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• Brief introduction	

• Status after Run-1	

• Overview status Run-2	

• Pair production	

• Single production  
incl. remarks on                techniques	

• Conclusions

Outline

Looking for a partner 
5—10 x heavier  

(+ rich & famous)

Spoiler alert !	
→ No new physics  

found, yet.

B O O S T
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Vector-like quarks (VLQ)	

• LH and RH same SU(2) transformation	

• direct mass term allowed : 	

• mix with SM quarks	

• multiplets w/ SU(3)xSU(2)xU(1) quantum no.

VLQ

VLQ Q [e] T3

singlets
(T) 
(B)

+2/3 
 -1/3

0

doublets
(X,T) 
(T,B) 
(B,Y)

+5/3, +2/3 
+2/3,  -1/3 
 -1/3,  -4/3

± 1/2

triplets
(X,T,B) 
(T,B,Y)

+5/3, +2/3, -1/3 
+2/3,  -1/3, -4/3

+1, 0, -1

Chiral 4th Quark Generation	

• excluded by Higgs discovery	

•  
 

m ̄ 
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The Higgs is special  
!

• only known elementary scalar	

• ΔmH quadratically divergent 
 
 
 
 
→ Perhaps not elementary ?	

• (pseudo-)Nambu-Goldstone boson of new  
   strongly interacting sector ?	

• VLQ predicted with m ≲ O(2 TeV)	

• indirect constraints exist, but model  
  dependent — need direct searches !

4

Composite H, Little H, …

E

Higgs

VLQ

new  
strong  
sector

more  
bound  
states?

H

vev

TeV

?

?

H
t
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Pair Production & VLQ Decay
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PROTOS

 Strong pair production

VLQ

VLQ

σ increases strongly  
for 13 TeV

Decay

Strong production — model-independent !  
(decay kinematics may be different for different couplings)

• assume : only coupling to 3rd gen.	

• VLQ → t/b + W/Z/H	

• BRs given by multiplet
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Single Production

W/Z

VLQb/t

(Aguilar-Saavedra, Benbrik, Heinemeyer, Perez-Victoria, 
Phys. Rev. D 88 (2013) 094010)

(Matsedonskyi, Panico, Wulzer, JHEP 12 (2014) 097;  
also: Buchkremer, Cacciapaglia, Deandrea, Panizzi,  

Nucl. Phys. B 876 (2013) 376)
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[fb] @ NLO

M [GeV]
p
s = 8 TeV

p
s = 13 TeV

600 (1490) 2100 (6620) 9060

700 (864) 1230 (4240) 5820

800 (514) 746 (2810) 3860

900 (317) 470 (1910) 2720

1000 (198) 298 (1330) 1950

1100 (127) 194 (942) 1350

1200 (82.1) 127 (679) 982

1300 (53.7) 84.8 (493) 716
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[fb] @ NLO

M [GeV]
p
s = 8 TeV

p
s = 13 TeV

1400 (35.5) 55.3 (362) 540

1500 (23.6) 37.5 (268) 408

1600 (15.9) 25.2 (201) 305

1700 — (151) 230

1800 — (114) 174

1900 — (87.4) 136

2000 — (66.9) 102

Table 5: NLO single production cross sections for the Wb fusion for a unit coupling, at
p
s = 8, 13 TeV (the

LO values are in brackets), computed with MCFM [33] using the MSTW2008 parton distribution functions.
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in terms of the functions �
V f̄(V f)(MX

) and �0
V f̄(V f)

(M
X

), with f = t or b, which depend only

on the resonance mass and not on the couplings. The labelling of � and �0 reflects the fact that
single production dominantly proceeds, as Figure 8 shows, through the fusion of a vector boson V
with a gluon, producing the Partner and the associated f or f .5 Each function is easily computed,
at the tree-level order, by a set of MadGraph simulations. Some results are shown in Tables 2,
5 and 6, the sum of the Partner and anti-Partner rates are reported because the experimental
searches typically collect positive and negative charge final states. No result is shown for Z-initiated
processed producing a Bottom quark because single production vertexes with a Z and a Bottom are
typically suppressed in the Composite Higgs scenario. The interference functions are not reported
in the Tables because it turns out that, as for the X5/3 production discussed in Sec. 2.3, �0 is well
approximated (with a few percent error) by

�0
V t(V t)

(M
X

) ' �5.2�
V t(V t)(MX

) . (3.3)

5See also the discussion above Eq. (2.4).

