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Summary of LHC Run I

Mass scales [GeV]
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Summary of CMS SUSY Results* in SMS framework

CMS Preliminary

m(mother)-m(LSP)=200 GeV m(LSP)=0 GeV

ICHEP 2014

lspm⋅+(1-x)motherm⋅ = xintermediatem
For decays with intermediate mass,

Only a selection of available mass limits
*Observed limits, theory uncertainties not included

Probe *up to* the quoted mass limit

Mass scale [TeV]

-110 1 10 210

O
th

er
Ex

cit
.

fe
rm

.
Ne

w 
qu

ar
ks

LQ
V'

CI
Ex

tra
 d

im
en

sio
ns

Magnetic monopoles (DY prod.) : highly ionizing tracks
Multi-charged particles (DY prod.) : highly ionizing tracks
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 Ht+X→Vector-like quark : TT

,missT
E SS dilepton + jets + →4th generation : b'b'  WbWb→ generation : t't'th4
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mass862 GeV , 7 TeV [1207.6411]-1=2.0 fbL
mass (|q| = 4e)490 GeV , 7 TeV [1301.5272]-1=4.4 fbL

Scalar resonance mass1.86 TeV , 7 TeV [1210.1718]-1=4.8 fbL
)µµ mass (limit at 398 GeV for L

±±H409 GeV , 7 TeV [1210.5070]-1=4.7 fbL
| = 0)
τ

| = 0.063, |V
µ

| = 0.055, |Ve
 mass (|V±N245 GeV , 8 TeV [ATLAS-CONF-2013-019]-1=5.8 fbL

) = 2 TeV)R
(WmN mass (1.5 TeV , 7 TeV [1203.5420]-1=2.1 fbL
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T
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)

W
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ρ850 GeV , 7 TeV [1209.2535]-1=5.0 fbL

 = m(l*))Λl* mass (2.2 TeV , 8 TeV [ATLAS-CONF-2012-146]-1=13.0 fbL
b* mass (left-handed coupling)870 GeV , 7 TeV [1301.1583]-1=4.7 fbL

q* mass3.84 TeV , 8 TeV [ATLAS-CONF-2012-148]-1=13.0 fbL
q* mass2.46 TeV , 7 TeV [1112.3580]-1=2.1 fbL

)Q/mν = qQκVLQ mass (charge -1/3, coupling 1.12 TeV , 7 TeV [ATLAS-CONF-2012-137]-1=4.6 fbL
T mass (isospin doublet)790 GeV , 8 TeV [ATLAS-CONF-2013-018]-1=14.3 fbL

b' mass720 GeV , 8 TeV [ATLAS-CONF-2013-051]-1=14.3 fbL
t' mass656 GeV , 7 TeV [1210.5468]-1=4.7 fbL
 gen. LQ massrd3534 GeV , 7 TeV [1303.0526]-1=4.7 fbL

 gen. LQ massnd2685 GeV , 7 TeV [1203.3172]-1=1.0 fbL
 gen. LQ massst1660 GeV , 7 TeV [1112.4828]-1=1.0 fbL

W' mass1.84 TeV , 8 TeV [ATLAS-CONF-2013-050]-1=14.3 fbL
W' mass430 GeV , 7 TeV [1209.6593]-1=4.7 fbL

W' mass2.55 TeV , 7 TeV [1209.4446]-1=4.7 fbL
Z' mass1.8 TeV , 8 TeV [ATLAS-CONF-2013-052]-1=14.3 fbL

Z' mass1.4 TeV , 7 TeV [1210.6604]-1=4.7 fbL
Z' mass2.86 TeV , 8 TeV [ATLAS-CONF-2013-017]-1=20 fbL

 (C=1)Λ3.3 TeV , 8 TeV [ATLAS-CONF-2013-051]-1=14.3 fbL
 (constructive int.)Λ13.9 TeV , 7 TeV [1211.1150]-1=5.0 fbL

Λ7.6 TeV , 7 TeV [1210.1718]-1=4.8 fbL
=6)δ (DM4.11 TeV , 7 TeV [1210.1718]-1=4.7 fbL

=6)δ (DM1.5 TeV , 7 TeV [1204.4646]-1=1.0 fbL
=6)δ (DM1.25 TeV , 7 TeV [1111.0080]-1=1.3 fbL

 massKK
g2.07 TeV , 7 TeV [1305.2756]-1=4.7 fbL

 = 1.0)PlM/kGraviton mass (850 GeV , 8 TeV [ATLAS-CONF-2012-150]-1=7.2 fbL
 = 0.1)PlM/kGraviton mass (1.23 TeV , 7 TeV [1208.2880]-1=4.7 fbL

