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 What is the Recursive Jigsaw Reconstruction (RJR)
technique?

 Example of study: squark and gluino pair production at LHC

“Sparticles in motion: Analyzing compressed SUSY scenarios

with a new method of event reconstruction”
(arXiv:1607.08307 [hep-ph] — shortly in Phys. Rev. D)

» Other SUSY analyses and beyond

e« Summary - Outlook
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« Original method to reconstructing final states OLab -
with weakly interacting particles

 Transform observable momenta
reference-frame to reference-frame

« Jigsaw rules: specify the unknown d.o.f.
relevant to the transformation
(customizable-interchangeable
like jigsaw puzzle pieces)

* The procedure is repeated recursively,
travelling through each of the reference
frames relevant to the topology

« Rather than obtaining one observable, get a complete basis of useful variables:
angles, energies, masses ...

Developed by Paul Jackson and Christopher Rogan: http://RestFrames.com
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http://RestFrames.com/

 Original method to reconstructing final states () Lab sute

ith KIV i . icl = Set Invisible Rapidity
with weakly Interacting particles .Decay States

== Set Invisible Mass

* Transform observable momenta .Visible States ~— Contra-boost Invariant
reference-frame to reference-frame

« Jigsaw rules: specify the unknown d.o.f.
relevant to the transformation
(customizable-interchangeable
like jigsaw puzzle pieces)

* The procedure is repeated recursively,
travelling through each of the reference
frames relevant to the topology

« Rather than obtaining one observable, get a complete basis of useful variables:
angles, energies, masses ...

Developed by Paul Jackson and Christopher Rogan: http://RestFrames.com
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http://RestFrames.com/

« Original method to reconstructing final states OLab -
with weakly interacting particles

 Transform observable momenta
reference-frame to reference-frame

« Jigsaw rules: specify the unknown d.o.f.
relevant to the transformation
(customizable-interchangeable
like jigsaw puzzle pieces)

* The procedure is repeated recursively,
travelling through each of the reference
frames relevant to the topology

« Rather than obtaining one observable, get a complete basis of useful variables:
angles, energies, masses ...

Developed by Paul Jackson and Christopher Rogan: http://RestFrames.com
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« Compressed scenarios refer to small mass-splittings M — M 0
between the parent superpartlcle P and the lightest supersymmetrlc partlcle (LSP) X1

:I\I\lllllll\l\\\I\\II\\I\\lI\\
- CMS preiiminary

- SUS-16-024, 21 SS + 3l (BF(I)=0.5, x=ag® ..
[ —5US-16-024, 3-lep (BF(ll)=0.5, x=4

F —SUS-16-024, 3-lep BF(ﬂ:) f
I =SUS-16-024, 3-lep (W
— = SUS-16-024, 3-lep (W.
r =S8US-16-025, soft 2]
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* Challenge > Low momentum decay products are hard to detect
> The LSPs result in a low value of the transverse missing momentum ET
« To separate signal from BGs, consider only events with a high momentum
of the initial state radiation (ISR) system
 In the limit where the LSPs receive

no momentum from their parents’ decays:
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%

A simple transverse decay view of the event:
> CM: centre-of-mass system including all visible objects and MET
> ISR: radiation not coming from sparticle decays
> S: the Signal/SUSY system decaying in

> V: Visible system,

> I Invisible system = missing transverse momentum
 How do we separate initial state radiation from the other decay products?

*
*

ey
Lg!
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« Consider the worst scenario: final states with only light jets and MET

« We want to separate the jets between
the visible system (V) and
those recoiling against it (ISR)

» Transverse view of the event (P, (jet;) = 0)

e Zero mass for | system
o ﬁT(CM) :ET + Z Pr (jets)
Boost in the estfmated CM frame

« Combinatoric jigsaw rule based on
the minimization of the masses

In CM frame Ecn = Moy = / Misgr + p? + /Mg + p2

Equivalent to maximize p or find the thrust axis in the CM frame
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Kinematics observables to probe SUSY in the compressed regime

p%\é T} Magnitude of the jets vector-sum transverse momentum of ISR-system

. evaluated in the CM frame ( ﬁl(él\é r = —Ps, S )