18

coupling cL/RMixing θL/R

Mixing angles not independent  
→ LH/RH dominates in each multiplet

VLQ

VLQ
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Experimental Challenges

Impressed 
tourist pic

Ef
fic

ie
nc

y

0.85
0.9

0.95
1

0.45
0.5

0.55
0.6

 ATLAS
-1 = 13 TeV, 3.2 fbs

 muonsTight
Data
MC

µµAZ

d

2.5< 2< 1.5< 1< 0.5< 0 0.5 1 1.5 2 2.5

D
at

a 
/ M

C

0.95
1

1.05 Stat only  Stat�Sys Stat only  Stat�Sys 

Leptons

EPJC 76 (2016) 292 

0 50 100 150 200 250 3000

5

10

15

20

25

30

35

40

µµ →Data Z
 ee→Data Z
 > 50 GeV

T
, qγData 

CMS Preliminary  (13 TeV, 2016)-112.9 fb

  )
 [G

eV
]

 ( 
u

σ

 [GeV]
T

q
0 50 100 150 200 250 300

D
at

a 
/ M

C

0.7
0.8
0.9

1
1.1
1.2
1.3

MET

CMS PAS JME-16-004

Jets b-tags

CMS PAS BTV-15-001
 [GeV]jet

T
p

20 30 40 210 210×2 310 310×2

Fr
ac

tio
na

l J
ES

 u
nc

er
ta

in
ty

0

0.02

0.04

0.06

0.08

0.1
ATLAS Preliminary

 correctionin situ = 0.4, EM+JES + R tanti-k
 = 13 TeVsData 2015, 

 = 0.0η
Total uncertainty

 JESin situAbsolute 
 JESin situRelative 

Flav. composition, unknown composition
Flav. response, unknown composition
Pileup, average 2015 conditions
Punch-through, average 2015 conditions



Johannes Erdmann 8

Status Quo after Run-1
CMS Searches for New Physics Beyond Two Generations (B2G)
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• Extensive search program for pairs 
!
• Mass limits from ~700 to ~900 GeV  
!

• Depend on assumed BRs 
 
   ATLAS example : ( JHEP 08 (2015) 105)  
     singlet T: m > 765 GeV  
   doublet T: m > 855 GeV
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• σ dominated by pair production	

• Focus on decay to 3rd gen.	

• Exploiting the full BR triangle 

• ATLAS strategy inclusive (‘TT→Ht+X’)	

• CMS strategy more exclusive (‘TT→bWbW’)	

• combination papers (PRD 93 (2016) 012003 and 112009)

9

Run-1 Strategies
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Single production may be enhanced (here: excited b)  
 
 
 

10

• Pair production dominates 
   for m < ~1 TeV	

• EW single production 
   may dominate at high m

Single Production @ Run-1

b∗g

b

t

W

upper bounds from  
EW constraints

(Aguilar-Saavedra, Benbrik, Heinemeyer, Perez-Victoria, 
Phys. Rev. D 88 (2013) 094010)

JHEP 01 (2016) 166
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 Sensitivity to single production challenging at 8 TeV

Single Production @ Run-1
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via heavy gluon

low σ for EW
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Some Excitement @ Run-1
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Same-sign leptons + b-quarks
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 Link to other Run-1 excesses?  
(just one ex. Dobrescu, Liu, JHEP 10 (2015) 118 
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From 8 TeV to 13 TeV
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• Record in instantaneous luminosity !	

