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Overview

Fourth generation
The LHC and the CMS detector
Setup of the analysis

The hypothesis test

Exclusion plots

Outlook and conclusions

* Aim: search for 4th generation heavy top-like quark (t’)
In the following analysis: assumed production in t't' pairs, and with decay t'>Whb

 Application of a hypothesis test (using the “S2-method”, already applied previously
on the 2010 CMS data as goodness-of-fit test of the Standard Model (SM))
m)  SM-only & SM+ t't

* S2-method: combine information of several observables of an event to look for a
global deviation of data or pseudodata w.r.t. SM prediction.



Vrije I — .
V ‘ Universiteit A fourth generation?

Brussel

* No theoretical reasons exist that the number of fermion families should be three.
Moreover:

» Interesting interplay between 4th generation and the EW symmetry breaking
» CP violation can be enhanced to explain the baryon asymmetry in the
universe

» A fourth family is not excluded experimentally

[see e.g. “Four Statements about the Fourth Generation”, arXiv:0904.4698v2 (2009)]

[CDF public conference note 10110]

CDF Run 2 (4.6 :fb'1) ] * Searches at the Tevatron result in 95%
3 1 Preliminary {  C.L upper limits on t’ and b’ masses:
= :-I_h:iqi'ulz 4 13": N m(t’) = 335 GeV/c?
= T eco et m(b’) = 338 GeV/c?
' 0.1 :
A= range of observed
expected 95% CL * upper limit from CMS for b’ quark:
upper limits _ o m(b’) = 361 GeV/c?, no limit for t’ yet
0.01 theoretical prediction

Bonciani et al. [arXiv:1102.4746v1]
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t' mass (GeV/c?)

10/03/2011 Gerrit Van Onsem (VUB) 3/18




Vrije .
dntversic TG Large Hadron Collider

Brussel

¥
* The Large Hadron Collider at CERN accelerates and collides protons at\/_ =7 TeV
* Physics motivation: search for Higgs

boson, and physics beyond the SM
(supersymmetry, new particles,...)

Total Integrated Lum|n05|ty 2010 (Mar 30 10:00 UTC - Nov 09 13:54 UTC)
T T

2 ||= iZl'ZfJZZ o i
Y T S S [
. The LHC dellvered an
. integrated luminosity of
47 pb 1in 2010 f |
20,,,,,,,,,f,,,T,he,,,CM,S,,,,d,e,t,e,c,t,or,,recor,d,ed ,,,,,,,,,,,,,,,,,,
~36 pb - good quallty data
Prospects for 2011: several T 2 - I
fb! of data at 7 TeV! : 1 ,
29;‘0% 12,{05I 25.-‘06J 08/08 21;‘09I 04/11

Date
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* CMS: general-purpose detector, to study
any physics that comes up at TeV scale.

TRACKER
CRYSTAL ECAL

CMS Overall diameter : 150 m * Trigger and data
R Overall length 215 m e ey
. Magnetic field : 4 Tesla acquISItIOn systems

T . needed to cope with
large data flow

RETURN YOKE

e pseudorapidity

0
=—In| tan—
7 ( 2)

* Consists of subdetectors, build around a large 3.8 T superconducting magnet:
* Silicon tracker: records hits for later use in particle track reconstruction
* Electromagnetic calorimeter (ECAL): direction and energy measurement
of photons and electrons
* Hadronic calorimeter (HCAL): measures energy of hadrons

* Muon System: dedicated to muon detection
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m*P ~172 GeV/c?