! 7' sk Mo | ) |

Rigr = LT SRIT o X Variable sensitive to the mass ratio
Pr M

L ISR,T P

M3 I Transverse mass of S system (V+I)

NV Number of jets assigned to the V system
Jet] (i.e. not associated with the ISR system)

rAgb Opening angle between the ISR system and the | system, evaluated in
ISR.1] the M frame.
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« Samples of all major Standard Model backgrounds as part of the Snowmass study
simulated at 14TeV (see arXiv:1308.1636 and 1309.1057 for details)

 All signal and BG samples are generated/simulated using same versions and data_cards
Madgraph+Pythia+Delphes with jet-parton matching and corrections for next-to-leading
order (NLO) contributions.

« Signals: Squark and Gluino pair production in the compressed-regime

q q

p i : )
> - %
i Y%t
P
P

* Mass splittings: Mp — Mzo = 25, 50,100,200 GeV

q

- X}
- )

q

q

 Squark mass 500 GeV < Mz <1000 GeV  Gluino Mass: 500 GeV < Mz < 1400 GeV

« All samples are scaled to a projection of /L = 100fb~'  arXiv:1607.08307 [hep-ph]
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Pre-selection criteria: final states with

> Lepton veto (e and mu)

A4

ET > 100 GeV

\4

pr(jet) > 20 GeV

COEPP 1134
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Number of Events / 40 GeV

Madgraph + Pythia + Delphes

JL=1001b", {s=14 TeV
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I Boson(s)+jets
(V)
B Single top
B D'-/Ti-Boson
[ Hggs

Plg:t"r (GeV)

M( g)= 800 GeV , M(Xn) 775 GeV
M( )= 900 GeV , M(X") = 850 GeV
M(g)=1TeV, M(X ) =900 GeV

1000 1200 1400 1600 1800 2000

—-CM
,

Risr = |p;

ﬁlcsl\é T’ /pISR

Our choice for

Mo

~

P

sensitive variable

CM
PISR.T

evaluated in CM frame

Little discrimination in the absence of other cuts

Number of Events / 0.02

Madgraph + Pythia + Delphes
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mE Boson(s)+jets
(V)

10°E mmmmmm Single op
EEEEEm Di-Tri-Boson

108 [ Higgs

[L=1001b", {s=14 TeV

....... M( g )= 800 GeV, M(Xn) 775 GeV

107 = e M( g )= 900 GeV, M(X )= 850 GeV
....... M(g)=1TeV, M(X }=900GeV

108

10°

10*

108

10?
10

1

magnitude of vector-sum transverse
momentum of all ‘ISR’ associated jets
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Backgrounds

[RISR VS pISR,T]
Signal

M(E)= lTeV M( X ) =900 GeV

Ys=14 TeV
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L

R ISR

Vs=14 TeV

M(§)=700GeV, M( X' ) =650 GeV

Events / (0.02 x 20 GeV) / 100 fo™!

Boson + jets Vs=14 TeV Top (+X) Vs=14 TeV

10
< 1600 < 1600
(o] (o]
S 1400 S 1400 1
o 1200 o 1200

Events / (0.01 x 10 GeV) / 100 fb™'
Events / (0.01 x 10 GeV) / 100 fb™'

R ISR R ISR

Increasingly hard for backgrounds to have large Risr
for higher pISR o

Madgraph + Pythia + Delphes JL =100 fb!, {s=14 TeV

B BOoSON(S}ES e
(V)
BN Single top
B Di-Tri-Boson
’ Higgs
M( g )= 800 GeV , M(xo) 700 GeV
M( g )= 900 GeV, M( X" ) = 800 GeV
M(g)=1TeV, M({X )=900GeV

10°

10*

10°

Risr

Great discrimination
in the high
ISR-regime

Number of Events / 0.02
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Madgraph + Pythia + Delphes

[L=1001b", Vs=14 TeV

108 B Boson(s)+jets
(V)
107 I Single top
B Di-/Tri-Boson
[ Higgs Y
s 108 e e M( )= 500 GeV , M(X )= 475 GeV
cg ....... M(§)= 600 GeV , M(}}o)=5506ev
coi e e M(q)= 700 GeV, M(X )= 600 GeV
% 10*
i}
S q0?
&
£
S 10?
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10
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M (GeV)