• Comes with higher pile-up	

• Results in this talk based on 2015 data
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Same-Sign Leptons
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• e±e± + μ± μ± + e±μ± + trilepton	

• J/ψ and Z vetos	

• high : HT & b-tag multiplicity & MET	

• categorize and count ! 
  (same 8 categories as Run-1)

15

Same-Sign Leptons
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SR index
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!
• from MC

!
• fake leptons	

• from matrix method	

• 54% systematics

!
• charge mis-ID (only e±)	

• from Z → e+e-	

• 25% systematics	

• trident electrons :	

• charge mis-ID	

• fake leptons from  
   γ conversions	

→ fake lepton subtraction  
     to avoid double-counting

16

Same-Sign LeptonsATLAS-CONF-2016-032 (06/16)

tt̄ ! `+`� + bb̄+Xtt̄ ! `+ bb̄+Xtt̄+W/Z/ . . .

Main Backgrounds

Run-1 excess 
not reproduced
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• m(X5/3) > 0.99 TeV (was 0.74 TeV @ Run-1)	

• m(B|singlet) > 0.83 TeV (was 0.69 TeV)	

• m(T|singlet) > 0.78 TeV (was 0.66 TeV)	

• sensitivity to T via H → WW* or Z → l+l-  

 

 

 

Same-Sign Leptons
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Same-Sign Leptons & l+jetsCMS PAS B2G-15-006 (12/15)

• e±e± + μ± μ± + e±μ±	

• J/ψ and Z vetos	

• high : HT & pT(lep) & #(jets+leptons)	

• no b-tag requirement	

• count in lepton flavor categories !

X5/3

X5/3

W

t

• e± charge mis-ID suppressed by comparing up to 3 charge measurements 	

• standard track reconstruction (Kalman filter)	

• Gaußian sum filter → improve bremsstrahlung modeling	

• rel. position of cluster and track (for pT < 100 GeV)

prompt same-sign
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New l+jets channel	

• high lepton pT, MET,  
   jet multiplicity & pTs	

• 4 categories: #b, #W	

• ΔR(lepton, 2nd jet)  
   

CMS PAS B2G-15-006 (12/15) Same-Sign Leptons & l+jets
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• m(X5/3|RH) > 950 GeV (was 800 GeV)	

• m(X5/3|LH) > 910 GeV (was 800 GeV)	

• ATLAS slightly more sensitive (920 vs. 900/860 GeV)	

• CMS improves at high mass due to l+jets

CMS PAS B2G-15-006 (12/15)
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Ht+X
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Ht+XATLAS-CONF-2016-013 (03/16)

• Exactly one lepton	

• Many b-jets, many jets, some MET	

• Dominant background : top+b/c+X	

• Categorize in #b, #fat-jets (next slide),  
   mbb of closest b-jets (from Higgs)

T

T

H

t

b
b
b

b
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Excellent discriminant

Fat (‘Large-R + Massive’) Jets

ATLAS-CONF-2016-013CMS PAS JME-15-002 ATLAS-CONF-2016-035

Needs calibration Or : recluster small-R jets

large-R jet

Lorentz boost

→ simple “mass tagging”

≥ 2 subjets

B O O S T



Johannes Erdmann 24

top+HF poorly known	

• 11 categories fit with  
   complex top model	

• low to high sig. purity	

• profile top+LF/c/b	

• systematics:  
   decorrelate certain top  
   modeling uncertainties  
   for top+LF/c/b	

• key to controlling bkg.