Jet

Jet

Jet
Jet

* 4th generation quarks t’

9 o000 y—>— 1t 9 t 9 t
g
A
g OO —e— 1 Y Ty t

Top quark topologies

* Top quark pair (tt )
production at LHC

oo (7 TeV) =157 pb

?L
>’a§n’0‘\<
ET

* top decays almost exclusively to W
boson and b quark, and W decays
hadronically (W — qQ ) or leptonically
(W—>/lv,)

e Semi-muonic decay channel:
tt - bWbW — bqgb v,

* when pair produced, and assuming t’>Whb, the final state of these events
looks similar to top quark pair events (= dominant background)

10/03/2011
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* SM Monte Carlo samples: 38X Fall 10, PAT-ified in CMSSW_3 8 5 patch3:

Tprocess | ogNO D) | sample

TTlets 157.5 /TTlets_TuneD6T_7TeV-madgraph-tauola/Fall10-START38 V12-v2/AODSIM
Wilets 31314 /WletsToLNu_TuneD6T_7TeV-madgraph-tauola/Fall10-START38_V12-v1/AODSIM
Z)ets 3048 /DYletsToLL_TuneD6T_M-50_7TeV-madgraph-tauola/Fall10-START38_V12-v2/AODSIM
Single top (t) 20.93 /TToBLNu_TuneZ2_t-channel_7TeV-madgraph/Fall10-START38_V12-v2/AODSIM
Single top (tW) 10.6 /TToBLNu_TuneZ2_tW-channel_7TeV-madgraph/Fall10-START38 V12-v2/AODSIM

QCD (mu+jets) 84679.3 (LO) /QCD_Pt-20_MuEnrichedPt-15_TuneZ2_7TeV-pythia6/Fall10-START38_V12-v1/AODSIM

* Data: Full 2010 Mu dataset: L;,, = 36.1 pb!
- Nov4 ReReco of Run2010A and Run2010B, PAT-ified in CMSSW_3 8 6 patchl

* t-prime MC samples (t’ pair): 36X user samples PAT-ified in CMSSW_3 8 6 patchl :

ooV o) | sample

m,. = 300 GeV 7.3 /tptpjj_m300_7tev_madgraphlhe_iv_fnal/vorobiev-tptpjj_m300_7tev_RECO
m,. = 350 GeV 2.9 /tptpjj_m350_7tev_madgraphlhe_iv/vorobiev-tptpjj_m350 7tev_RECO
m,. = 400 GeV 1.3 /tptpjj_m400_7tev_madgraphlhe_igor/vorobiev-tptpjj_m400 7tev_RECO
m, = 450 GeV 0.6 /tptpjj_m450_7tev_madgraphlhe_igor/vorobiev-tptpjj_m450_7tev_RECO

[NLO cross sections at 7 TeV: Berger and Cao, arXiv:0909.3555v2]
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* Corrections and scale factors applied to the MC to account for data-MC differences
» Jet Energy Resolution
» Leptonic branching ratio correction
» Trigger- and lepton efficiencies

Data-driven factors to scale the SM Monte Carlo (to be multiplied with cross
section):

% Brpar = 1.06, Buyjers = 1.34, Byers = 1.32, B = 1.0, Byep = 2.09

singletop

Analysis selection:
» Reference selection SelV4 of the CMS Top Lepton+Jets group (in sync)
“exactly 1 isolated muon with p; > 20 GeV/c, and at least 4 jets with p; > 30 GeV/c”
» In following: Particle Flow jets (MC: L2L3 corrections START38 V14, data: L2L3
and residual corrections GR_R_38X_V15)

TopLeptonPluslets group twiki (mu):
https://twiki.cern.ch/twiki/bin/view/CMS/TopLeptonPlusletsRefSel mu

* The t’ pair selection efficiencies of the used samples are 8 to 9% (for ttbar this is ~4%)


https://twiki.cern.ch/twiki/bin/view/CMS/TopLeptonPlusJetsRefSel_mu
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RefSelV4 199.8 27.4 155.6 15.4 11.6 19.0 428.8

* Some data-MC comparisons of variables after event selection: mmm) agreement

Stack_allJetsEta InclusiveMu15 (79.1 entries) Stack_allJetsPt1 InclusiveMu15 (19.0 entries)

