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Outline

Where is the new physics hiding?
What opportunities remain under the search lamppost?

Case study: hunting Higgsinos
Why are MSSM compressed scenarios so challenging?

Surpassing two-decade old LEP limits
How do we detect Higgsino dark matter at hadron colliders?
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 R E L A T I V I T Y  +  Q U A N T U M 

Yang-MillsMatterHiggs et al. Gravity[Unseen]

Allowed massless particles by consistency between*

Highly constrained theory space
for what structure of (sub-Planckian) fundamental physics can look like

Very di�icult for new physics to evade principles
underpinning Standard Model & General Relativity

*No-go theorems byWeinberg (1968), Grisaru & Pendleton (1977). NB ‘continuous-spin particles’ allowed Schuster & Toro [arXiv:1302.1198]
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Just 7 classes of renormalisable field operators allowed in SM

SSM ∼
∫

p

−g d4x
h

−
1
4
F2 + θF ∗ F + iψ̄γ · Dψ+ |DH|2 +µ2H2 +λH4 − yHψ̄ψ

i

Spin 0, 12 , 1, 2 states encoded in field representations of Poincaré group

(Spin 2 only dynamical with extra non-renormalisable Einstein–Hilbert kinematic termLEH = M2PlR/2,
then SM couples to sub-Planckian gravity at leading order via∼ hµνT

µν
SM/M

2
Pl)
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Mysteries with masses

(1) Fundamental hierachies & UV sensitivity µ2� MPl (i.e. ‘The hierarchiy problem’)
a) Why is weak scale∼ µ� Planck scaleMPl?
b) IR physics should not be severely sensitive to UV dynamics but δµ2∝ M2UV

(2) Parametric hierachies in Yukawa sector yH (e.g. YETI 2018)
EW symmetry breaking: yfH∼mf · vev: Why ismtop quark/melectron ∼ 106?

SSM+GR ∼
∫

p

−g d4x

�

M2PlR

2
−
1
4
F2 + θF ∗ F + iψ̄γ · Dψ+ |DH|2 +µ2H2 +λH4 − yHψ̄ψ

�
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Higgsinos make Higgs sector technically natural

(1) Fundamental hierachies & UV sensitivity µ2� MPl (i.e. ‘The hierarchiy problem’)
a) Why is weak scale∼ µ� Planck scaleMPl?
b) IR physics should not be severely sensitive to UV dynamics but δµ2∝ M2UV

(2) Parametric hierachies in Yukawa sector yH (e.g. YETI 2018)
EW symmetry breaking: yfH∼mf · vev: Why ismtop quark/melectron ∼ 106?

SSM+GR ∼
∫

p

−g d4x

�

M2PlR

2
−
1
4
F2 + θF ∗ F + iψ̄γ · Dψ+ |DH|2 +µ2H2 +λH4 − yHψ̄ψ

�

SM fermionmasses are technically natural (e.g. ’t Hoo� 1979)
Light mass protected by chiral symmetry – scalars lack such custodial symmetry

Supersymmetrymakesmystery (1b) technically natural
Tie Higgs h to Higgsino H̃ fermionic partner with SUSY to keep scalar mass light

H̃
︸︷︷︸

protected by chiral symmetry

SUSY
︷︸︸︷

↔ h
︸︷︷︸

light mass linked to H̃
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Further elevate naturalness into a guide for SUSY mass scale

Stop

Hu

Stop

Hu

Gluino
Gluino

Stops, 
sbottom

Higgsinos tree-level

1-loop

Everyone else 
can be decoupled 

h(125)

2-loop

Z(90) Minimally natural
spectrum in vanilla MSSM

Adapted from Papucci et al [arXiv:1110.6926]
Naturalness desires low fine-tuning betweenm2

Z vs |µ|
2 +m2

Hu
Light gluino & stops keepm2

Hu
near weak-scale

Higgsino µ parameter probes MSSM naturalness condition at tree-level
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Stop sensitivity approaching 1 TeV
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Observed limits Expected limits All limits at 95% CL

-1=13 TeV, 36.1 fbs

0L                   [1709.04183]

1L                   [1711.11520]

2L                   [1708.03247]

Monojet          [1711.03301]

Run 1              [1506.08616]

2015–17: formidable e�orts to probe ‘diagonal regions’: objects typically so�
From ATLAS SUSY summary plots
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How to read typical SUSY simplified model exclusion plots

m(SUSY mother)

m(lightest SUSY daughter)
e.g. neutralino 

Excluded
Forb

idden

Typical limit shape Kinematic
ally

95% confidence

Simplified (toy) models

e.g. stop
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How to read typical SUSY simplified model exclusion plots

m(SUSY mother)

m(lightest SUSY daughter)

Decreasing 

acceptance A

Decreasing 
cross-section σ 

e.g. neutralino 

e.g. stop

Excluded
Forb

idden

Compressed 
phase space

Plentiful 
phase space

Typical limit shape Kinematic
ally

95% confidence

Simplified (toy) models
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Opportunities & challenges for

Rare SUSY
Colourless sparticles

Dark sector

Soft stuff
Particle identification

Trigger thresholds

soft, rare, quirky signals

THE SEARCHLIGHT IS SHIFTING 

Quirky creatures
Displaced difficulties

Long-lived exotica

L    H    C

Minimality

Unification

Naturalness

Colourful states

Light gluino & stops

WIMP dark matter

Energetic jets + MET 

from spectacular to subtle discoveries

Case study
Higgsino 
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HUNTING HIGGSINOS

A benchmark for probing the so�, rare & long-lived frontiers
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Higgsinos are generically compressed electroweak SUSY

�M ⇠ 1 to 10s GeV

�̃0
2

�̃±
1

�̃0
1

(Z⇤ ! `+`�)

(W ⇤ ! soft objects)

1

Mass splitting governed by electroweakmixing [e.g. arXiv:1704.01577]

∆m(χ̃02 , χ̃01 )'
m2
W

g22

�

g21
M1

+
g22
M2

�

LikeW± and Z bosonmasses∼ 10% apart due to EWmixing

g1: U(1)Y coupling,M1: mass of bino eB (fermionic partner of U(1)Y boson)
g2: SU(2)L coupling,M2: mass ofwinos eW (fermionic partners of SU(2)L bosons)
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Data-driven motivations: compressed chargino–neutralinos favoured by global fits

1

The pMSSM10 after LHC Run 1

K.J. de Vriesa, E.A. Bagnaschib, O. Buchmuellera, R. Cavanaughc,d, M. Citrona,
A. De Roecke,f , M.J. Dolang, J.R. Ellish,e, H. Flächeri, S. Heinemeyerj, G. Isidorik,
S. Malika, J. Marrouchee, D. Mart́ınez Santosl, K.A. Olivem, K. Sakuraih, G. Weigleinb

aHigh Energy Physics Group, Blackett Laboratory, Imperial College, Prince Consort Road, London SW7 2AZ, UK

bDESY, Notkestraße 85, D–22607 Hamburg, Germany

cFermi National Accelerator Laboratory, P.O. Box 500, Batavia, Illinois 60510, USA

dPhysics Department, University of Illinois at Chicago, Chicago, Illinois 60607-7059, USA

ePhysics Department, CERN, CH–1211 Geneva 23, Switzerland

fAntwerp University, B–2610 Wilrijk, Belgium

gTheory Group, SLAC National Accelerator Laboratory, 2575 Sand Hill Road, Menlo Park,
CA 94025-7090, USA & ARC Centre of Excellence for Particle Physics at the Terascale, School of
Physics, University of Melbourne, 3010, Australia

hTheoretical Particle Physics and Cosmology Group, Department of Physics, King’s College London,
London WC2R 2LS, UK

iH.H. Wills Physics Laboratory, University of Bristol, Tyndall Avenue, Bristol BS8 1TL, UK

jInstituto de F́ısica de Cantabria (CSIC-UC), E–39005 Santander, Spain

kPhysik-Institut, Universität Zürich, CH-8057 Zürich, Switzerland

lNikhef National Institute for Subatomic Physics and VU University Amsterdam, Amsterdam, The
Netherlands & Universidade de Santiago de Compostela, E-15706 Santiago de Compostela, Spain

mWilliam I. Fine Theoretical Physics Institute, School of Physics and Astronomy, University of
Minnesota, Minneapolis, Minnesota 55455, USA