Ht+XATLAS-CONF-2016-013 (03/16)
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Ht+XATLAS-CONF-2016-013 (03/16)
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• m(T|singlet) > 750 GeV (was 765 GeV)	

• m(T|doublet) > 800 GeV (was 855 GeV)	

• expected limits improved by 60 GeV (singlet), 80 GeV (doublet)
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Wb+X
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Wb+XCMS PAS B2G-16-002 (03/16)

• 1 e/μ, MET, ≥ 3 high-pT jets	

• final discriminant : 	

• min(m(lb))	

•  categorization in #b-tags + 
   #W-tags from other T-branch
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Pruned jet mass (GeV)
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Tagging W Bosons

CMS PAS EXO-15-002

• mass window around mW	

• two-prong-sensitive variable	

• N-subjettiness (CMS)	

• energy correlation D2 (ATLAS)

Lorentz boost
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Mismodeling of jet pT	

• observed in inclusive SR	

• linear correction derived	

• separately for top & EW	

• conservative syst. from 
   lower statistics top CR  
 

Wb+XCMS PAS B2G-16-002 (03/16)
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• m(T|singlet) > 750 GeV (was 696 GeV)	

• T → Wb not allowed for doublet	

• benchmark interpretation :	

• Wb:Zt:Ht = 50%:25%:25%

Wb+XCMS PAS B2G-16-002 (03/16)
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Stops and Zt+X
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• 1 e/μ + ≥ 4 jets	

• QCD and τ vetos	

• optimized SRs targeting                    with	

• MET > 260/350/480 GeV	

• b-tags, large-R jet, kinematic requirements

Stops and Zt+X

T

T

Z

t

ν
ν

arXiv:1606.03903, submitted to PRD (06/16)

g̃

g̃

˜t1
˜t1

p

p

t

�̃0
1

soft

t

�̃0
1

soft

t̃1

t̃1
p

p

�̃0
1

t

�̃0
1

t

tt̄+ Emiss
T

updated with 2016 data in ATLAS-CONF-2016-050  
(but w/o VLQ interpretation)
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• 3 SRs defined	

• each SR fitted with several CRs for main backgrounds	

• fit validated in VRs — overall yields consistent

Stops and Zt+XarXiv:1606.03903, submitted to PRD (06/16)

30 90 120100

100

175
200

am
T2

 [G
eV

]

Nb-tags = 0

Nb-tags ≥ 1

Nb-tags ≥ 2

0

Ng ≥ 1

WCR WVR WVR-tail

TCR TVR

STCR SR

100 mT [GeV]

TZCR  with photon added [GeV]miss
T = E

miss
TE~

0 0.11 0.22 0.33 0.44 0.56 0.67 0.78 0.89 1

Ev
en

ts

1

10

210

Data Total SM
 2Ltt W+jets 

τ 1L1tt +V tt
 1Ltt VV

Single Top 

ATLAS
-1 = 13 TeV, 3.2 fbs

TVR1 WVR1 TVR2 WVR2 TVR3 WVR3 SR1 SR2 SR3

   
  

to
t

σ
) /

 
ex

p
 - 

n
ob

s
(n

-2

0
2

top

W+jets

ttZ

‘SUSY-style analysis strategy’



Johannes Erdmann 34

Stops and Zt+XarXiv:1606.03903, submitted to PRD (06/16)
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• m(T|BR=100%) > 850 GeV  
 (was 810 GeV in dilepton analysis)	

• stat. fluctuation in SR1 not VLQ-like	

• valuable reinterpretation	

• new search channel
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Single VLQ → Wb

W

Y/Tb
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Single VLQ → WbCMS PAS B2G-16-006 (07/16)

• ≥ 1 forward jet	

• = 1 e/μ + tight veto on 2nd lepton	

• ≥ 1 high-pT central jet with b-tag	

• high MET & 	

• W-like mT(W) & ΔΦ(lep., b) > 2.0
Y/T
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source W+Jets tt̄ Single Top Signal
Luminosity rate 2.7% 2.7 % 2.7 % 2.7 %
Jet energy scale shape 5% 6% 5% 3%
Jet energy resolution shape 2% 1% 1% 2%
B-tagging efficiency shape 3% 5% 5% 5%
Multiple interactions shape 1% 1% 1% 1%
Lepton ID/ISO scale factor rate 2% 2% 2% 2%
Trigger efficiency rate 2% 2% 2% 2%
Cross Section rate 9.2% 5.6% 14.7% �
Top PT reweighting shape � 38% � �
W+jets HT reweighting shape 5.3% � � �
Q2 Scale shape 14% 16% 16% 25%
PDF shape 5.5% 2.3% 8.5% 6.7%
Forward jet reweighting rate 15% 15% 15% 15%

37

• Main background Xsec uncertainties 
   from 13 TeV measurements !	