 = 0.1)PlM/kGraviton mass (2.47 TeV , 8 TeV [ATLAS-CONF-2013-017]-1=20 fbL

-1 ~ RKKM4.71 TeV , 7 TeV [1209.2535]-1=5.0 fbL

-1Compact. scale R1.40 TeV , 7 TeV [1209.0753]-1=4.8 fbL
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Only a selection of the available mass limits on new states or phenomena shown*

-1 = ( 1 - 20) fbLdt∫
 = 7, 8 TeVs

ATLAS
Preliminary

ATLAS Exotics Searches* - 95% CL Lower Limits (Status: May 2013)
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Looking forward to Runs II+

• Scenario #1: New states at > 1 TeV
• Prospects are very good
• Not much to say about this: scale up cuts and look for spectacular 

signatures!
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• Given that we haven’t seen any new physics at Run I, what are the 
prospects moving forward?
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Looking forward to Runs II+

• Scenario #2: New states at the electroweak scale
• We haven’t seen the new physics because it looks a lot like the SM...
• Typically large backgrounds from QCD, V+jets, VV, tops, etc.

g

g
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q̃∗

j

j

j
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W−
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• Signal rates may be large but final states are much softer even at 13 TeV
• Suffer from higher trigger thresholds
• Suffer from higher pile-up
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Looking forward to Runs II+
• Cutting out the SM background cuts out most of the signal, too

• Want to exploit any differences between signal and background 
kinematics

• Study BSM physics via precision SM physics
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Looking forward to Runs II+
• Cutting out the SM background cuts out most of the signal, too

• Want to exploit any differences between signal and background 
kinematics

• Study BSM physics via precision SM physics

• Requires dedicated strategies to ensure we don’t miss anything

• I’ll focus on hadronic resonances
• Most challenging final states due to enormous QCD backgrounds
• Jet substructure studies have shown that large improvements in signal 

identification are possible (at least in one kinematic regime)
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Hadronic resonances
• Ubiquitous in the Standard Model

• W/Z/H/t
• SM resonances can also decay leptonically, but suffer from smaller 

branching fractions
• Want as many handles as possible on SM rates
• (Possible) discrepancy in fully leptonic WW cross section
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FIG. 3: The total SM prediction (signal + background) from the LHC8 CMS W+W� study [3], with additional contributions
from a 125 GeV SM higgs and chargino pair production in the best-fit chargino NLSP scenario (m�̃+

1
= 110 GeV) shown. The

gray hashed bands represent the uncertainty of the SM prediction. The legend is the same as for Figure 2

trilepton signal is suppressed (though not completely ab-
sent, due to the non-negligible �±

1 -�
0
2 mass di↵erence),

but chargino-neutralino production produces a signifi-
cant amount of same-sign dilepton signal, making con-
straints from new ATLAS dilepton searches [23, 24] rele-
vant. We simulated the signal produced by our scenario
in these searches [6, 7, 23, 24, 28, 29] using the same
Monte-Carlo setup as for the W+W� cross section mea-
surement. Each search is still consistent well within one
sigma, though it could be possible for same-sign dilep-
ton searches to discover this scenario with the full 8 TeV
LHC data set.

GAUGE BOSON PHENOMENOLOGY

Given the current bounds on trilepton [6] signatures,
any new physics must primarily a↵ect only the W+W�

cross section, leaving W±Z and W±� mostly una↵ected.
To illustrate this, consider the gravity mediated sce-

nario discussed in the previous section, with Winos al-
ways decaying to a Bino-like neutralino LSP via on-shell
W ’s and Z’s. In this case the trilepton bounds push the
allowed mass of the Winos to m

�

±
1

& 190 GeV, which
makes the wino pair production cross section so small
that the �2/N

dof

improvement of the W+W� measure-
ment is negligible, less than ⇠ 5%.

Since our chargino NLSP scenario evades these trilep-

ton bounds there is no a↵ect on multi-gauge boson phe-
nomenology other than multi-W . There will be signa-
tures of same-sign W gauge boson production with addi-
tional soft jets or leptons arising from �±�0 production
and decay. As discussed in the previous section, same-
sign dilepton searches [23, 24] are not yet sensitive enough
to rule out this signal.
The possibly viable gravity mediated scenario with in-

termediate sleptons [13] could feature additional “gauge
boson” signatures, because in addition to producing
``+MET final states (even though no W ’s are involved)
there is also the possibility for `+MET production, show-
ing up in single W -measurements.