We present a frequentist analysis of the parameter space of the pMSSM10, in which the following 10 soft
SUSY-breaking parameters are specified independently at the mean scalar top mass scale MSUSY ⌘ p

mt̃1
mt̃2

:
the gaugino masses M1,2,3, the first-and second-generation squark masses mq̃1 = mq̃2 , the third-generation squark
mass mq̃3 , a common slepton mass m˜̀ and a common trilinear mixing parameter A, as well as the Higgs mixing
parameter µ, the pseudoscalar Higgs mass MA and tan�, the ratio of the two Higgs vacuum expectation values.
We use the MultiNest sampling algorithm with ⇠ 1.2 ⇥ 109 points to sample the pMSSM10 parameter space. A
dedicated study shows that the sensitivities to strongly-interacting sparticle masses of ATLAS and CMS searches
for jets, leptons + /ET signals depend only weakly on many of the other pMSSM10 parameters. With the aid
of the Atom and Scorpion codes, we also implement the LHC searches for electroweakly-interacting sparticles
and light stops, so as to confront the pMSSM10 parameter space with all relevant SUSY searches. In addition,
our analysis includes Higgs mass and rate measurements using the HiggsSignals code, SUSY Higgs exclusion
bounds, the measurements of BR(Bs ! µ+µ�) by LHCb and CMS, other B-physics observables, electroweak
precision observables, the cold dark matter density and the XENON100 and LUX searches for spin-independent
dark matter scattering, assuming that the cold dark matter is mainly provided by the lightest neutralino �̃0

1.
We show that the pMSSM10 is able to provide a supersymmetric interpretation of (g � 2)µ, unlike the CMSSM,
NUHM1 and NUHM2. As a result, we find (omitting Higgs rates) that the minimum �2 = 20.5 with 18 degrees of
freedom (d.o.f.) in the pMSSM10, corresponding to a �2 probability of 30.8%, to be compared with �2/d.o.f. =
32.8/24 (31.1/23) (30.3/22) in the CMSSM (NUHM1) (NUHM2). We display the one-dimensional likelihood
functions for sparticle masses, and show that they may be significantly lighter in the pMSSM10 than in the other
models, e.g., the gluino may be as light as ⇠ 1250 GeV at the 68% CL, and squarks, stops, electroweak gauginos
and sleptons may be much lighter than in the CMSSM, NUHM1 and NUHM2. We discuss the discovery potential
of future LHC runs, e+e� colliders and direct detection experiments.

KCL-PH-TH/2015-15, LCTS/2015-07, CERN-PH-TH/2015-066,

DESY 15-046, FTPI-MINN-15/13, UMN-TH-3427/15, SLAC-PUB-16245, FERMILAB-PUB-15-100-CMS
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Fig. 10 The two-dimensional profile likelihood functions for (top
left to bottom right) the masses of the gluino, the first- and second-
generation squarks, the lighter stop and sbottom squarks, the lighter
chargino and the lighter stau, each versus the lightest neutralino mass

mχ̃0
1
. In each panel the solid (dashed) red/blue contours denote the

"χ2 = 2.30/5.99 level contours for the case where we do (not) apply
the LHC8 constraints, respectively. The green filled and empty stars
indicate the corresponding best-fit points

have been relatively light, and t-channel sfermion exchange
could bring the relic density into the range allowed by cos-
mology. However, after applying the LHC8 constraints only

the Z - and h-funnels are allowed in this region. In the region
where mχ̃0

1
! 80 GeV, before implementing the LHC8 con-

straints stau coannihilation and t-channel sfermion exchange

123

Green star is best fit to collider & non-collider data in 10-dim parameter space [1504.03260]
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Striking gaps in ATLAS sensitivity
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‘Smoking-gun’ lamppost of high pT objects is focus of first LHC searches.
Confront the so� lepton frontier to open sensitivity to diagonal.
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Theorists very active in this area recently
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CERN-PH-TH/2010-056, MADPH-10-1556, IPMU09-0102

Nearly Degenerate Gauginos and Dark Matter at the LHC

Gian F. Giudicea,∗ Tao Hanb,† Kai Wangc,‡ and Lian-Tao Wangd§

a CERN, Theory Division, CH-1211 Geneva 23, Switzerland
b Department of Physics, University of Wisconsin, Madison, WI 53706, USA

c Institute for the Physics and Mathematics of the Universe,

University of Tokyo, Kashiwa, Chiba 277-8568, Japan
d Department of Physics, Princeton University, Princeton, NJ 08540, USA

Abstract
Motivated by dark-matter considerations in supersymmetric theories, we investigate in a fairly model-

independent way the detection at the LHC of nearly degenerate gauginos with mass differences between

a few GeV and about 30 GeV. Due to the degeneracy of gaugino states, the conventional leptonic signals

are likely lost. We first consider the leading signal from gluino production and decay. We find that it is

quite conceivable to reach a large statistical significance for the multi-jet plus missing energy signal with

an integrated luminosity about 50 pb−1 (50 fb−1) for a gluino mass of 500 GeV (1 TeV). If gluinos are

not too heavy, less than about 1.5 TeV, this channel can typically probe gaugino masses up to about 100

GeV below the gluino mass. We then study the Drell-Yan type of gaugino pair production in association

with a hard QCD jet, for gaugino masses in the range of 100–150 GeV. The signal observation may be

statistically feasible with about 10 fb−1, but systematically challenging due to the lack of distinctive features

for the signal distributions. By exploiting gaugino pair production through weak boson fusion, signals of

large missing energy plus two forward-backward jets may be observable at a 4–6σ level above the large

SM backgrounds with an integrated luminosity of 100–300 fb−1. Finally, we point out that searching for

additional isolated soft muons in the range pT ∼ 3–10 GeV in the data samples discussed above may help

to enrich the signal and to control the systematics. Significant efforts are made to explore the connection

between the signal kinematics and the relevant masses for the gluino and gauginos, to probe the mass scales

of the superpartners, in particular the LSP dark matter.