• No need to correlate w/ other systematics,  
   as scale, fwd. jet & top pT reweighting dominate

Single VLQ → WbCMS PAS B2G-16-006 (07/16)

CMS PAS TOP-16-003

CMS PAS SMP-15-004

CMS PAS SMP-15-006

CMS PAS TOP-16-005

8 TeV differential
 linear correction

data/MC difference
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Single VLQ → Wb
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Interpretation	

• mass limits for (large) benchmark couplings	

• coupling limits for given BRs 
 
 
 
 

�
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�
b

[fb] @ NLO

M [GeV]
p
s = 8 TeV

p
s = 13 TeV

600 (1490) 2100 (6620) 9060

700 (864) 1230 (4240) 5820

800 (514) 746 (2810) 3860

900 (317) 470 (1910) 2720

1000 (198) 298 (1330) 1950

1100 (127) 194 (942) 1350

1200 (82.1) 127 (679) 982

1300 (53.7) 84.8 (493) 716

�
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+
b
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W
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b

[fb] @ NLO

M [GeV]
p
s = 8 TeV

p
s = 13 TeV

1400 (35.5) 55.3 (362) 540

1500 (23.6) 37.5 (268) 408

1600 (15.9) 25.2 (201) 305

1700 — (151) 230

1800 — (114) 174

1900 — (87.4) 136

2000 — (66.9) 102

Table 5: NLO single production cross sections for the Wb fusion for a unit coupling, at
p
s = 8, 13 TeV (the

LO values are in brackets), computed with MCFM [33] using the MSTW2008 parton distribution functions.

just proportional to (cXV
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)2 since the interference term can be safely neglected due to the
smallness of the Bottom quark mass. The cross-sections can be parametrized in full generality as
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in terms of the functions �
V f̄(V f)(MX

) and �0
V f̄(V f)

(M
X

), with f = t or b, which depend only

on the resonance mass and not on the couplings. The labelling of � and �0 reflects the fact that
single production dominantly proceeds, as Figure 8 shows, through the fusion of a vector boson V
with a gluon, producing the Partner and the associated f or f .5 Each function is easily computed,
at the tree-level order, by a set of MadGraph simulations. Some results are shown in Tables 2,
5 and 6, the sum of the Partner and anti-Partner rates are reported because the experimental
searches typically collect positive and negative charge final states. No result is shown for Z-initiated
processed producing a Bottom quark because single production vertexes with a Z and a Bottom are
typically suppressed in the Composite Higgs scenario. The interference functions are not reported
in the Tables because it turns out that, as for the X5/3 production discussed in Sec. 2.3, �0 is well
approximated (with a few percent error) by

�0
V t(V t)

(M
X

) ' �5.2�
V t(V t)(MX

) . (3.3)

5See also the discussion above Eq. (2.4).
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Single VLQ → Wb

W

b

ATLAS-CONF-2016-072 (08/16)

Y/T

• very similar strategy as CMS	

• + veto jets close/opposite leading jet 
   (suppresses top background)	

• simultaneous SR+CRs (top, W+jets) fit	

• also here : W+jets needs correction (CR fit)
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Y-quark invariant mass [GeV]
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Width effects for different coupling values	

• non-negligible at truth level	

• found to be small after reconstruction

Single VLQ → WbATLAS-CONF-2016-072 (08/16)

cbWL = cbWR = 0.5

cbWL = cbWR = 0.1
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ATLAS-CONF-2016-072 (08/16)
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Single VLQ → Wb

~no RH coupling in singlet scenario Y limit stronger: BR(Y) ≈ 2·BR(T)