900
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My

Transverse mass of S (V+I) system

« Largely uncorrelated: complementary with other
variables

« Good discrimination particularly against V+jets

S
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Events / (0.02 x 20 GeV) / 100 fb™'

(GeV)

S
T

M

Boson + jets

R ISR

Vs=14 TeV

Events / (0.01 x 10 GeV) / 100 fb™'

(GeV)

S
T

M

Di-/ Tri-Boson Vs=14 TeV

Events / (0.01 x 10 GeV) / 100 fo™
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Boson + jets

R ISR

[¢)]
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0.5
Risn

Events / 0.01 /100 fb™

Di-/ Tri-Boson

0.2

0.4 0.6
R ISR

jet

i

M(E)=1TeV, M(X )= 900 GeV

R ISR

Events / 0.02 / 100 fb™

After the high p%\ﬁ,T selection criterion, we get excellent performances cutting harder on
the jet multiplicity together with the ratio: particularly gluino vs Boson(s) + jets

Madgraph + Pythia + Delphes JL =100fb", {s=14 TeV

Number of Events

Number of jets
In V-system

BN Boson(s)+jets

(V)

B Single top

I Di-Tr-Boson
nggs

....... M( g )= 800 GeV , M(Xn) 775 GeV
....... M( )= 900 GeV , M( X" ) =850 GeV
M(g)=1TeV, M(X ) =900 GaV
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A set of selection criteria for signal regions in the analysis of gluino (squark) pair-production
defined targeting the mass splittings.

Variable \ Mass splitting [GeV] AM = 25 AM = 50 AM =100 | AM = 200
Preselection criteria Lepton (e and mu) and b-jet veto, £ > 100 GeV, pr(jet) > 20 GeV
piok 7 [GeV] > 1000
Risr > 0.9 > 0.85 > 0.75 > 0.65
M5 [GeV] - 100 250 400
N, >3(=2) >4 (=2)
pgft&V (pg;t?,V) [GeV] > 20 (> 40) >30(>60) | >40(>120) | >50 (> 140)
Apisr,1 > 3.0
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—_— ~0 ~0
pp—>Egg— qqqu Xy,

100 fb! Vs=14 TeV
: 10

1400r .
: . . . MO
Z-score from the RJR inclusive signal regions 1200 _
SRR ©
Ry
— RR ~
We assume 15% for the background E 1000 g N
systematic uncertainty T - O g
EIM SOG T 2
N\ -
Gluino Discover: above 1 TeV 600}~ , @
Exclusion: up to 1.4 TeV o !
600 800 1000 1200 1400
Squark Discover: above 600 GeV {{gJUGeV]
. —g§q— " s=14Te
Exclusion: between 800 and 900 GeV 0
o - . - . 90(}?:\:\\ N \ \ \
Optimisation can be improved using different : °
signal regions for squark and gluino = B\ ey N
S 8
Eepas Y AW 5
RJR technique is used by ATLAS s &
. =
collaboration. 2
Compressed gluino-squark: .
ATLAS-CONF-2016-078 - ATLAS-CONF-2016-077 oo 600700 800 900 1000 °
Mq [GeV]
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Number of Events / 20 GeV

10°

10°

10*
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Mad - gt E a0 3% 50 SN
graph + Pythia + Delphes, pp —» X| X, - W "Z "X, X,, 1001 Vs=14 TeV

IIIH|'|T| IIIII|T|'| IIII|'|'|T|_|

150

200
MY [GeV]

[N Di-Boson
ey
B Tr-Boson
I Boson +jets
[ Single-toptt

250

M( P)= 125 GeV , M({ X =90 GeV
M( P )= 150 GeV , M( X )= 125 GeV
M( P )= 200 GeV , M{ X )= 185 GeV
M( P )= 300 GeV , M( X )= 250 GeV

- gt 50 =50 F0 50 S
Madgraph + Pythia + Delphes, pp —» X, X;, - W 2" X, X;, 100fb Vs=14 TeV

108 B Di-Boson
ey
B Tri-Boson

«c RIsR =i
L Single-top it
------ M( P)= 125 GeV , M( X )= 90 GeV
...... M( P)= 150 GeV , M( X )= 125 GeV
10t sassss M( P )= 200 GeV , M[ X )= 185 GeV
...... M( P )= 300 GeV , M( X )= 250 GeV