∗Electronic address: gian.giudice@cern.ch
†Electronic address: than@hep.wisc.edu
‡Electronic address: kai.wang@ipmu.jp
§Electronic address: lianwang@princeton.edu

1

1004.4902

Prepared for submission to JHEP EFI-13-15, ANL-HEP-PR-13-35, KIAS-P13040

Cornering electroweakinos at the LHC

Stefania Goria,b Sunghoon Junga,c Lian-Tao Wanga,d

aEnrico Fermi Institute and Department of Physics, University of Chicago, Chicago, IL,
60637

bHEP Division, Argonne National Laboratory, 9700 Cass Ave., Argonne, IL 60439
cSchool of Physics, Korea Institute for Advanced Study, Seoul 130-722, Korea
dKavli Institute for Cosmological Physics, University of Chicago, Chicago, IL, 60637

E-mail: goris@uchicago.edu, nejsh21@kias.re.kr,
liantaow@uchicago.edu

Abstract: Squeezed supersymmetric spectra are challenging for the LHC searches
based on a sizable missing energy and hard visible particles. One such scenario con-
sists of chargino/second-lightest neutralino NLSPs and a lightest neutralino LSP with
a relatively small mass gap (m(�NLSP)�m(�LSP) ⌘ � ⇠ (10� 50) GeV). In this note,
we explore search strategies to better probe this parameter space. We focus on the 3`

+ Emiss
T channel arising from the chargino/second-lightest neutralino associated pro-

duction, and we investigate the role of a relatively hard initial state radiation (ISR)
jet. In addition to typical kinematic variables, such as the minimum lepton pair in-
variant mass, we propose an angular separation variable and two ratio variables which
capitalize on the main kinematic features; leptons stay relatively soft under the boost
from ISR and a sizable missing energy arises only in tight correlation with the ISR
boost. With 300/fb of data at the 14 TeV LHC, we expect to probe electroweakinos
up to 320 (700) GeV with � ⇠ 30 GeV and up to 220 (620) GeV with � ⇠ 20 GeV if
gauginos decay via gauge bosons (light sleptons). We emphasize that the 3` channel is
technically challenging for mass gaps below ⇠ 12 GeV.
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Hunting Quasi-Degenerate Higgsinos

Zhenyu Han,1 Graham D. Kribs,1, 2 Adam Martin,3 and Arjun Menon1

1Department of Physics, University of Oregon, Eugene, OR 97403
2School of Natural Sciences, Institute for Advanced Study, Princeton, NJ 08540

3Department of Physics, University of Notre Dame, Notre Dame, IN 46556, USA

We present a new strategy to uncover light, quasi-degenerate Higgsinos, a likely ingredient in

a natural supersymmetric model. Our strategy focuses on Higgsinos with inter-state splittings

of O(5 � 50) GeV that are produced in association with a hard, initial state jet and decay via

o↵-shell gauge bosons to two or more leptons and missing energy, pp ! j + /ET + 2+ `. The

additional jet is used for triggering, allowing us to significantly loosen the lepton requirements and

gain sensitivity to small inter-Higgsino splittings. Focusing on the two-lepton signal, we find the

seemingly large backgrounds from diboson plus jet, t̄t and Z/�⇤ + j can be reduced with careful

cuts, and that fake backgrounds appear minor. For Higgsino masses m� just above the current LEP

II bound (µ ' 110 GeV) we find the significance can be as high as 3� at the LHC using the existing

20 fb�1 of 8 TeV data. Extrapolating to LHC at 14 TeV with 100 fb�1 data, and as one example

M1 = M2 = 500 GeV, we find 5� evidence for m� . 140 GeV and 2� evidence for m� . 200 GeV.

We also present a reinterpretation of ATLAS/CMS monojet bounds in terms of degenerate Higgsino

(�m� ⌧ 5 GeV) plus jet production. We find the current monojet bounds on m� are no better than

the chargino bounds from LEP II.
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FTPI-MINN-14/28
UH-511-1237-14

Monojet plus soft dilepton signal
from light higgsino pair production at LHC14

Howard Baer1,2∗, Azar Mustafayev3† and Xerxes Tata3§

1Dept. of Physics and Astronomy, University of Oklahoma, Norman, OK 73019, USA
2William I. Fine Theoretical Physics Institute, University of Minnesota, Minneapolis MN

55455, USA
3Dept. of Physics and Astronomy, University of Hawaii, Honolulu, HI 96822, USA

Abstract

Naturalness arguments imply the existence of higgsinos lighter than 200-300 GeV. How-
ever, because these higgsinos are nearly mass degenerate, they release very little visible
energy in their decays, and (even putting aside triggering issues) signals from electroweak
higgsino pair production typically remain buried under Standard Model backgrounds.
Prospects for detecting higgsino pair production via events with monojets or mono-
photons from initial state radiation are also bleak because of signal-to-background rates
typically at the 1% level. Here, we consider the possibility of reducing backgrounds by
requiring the presence of soft daughter leptons from higgsino decays in monojet events.
We find that LHC14 experiments with an integrated luminosity of 300 fb−1 should be
sensitive to light higgsinos at the 5σ level for µ < 170 GeV with a S/B ∼ 8.5%. For
an integrated luminosity of 1000 fb−1 (which should be possible at a high luminosity
LHC) the corresponding sensitivity to µ extends to over 200 GeV though the systematic
uncertainty would have to be controlled to considerably better than 5%. The correspond-
ing reach from measurements of the rate asymmetry between monojet events with same
flavour vs. opposite flavour dileptons is ∼10-15 GeV smaller, but does not suffer the
systematic uncertainty from the normalization of the background.

∗Email: baer@nhn.ou.edu
†Email: azar@phys.hawaii.edu
§Email: tata@phys.hawaii.edu

1409.7058

MT2 to the Rescue – Searching for Sleptons in Compressed Spectra at the LHC

Zhenyu Han
Institute for Theoretical Science, University of Oregon, Eugene, OR 97403, USA

Yandong Liu
Department of Physics and State Key Laboratory of Nuclear Physics and Technology,

Peking University, Beijing 100871, China

We propose a novel method for probing sleptons in compressed spectra at hadron colliders.

The process under study is slepton pair production in R-parity conserving supersymmetry,

where the slepton decays to a neutralino LSP of mass close to the slepton mass. In order

to pass the trigger and obtain large missing energy, an energetic mono-jet is required. Both

leptons need to be detected in order to suppress large standard model backgrounds with

one charged lepton. We study variables that can be used to distinguish the signal from the

remaining major backgrounds, which include tt̄, WW+jet, Z+jet, and single top production.

We find that the dilepton mT2, bound by the mass di↵erence, can be used as an upper bound

to e�ciently reduce the backgrounds. It is estimated that sleptons with masses up to about

150 GeV can be discovered at the 14 TeV LHC with 100 fb�1 integrated luminosity.
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Prepared for submission to JHEP

A boost for the EW SUSY hunt: monojet-like search

for compressed sleptons at LHC14 with 100 fb�1

Alan Barr,a James Scovillea,b

aDepartment of Physics, Denys Wilkinson Building,

Keble Road, Oxford OX1 3RH, UK
bUnited States Air Force Institute of Technology,

Wright-Patterson Air Force Base, OH 45433, USA

E-mail: A.Barr1@physics.ox.ac.uk, james.scoville@physics.ox.ac.uk

Abstract: Current Large Hadron Collider (LHC) analyses are blind to compressed su-

persymmetry (SUSY) models with sleptons near the lightest super partner (LSP) in mass:

ml̃ � m�̃0
1
⌘ �m . 60 GeV. We present a search sensitive to the very compressed range

3 GeV < �m < 24 GeV using the channel pp ! l̃+ l̃� + jet ! l+l��̃0
1�̃

0
1 + jet with soft same-

flavor leptons and one hard jet from initial state radiation (pj
T > 100 GeV). The sleptons

recoil against the jet boosting them and their decay products, making the leptons detectable

and providing substantial missing transverse momentum. We use the kinematic variable mT2

along with a di↵erent-flavor control region to reduce the large standard model backgrounds

and control systematic uncertainty. We find the analysis should allow LHC14 with 100 fb�1

to search for degenerate left-handed selectrons and smuons in the compressed region up to

ml̃L
. 150 GeV. In addition, it should be sensitive to ml̃L

. 110 GeV for the very challenging

case of auto-concealed SUSY, in which left-handed sleptons decay to the Kaluza-Klein tower

of a modulino LSP which lives in d = 6 extra dimensions. In both the compressed spectrum

and auto-concealed SUSY scenarios this analysis will need more data to improve on LEP2

limits for right-handed sleptons due to their smaller cross sections.
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ATLAS & CMS Collaborations listened & looked

