e 1oéev o<1 ] ..
— Observed TR 19, = J a=pmss, ¥
£ e -* Expected sin6 = 0.35, tan = 1 ] SéLn:(zE\)hm‘aoa
1400F Mo = My = M 3 1500 1500
F {=era > 06 %
PRD 96 (2017) 112004 9: ’_: 9
= o -
s I 04 510
_:‘rslsr‘: )‘ : i(;ni;vz;? ’ 500 0.2 500
400 I T T 1 0.0 P .
100 200 300 400 100 & A 400
M, (GeV) . M. (Gev)
4
oo ai’ X
“1111<,
Z
exclusion i
+ orthogonal to ATLAS searches _ _ )
» from many different contributions B ATLAS p+Ep™+jet @ ATLAS e+Ej"+jet @ ATLAS [+ E}"™ +jet
. . 3 CMS {+EFs5+jet @8 ATLAS WW 3 ATLAS pptjet
At low ma, A-> tt and_HJ_r ->tb become important, picked up @8 ATLAS £/+jet 3 ATLAS jets @ ATLAS E' jet
by lep+MET+jet measurements in CONTUR @@ ATLAS 4/ [ ATLAS U+ Episs "

With no equivalent search (at the time)
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Benchmark Scenarios
(comparison to ATLAS)

ATLAS summary paper
—JHEP05(2019)142

S 2000 gy RS framar T 20 = EP**+h(bb), 139 fb! 2000
[ 0 i N EXOT-2018-46
O, 1500gts=1sle 1990 2HOMsa,DiacOM | _
b imits at 95% =ET"+Z(ll), 139 fb"!
£ 1600fE 2. — Observed m=10GeV,g =1 T L e
N $ind = 0,35, tanf = 1 4 _
1400 T A = My = M - Hitb, 139 b Py 1500
“.’4_ '.‘:\. HDBS-2018-51 >
1200 : i, T “hiinv), 139 o o]
ATLAS-CONF-2020-052 ~
1000 R i
=EPhiyy), 1390 Ny 1000
800 - HIGG-2018-16 =~
600k b, ] EFAZN + ET4h(k
A m, = 600 GeV : -
4003 3 500
200 9
100 200 300 400 500 600 700 800
m, [GeV]
exclusion

» orthogonal to ATLAS searches
» from many different contributions

Low-ma region filled in by dedicated

searches, ~1 year later.

Results of this paper —2009.02220

sensitivity map in terms of CLs

I
100
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T
200

T
300
M, (GeV)

Slides: Martin
Habedank (DESY)

most sensitive measurements

2000

0.6

CL,

0.4

0.2 500

£l 100 200 300 400

@ ATLAS p+EPS+tjet @ ATLAS e+ ERSfjet @B ATLAS [+ERS et

I CMS (+Emiss et
@3 ATLAS l/+jet
@@ ATLAS 4/

@3 ATLAS WW @ ATLAS pptjet
3 ATLAS jets B ATLAS E7™+jet
3 ATLAS I+ Episs 5
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Benchmark Scenarios
(comparison to ATLAS

ATLAS summary paper

-
.
% ATLAS
L) Vs =13 TeV, 36.1 b
Limits at 95% CL
— Observed
-~ Expected

2HDM+3a, Dirac DM
m,=10GeV,g =1
m, =m, = m,, = 600 GeV

:  sine=0.35
1 H .
: tanp=1
o T/m, > 20%
=" 4
100 150 200 250 300 350 400 450 500 55
m, [GeV]

JHEP 09 (2017) 088

=E7e4Z(1l)
PLB 776 (2017) 318

=E7**+h(bb)
PRL 119 (2017) 181804 )

tar

1= +ha)

PRD 96 (2017) 112004

{ =Er*4t

EPJC 78 (2018) 18
JHEP 06 (2018) 108

=h(inv) fs-78Tev472031
0 JHEP 11 (2015) 206,
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S sensitivity map in terms of CLs
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0.8
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0.4
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0.2
T T T T 0.0 10!
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Results of this paper —2009.02220

M, (GeV)

AH---

t

B ATLAS p+EPS+jet
3 CMS (+Ejisstjet
@3 ATLAS ((+jet

3 ATLAS 44

@ ATLAS e+EN et
@@ ATLAS WW

[J ATLAS jets

[ ATLAS [+ Epis

L.II

300 400

M, (GeV)

500

B ATLAS [+EPSS4jet
3 ATLAS pptjet

B ATLAS EFis+jet
3 ATLAS Hadronic tt

6

Slides: Martin
Habedank (DESY)
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What about varied mixing

parameters?