=z O
Number of Events / 0.05

0.6
Rism

No ambiguity in the assignment
V-system = leptons

ISR-system = jets

My

: Transverse Mass of the Visible system

Mp — Mgo = 15,25,35,50,75 GeV
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v
RISR VS MT
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< Applying selection criteria based on RJR observables
ppoX X 5w OZOK X 100 ! {5=14 Tev

Z-value assuming 15%

of systematic

uncertainty and

L = 100fb~ !
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* Open mass spectra: RJR tree describes the
SUSY substructure

« Jigsaw rules: unknown d.o.f. + combinatoric
travelling recursively through the frames

« Complete basis of scale and angular variables
computed in the appropriate frame

Mss E(j1a) E(j2o) E(j1s) E(2p)

cosfg, cosby, cosly cosby costy Az De:p Ap:;
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— Set Invisible Rapidity
= Set Invisible Mass

= Contra-boost Invariant

* Open mass spectra: RJR tree describes the
SUSY substructure

« Jigsaw rules: unknown d.o.f. + combinatoric
travelling recursively through the frames

« Complete basis of scale and angular variables
computed in the appropriate frame

Mss E(j1a) E(j2o) E(j1s) E(2p)

cosbg, cosl, cos 0z, cos Hga COS HEb AS%agb Agpgaga Agpgbgb
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— Set Invisible Rapidity
= Set Invisible Mass

= Contra-boost Invariant

— Minimize Masses

= Minimize Masses

Minimize Masses

* Open mass spectra: RJR tree describes the
SUSY substructure

« Jigsaw rules: unknown d.o.f. + combinatoric
travelling recursively through the frames

« Complete basis of scale and angular variables
computed in the appropriate frame

Mss E(j1a) E(j2o) E(j1s) E(2p)

cosfg, cosby, cosly cosby costy Az De:p Ap:;

*
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< 1800

m(x) [GeV]

1600

140Q

08 cuyge WS

2200

2000

(o]
3
\

600
400

200

A

T T T T[T T

\

TLAY Preliminary Vs =13 TeV, 13.2-14.8fb™

o 0-lepton, ATLAS-@DNF-2016-078

Il | L 1
1000

Number of Entries

Madgraph + Pythia + Delphes 10 fb"' {s=14 TeV
| ASOgab gb
= — V)
: B singl top s
Boson(s)+jets
S Higgs . ]
— g{imﬂGaW—:hg{ﬁmmw —:ﬂ:rtl{'lﬂﬂ&‘ﬂ 4
mmwwma (1500 GeV) —:oh!_:r[ﬂmﬁa‘ﬂ —:3:"_;50&&“
— ﬁ[imﬂﬁaﬂ—:hy[imﬂﬁuw—:ab@{iﬂﬂﬁaw

d (1500 GeV) — bb (1200 GeV) — 2bN (500 GeV) 3

S BOw)

— Set Invisible Rapidity

Madgraph + Pythia + Delphes

| |
100 200 300

E(jla)

500

10 fb' ¥s=14 TeV

0

Set Invisible Mass )
[ single top
Boson(s)+jets
[ Higgs

— Contra-boost Invariant

— Minimize Masses

Number of Entries

= Minimize Masses

Minimize Masses

e (1500 GeV) — bb (600 GeV) —» 2N (100 GaV)
...... § (1500 GeV) — bb (800 GeV) — 207 (500 GeV)
(1500 GeV)  bb {1000 GeV) —> 2bN (100 GeV)
...... (1500 GeV) — bb (1200 GeV) —> 2bN (500 GeV)

0.6

0.4

-0.2

Work in progress with Paul Jackson and Chris Rogan
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RJR tree -

Compare the observables that are
sensitive to the CP nature of the Higgs

Demonstrate the feasibility of the di-
leptonic channel of t¢ + A at LHC with the
RJR method

Madgraph+Pythia+Delphes, 13 TeV, tt+ X (t > bl*v, T> bl V)
T T T T T T T T
0.07 ; ; ; ; ; ; ]
- h(— bb), CP-phase = 0 4
0.06 - _ : ]

- — Z(-bb) ]