Trigger on missing ET 
by boosting LSPs

Soft dileptons allow 
signal-background 
discrimination 
e.g. m(ll), mT2

Hadronic recoil from 
initial-state radiation (ISR)

Low missing ET as LSPs 
are nearly back-to-back

Leptons too soft to 
pass lepton triggers

EXISTING PROBES OUR STRATEGY

ATLAS 1712.08119 [ATLAS-SUSY-2016-25]
Trigger on EmissT , o�line EmissT > 200 GeV, perform compressed sleptons search too

CMS 1801.01846 [CMS-SUS-16-048]
Also 2µ+ EmissT triggers, o�line EmissT > 125 GeV, perform compressed stop search too
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Signals localised at lowm``: bump-hunt SUSY style!
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Sensitivity driven by χ̃02 → `
+`−χ̃01 (same-flavour opposite-sign)

Signal kinematic endpoint:m`` <∆M(χ̃02 , χ̃01 ) gives dramatic background discrimination
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New for 2017: so� lepton frontier at ATLAS extended down to 4 GeV
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Confronting experimental limitations of so� lepton reconstruction crucial for sensitivity
Fun fact: a muon loses 3 GeV of energy before reaching the ATLASmuon spectrometer
So� lepton regime dominated by challenging fake/nonprompt lepton* backgrounds

*These include misidentified jets, photon conversions, semi-leptonic decays of B-hadrons, pileup
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LHC HIGGSINO SENSITIVITY

A hadron collider extends nearly 20 year old LEP limits
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First hadron collider limits on direct Higgsino production
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LEP χ̃±1 excluded

ATLAS√
s = 13 TeV, 36.1 fb−1

ee/µµ, m`` shape fit
All limits at 95% CL

pp → χ̃0
2χ̃
±
1 , χ̃0

2χ̃
0
1, χ̃+

1χ̃
−
1 (Higgsino)

χ̃0
2 → Z ∗χ̃0

1, χ̃±1 →W ∗χ̃0
1

m(χ̃±1 ) = [m(χ̃0
2) + m(χ̃0

1)]/2

Higgsino simplifiedmodel
Down to∆m(χ̃02 , χ̃01 )∼ 3 GeV | Up tom(χ̃02 )∼ 140 GeV.
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Limiting factors for analysis sensitivity
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Signal shapemore
background-like

Signal
cross-section

So� lepton reconstruction

Higgsino simplifiedmodel
Down to∆m(χ̃02 , χ̃01 )∼ 3 GeV | Up tom(χ̃02 )∼ 140 GeV.
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Higgsino disappearing track signature

Recall particle lifetime inversely related to phase space.

Pure Higgsino (ultra-compressed) limit, chargino becomes long–lived

cτ∼
0.7 cm

�

∆m(χ̃±1 , χ̃01 )

340 MeV

�3
√

√

√

1−
�

mπ
∆m(χ̃±1 , χ̃01 )

�2

From Fukuda, Nagata, Otono, Shirai [arXiv:1703.09675], ATL-PHYS-PUB-2017-019

Signature: partial ‘disappearing’ track
(Trigger on EmissT from ISR)
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How do we close the Higgsino prompt–long-lived gap?
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December 2017

Sub-100 GeV Higgsinos in 0.3®∆m(χ̃±1 , χ̃01 )® 2 GeV regime remain viable!
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How do we close the Higgsino prompt–long-lived gap?
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December 2017

So�er leptons?

Shorter lifetime & tracklets?

Need new techniques to overcome limiting factors in sensitivity
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REFLECTIVE EPILOGUE

Being PhD students amidst confusion in fundamental physics
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Signature storm     →    particle zoo      →   underlying theory

How do we measure 
mass, spin, coupling?

Timing, tracking, flavour, angles, 
endpoints, proxies like mT, mT2 

to perform spectroscopy.

Expectation: a new golden age of striking discoveries + robust measurement

ℒ(old) + ℒ(new)
Supersymmetry?

Dark matter?
Extra dimensions?

Hidden gauge sectors?
Exciting exotica?

 

 
 

 

 
 

b

b

μ

e

e

What is the structure of 
new physics data?

Use simplified models to organise 
kinematics & structures in data as 

detector-independent signatures.

Which underlying 
theory is it?

Two distinct theories can give the 
same signature: study how to
lift signature degeneracies.

E.g. Barr, Gripaios, Lester [arXiv:0711.4008]E.g. Alwall, Schuster, Toro [arXiv:0810.3921] E.g. Arkani-Hamed, Kane, Thaler, Wang [hep-ph/0512190]  
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Expectation: PhD students do spectroscopy & taxonomy

Gluino

Stops, 
sbottoms

Higgsino

JETS

JETS
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Reality: despair?
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A GOLDEN AGE FOR NEW IDEAS

Actually, striking opportunities for critical reflection & fruitful innovation

How can experimentalists open uncharted sensitivity?
Use detector beyond original design goals e.g. so� lepton frontier, new triggers
Explore exotic signatures at lifetime frontier [LLP workshops]

What is the nature of darkmatter?
Dark sector potentially rich & vast beyond vanilla WIMP paradigm
Sub-GeV thermal relics? Sub-MeV ultra-light particles? Table-top frontier? [e.g. 1707.04591]

Why is naturalness not a robust guide for new physics?
Critically re-examine long-standing theoretical assumptions
E.g. Cosmological relaxation? [1504.07551] Nnaturalness? [1607.06821]
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Gratitude
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Thanks to excellent leadership and collaboration of international analysis team from British Columbia,
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Thanks to CERN, ATLAS Experiment, STFC, Oxford for support & hospitality
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EXTRAS
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LHC cross-sections for wino, Higgsino, slepton production
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˜̀: JHEP 01 (2014) 168
χ̃: EPJ C73 (2013) 2480, JHEP 1210 (2012) 081
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Higgsino vs wino–bino dilepton invariant mass shape
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LHC can probe composition of electroweakinos i.e. underlying SUSY parameters
m`` shape di�ers for Higgsino H̃ vs wino–bino W̃/B̃ scenarios.
Using MadSpin to model χ̃02 → `

+`−χ̃01 decays to match predicted shape.
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Background estimation strategy: schematic overview

CR-top
N(b-jets) ≥ 1
ttbar, tW 
MC normalisation

CR-tau
60 < m(ᶦᶦ) < 120 GeV
MC normalisation

Signal region
Same flavour leptons

VR-DF
Different flavour 
leptons.

Exactly the same 
kinematic 
regimes as SRs.

Global check of 
background 
modelling.

VR-SS 
MET/HT(lep) > 5.
Same sign leptons.
Fakes purity > 90%.

≥ 1 lepton 
fake/non-prompt
> 50% at low lepton pT
E.g. W+jets

Top quark
2L ttbar & tW missed b-jet 

Z → ᶦᶦ
2L decays

Diboson 
WW 2L
WZ missed 3rd lepton 

Others
E.g. Z → ee/ᶞᶞ, Higgs

Fake Factor 
Data-driven method

VR-VV 
MET/HT(lep) < 3.
Diboson purity 
~40%.