Also: limits on mixing angles θL/R — need to take into account also BR(θL/R)
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Single VLQ → tH

W

Tb/t

Z
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Single VLQ → tH (leptonic top)CMS PAS B2G-15-008 (04/16)

• e/μ with isolation modified for high-pT tops	

• high-pT central jets, high ST, ≥ 1 forward jet	

• kinematic top quark reconstruction :  
 
!
• ≥ 1 Higgs-tagged large-R jet (next slide)

W

Tb
H

b
b

t

b

large-R jet
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Tagging Higgs Bosons
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recent  
development: 
double b-tag

performance in 
soft-muon-tagged data

• jet mass: here — 90 GeV < mSD < 160 GeV	

• b-tagging is key:  
  here — subjet b-tagging 
 
 

subjets fatjet double-b

τ-axis1

τ-axis2

CMS PAS BTV-15-002

B O O S T
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CR defined by	

• no fwd. jet	

• 1 b-tag in H cand.	

→ ~ uncorrelated 
    with mT shape

Single VLQ → tH (leptonic top)CMS PAS B2G-15-008 (04/16)
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Benchmark interpretations	

!
!
!
!
ε depends on LH/RH and Tbq/Ttq

Single VLQ → tH (leptonic top)CMS PAS B2G-15-008 (04/16)
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Single VLQ → tH (hadronic top)CMS PAS B2G-16-005 (06/16)

W

Tb
H

b
b

t

b
large-R jet

• fully hadronic analysis	

• sum(jet activity) ≥ 800 GeV @ trigger	

• ≥ 1 Higgs-tag & ≥ 1 top-tag with ΔR > 2.0  
  → construct T candidate

T

Higgs-tag

top-tag

q

q

Higgs-tag here:	

• pT > 300 GeV	

• 105 < mprun < 135 GeV	

• 2 subjet b-tags	

• τ21 < 0.6 
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top-tag here:	

• pT > 400 GeV	

• τ32 < 0.54	

• 3- vs. 2-prong	

• 1 subjet b-tags
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QCD multijet background	

ABCD method :  

Single VLQ → tH (hadronic top)CMS PAS B2G-16-005 (06/16)
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D = SR 
~30%

ND = NB · NC
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SR = region D

• QCD syst. from bkg. subtraction	

• (anti-)correlated in stat. analysis  
!

• significant systematics	

• Higgs-tag N-subjettiness 12.5%	

• jet mass 10%	

• top-tagging 15-30%
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Single VLQ → tH (hadronic top)CMS PAS B2G-16-005 (06/16)
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leptonic analysis

• Sensitivity for m > 1 TeV	

• Similarly sensitive as leptonic analysis	

• Interpretation:	

• singlet-BR:              (much better limits)	

• doublet-BR: 

cbWL
ctZR

~1.4 ~1.9 ~1.2 ~1.2  ~1.9~1.4
(expected  

limit)
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Single VLQ → Zt / Zb

W

Tb/t

Z

Bt/b

W Z
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Single VLQ → Zt / ZbCMS PAS B2G-16-001 (07/16)

• Z from ee or μμ with small ΔR	

• top: top-tag || W-tag+b || b+2j	

• high leading lepton pT	

• VLT = Z + t	

• VLB = Z + leading b
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Single VLQ → Zt / ZbCMS PAS B2G-16-001 (07/16)
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Background with ‘α-method’	

• scale all backgrounds to data in CR (0 b-tags)	

• scale factors all close to 1 → good !

stat. uncertainty

closure test in data CR (!) w/ 2 jets
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Single VLQ → Zt / ZbCMS PAS B2G-16-001 (07/16)
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   Reinterpretation : Z’ → Tt → Ztt
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• assume BR(T→tZ) = 100%	

• limits improve when more boosted	

• with higher m(T)	

• with higher m(Z’)

CMS PAS B2G-16-001 (07/16)

(Bini, Contino, Vignaroli, JHEP 01 (2012) 157)
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• Experimental assumptions	

• VLQ width effects on exp. observables ?	