C . Madgraph+Pythia+Delphes, 13 TeV, tt+ X (t > bl*v, t > bl V)
-:_h(_)m)cp_phase=i : 0-03—IIIIIIIIIIIEIII!I\II;\II{III!\II}III!III—
T F ] 0.025
E - = 0.02
02F - zZ|2

_ 7 h=1=}

E . 3 0015 -

- . 3 .
E : : . : - —lz - . . ]

- - 0 e R S

R e il PR BRI T S SN ST S R S N - T _ _

%030 20 60 80 100 120 140 160 180 200 F (> o), Gr-phiase =0 I
M(Z), M(h) [GeV] F —— h(>bb)CP-phase =7 ]
Co oo 0w o by by by by b Sy b 1l
0T~ 0% 06 02 02 0 02 04 06 08 1
. . . cos
Work in progress with Lei Wu and Jason Yue Lt
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 Demonstrated a new approach for open and compressed analyses based on the
Recursive Jigsaw Reconstruction technique

« Compressed gluino - squark scenarios: excellent performance for all mass-splittings
and final state topologies studied (arXiv:1607.08307 [hep-ph])

 Compressed EWKino: No ambiguity in assignment of leptons and jets to ISR-V
system:

» Excellent performance for associated neutralino chargino production
> In preparation — chargino pair production

 RJR can be applied in principle to any open final states: SUSY and beyond
> Gluino mediated sbottom production
> Top pair (in di-leptonic channel) + Higgs

The method is already being used by the ATLAS collaboration
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THANKS FOR YOUR ATTENTION




* In the limit of soft momentum of the LSPs in the sparents frame:

. my
Risr ~ |E1 - pisr.7| /Pisr.T ~ —

* R scales nicely with the mass ratio - Width depends on DM - Resolution
improves with PTISR

RestFrames Event Generation i; i; = Z(1"1") ilo h(y v) ";‘ZID

2 2
\/pISR,T + M55

14+ 0

RestFrames Event Generation izo X

sin )

PISR,T

Lo ZAT X Y R,

= m_o= 500
X,

- — m.=500
— — m_,= 500
C X,
— —— m_= 500
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F — m_.=500
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LRSI S0 NN L

I'IIII'IIII;{\\Ii

III\IIiIIIlIIII
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T'ra
B, (Lab— Tra) (= 0L
0p-

0= (1—82) """ (B.E4 — p.(9))

P2 (@
@
The guess for me’ (P) — (
Being era(¢) — 0- pTra(k) — 0

All the observables in the transverse frame and any
frames that recursively follow from it are independent
from the true value — Generalization

p.(Visg) +p.(Visy)
EVisa T

Bz:

EV’iSb

's COEPP 2034

ARCC T fE ||
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| Variable \AM [GeV] — | AM =15 AM =25 | AM =35 AM =50 | AM =75

Objects criteria 3 Leptons (e and mu) py(lep) > 10 GeV,

At least one jet, pr(jet) > 20 GeV, Ngﬁl}et =0

Pk (Er) [GeV] > 50 > 70 > 100
NZH <3 <4 <3
MY, for 3 SFL [GeV] <40 < 50 < 60 <70 <80
M+, for 2 SFL [GeV] < AM  with M} < 100 GeV
Agen > 2
Agrsg,1 =3

J&WCOEPP 2934
& /]

%, ~ ARC Cenfre of Excellence for
% Particle Physics at the Terascale
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m
A X1 .
Risr ~ |Er - DPisr,7| /P1srR, T ~ 1+ 0 sin 2
mp 2mp PISR,T
GeV — AM =15 AM =25 AM =35 AM =50 AM =75
M’ﬁ.=125 GeV 0.80 — 1.15 0.80 —1.15 0.80 — 1.20 0.70 — 1.15 0.65 — 1.10
M =150 GeV 0.85 — 1.05 0.80 —1.15 0.80 — 1.20 0.70 — 1.15 0.70 — 1.10
M =200 GeV 0.85 — 1.05 0.85 —1.15 0.80 — 1.20 0.70 — 1.15 0.70 — 1.10
M =250 GeV 0.90 — 1.05 0.85 —1.15 0.85 — 1.20 0.75 — 1.05 0.75 — 1.10
M =300 GeV 0.90 — 1.05 0.8 —1.15 0.85 — 1.20 0.75 — 1.05 0.75 — 1.10
ﬂffﬁ.:rlﬁl] GeV 0.90 — 1.05 0.90 —-1.15 0.85 — 1.20 0.80 — 1.05 0.75 — 1.10
M =500 GeV 0.90 — 1.05 0.90 —-1.15 0.85 — 1.20 0.85 — 1.05 0.80 — 1.10
=4
E5) workshop 2017 Jiem’y COEPP
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 In order to distinguish between signal and backgrounds we need an ISR system to give our
sparticles a transverse kick:the response of the sparticle decay products is sensitive to the
mass of the LSP