Prediction
Mix of data & MC methods 

Validation
Check background modelling

Monte Carlo only 

Irreducible: 2 real & prompt leptons and MET from neutrinos
Reducible: ≥ 1 or more fake/non-prompt lepton(s), instrumental MET (negligible)

Monte Carlo only 

List of MC samples in backup p??, more details of strategy in backup p??.
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Control regions for irreducible backgrounds
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Table 4: Definition of control and validation regions. The common selection criteria in Table 2 are implied unless
otherwise specified.
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CR-top e±e⌥, µ±µ⌥, e±µ⌥, µ±e⌥ > 5 � 1 b-tagged jet(s)
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Figure 4: Examples of kinematic distributions after the background-only fit showing the data as well as the expected
background in control regions CR-tau (left) and CR-top (right). The full event selection of the corresponding regions
is applied, except for the requirement that is imposed on the variable being plotted. This requirement is indicated
by blue arrows in the distributions. The first (last) bin includes underflow (overflow). Background processes
containing fewer than two prompt leptons are categorized as ‘Fake/nonprompt’. The category ‘Others’ contains rare
backgrounds from triboson, Higgs boson, and the remaining top-quark production processes listed in Table 1. The
uncertainty bands plotted include all statistical and systematic uncertainties.

Two single-bin CRs are considered, which have all the selections in Table 2 applied unless stated otherwise
in Table 4. A sample enriched in top quarks with 72% purity, CR-top, is defined by selecting events with
at least one b-tagged jet. This CR has 1100 observed events and is used to constrain the normalization
of the tt̄ and tW processes with dilepton final states. A sample enriched in the Z (⇤)/�⇤(! ⌧⌧) + jets
processes with 80% purity, CR-tau, is constructed by selecting events satisfying 60 < m⌧⌧ < 120 GeV.
This CR has 68 observed events and the variable Emiss

T /Hlep
T is required to have a value between 4 and

8 to reduce potential contamination from signal events. Figure 4 shows the background composition of
the CR-tau and CR-top regions. The signal contamination in both regions is typically below 3% and is at
most 11%.

It is di�cult to select a sample of diboson events pure enough to be used to constrain their contribution to
the SRs. The diboson background is therefore estimated with MC simulation. A diboson VR, denoted by

13

For SR
orthogonality

Background-only fit to CR-top & CR-tau (each single-bins).
This derives normalisation factors µtop, µZ→ττ respectively.
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Highlight ATLAS 2`+ EmissT + ISR search
DRAFT

Variable Common requirement

Number of leptons = 2
Lepton charge and flavour e+e� or µ+µ�

Leading lepton p`1
T > 5 (5) GeV for electron (muon)

Subleading lepton p`2
T > 4.5 (4) GeV for electron (muon)

�R`` > 0.05
m`` 2 [1, 60] GeV excluding [3.0, 3.2] GeV
Emiss

T > 200 GeV
Leading jet p j1

T > 100 GeV
��( j1, pmiss

T ) > 2.0
min(��(any jet, pmiss

T )) > 0.4
Number of b-jets = 0
m⌧⌧ < 0 or > 160 GeV

Electroweakino SRs Slepton SRs

�R`` < 2 —
m`1

T < 70 GeV —
Emiss

T /H lep
T > max

⇣
5, 15 � 2 m``

1 GeV

⌘
> max

✓
3, 15 � 2

✓
m100

T2
1 GeV � 100

◆◆

Binned in m`` m100
T2

Table 2: Summary of event selection. The binning scheme used to define the final SRs is shown in Table 3.

separation requirement min(��(any jet, pmiss
T )) > 0.4 between any signal jet in the event and pmiss

T reduces213

the e�ect of jet-energy mis-measurement on Emiss
T .214

The leading sources of irreducible background are tt̄, single-top, WW , and Z (! ⌧⌧) + jets. Events215

that contain b-jets are rejected to reduce the tt̄ and single-top background. To identify the kinematics of216

Z ! ⌧⌧ background, a variable m⌧⌧ is defined [18, 19, 25] by m⌧⌧ = sign
⇣
m2
⌧⌧

⌘ q���m2
⌧⌧
���, where m2

⌧⌧ ⌘217

2p`1 · p`2 (1 + ⇠1)(1 + ⇠2), and the parameters ⇠1 and ⇠2 are determined by solving pmiss
T = ⇠1p`1

T + ⇠2p`2
T .218

The definition of m⌧⌧ approximates the invariant mass of a leptonically-decaying tau pair if both tau219

leptons are su�ciently boosted so that the daughter neutrinos from each tau decay are collinear with the220

visible lepton momentum. Events with 0 < m⌧⌧ < 160 GeV are rejected.221

Two sets of signal regions, optimized for production of electroweakinos and sleptons, respectively, are222

defined.223

In the electroweakino production, the two leptons originating from Z⇤ ! `` are both soft, and their224

invariant mass is small. Due to the recoil of the SUSY particle system against a jet from initial state QCD225

radiation, the angular separation �R`` between the two leptons is required to be smaller than 2.0. The226

transverse mass of the leading lepton and Emiss
T , defined as m`1

T =

q
2(E`1

T Emiss
T � p`1

T · pmiss
T ), is required227

to be smaller than 70 GeV to reduce the background from tt̄, WW , and W + jets. The dilepton invariant228

mass m`` is sensitive to the H�0
2 H�0

1 mass splitting, and is used to define binning of the electroweakino SRs229

as shown in Table 3.230

The event topology of slepton-pair production (Figure 1(b)) can be used to infer the slepton mass given231

the LSP mass. The stransverse mass [35, 36] is defined by232

mm�

T2

⇣
p`1

T , p
`2
T , p

miss
T
⌘
= min

qT

⇣
max

f
mT
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p`1

T , qT,m�

⌘
,mT
⇣
p`2

T , p
miss
T � qT,m�

⌘g ⌘
,233

6th October 2017 – 19:08 10

Select 2 so� SFOS leptons

Conversions/fake muons
Drell-Yan resonances

Select ISR topology

Mis-measured jets
Top quarks

Z→ ττ

Same-flavour opposite sign (SFOS) signature
Higgsino sensitivity dominated by χ̃02 → χ̃

0
1 (Z∗→ `+`−).

Select ISR topology
EmissT > 200 GeV, pj1T > 100 GeV,∆φ(j1,pmissT )> 2.0.

Suppress backgrounds
Other common requirements reduce various backgrounds labelled above.
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Schematic of data-driven Fake Factormethod

Kinematic regime

Lepton definition

Select ID

Select an anti-ID

Measurement region
1`-triggered dijet samples

Application region
2` region,≥ 1` fake/non-prompt

Nanti-ID

Fake factor
denominator

NID

Fake factor
numerator

Nest =
�

NID
Nanti-ID

�

︸ ︷︷ ︸

fake factor

·NCR-fake

(event-level weight)

Signal region
fake estimate

NCR-fake
Control region

(SR enriched with fakes)

Numerator (denominator) intuition: given fake leptons, fraction that pass (fail) signal requirements.

ID Electrons: Tight identification, GradientLoose isolation.
ID Muons: Medium identification, FixedCutTightTrackOnly isolation.

ID leptons: same as signal leptons | Anti-ID leptons: invert≥ 1 ID requirements.

Bin in pT for e & µ, bin in Nb-jet only for µ fake factors.

Fake Factor developed in H to WW analysis. Studied fake composition in MC (mostly heavy flavour), optimised object definitions.
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Summary of background estimation validation
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Table 4: Definition of control and validation regions. The common selection criteria in Table 2 are implied unless
otherwise specified.

Region Leptons Emiss
T /Hlep

T Additional requirements
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Figure 4: Examples of kinematic distributions after the background-only fit showing the data as well as the expected
background in control regions CR-tau (left) and CR-top (right). The full event selection of the corresponding regions
is applied, except for the requirement that is imposed on the variable being plotted. This requirement is indicated
by blue arrows in the distributions. The first (last) bin includes underflow (overflow). Background processes
containing fewer than two prompt leptons are categorized as ‘Fake/nonprompt’. The category ‘Others’ contains rare
backgrounds from triboson, Higgs boson, and the remaining top-quark production processes listed in Table 1. The
uncertainty bands plotted include all statistical and systematic uncertainties.