HIGGS PHENOMENOLOGY

Modifying the e↵ective W+W� cross section through
BSM contributions could significantly a↵ect h !
W+W� measurements since both ATLAS [32] and CMS
[33] searches use data-driven techniques to estimate
W+W� background. The Monte Carlo output is normal-
ized to fit the data in a control region, and that “renor-
malization” is carried over into the signal region.
However, we find that generically the Higgs search sen-

sitivities are not modified. In a BSM scenario like ours,
where the kinematics are very similar to W+W�, the
control and signal regions are contaminated in proportion

Taken from Curtin, Jaiswal, Meade, arXiv:1206.6888

But see:

Meade, Ramani, Zeng
 arXiv:1407.4481

Jaiswal, Okui
arXiv:1407.4537
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Hadronic resonances
• Also ubiquitous beyond the Standard Model

• Extended Higgs sectors
• R-parity-violating supersymmetry
• Supersymmetric cascade decays
• Extra dimensions
• New gauge interactions
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Hadronic resonances
• Also ubiquitous beyond the Standard Model

• Extended Higgs sectors
• R-parity-violating supersymmetry
• Supersymmetric cascade decays
• Extra dimensions
• New gauge interactions
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• Different signal kinematics depending on production mode:
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Hadronic resonances
• We are not guaranteed to do better

at the LHC
• Extreme example: baryonic Z’

12
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FIG. 1. Leading experimental limits in the coupling gB versus mass MZ′

B
plane for Z ′

B resonances. Values of gB

above each line are excluded at the 95% C.L.

would also push sensitivity to lower couplings in

the several hundred GeV mass range.

The plot is not extended above gB = 2.5,

because the U(1)B coupling constant is already

large, αB = g2B/(4π) ≈ 0.5, so that it is diffi-

cult to avoid a Landau pole. For that large cou-

pling, the current mass reach is around 2.8 TeV.

The 14 TeV LHC will extend significantly the

mass reach, and can probe smaller couplings once

enough data is analyzed. Note that couplings of

gB ≈ 0.1 can be viewed as typical (the analogous

coupling of the photon is approximately 0.3), and

even gB as small as 0.01 would not be very sur-

prising.

We also present the coupling–mass mapping

for colorons in Figure 2. For clarity, we only

show the envelope of the strongest tan θ upper

limits from all available analyses at each coloron

mass. This mapping is performed again using

leading order production. The NLO corrections

to coloron production have been computed re-

cently [47], and can vary between roughly −30%

and +20%. We do not take the NLO corrections

into account as we do not have an event gen-

erator that includes them; furthermore, there is

some model dependence in the NLO corrections

at small tan θ (for example, they are sensitive to

the color-octet scalar present in ReCoM [34]).

(taken from Dobrescu, Yu
arXiv:1306.2629)
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Hadronic resonances
• We are not guaranteed to do better

at the LHC
• Extreme example: baryonic Z’

• Current approaches:
• Some searches highly optimized, using sophisticated multivariable 

techniques (H to bb searches)
• Others place simple cuts on jet kinematics and do a bump hunt (Z’→WW 

semileptonic, SM WW+WZ semileptonic,...)
• Can we do better?
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Hadronic resonances
• Take a lesson from jet substructure studies of boosted hadronic objects

Seymour, 1994; Butterworth, Cox, Forshaw, 2002; Butterworth, Davison, Rubin, Salam, 2008

Example: Improving W/Z/H Identification
Predominantly decay to two quarks

Substructure techniques proven successful in boosted regime

pT,R > few⇥mR

R ⇡ 1
Signal QCD background

1 2

J J

1

2
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Hadronic resonances
• Take a lesson from jet substructure studies of boosted hadronic objects

• Generalize the differences between signal/QCD kinematics & radiation 
outside of the highly boosted regime

• Useful for states typically produced near threshold
• We define a new observable that generalizes the mass drop criterion of 

BDRS tagger
• Gives factor of 2-6 gain in S/B, involves only resolved small-R jets
• Outperforms other possible cuts we investigated

Seymour, 1994; Butterworth, Cox, Forshaw, 2002; Butterworth, Davison, Rubin, Salam, 2008

Example: Improving W/Z/H Identification
Predominantly decay to two quarks

Substructure techniques proven successful in boosted regime

pT,R > few⇥mR

R ⇡ 1
Signal QCD background

1 2

J J

1
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11
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Predominantly decay to two quarks

Substructure techniques proven successful in boosted regime

pT,R > few⇥mR
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Signal QCD background
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J J
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11
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1. Jet substructure and the highly boosted regime

2. Resonance tagging in the mildly boosted regime

3. Examples
• SM: WW+WZ
• SM: V(H→bb)
• BSM: Z‘ → WW

4. Future directions

Outline
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Jet substructure at high boost
• When an object is highly boosted, its decay products are collimated