Stack_selectedEventsJetsPt ] InclusiveMu15 (79.1 entries) %) BASAEARARARRNRARRE RERER RS — ;Ijgs“f‘;“’;‘fg’g:‘:é;ﬁz‘;::? 7] SRERERE T T BN ST+jets, merged (1.6 entries)
@ FT T T T[T T EEEEE STjets, merged (49.5 entries) T 140 I Vet marged (6545 entre) c 80F 5\’*:;:; ":;g;:d(:1ségzn;:§?e)s)
5 so0” o st 1 =iEsmm 5 vty
Lﬁ S C _—— ti-i-jlels other (120.5 entries) =|L!1J: 120F T Data 15200 entries) w70 . — g;;;ztaggnai;’i (198.8 ontiss)
3+ L _+_ | | tg"-jtels;ZTi';u (29_0.0 entries) C ] = 50 F — . 4
4007 [ | —+— Data .0 entries) . 100: | : E E
r ] 80 r ] 50 =
soop o I |
5 ] 60 ] B 9
200+ . 40 c 1 % = =
= . 20F-
1 E
00 c N 20 10
IR N N N 0 =
% 20 40 60 80 100 120 140 160 180 200 15105005 1 152 28 0 50 150 200 250
Selected Jets P, n Hardest Jet P;
Stack_selectedEventsMuPt | Im:llgsiveMm 5(19.0 entrie_s) ) .
@ 200 LTI - :I:;jteslsmr::a;gg-u;14i:;l::)s) @ InclusiveMu15 (190 entries) s]‘ 3 Sta‘:"—sf""c"‘*df"?""smf-r‘ N ——— Triets monaet (116 i)
S anb — Vst 5.6 ent £ 250" i : 2 ot mrged 1 e,
q>) 180 _— r?;;f o;:ee:g(ez‘;.g::tgi::)tnm % 250 - [ ST"‘]E‘S, merged (11 6 EI'I'IFIES) s % 140 E gﬁl‘z:t:'zwlhe_-g(z‘%.i:?ie's_)‘ ] )
r +jets semi-| .8 entries — - & F+jets semi-|t .8 entries)
¥ e | e e o antieg g : Z+jets, merged (15.4 entries) 4"!>.ﬂ 120" S D e
140F — ] 200 [ W+jets, merged (155.6 entries) r = :
120F 2 B ti+jets other (27.4 entries) 1001~ ]
100E- 1 150 I tt+jets semi-j (199.8 entries) g0l 1
- ] —+— Data (423.0 entrles) c ]
80 = E AQO M i — 60
60 =
E 3 40
40 B 50
20 =
00 20 40 60 80 100 120 140 160 0.01 0.02 0.03 0.04 0.0 20 40 60 80 100 120 140 160 180 200
Selected Muon P, Selected Muon Rellso Selected Events MET

10/03/2011 Gerrit Van Onsem (VUB) 9/18



Vrije F—

niversiteit'— J@t Combinations via TMVA

Brussel

¥

* multivariate analysis (MVA) technique to identify
which are the light- and b-jets on the hadronic side

hadronic side

* The 4 highest p; jets after selection are used

* For each event, there exist 12 possible ways of
combining the jets with the quarks

* The good jet combination is obtained by this
procedure:
- The 6 ‘most’ discriminating variables are
combined with a Likelihood Ratio
- The jet combination with the maximum MVA
output is chosen

« The 6 variables used are AQ(t", ), AQ(t",b'"), AQ(b', 1), Z 3Jets, m,n» bTag

mmm) In this way we make the good jet combination in 54% of the
cases where 4 leading jets can be matched to the 4 ttbar quarks

10/03/2011 Gerrit Van Onsem (VUB) 10/18
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Kinematic variables

* \We can construct the variables:

| Stack_MassHadTop |

Tprime 300 GeV (21.1 entries)
InclusiveMu15 (19.0 entries)
I ST+jets, merged (11.6 entries)

%1005
T
50:—
40~
- Mass of
20_—
N v b

O°

| Stack_EtaHadTop |

hadronic top

ZJets (15.4 entries)
[ WJets (155.6 entries)
I ti+jets other (27.4 entries)
I ti+jets semi-u (199.8 entries)
—+— Data (423.0 entries)