* In the limit where the LSPs receive no momentum from their parents’ decays:

Fp~ R x X

m p
 Different proxies for pTISR in the recent literature

arXiv:1506.00653 % arXiv:1506.07885v1 Pr
pTea je \/H_T

arXiv:1605.06479 final state jet hierarchy

« Rather than relying on a clean mono-ISR signal or a priori assumption of the sparticles
masses we want to separate “ISR objects” from “sparticle objects”
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More discrimination from the angular variable

[A¢ISR,I} Madgraph + Pythia + Delphes [L=1001b", Vs=14 TeV
10— E:ﬁoﬁfﬂew
. . . — B Single top
N-1 distribution. N
102 = =="=ee- M( g )= 500 GeV , M( X ) = 450 GeV
- S F I ARy mx)s Rocey
Although both signal and S F ”" B
background distributions tend ¢ ,,L
. © =
towards 1t the signal has a @ F
much stronger tendency todo 5 |
SO E 'E
: I
Good for optimisation 10"
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* In the limit of soft momentum of the LSPs in the sparents frame:

P
Risr ~ |Er - DPisr,7| /P1srR, T ~ 1+ 0 sin 2
mp 2mp PISR,T
* R scales nicely with the mass ratio. Better after some PTISR requirement
e First term I ab 4 ~Lab M I, ab 4 M [, ab
plx p2X M plP M -~ p2p
P P
Madgraph + Pythia + Delphes Vs=14 TeV Madgraph + Pythia + Delphes Vs=14 TeV
0.07F— [
g M( § )= 600 GeV, M( X" ) = 575 GeV DJ: M( § )= 600 GeV, M( X" ) = 575 GeV
O'OB:_ ——— M(&)=600GeV, M(X’) = 550 GeV T M( G )= 600 GeV, M(X") =550 GeV
o.osf— M(§)= 600 GeV , M(X’ ) = 500 GeV - i M(§ )= 600 GeV, M( X" ) =500 GeV
0.045— 0-05}
) 0.035— {d :
- 0.04— |
0.02 - ‘|_|-|-|__L
E 0.02|—
0.01 i ]
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Significance &

M =14TeV AB/B=30% Ys=14TeV M, =15TeV AB/B=30% {s=14 TeV
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Sensitivity decreases with gluino-production cross section as expected

» But it's pretty independent of LSP mass (till to the compressed regime)

» And very independent of sbottom mass (also off-shell sbottoms)

 Cutting hard on e.g. jet pTs or MET would have killed sensitivity for small mass splittings

* Preliminary, after 5 fb-1 of LHC14, >40 sensitivity to a 1.5 TeV gluino for low gluino-sbottom

and sbottom-LSP mass splittings (30% systematics)
Next — optimization for m(~g) 1.9- 2 TeV and large m(LSP)

workshop 2017 COEPP

ARC Centre of Excellence for
Particle Physics at the Terascale

34/34



	Slide 1
	Slide 2
	page3 (1)
	page3 (2)
	page3 (3)
	Slide 6
	Slide 7
	Slide 8
	Slide 9
	Slide 10
	Slide 11
	Slide 12
	Slide 13
	Slide 14
	Slide 15
	Slide 16
	Slide 17
	Slide 18
	Slide 19
	page18 (1)
	page18 (2)
	page18 (3)
	Slide 23
	Slide 24
	Slide 25
	Slide 26
	Slide 27
	Slide 28
	Slide 29
	Slide 30
	Slide 31
	Slide 32
	Slide 33
	Slide 34