• Can be clustered together into a single, “fat” jet

Example: Improving W/Z/H Identification
Predominantly decay to two quarks

Substructure techniques proven successful in boosted regime

pT,R > few⇥mR

R ⇡ 1
Signal QCD background

1 2

J J

1

2

11
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• Dominant background originates from a single QCD parton
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Jet substructure at high boost

• The signal typically gives two hard subjets from the decay of a resonance, 
while the QCD subjets typically come from parton shower

• Can take either a decomposition approach or energy-flow approach
• We focus on decomposition approach as it is more readily generalized to 

resolved jet analyses

Example: Improving W/Z/H Identification
Predominantly decay to two quarks

Substructure techniques proven successful in boosted regime
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Mass drop tagger

• Canonical example: BDRS mass-drop tagger (arXiv:0802.2470)

• Exploits the structure of parton splitting in QCD

d�n+1 ⇡ d�n dz
dt

t

↵s

2⇡
P(z)a!bc z =

Eb

Ea
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Mass drop tagger

• Canonical example: BDRS mass-drop tagger (arXiv:0802.2470)

• Exploits the structure of parton splitting in QCD

d�n+1 ⇡ d�n dz
dt

t

↵s

2⇡
P(z)a!bc z =

Eb

Ea

1. Asymmetric splittings
• Both q → q g and g → q q splittings tend to give asymmetric configurations
• i.e. P(z) peaked towards z = 0 and z = 1
• By contrast, partons from a resonance decay tend to have momentum divided 

symmetrically among them
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Mass drop tagger
d�n+1 ⇡ d�n dz

dt

t

↵s

2⇡
P(z)a!bc z =

Eb

Ea
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Mass drop tagger
d�n+1 ⇡ d�n dz

dt

t

↵s

2⇡
P(z)a!bc z =

Eb

Ea

2. Origin of jet mass
• There is a Sudakov suppression of evolution

from a hard scale down to massless partons
• If a parton has virtuality t = m2, the transition to massless partons happens 

gradually
• i.e. the mass of a jet initiated by a QCD parton comes from a large number of 

splittings
• By contrast, when a resonance decays, it comes from a heavy mass m to 

massless partons in a single step

�(t) ⇡ exp


�
Z tf

t0

dt0

t0
dz

↵s

2⇡
P(z)

�
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Mass drop tagger
d�n+1 ⇡ d�n dz

dt

t

↵s

2⇡
P(z)a!bc z =

Eb

Ea

2. Origin of jet mass
• There is a Sudakov suppression of evolution

from a hard scale down to massless partons
• If a parton has virtuality t = m2, the transition to massless partons happens 

gradually
• i.e. the mass of a jet initiated by a QCD parton comes from a large number of 

splittings
• By contrast, when a resonance decays, it comes from a heavy mass m to 

massless partons in a single step

�(t) ⇡ exp


�
Z tf

t0

dt0

t0
dz

↵s

2⇡
P(z)

�

signal QCD

(equal 
mass)



16

Jet primer

• Use sequential jet recombination algorithms to get cluster sequence (jet 
radius R is input parameter)

1. For all particles/calo cells, compute the distance dij in rapidity-azimuth 
space

2. For the shortest distance, combine the 4-vectors for i and j

3. Continue until the distance between the closest pair is > R

• This gives a collection of jets, and a cluster sequence for each jet
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Mass drop tagger

• Basic idea of mass drop tagger: keep only jets that have symmetric 
splittings with a large mass drop at one step

• Mass drop procedure:
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Mass drop tagger

• Basic idea of mass drop tagger: keep only jets that have symmetric 
splittings with a large mass drop at one step

• Mass drop procedure:

1. Undo the last clustering step, splitting j into subjets j1, j2 with mj1 > mj2

2. Discard j2, set j = j1, and continue de-clustering until both:

(single-step mass drop)

(symmetric splitting)

m1

mj
< 0.67

min(p2T1, p
2
T2)

m2
j

�R2
12 > 0.09
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Mass Drop Tagger
The Boosted Regime

Can distinguish a boosted resonance 
with standard techniques: Groom-based or energy-flow based

e.g. BDRS mass-drop tagger (arXiv:0802.2470)

QCD background

J

1
2 m1/mJ ⇠ O(1)

m1

mj
⇠ O(1)

The Boosted Regime
Can distinguish a boosted resonance 

with standard techniques: Groom-based or energy-flow based

e.g. BDRS mass-drop tagger (arXiv:0802.2470)

Dijet Resonance

1 2

J

m1/mJ
<⇠

1

2

m1

mj
⌧ O(1)
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Moderately boosted resonances
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Tagging at moderate boosts
• Often, resonances are produced near threshold, paying a high penalty in 

signal acceptance for going to the boosted regime
• Direct tt, diboson, ...
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Tagging at moderate boosts
• Often, resonances are produced near threshold, paying a high penalty in 

signal acceptance for going to the boosted regime
• Direct tt, diboson, ...