• LH/RH differences in exp. observables ?	

• basis for ‘BR reweighting’	

• pair and single production ?	

• additional production mechanisms ? 
   (for ex. via heavy G → VLQ + q  
               or heavy G → 2 VLQ)	

• Interpretation	

• BRs : small coupling approximation ?	

• additional production mechanisms ?	

• Coupling to 1st/2nd generation ?	

• More than one VLQ multiplet ?	

• Extended scalar sector ? 
→ allow recasting via HEPData info ?  
→ publish σ limits for full BR triangle ?

Challenges for Interpretation
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Conclusions

VLQ @ 1.X TeV ?• Broad search program for VLQ	

• Focus shifted towards single production	

• But pair production not forgotten !	

• Limits approaching 1 TeV  
!

• Experimental methods	

• Variety of background methods reassuring	

• Time for boosted strategies has come 
!

• Interpretation	

• More tricky with growing interest in  
  single production
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Impact of couplings on kinematics

Aguilar-Saavedra, JHEP 11 (2009) 030
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ATLAS-CONF-2016-032

CMS 13.6% total mis-ID fraction

35% 48% 33% 20%mis-ID fraction 14%

24% 20% 32%
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CMS PAS BTV-15-002
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Grooming Techniques
Trimming

Pruning

illustrations from JHEP 09 (2013) 076

ATLAS Simulation Preliminary
 = 13 TeVs = Optimal grooming + tagging combination
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 (8 TeV)-119.7 fbCMS Preliminary

Train BDTs
Z score: 1/background efficiency 

for a signal efficiency of 50%

Signal: simulation
Background: Z+jets data

5.4 Study of correlations 17

Rank Z Pairs of variables

1. 38.5 ± 1.6 MPrune t2/t1

2. 37.9 ± 1.6 MFilt t2/t1

3. 37.8 ± 1.6 MTrim t2/t1

4. 37.7 ± 1.6 MTrim QGL Combo
5. 37.2 ± 1.6 MPrune QGL Combo
6. 36.7 ± 1.5 MSD b = �1 t2/t1

7. 36.3 ± 1.5 MSD b = 0 t2/t1

8. 35.8 ± 1.5 MSD b = 2 t2/t1

9. 35.3 ± 1.4 MSD b = 1 t2/t1

10. 35.0 ± 1.4 MSD b = �1 QGL Combo

Table 1: Performance of the top 10 pairs of variables in simulation.

with either N-subjettiness or subjet QGL performs best. Figure 12 shows the Z distribution for381

background jets taken from the Z + jets selection in simulation. The best combination is given382

by mFiltered, mPrune, and subjet QGL; however, many other combinations are statistically close in383

performance, as shown in Table 2 – which lists the top 20 highest scoring triplets. The resulting384

ranking of best triplets is quite interesting, as it shows that even though some variables, such385

as subjet QGL, seem not to have a good discrimination power when considered in isolation,386

they are in fact giving a boost to the tagging performances when combined to other variables,387

like mass and/or N-subjettiness.388

Figure 11 and Table 2 are also showing the difference in performance between the best pair/triplet389

and the full BDT, i.e. they also provide a quantitative estimation of the “minimality” of the se-390

lected sets of variables. As this difference is significant, we are interested in extending the391

performance studies beyond 2 and 3 variable configurations. To accomplish that, we use the392

variable ranking, described in Section 5.4, to train a series of BDTs where each variable is se-393

quentially appended in the order of their discriminating power. The performance gain versus394

appended variable is shown in Figure 12. This figure confirms again that the combination of395

mass and N-subjettiness provide the major contribution in W tagging, but also shows that a396

saturation in performance is observed at 11 variables. We can then conclude that in order to397

reach the highest performance we have to rely on a combination of a high number of observ-398

ables. This situation, where single variables are characterized by low discrimination power399