Plots: Tprime (300 GeV, 7.3 pb
@ NLO) stacked on top of SM

200 400 600 800 1000 1200 1400 1600 1800 2000 2200

Mass hadronic top (GeV)

#Events
- - N [*] w (]
wm 2 a5 "8 un & &
0‘I\II‘\I\\‘H\\llll\‘\\H‘HII‘IIH‘HH‘HH‘H |

1 2

-4 -3 -2 -1 0

Tprime 300 GeV (21.1 entries)
InclusiveMu15 (19.0 entries)
I ST+jets, merged (11.6 entries)
ZJets (15.4 entries)
N WJets (155.6 entries)
N tt+jets other (27.4 entries)
I ti+jets semi-u (199.8 entries)
—+— Data (423.0 entries)

Pseudorapidity
of hadronic top

2 4

3 5
Pseudorapidity hadronic top

Stack_HTdjets

Tprime 300 GeV (21.1 entries)
InclusiveMu15 (19.0 entries)
ST+jets, merged (11.6 entries)

~
=]

#Events

30

20

10

oO

200

| Stack_MassTtbar |

ZJets (15.4 entries)
Wdets (155.6 entries)
tt+jets other (27.4 entries)

ti+jets semi-u (199.8 entries)
Data (423.0 entries)
HT4jets: scalar
sum of the p; of

the 4 jets

L

800 1000 1200

HT4jets (GeV)

Tprime 300 GeV (21.1 entries)
InclusiveMu15 (19.0 entries)
I ST+jets, merged (11.6 entries)

£
@200
>

H1s0
160
140
120
100

80
60
40
20
0

0 500

ZJets (15.4 entries)
[ WJets (155.6 entries)
I tt+jets other (27.4 entries)
I ti+jets semi-p (199.8 entries)
—+—— Data (423.0 entries)

Mass ttbar
system

= e e | L
1000 1500 2000 2500
Mass ttbar (GeV)

* Binning in following analysis: uniform TTJets semi-mu MC distribution after event

selection, 10 bins (we only want enough events per bin). Plots in back-up.
Gerrit Van Onsem (VUB)
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* Consider N kinematic variables, each variable k has corresponding 1-dimensional
binned distributions
- of data or pseudodata (bin contents d,, statistical variance Var[d]; )

- of SM prediction (bin contents y;, variance Varly]; )

50

|I'IC|I:ISiV2Ml.I15 (19.0 entrie:’.) . .
|Stack_MassTtbar | s meedisenries)| o Eor each bin j and observable k: a
® — . WJ.ets (155.6 entries) ] « . . . e .
E gor m— s othergraenies) | “squared bin significance” is computed
|.|=J' E | —+— Data {423.0 entries)
* -
I 2 K, ] K, ]

S, . =
“I" Var[d], ; +Var[y], .

40

30 “Measure for deviation between
20 data and prediction in the bin”

10

 Systematics can be included in squared bin
500 1000 1500 2000 2500 3000 3500M:1220ttl:15:'0(%e%c;00 significance definition:
Varly] = Varlylg,, + Varlyl,,
or can be treated via nuisance parameters

during pseudoexperiments
10/03/2011 Gerrit Van Onsem (VUB) 12/18
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The statistical procedure (2)

* A certain event has variable (k = {1,...4}) values in particular bins (j = {1,...8}) .
Combined (w.r.t. observables) S-weight of an event i:

N
S, :Zsf,jk —
k=1

1 value for each event. In the presence of New Physics,
events with a high S-weight are ‘New Physics-like’.

* Take x % of the events to obtain ‘highest S-weight subsample’. Combine the S-weights:

V= >§

X% highest

—)

Example V distribution

1 value for whole dataset; V will be the test statistic in the
hypothesis test / goodness-of-fit. V-distributions can be
made via pseudoexperiments with resampling techniques.