Two single-bin CRs are considered, which have all the selections in Table 2 applied unless stated otherwise
in Table 4. A sample enriched in top quarks with 72% purity, CR-top, is defined by selecting events with
at least one b-tagged jet. This CR has 1100 observed events and is used to constrain the normalization
of the tt̄ and tW processes with dilepton final states. A sample enriched in the Z (⇤)/�⇤(! ⌧⌧) + jets
processes with 80% purity, CR-tau, is constructed by selecting events satisfying 60 < m⌧⌧ < 120 GeV.
This CR has 68 observed events and the variable Emiss

T /Hlep
T is required to have a value between 4 and

8 to reduce potential contamination from signal events. Figure 4 shows the background composition of
the CR-tau and CR-top regions. The signal contamination in both regions is typically below 3% and is at
most 11%.

It is di�cult to select a sample of diboson events pure enough to be used to constrain their contribution to
the SRs. The diboson background is therefore estimated with MC simulation. A diboson VR, denoted by

13
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Breakdown of systematics in SRs
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Figure 5: The relative systematic uncertainties in the background prediction in the exclusive electroweakino (left)
and slepton (right) SRs. The individual uncertainties can be correlated and do not necessarily add up in quadrature
to the total uncertainty.

regions. For the dileptonic diboson background, the uncertainties of the normalization and shape in the
SRs are dominated by the QCD scale variations. The normalization uncertainties of the top quark and
Z (⇤)/�⇤(! ⌧⌧) + jets contributions are constrained by the simultaneous fit, and only the shape uncertainties
relating the CRs to the SRs a�ect the results.

Figure 5 shows the relative size of the various classes of uncertainty in the background predictions in the
exclusive electroweakino and slepton SRs. The uncertainties related to the Fake Factor method are dis-
played separately from the remaining experimental uncertainties due to their relatively large contribution.
The breakdown also includes the uncertainties in the normalization factors of the Z (⇤)/�⇤(! ⌧⌧) + jets
and the combined tt̄ and tW backgrounds as obtained from CR-tau and CR-top, respectively.

The theoretical modeling uncertainties in the expected yields for SUSY signal models are estimated
by varying by a factor of two the MG5_aMC@NLO parameters corresponding to the renormalization,
factorization and CKKW-L matching scales, as well as the P�����8 shower tune parameters. The overall
uncertainties in the signal acceptance range from about 20% to 40% and depend on the SUSY particle
mass splitting and the production process. Uncertainties in the signal acceptance due to PDF uncertainties
are evaluated following the PDF4LHC15 recommendations [120] and amount to 15% at most for largee�0

2 or èmasses. Uncertainties in the shape of the m`` or m100
T2 signal distributions due to the sources above

are found to be small, and are neglected.

8 Results and interpretation

The H���F����� package [121] is used to implement the statistical interpretation based on a profile
likelihood method [122]. Systematic uncertainties are treated as nuisance parameters in the likelihood.

To determine the SM background predictions independent of the SRs, only the CRs are used to constrain
the fit parameters by likelihood maximization assuming no signal events in the CRs; this is referred to as
the background-only fit. The normalizations, µZ(⇤)/�⇤!⌧⌧ and µtop, respectively for the Z (⇤)/�⇤(! ⌧⌧) +
jets MC sample and the combined tt̄ and tW MC samples are extracted in a simultaneous fit to the data
events in CR-tau and CR-top, as defined in Section 6. The normalization parameters, as obtained from the

16
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Electroweakino and slepton SRs
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DRAFT

Variable Common requirement

Number of leptons = 2
Lepton charge and flavour e+e� or µ+µ�

Leading lepton p`1
T > 5 (5) GeV for electron (muon)

Subleading lepton p`2
T > 4.5 (4) GeV for electron (muon)

�R`` > 0.05
m`` 2 [1, 60] GeV excluding [3.0, 3.2] GeV
Emiss

T > 200 GeV
Leading jet p j1

T > 100 GeV
��( j1, pmiss

T ) > 2.0
min(��(any jet, pmiss

T )) > 0.4
Number of b-jets = 0
m⌧⌧ < 0 or > 160 GeV

Electroweakino SRs Slepton SRs

�R`` < 2 —
m`1

T < 70 GeV —
Emiss

T /H lep
T > max

⇣
5, 15 � 2 m``

1 GeV

⌘
> max

✓
3, 15 � 2

✓
m100

T2
1 GeV � 100

◆◆

Binned in m`` m100
T2

Table 2: Summary of event selection. The binning scheme used to define the final SRs is shown in Table 3.

separation requirement min(��(any jet, pmiss
T )) > 0.4 between any signal jet in the event and pmiss

T reduces213

the e�ect of jet-energy mis-measurement on Emiss
T .214

The leading sources of irreducible background are tt̄, single-top, WW , and Z (! ⌧⌧) + jets. Events215

that contain b-jets are rejected to reduce the tt̄ and single-top background. To identify the kinematics of216

Z ! ⌧⌧ background, a variable m⌧⌧ is defined [18, 19, 25] by m⌧⌧ = sign
⇣
m2
⌧⌧

⌘ q���m2
⌧⌧
���, where m2

⌧⌧ ⌘217

2p`1 · p`2 (1 + ⇠1)(1 + ⇠2), and the parameters ⇠1 and ⇠2 are determined by solving pmiss
T = ⇠1p`1

T + ⇠2p`2
T .218

The definition of m⌧⌧ approximates the invariant mass of a leptonically-decaying tau pair if both tau219

leptons are su�ciently boosted so that the daughter neutrinos from each tau decay are collinear with the220

visible lepton momentum. Events with 0 < m⌧⌧ < 160 GeV are rejected.221

Two sets of signal regions, optimized for production of electroweakinos and sleptons, respectively, are222

defined.223

In the electroweakino production, the two leptons originating from Z⇤ ! `` are both soft, and their224

invariant mass is small. Due to the recoil of the SUSY particle system against a jet from initial state QCD225

radiation, the angular separation �R`` between the two leptons is required to be smaller than 2.0. The226

transverse mass of the leading lepton and Emiss
T , defined as m`1

T =

q
2(E`1

T Emiss
T � p`1

T · pmiss
T ), is required227

to be smaller than 70 GeV to reduce the background from tt̄, WW , and W + jets. The dilepton invariant228

mass m`` is sensitive to the H�0
2 H�0

1 mass splitting, and is used to define binning of the electroweakino SRs229

as shown in Table 3.230

The event topology of slepton-pair production (Figure 1(b)) can be used to infer the slepton mass given231

the LSP mass. The stransverse mass [35, 36] is defined by232

mm�

T2

⇣
p`1

T , p
`2
T , p

miss
T
⌘
= min

qT

⇣
max

f
mT
⇣
p`1

T , qT,m�

⌘
,mT
⇣
p`2

T , p
miss
T � qT,m�

⌘g ⌘
,233
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SR binning scheme (paper main text)

DRAFT

Electroweakino SRs

Exclusive SRee-m`` , SRµµ-m`` [1, 3] [3.2, 5] [5, 10] [10, 20] [20, 30] [30, 40] [40, 60]
Inclusive SR``-m`` [1, 3] [1, 5] [1, 10] [1, 20] [1, 30] [1, 40] [1, 60]

Slepton SRs

Exclusive SRee-m100
T2 , SRµµ-m100

T2 [100, 102] [102, 105] [105, 110] [110, 120] [120, 130] [130,1]
Inclusive SR``-m100

T2 [100, 102] [100, 105] [100, 110] [100, 120] [100, 130] [100,1]

Table 3: Signal region binning for the electroweakino and slepton SRs. Each SR is defined by the lepton flavor (ee,
µµ, or `` for both) and a range of m`` (for electroweakino SRs) or m100

T2 (for slepton SRs) in GeV.