10? L0
now: 2000 i . i
* degenerate masses M_ =M, =M, =600GeV again 95% CL Slides: Martin
0.8
+ change mixing parameter ) = Habedank (DESY)
sin6=1/2 (maximum mixing) s 1°97 L 0 o6
— a-X coupl. decreased, a-SM coupl. increased 3 = ‘ 2 '
— A-x coupl. increased, A-SM coupl. decreased E 1000 - - z o
+  sinB>1A2: a—A switch roles . 100 4 '
g9
X X X 2
X a < cz’,'< - ﬂ',’< % 2007 95% CL v
_uf_< + H----¢ ; + Ht---4 : + A“"‘; ;‘ - , 107! - - T T 0.0
‘;11( ”1111-{ h ‘\< 100 200 300 400 100 200 300 400 500
% q P B M, (GeV) M, (GeV)
(a) (b)

102
W ATLAS j+EF+jet @ ATLAS [+ERtjet
COCMS (+EF=4jet [ ATLAS ppu+jet
[0 ATLAS jets @ ATLAS 4¢ 100 )
[ ATLAS I+ Exis @8 ATLAS 7 + Epis 5 =7 10
E :;ti: Hj“;:jf: f' t b g 95% CL exclusion

AS ¢ Tootje e o - 0, i
@ ATLAS WW ammmes v 100 68% CL exclusion
B ATLAS EP™ et fen
[J ATLAS « / X
coupl. « sinB, (M,-M,) .
10~
, 200 300 400 100 200 300 400 500

Hoamnnd X M, (GeV) M, (GeV)
l
;L‘L.< (© (d)

1

4
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What about non-degenerate

Masses?

nomg: iate fi default ters by d ing M_ =M =M Slides: Martin
+ deviate from default parameters by dropping M_ =M =
- still need either M =M, or M,=M,, to meet eIecTrowgak ?)recision constraints Habedank (DESY)

+ choose MH=MHt

2000

X T
f==m- 5 5 500 1000 1500 2000 :
! 500 1000 1500 \20000 s 95% CL exclusion
Mu: A«[Hi (GeV) MH_ A[Hi (GeV) .
; . 0 < i <L 68% CL exclusion
(a) M, =100 GeV PR Yy b (d) M, =500GeV
h X ;‘"L‘< !
g I Bl ATLAS [+EPstjet
Bl ATLAS p+EPSStjet @ ATLAS 4¢ @8 ATLAS ee+jet @@ ATLAS WW
03 CMS e+ EPsSiet [ ATLAS v + Es @ CMS jots O ATLAS #l+jet
O ATLAS pipi+jet I ATLAS e+EX=tjet [ ATLAS [[+Em g ATLAS EFs4jet
[J ATLAS jets [ CMS (+EXsS4jet 3 CMS pp+jet CJATLAS v
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CONTUR as an analysis

=3 prototyping tool

e Since it's easy to add in a RIVET routine to CONTUR, one can test different
analysis designs to gauge sensitivity of future results or preliminary data

* For example: | am currently working on 139/fb MET+jets measurement. What does

it bring to the table?

sind = 1/v2, M, = 300 GeV 10%

10t
Another non- 2
degenerate E
lO" .’ 100 N
mass case
Add prototype
T SR 139/fb MET +jets 0 L,

measurement
routine

M, (GeV)

\a) o)

B ATLAS p+EZ® et @0 ATLAS e+ ER*jct @ ATLAS I+ ER= et

@0 CMS e+EF=tjet I CMS #4Eftjet @ ATLAS WW

3 ATLAS pptjet [ ATLAS eetjet [0 ATLAS 0+ jet

[ ATLAS jets B ATLAS Essfjet @ ATLAS 4¢

[ ATLAS v @ ATLAS v+ ER® @3 CMS £-+jet 95% CL exclusion

68% CL exclusion
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100

200
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400

500

0.0

This measurement will exclude
large fraction of plane
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