‘ Standard Model V distribution (1000 pseudos, x = 0.1) ‘

100

40

20

0,

l 4
200

P
400

T
600

800

[
1000

P "
1200

M|
1400
V

\

pick random events from MC samples (hnumber
of events equals random value from Poisson
distribution with mean N =L, ,0)

* Note: choosing a small x means you look
at the events with the largest deviation
w.r.t. the prediction
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* Application on the 4 chosen kinematic variables: obtain two V-distributions

» 1000 SM pseudoexperiments W f(V‘SM) = H;
» 1000 SM+Tprime pseudoexperiments E— f(\/‘SM @Tprime ) = H,

V,

a

. o fe - . v 1 : .
Choose significance level o = 0.05 and calculate V, according to 0= J‘ f(\/‘SM ® Tprime )dV

V distributions (1000 pseudos, x = 0.1) 0
L |
- ! The power of the test 1 — B is given
100— i - f(V‘SM) by: v,

] : (= alternate hypothesis H,) 1_18 _ J' f (V‘SM )dV

80~ ' 0
B (Hashed region in plot)

60— ~ f(V|SM®©Tprime )
:1 -B ‘Lr/ (= null hypothesis H,)

4 e If 1-B >0.5, we can say that
- | 1 the null hypothesis H, can be
20 afy rejected on average at 95% C.L.

0_ . .{ . I ! | ! | —I_I—:—L!rl-l—n—L.—v—l 1l =7 |

201\ 200 600 800 1000 1200 1400
v

\"
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* Consider different null hypotheses H, corresponding to different t” masses:
» m,. = 300 GeV
» m,. = 350 GeV Always same alternate hypothesis
> m,. = 400 GeV H, = SM-only (black in plot)
» m,. = 450 GeV (not plotted)

| V distributions (1000 pseudos, x = 0.1) |

- ) The power of thetest 1 - B is <0.5
s0f For pseudoexperiments in all these cases
- 1 atl,,.=36.1/pb
80 m==) The expectation is that
- these models cannot be excluded
60 at 95% C.L. with 36.1/pb
I With theoretical t’ pair production
402— cross sections (NLO)
201
0.: .JJ PR R R NN S S R N _.I_Lr_|=|==l e
200 40T 600 800 1000 1200 14;]0

Vyaa = 435 (V value of data can be calculated as well)
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* Scan plane of production cross section (0,,,,) Vs mass tprime (m,,) by performing
the hypothesis test and calculating 1 — B for ‘each point’ in the plane:

| 1-B plot vs tprime space | 1-B for 0.1
Entries 100 o o5l L L L L ] 1
5 5 Meanx 3624 gt 2 SO0 Expected limit at 95% C.L. for L t =36.1pb
= eany i B : ~
s RMSx  54.57 s L Observed I|m|t at 95% C.L. for L = 36.1/pb™
2 RMS 5.4 - L P
% 2o é’ 20 Theoretlcal predlctlon (NLO) ]
E E : ; ; : ; ; : :
o Q B _
G = B |
15 & 15—
-H —
D —
10 -
10—
5
280 300 320 340 360 380 400 420 440 460 B
mass tprime (GeV) B g : : :
o 1 1 | 11 1 | 1 1 1 | 11 1 | 11 1 | 11 | | 1 1 1 .
300 320 340 360 380 400 420 440 460

\ / mass t' (GeV/c?)