In slepton-pair production (Figure 1(b)), the event topology can be used to infer the slepton mass given273

the LSP mass. The stransverse mass [37, 38] is defined by274

mm�

T2

⇣
p`1

T , p
`2
T , p

miss
T

⌘
= min

qT

⇣
max

f
mT
⇣
p`1

T , qT,m�

⌘
,mT
⇣
p`2

T , p
miss
T � qT,m�

⌘g ⌘
,275

where the transverse vector qT is chosen to minimize the larger of the two transverse masses, defined by276

mT
⇣
pT, qT,m�

⌘
=

r
m2

`
+ m2

� + 2
✓q

p2
T + m2

`

q
q2

T + m2
� � pT · qT

◆
.277

The values of mm�

T2 are bounded by the slepton mass from above when the hypothesis invisible mass m�278

is set to the LSP mass. The stransverse mass m100
T2 with m� = 100 GeV is used to define the binning of279

the slepton SRs as further described below. The value of 100 GeV is chosen based on the expected LSP280

masses of the slepton signals targeted by this analysis.281

The scalar sum of the lepton momenta H lep
T = p`1

T + p`2
T is smaller in compressed SUSY signal events282

than in background events such as WW production. The ratio Emiss
T /H lep

T provides signal-to-background283

discrimination which improves for smaller mass splittings in the signals and is therefore used as a sensitive284

variable in both the electroweakino and slepton SRs. The minimum value of the Emiss
T /H lep

T requirement285

is adjusted event-by-event based on the size of the mass splitting inferred from the event kinematics. For286

the electroweakino SRs, this is achieved with m`` as Emiss
T /H lep

T > max[5, 15 � 2m``/(1 GeV)]. For the287

slepton SRs, m100
T2 � 100 GeV is used as Emiss

T /H lep
T > max[3, 15 � 2{m100

T2 /(1 GeV) � 100}]. Figure 3288

illustrates the Emiss
T /H lep

T requirement for electroweakino and slepton SRs.289

Table 3 defines the binning of the signal regions. The electroweakino SRs are divided into seven290

non-overlapping ranges of m`` , which are further divided by lepton flavor (ee, µµ), and referred to291

as exclusive regions. Seven inclusive regions are also defined, characterized by overlapping ranges of292

m`` . For the slepton SRs, m100
T2 is used to define 12 exclusive regions and six inclusive regions. When293

setting model-dependent limits on the electroweakino (slepton) signals, only the exclusive SRee-m`` and294

SRµµ-m`` regions (SRee-m100
T2 and SRµµ-m100

T2 regions) are statistically combined in a simultaneous fit.295

When setting model-independent upper limits on new physics signals, only the inclusive SR``-m`` and296

SR``-m100
T2 regions are considered. The details of these statistical procedures are found in Section 8.297

6 Background estimation298

A common strategy is used to determine the SM background in all signal regions. The main sources of299

irreducible background events that contain two prompt leptons, missing transverse momentum and jets are300

30th October 2017 – 08:03 12
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Exclusive bins for shape fit
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Signal models: 2 ways to realise dilepton decay chain with MET
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σ× BR2` similar to electroweakinos
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Striking gaps in ATLAS sensitivity
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First LHC probe of sleptons in∆M® 55 GeV gap
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2 years a�er being asked, realised Barr–Scoville [1501.02511] strategy using data! :)
Moderately compressed gap 20®m(˜̀)−m(χ̃01 )® 60 GeV challenging due to e.g.WW.
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Closing the ATLAS wino–bino gap
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Simplified models motivated by 3 compressed spectra scenarios

Higgsino LSP

Wino

Bino LSPBino LSP

Slepton

Radiative/mixingCompression

LSP as dark matter

Accidental 

Simplified 
models 

considered

Use in this analysis Optimisation & interpretation Interpretation

E.g. arXiv: §1110.6926, %1505.05896, **1504.0326, £hep-ph/0601041 ^1508.06608, #Resummino NLO+NLL 1304.0790

E.g. cross-sections# m(ᶩ2, ᶩ1) = (110, 105) GeV
σ(pp → ᶩ2ᶩ1) = 4.3 pb

0 ±

0 ±
m(ᶩ2 =ᶩ1) = 110 GeV
σ(pp → ᶩ2ᶩ1) = 16 pb

0 ±

0 ±
            m(ℓL,R) = 110 GeV
σ(pp → ℓL,RℓL,R) = 0.55 pb

~ ~

~ ~~ ~

~~ ~

~ ~

Weak scale naturalness§ Resolve (g-2)μ tension% Favoured by global fits**Desirable feature

SM splitting analogy W/Z bosons ~10% apart Charm quark & tau lepton mass ~30% apart

Bino saturates relic density via coannihilation^‘Well-tempered’ mixing£
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Definition ofmττ

DRAFT
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(b) Sleptons

Figure 14: Distributions of Emiss
T /H leptons

T for the Higgsino (left) and Slepton (right) selections, after applying all
signal region cuts except those on the Emiss

T /H leptons
T , m`` , and mT2. The black dashed line indicates the cut applied

in the signal region; events in the region below the black line are rejected.

phadronic
p⌧1

p⌧2
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p`2

⌫`1
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⌫⌧2

⌫`2

p⌫1

p⌫2

pmiss
T

Figure 15: Schematic illustrating the fully leptonic (Z ! ⌧⌧) + jets system motivating the construction of m⌧⌧ .

H�0
2 ! H�0

1(Z⇤ ! ``). The average value of [�M]reco is typically half that of the hypothesis mass800

splitting [�M]reco ⇠ 5 GeV, hence the factor of 2. Figure 14 illustrates the Emiss
T /H leptons

T requirement for801

Higgsinos and Sleptons.802

m⌧⌧ The di-tau invariant mass m⌧⌧

⇣
p`1, p`2, pmiss

T

⌘
used in this analysis is defined by Equation (12),803

which is a function of the measured leptonic p`1, p`2 and transverse missing momenta pmiss
T related by804

Equations (9) and (10).805

This variable aims to reconstruct the fully leptonic Z ! ⌧⌧ processes to provide leverage on this806

background. Figure 15 illustrates this system schematically. By reconstructing the tau 4-momenta p⌧i , the807

invariant mass squared m2
⌧⌧ =

�
p⌧1 + p⌧2

�2 of the Z can be calculated and appropriately vetoed. Various808

definitions of m⌧⌧ exist in the literature to resolve the kinematic ambiguities due to immeasurable neutrino809

momenta by imposing assumptions on the underlying process. This analysis primarily follows Refs. [33,810

42, 46].811

In the Z ! ⌧⌧ process where both taus undergo leptonic decays ⌧ ! `⌫`⌫⌧ , only the missing transverse
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mττ = sign(m2
ττ)
Ç

�

�m2
ττ

�

� (1)
The construction assumes the τ leptons decay products are nearly collinear.