but their combination is performing well, typically arises in datasets where the variables are400

loosely correlated. Hence, we performed a deep study of variables correlation and present this401

in the next section.402

The ability to simulate the variables to accurately reflect the data has a critical importance. The403

level of agreement between data and simulation for the BDT score of the best performing triplet404

and the all variables is shown in Figure 13. The signal-background separation deteriorates405

slightly in data, but the overall agreement is very good.406

5.4 Study of correlations407

Correlations are an important means by which the discrimination of the individual variables408

can be better understood. To minimize the effect of hidden correlations, we first transform409

the variables by running a BDT on each variable, and then use the resulting BDT discriminant410

as a transformed version of the original variable. These transforms yield functions that are411

Run 2 V tagging baseline:
- AntiKt, R=0.8

-m pruned/softdrop (z=0.1, beta=0)
- N-subjettines tau2/tau1

Wednesday 9 September 15

CMS PAS JME-14-002
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ATLAS-CONF-2016-013
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Stop Summary ATLAS
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Stop Summary CMS
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Signal region SR1 tN high bC2x diag bC2x med bCbv DM low DM high

Observed 37 5 37 14 7 35 21

Total background 24 ± 3 3.8 ± 0.8 22 ± 3 13 ± 2 7.4 ± 1.8 17 ± 2 15 ± 2

tt̄ 8.4 ± 1.9 0.60 ± 0.27 6.5 ± 1.5 4.3 ± 1.0 0.26 ± 0.18 4.2 ± 1.3 3.3 ± 0.8

W+jets 2.5 ± 1.1 0.15 ± 0.38 1.2 ± 0.5 0.63 ± 0.29 5.4 ± 1.8 3.1 ± 1.5 3.4 ± 1.4

Single top 3.1 ± 1.5 0.57 ± 0.44 5.3 ± 1.8 5.1 ± 1.6 0.24 ± 0.23 1.9 ± 0.9 1.3 ± 0.8

tt̄ + V 7.9 ± 1.6 1.6 ± 0.4 8.3 ± 1.7 2.7 ± 0.7 0.12 ± 0.03 6.4 ± 1.4 5.5 ± 1.1

Diboson 1.2 ± 0.4 0.61 ± 0.26 0.45 ± 0.17 0.42 ± 0.20 1.1 ± 0.4 1.5 ± 0.6 1.4 ± 0.5

Z+jets 0.59 ± 0.54 0.03 ± 0.03 0.32 ± 0.29 0.08 ± 0.08 0.22 ± 0.20 0.16 ± 0.14 0.47 ± 0.44

tt̄ NF 1.03 ± 0.07 1.06 ± 0.15 0.89 ± 0.10 0.95 ± 0.12 0.73 ± 0.22 0.90 ± 0.17 1.01 ± 0.13

W+jets NF 0.76 ± 0.08 0.78 ± 0.08 0.87 ± 0.07 0.85 ± 0.06 0.97 ± 0.12 0.94 ± 0.13 0.91 ± 0.07

Single top NF 1.07 ± 0.30 1.30 ± 0.45 1.26 ± 0.31 0.97 ± 0.28 � 1.36 ± 0.36 1.02 ± 0.32

tt̄ + W/Z NF 1.43 ± 0.21 1.39 ± 0.22 1.40 ± 0.21 1.30 ± 0.23 � 1.47 ± 0.22 1.42 ± 0.21

p
0

(�) 0.012 (2.2) 0.26 (0.6) 0.004 (2.6) 0.40 (0.3) 0.50 (0) 0.0004 (3.3) 0.09 (1.3)

N limit

non�SM

exp. (95% CL) 12.9+5.5
�3.8 5.5+2.8

�1.1 12.4+5.4
�3.7 9.0+4.2

�2.7 7.3+3.5
�2.2 11.5+5.0

�3.4 9.9+4.6
�2.9

N limit

non�SM

obs. (95% CL) 26.0 7.2 27.5 9.9 7.2 28.3 15.6
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