• In this scenario, the resonance decay products are reconstructed as 
separately resolved jets

• Automatically eliminates soft,
asymmetric QCD splittings

• Can we expand on the mass-drop
idea to include distinguishing signal
from relatively hard splittings?

A New Observable

How about having an increasingly tighter mass-drop cut 
with increasing separation between jets?

As decay product separation 
increases (milder boost) 

QCD jets display a larger mass 
drop

mj1/mj1j2 < A mj1/mj1j2 <
A

R12

j1

j2

R12

19

�
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Tagging at moderate boosts

• Analogy of mass drop
• The lax cut on mass drop from the boosted regime (<0.67) does not veto a 

hard QCD splitting
• As jets become more widely separated, the mass drop becomes smaller
• Heuristic argument for background scaling:

A New Observable

How about having an increasingly tighter mass-drop cut 
with increasing separation between jets?

As decay product separation 
increases (milder boost) 

QCD jets display a larger mass 
drop

mj1/mj1j2 < A mj1/mj1j2 <
A

R12

j1

j2

R12

19

�
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hm2
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⇡
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Tagging at moderate boosts

• Analogy of mass drop
• The lax cut on mass drop from the boosted regime (<0.67) does not veto a 

hard QCD splitting
• As jets become more widely separated, the mass drop becomes smaller
• Heuristic argument for background scaling:

m1

m12
/ 1

�R12

hm2
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• A scaled mass drop cut interpolates between boosted and unboosted 
regimes

A New Observable

How about having an increasingly tighter mass-drop cut 
with increasing separation between jets?

As decay product separation 
increases (milder boost) 

QCD jets display a larger mass 
drop

mj1/mj1j2 < A mj1/mj1j2 <
A

R12

j1

j2

R12
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�
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Tagging at moderate boosts

• Comparing mass drops (a heuristic argument):
• Signal has a mass drop that is constant in rest frame of decaying resonance
• QCD prefers asymmetric splittings/sheds virtuality more slowly, giving 

rise to larger m1

• For most QCD backgrounds, one of the radiated partons is a gluon (CA > 
CF), giving rise to larger m1 for more symmetric splittings (close to 
threshold)A New Observable

How about having an increasingly tighter mass-drop cut 
with increasing separation between jets?

As decay product separation 
increases (milder boost) 

QCD jets display a larger mass 
drop

mj1/mj1j2 < A mj1/mj1j2 <
A

R12

j1

j2

R12
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• Signal has a mass drop that is constant in rest frame of decaying resonance
• QCD prefers asymmetric splittings/sheds virtuality more slowly, giving 

rise to larger m1

• For most QCD backgrounds, one of the radiated partons is a gluon (CA > 
CF), giving rise to larger m1 for more symmetric splittings (close to 
threshold)A New Observable

How about having an increasingly tighter mass-drop cut 
with increasing separation between jets?

As decay product separation 
increases (milder boost) 

QCD jets display a larger mass 
drop

mj1/mj1j2 < A mj1/mj1j2 <
A

R12

j1

j2

R12

19

• All of these bias the mass drop higher 
for bkd

• This motivates a new cut:

⇣ ⌘ m1

m12
�R12 < ⇣c
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Tagging at moderate boosts
• Other functional forms could accomplish a similar scaling

• For example:

⇣(Rc) =
m1

m12
(�R12 �Rc)
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Tagging at moderate boosts
• Other functional forms could accomplish a similar scaling

• For example:

• These types of observables can be very effective at enhancing S/B when 
added on top of existing searches

• Discrimination comes from relatively subtle effects, so usually no 
enhancement of statistical significance

• Outperform other observables we studied
• Uses simple, small-R jet properties

⇣(Rc) =
m1

m12
(�R12 �Rc)
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Tagging at moderate boosts
• Other functional forms could accomplish a similar scaling

• For example:

• These types of observables can be very effective at enhancing S/B when 
added on top of existing searches

• Discrimination comes from relatively subtle effects, so usually no 
enhancement of statistical significance

• Outperform other observables we studied
• Uses simple, small-R jet properties

⇣(Rc) =
m1

m12
(�R12 �Rc)