DRAFT

momentum pmiss
T and 4-momenta of the two leptons p`i from the i-th tau are observable, where i = {1, 2}

label the tau decay chains. The reconstruction relies on the large boost of the taus, decaying from
the Z recoiling o� hadronic activity. This boost ensures the daughter leptons and neutrinos are nearly
collinear, so the 4-momentum of the neutrino system p⌫i from the i-th tau defined by p⌫i = p⌫`i + p⌫⌧i ,
is well approximated as a rescaling of the visible lepton momenta p⌫i ' ⇠ip`i , where ⇠i is a scalar
to be determined. The i-th tau 4-momentum is the sum of the daughter lepton and neutrino system
p⌧i = p`i + p⌫i . Then the ⌧ momentum is a rescaling of the observable lepton momenta p`i

p⌧i = (1 + ⇠i)p`i ⌘ f ip`i, (7)

where f i ⌘ 1 + ⇠i. To solve for the two unknown scalars ⇠i, one constrains the neutrino momenta using812

the missing transverse momentum 1 as Ref. [46] prescribes813

pmiss
T = ⇠1p`1

T + ⇠2p`2
T . (8)

Equation (8) assumes the lepton–invisible colinearity limit p⌫i ' ⇠ip`i and comprises two independent
constraints in the transverse plane for the two unknown scalars ⇠i. This is solved by performing 2 ⇥ 2
matrix inversion in for example the x-y transverse plane

 
⇠1
⇠2

!
=

1
p`1
x p`2

y � p`2
x p`1

y

*,
pmiss
x p`2

y � p`2
x pmiss

y

pmiss
y p`1

x � pmiss
x p`1

y

+- . (9)

Assuming highly boosted taus such that m2
⌧i
' 0, the di-tau invariant mass squared is then given by814

m2
⌧⌧ =

�
p⌧1 + p⌧2

�2 ' 2p`1 · p`2 (1 + ⇠1)(1 + ⇠2). (10)

An important feature of m2
⌧⌧ in Equation (10) is not only that it can go negative, but also in an asymmetric815

way such that the absolute value of the negative range of values
⇣
m2
⌧⌧

⌘�
are qualitatively distinct from816

those of the positive range
⇣
m2
⌧⌧

⌘+
817

⇣
m2
⌧⌧

⌘+
,

����
⇣
m2
⌧⌧

⌘����� . (11)

A naïve square root does not capture this feature. Negative values of m2
⌧⌧ arise when the assumption of818

lepton–invisible colinearity fails for the underlying process. Mathematically, this happens when either819

(but not both) f i ⌘ 1+⇠i < 0 with Emiss
T >

���p`i
T

���. Physically, this occurs when one of the lepton momenta is820

smaller in magnitude and points in the opposite hemisphere to the missing transverse momentum pmiss
T (or821

equivalently, the same hemisphere as the hadronic activity phadronic). Therefore, this lepton’s momentum822

must be inverted in direction when rescaling to obtain an estimate of the tau momentum that balances the823

hadronic recoil. This happens rarely for highly boosted leptonic Z ! ⌧⌧ decays when lepton–invisible824

colinearity largely holds. By contrast, this occurs with greater frequency when the leptons and missing825

transverse momenta originate from less boosted heavy parent particles, such as the WW background or826

˜̀ ˜̀ signal where the leptons can decay nearly back-to-back. In these cases, m2
⌧⌧ is merely interpreted as a827

variable that can discriminate against leptons originating from Z ! ⌧⌧.828

1 An alternative way to constrain fi ⌘ 1 + ⇠i is by assuming the tau momenta balance the hadronic recoil as CMS [63] do:
�phadronic

T = f1p`1
T + f2p`2

T , where phadronic
T is the transverse projection of the vectorial sum of the jet momenta.
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m2
ττ can go negative when fi ≡ 1+ ξi < 0 . This happens when one of the leptons is anti-aligned with pmissT

and EmissT > |p`iT |, such that the rescaling has to invert the direction to approximate the tau-momentum.
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Definition ofmT2

DRAFT

Electroweakino SRs

Exclusive SRee-m`` , SRµµ-m`` [1, 3] [3.2, 5] [5, 10] [10, 20] [20, 30] [30, 40] [40, 60]
Inclusive SR``-m`` [1, 3] [1, 5] [1, 10] [1, 20] [1, 30] [1, 40] [1, 60]

Slepton SRs

Exclusive SRee-m100
T2 , SRµµ-m100

T2 [100, 102] [102, 105] [105, 110] [110, 120] [120, 130] [130,1]
Inclusive SR``-m100

T2 [100, 102] [100, 105] [100, 110] [100, 120] [100, 130] [100,1]

Table 3: Signal region binning for the electroweakino and slepton SRs. Each SR is defined by the lepton flavor (ee,
µµ, or `` for both) and a range of m`` (for electroweakino SRs) or m100

T2 (for slepton SRs) in GeV.

In slepton-pair production (Figure 1(b)), the event topology can be used to infer the slepton mass given273

the LSP mass. The stransverse mass [37, 38] is defined by274

mm�

T2

⇣
p`1

T , p
`2
T , p

miss
T

⌘
= min

qT

⇣
max

f
mT
⇣
p`1

T , qT,m�

⌘
,mT
⇣
p`2

T , p
miss
T � qT,m�

⌘g ⌘
,275

where the transverse vector qT is chosen to minimize the larger of the two transverse masses, defined by276

mT
⇣
pT, qT,m�

⌘
=

r
m2

`
+ m2

� + 2
✓q

p2
T + m2

`

q
q2

T + m2
� � pT · qT

◆
.277

The values of mm�

T2 are bounded by the slepton mass from above when the hypothesis invisible mass m�278

is set to the LSP mass. The stransverse mass m100
T2 with m� = 100 GeV is used to define the binning of279

the slepton SRs as further described below. The value of 100 GeV is chosen based on the expected LSP280

masses of the slepton signals targeted by this analysis.281

The scalar sum of the lepton momenta H lep
T = p`1

T + p`2
T is smaller in compressed SUSY signal events282

than in background events such as WW production. The ratio Emiss
T /H lep

T provides signal-to-background283

discrimination which improves for smaller mass splittings in the signals and is therefore used as a sensitive284

variable in both the electroweakino and slepton SRs. The minimum value of the Emiss
T /H lep

T requirement285

is adjusted event-by-event based on the size of the mass splitting inferred from the event kinematics. For286

the electroweakino SRs, this is achieved with m`` as Emiss
T /H lep

T > max[5, 15 � 2m``/(1 GeV)]. For the287

slepton SRs, m100
T2 � 100 GeV is used as Emiss

T /H lep
T > max[3, 15 � 2{m100

T2 /(1 GeV) � 100}]. Figure 3288

illustrates the Emiss
T /H lep

T requirement for electroweakino and slepton SRs.289

Table 3 defines the binning of the signal regions. The electroweakino SRs are divided into seven290

non-overlapping ranges of m`` , which are further divided by lepton flavor (ee, µµ), and referred to291

as exclusive regions. Seven inclusive regions are also defined, characterized by overlapping ranges of292

m`` . For the slepton SRs, m100
T2 is used to define 12 exclusive regions and six inclusive regions. When293

setting model-dependent limits on the electroweakino (slepton) signals, only the exclusive SRee-m`` and294

SRµµ-m`` regions (SRee-m100
T2 and SRµµ-m100

T2 regions) are statistically combined in a simultaneous fit.295

When setting model-independent upper limits on new physics signals, only the inclusive SR``-m`` and296

SR``-m100
T2 regions are considered. The details of these statistical procedures are found in Section 8.297

6 Background estimation298

A common strategy is used to determine the SM background in all signal regions. The main sources of299

irreducible background events that contain two prompt leptons, missing transverse momentum and jets are300

30th October 2017 – 21:38 12

Opening unexplored frontiers for new physics at the LHC | Jesse Liu | 10 Jan 2018 50