• Relatively robust under simple smearing, different shower MC, pile-up
• Should validate in data (hadronic W from top?)
• Work for more rigorous analytic result ongoing
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Examples
• SM: WW+WZ
• SM: V(H→bb)
• BSM: Z’ → WW
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WW+WZ Analysis

• Semileptonic channel is an independent check of the (possible) excess in 
the fully leptonic channel and an important SM measurement

WW/WZ Cross Section Application
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WW+WZ Analysis

• Semileptonic channel is an independent check of the (possible) excess in 
the fully leptonic channel and an important SM measurement

• Simulate WW+WZ, W+jets events with Madgraph 5
• Match matrix element to Pythia 6 parton shower

using shower-k⟂ scheme

• Cluster and analyze events with Fastjet 3
• Validated MC with CMS analysis
• Include UE but no pile-up (more on this later)

WW/WZ Cross Section Application
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WW+WZ Analysis

• Semileptonic channel is an independent check of the (possible) excess in 
the fully leptonic channel and an important SM measurement

• Simulate WW+WZ, W+jets events with Madgraph 5
• Match matrix element to Pythia 6 parton shower

using shower-k⟂ scheme

• Cluster and analyze events with Fastjet 3
• Validated MC with CMS analysis
• Include UE but no pile-up (more on this later)

• Use similar cuts as CMS 7 TeV (arXiv: 1210.7544), re-scaled to 13 TeV
• Two jets with pT > 50 GeV
• One lepton with pT > 25 GeV
• MET > 50 GeV
• MT > 50 GeV
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WW+WZ Analysis

After CMS selection cuts:

WW/WZ Cross Section Application
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WW+WZ Analysis

After CMS selection cuts:

WW/WZ Cross Section Application
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WW/WZ Cross Section Application
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WW/WZ Cross Section Application

After
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After CMS selection AND cut on ! < !c:
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WW+WZ Analysis

• Gains for different choices of the cut
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WW+WZ Analysis

• Gains for different choices of the cut
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WW+WZ Analysis
• How does this compare to other possible cuts we could

have used?
• Look in Mj1j2 window between 70-100 GeV
• For jet substructure observables that require a single large-R jet, we take as 

constituents of the jet the union of the constituents of the two small-R jets

Comparison with other cuts for WW case

For a given signal efficiency we compare the gain in S/B for 
different cuts. 
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WW+WZ Analysis
• Would this be included in a BDT analysis?

• Not currently used for SM WW+WZ
• Seems there is substantial gain that comes from using resolved jet masses, 

which are not included in most BDT analyses

• Possible worry: jet masses are subject to uncertainties in shower 
mechanism & reconstruction
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Figure 1: A plot of the improvement of signal over background against the signal e�ciency
for various amounts of smearing applied to the resolved jet mass. Smearing is implemented
as a simple random gaussian smearing with a width of 10, 20, and 50% of the reconstructed
mass.
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WW+WZ Analysis

• Possible worry: jet masses are subject to uncertainties in shower 
mechanism & reconstruction

• Zeta performs well and is robust against various uncertainties except at 
very small signal acceptance
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Limitations and Caveats

• Our observable gives a significant enhancement in S/B at the cost of a mild 
reduction in statistical significance

• Most applicable to searches dominated by systematic uncertainties
• Will become more relevant for later LHC running
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Limitations and Caveats

• Our observable gives a significant enhancement in S/B at the cost of a mild 
reduction in statistical significance

• Most applicable to searches dominated by systematic uncertainties
• Will become more relevant for later LHC running

• What about pile-up?
• Serious challenge facing high-luminosity running
• We simulated WW+WZ search with <NPV> = 50, found that a more 

aggressive form of jet grooming recovered S/B gains to within 10-20%
• Ongoing work needed for pile-up mitigation of small-R jet masses
• Our observable only involves small-R jets
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Examples
• SM: WW+WZ
• SM: V(H→bb)
• BSM: Z’ → WW
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W(H→bb) Analysis

• ATLAS and CMS have both dijet-mass and multivariate analyses
• We follow the ATLAS 7+8 TeV analysis (now arXiv:1409.6212)

WH Example (With H > bb)
We replicate the ATLAS 7+8 TeV analysis at 13 TeV 

ATLAS-CONF-2013-079

We look for 2 b-tags, one tight-lepton, and MET
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W(H→bb) Analysis

• ATLAS and CMS have both dijet-mass and multivariate analyses
• We follow the ATLAS 7+8 TeV analysis (now arXiv:1409.6212)

• Focus on dijet search, associated leptonic W
• Dominant backgrounds are W+b+jets, tt

WH Example (With H > bb)
We replicate the ATLAS 7+8 TeV analysis at 13 TeV 

ATLAS-CONF-2013-079

We look for 2 b-tags, one tight-lepton, and MET
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W(H→bb) Analysis

• ATLAS and CMS have both dijet-mass and multivariate analyses
• We follow the ATLAS 7+8 TeV analysis (now arXiv:1409.6212)

• Focus on dijet search, associated leptonic W
• Dominant backgrounds are W+b+jets, tt

WH Example (With H > bb)
We replicate the ATLAS 7+8 TeV analysis at 13 TeV 

ATLAS-CONF-2013-079

We look for 2 b-tags, one tight-lepton, and MET
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• Use same selection cuts as ATLAS
• One tight lepton, pT > 25 GeV
• Exactly 2 b-tagged jets, pT > 20 GeV (leading jet pT > 45 GeV)
• MET > 25 GeV
• 120 GeV > MT > 40 GeV
• Loose selections on "Rbb as a function of pT

• Associate muons with adjacent b-jets to improve mass reconstruction
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W(H→bb) Analysis

• After ATLAS selection cuts:

WH Example (With H > bb)
We replicate the ATLAS 7+8 TeV analysis at 13 TeV 

ATLAS-CONF-2013-079

We look for 2 b-tags, one tight-lepton, and MET
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WH Example (With H > bb)
We replicate the ATLAS 7+8 TeV analysis at 13 TeV 

ATLAS-CONF-2013-079

We look for 2 b-tags, one tight-lepton, and MET
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W(H→bb) Analysis
• After ATLAS selection and a cut on the shifted version of !:

• Better at balancing preserving statistics and S/B gain
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WH Example (With H > bb)
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WH Example (With H > bb)
We replicate the ATLAS 7+8 TeV analysis at 13 TeV 

ATLAS-CONF-2013-079

We look for 2 b-tags, one tight-lepton, and MET
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W(H→bb) Analysis
• Gains for different choices of the cut:
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W(H→bb) Analysis

• Is our gain just coming from the highly boosted region?
• BDRS requires pTV > 200 GeV

• If we restrict ourselves to the moderately boosted regime, 
90 GeV < pTV < 200 GeV:

• We still find an S/B gain of ~ 2-3 (reduction of ~25%)

• Our observable is effective in a boost range complementary to BDRS and 
other substructure methods

• Consider inclusion of jet masses in more sophisticated BDT as well
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Examples
• SM: WW+WZ
• SM: V(H→bb)
• BSM: Z’ → WW
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Z’→WW Analysis

• ATLAS has a search for resonant semileptonic WW/WZ production for 
masses up to 1 TeV (arXiv:1305.0125)

• At higher masses, use jet substructure techniques
• We consider a sequential SM Z’ decaying to WW
• Dominant background is W+jets
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Z’→WW Analysis

• ATLAS has a search for resonant semileptonic WW/WZ production for 
masses up to 1 TeV (arXiv:1305.0125)

• At higher masses, use jet substructure techniques
• We consider a sequential SM Z’ decaying to WW
• Dominant background is W+jets

• Use same selection cuts as ATLAS
• Two jets, at least one with pT > 100 GeV
• One tight lepton, pT > 35 GeV
• MET > 40 GeV
• pTV > 200 GeV for each candidate gauge boson
• 65 GeV < mjj < 115 GeV
• Various cuts on "𝜙ℓ𝓁ν
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Z’→WW Analysis

After ATLAS selection cuts:

BSM Example: Z`
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• Note: large systematic uncertainties (~30%)
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• Note: large systematic uncertainties (~30%)

After ATLAS selection AND cut on ! < !c:

BSM Example: Z`
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Z’→WW Analysis

• S/B gains and efficiency change:Dependence on Resonance Mass
Signal Efficiency and Gains
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Future directions
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Direct resonance production

• Best bounds come from UA2/Tevatron
• At LHC, hard to pass triggers 

and discriminate from backgrounds
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FIG. 1. Leading experimental limits in the coupling gB versus mass MZ′

B
plane for Z ′

B resonances. Values of gB

above each line are excluded at the 95% C.L.

would also push sensitivity to lower couplings in

the several hundred GeV mass range.

The plot is not extended above gB = 2.5,

because the U(1)B coupling constant is already

large, αB = g2B/(4π) ≈ 0.5, so that it is diffi-

cult to avoid a Landau pole. For that large cou-

pling, the current mass reach is around 2.8 TeV.

The 14 TeV LHC will extend significantly the

mass reach, and can probe smaller couplings once

enough data is analyzed. Note that couplings of

gB ≈ 0.1 can be viewed as typical (the analogous

coupling of the photon is approximately 0.3), and

even gB as small as 0.01 would not be very sur-

prising.

We also present the coupling–mass mapping

for colorons in Figure 2. For clarity, we only

show the envelope of the strongest tan θ upper

limits from all available analyses at each coloron

mass. This mapping is performed again using

leading order production. The NLO corrections

to coloron production have been computed re-

cently [47], and can vary between roughly −30%

and +20%. We do not take the NLO corrections

into account as we do not have an event gen-

erator that includes them; furthermore, there is

some model dependence in the NLO corrections

at small tan θ (for example, they are sensitive to

the color-octet scalar present in ReCoM [34]).



43

Direct resonance production

• Best bounds come from UA2/Tevatron
• At LHC, hard to pass triggers 

and discriminate from backgrounds

12

0 500 1000 1500 2000 2500
0.0

0.5

1.0

1.5

2.0

2.5

MZ'B
(GeV)

g
B

UA2

CDF Run I

CDF 1.1 fb!1

CMS
0.13 fb!1

ATLAS 1 fb!1

CMS
4 fb!1

CMS 5 fb!1

CMS 20 fb!1

ATLAS
13 fb!1

FIG. 1. Leading experimental limits in the coupling gB versus mass MZ′

B
plane for Z ′

B resonances. Values of gB

above each line are excluded at the 95% C.L.

would also push sensitivity to lower couplings in

the several hundred GeV mass range.

The plot is not extended above gB = 2.5,

because the U(1)B coupling constant is already

large, αB = g2B/(4π) ≈ 0.5, so that it is diffi-

cult to avoid a Landau pole. For that large cou-

pling, the current mass reach is around 2.8 TeV.

The 14 TeV LHC will extend significantly the

mass reach, and can probe smaller couplings once

enough data is analyzed. Note that couplings of

gB ≈ 0.1 can be viewed as typical (the analogous

coupling of the photon is approximately 0.3), and

even gB as small as 0.01 would not be very sur-

prising.

We also present the coupling–mass mapping

for colorons in Figure 2. For clarity, we only

show the envelope of the strongest tan θ upper

limits from all available analyses at each coloron

mass. This mapping is performed again using

leading order production. The NLO corrections

to coloron production have been computed re-

cently [47], and can vary between roughly −30%

and +20%. We do not take the NLO corrections

into account as we do not have an event gen-

erator that includes them; furthermore, there is

some model dependence in the NLO corrections

at small tan θ (for example, they are sensitive to

the color-octet scalar present in ReCoM [34]).

q

q̄

Z ′

W/Z

ν/"

"

j

j

• Consider associated production
• Provides handle for trigger
• Gives resonance a (mild) boost
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mass reach, and can probe smaller couplings once
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even gB as small as 0.01 would not be very sur-
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for colorons in Figure 2. For clarity, we only
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mass. This mapping is performed again using

leading order production. The NLO corrections

to coloron production have been computed re-

cently [47], and can vary between roughly −30%
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into account as we do not have an event gen-

erator that includes them; furthermore, there is

some model dependence in the NLO corrections

at small tan θ (for example, they are sensitive to

the color-octet scalar present in ReCoM [34]).

• Recast of ATLAS techni-rho W+dijet search
can beat Tevatron by a factor of a few in 
cross section

• Can we do better with an optimized search?
• What about !/some similar observable?
• Decays to higher jet multiplicities?
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• Consider associated production
• Provides handle for trigger
• Gives resonance a (mild) boost
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Multijet resonances
• Jet substructure can also be useful for three-jet resonances, but come at a 

cost of producing them well above threshold (ex. RPV gluinos in Curtin, 
Essig, BS arXiv:1210.5523)
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Multijet resonances
• Jet substructure can also be useful for three-jet resonances, but come at a 

cost of producing them well above threshold (ex. RPV gluinos in Curtin, 
Essig, BS arXiv:1210.5523)
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• There are already good resolved 3-jet resonance searches (ex. Rutgers gp., 
CMS analysis arXiv:1311.1799) 

• Already in somewhat boosted regime
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Conclusions
• Jet-substructure-inspired observables can improve identification of dijet 

resonances, even in the moderate boost regime/resolved limit
• Interpolate between different kinematic regimes

⇣ ⌘ m1

m12
�R12

• Works well for two important examples of SM hadronic resonances
• WW+WZ
• V + (H → bb)

• Also useful in beyond-SM physics searches
• Z’ → WW
• Z’ → jj

• Uses standard-radius jets, no optimization for different R

• Let’s find out what LHC13 has in store!

(and variations)