* Interpolation result in expected exclusion band ¢ Observed exclusion limit at 95% C.L.
» expected limit (solid line): 1-B=0.5
» dashed lines:1-B=0.16and 1-pf =0.84
(1-sigma band: in 68% of the cases a SM
outcome lies in the dashed band)
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Observed exclusion line lies above
theoretical prediction: no t’
masses can be excluded
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= 250/pb

* Do the same for 250/pb (omitting QCD in pseudoexperiments, sample too small)

int —

| 1-[5 Vs tprime Space | Er:t;iﬁefsor x=o-14o B LI T T 17 T T T T T T T T T T T LI T T LI
) 1 Mean x 381 2 10 Cirmardmel 1rmaid ad Q0. 0.1 w1 ALl
= Mean y 6.831 g cxpeiica it at Jo 70 C.L. or "int =£Zo03U P
10 RMS x 54.8 B : N
c - . .
S RMSy 2264 % | Theoretical prediction (NLO) .
e 9 3 = |
2 ° 8
S 8 c -
o = | _
F 7 8 \
,E' » 6
b 6 © = \ ---------- i .
5 .\x RALTIN
4 4 L | \-;-‘.-"‘"\ """"""""""""""""""""" —
3 - e | \\ """‘--...__.___ - |
n “Fereni
2 2 R B
| *--...-n.........u.... ------ |
1 N I h""'\________-_-— ]
280 300 320 340 360 380 400 420 440 460 - | T——t -
mass t' {Ge\f,"cz) L Ll L L1 L1 L L1 L

mass t' (GeV/c?)

\/

Interpolation

300 320 ,[\ 340 360 380 400 420 440 460

With 250/pb: expected limit

on mass t’ = 330 GeV/c?
Note: only first test that tools
work, to be optimized later!
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* A new hypothesis test, using kinematic variables in ttbar topologies, is applied to
distinguish the Standard Model with t” models, to explore the possibilities of the
method.

* Note: other (t’-)models can be used in the procedure as well

* An exclusion plot is obtained for 36.1/pb, and applied to the 2010 data at
7 TeV, and for 250/pb. The results shown are a first demonstration: now
the method can fine-tuned.

* Method can be optimized:
» extra cuts (e.g. harder cut on jet p,)
» b-tagging (e.g. Wjets background can be reduced a lot)
» the effect of alternative or more variables can be explored (e.g. n(hadtop)
not very sensitive)
» taking pile-up into account

» Systematical uncertainties will be included (MC cross sections, Jet Energy Scale, ...)
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* Mass of the hadronic top for the different used t’ samples
(not normalized w.r.t. each other)

MassHadTop
250
: i > m, =300 GeV
200/ - » m, = 350 GeV
- i » m, =400 GeV
150 JJ N » m, = 450 GeV
1003— |’j
E = 11
50—
0= 200200 600" 800 1000 71205 400

Mass hadronic top (GeV)
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‘ Stack HT4jets ‘ [ Tprime 300 GeV (21.1 entries)
[ Tprime 300 GeV {211 entries] | = InclusiveMu15 (19.0 entries)
| Stack_MassHadTop | g.ﬂju:::a::éﬁe (;?1.:! :-::;251 8 F I  ST+jets, merged (11.6 entries)
- ZJets (15.4 entries) c F ZJets (15.4 entries)
% 80— — v_vfsts (165 6 entrios) E 90— I WJets (155.6 entries)
- BN (i+jets other (27.4 entri E P .
& _F —— - tdinied ﬁ (1.9;: :,';:ilesl *® I ti+jets other (27.4 entries)
® 70 —+— Data (423.0 entries) 80 . I ti+jets semi-u (199.8 entries)
B E HT4J ets —+— Data (423.0 entries)
r 701
60— E
60—
50 =
50F
40 =
40
30 =
30
20 20
10 10F
00 500 1000 1500 2000 2500 3000 3500 4000 4500 5000 00 500 1000 1500 2000 2500 3000 3500 4000 4500 5000
Mass hadronic top (GeV) HT4jets (GeV)
i 500 Goy (21 s | Stack_MassTtbar | — e i
[ Tprime e 1 entries| Hets, 6 entri
| Stack_EtaHadTop | InclusiveMu15 (19.0 entries) ® B 2o (154 ontrien)
2 _ ] g‘jstsf nlargecl! (11.6 entries) = [ ] V!r.l.eis (155.6 entries) .
H F ] w:etnss(nsés.:n;:‘:?ls) 3 8o —_— :%::::: El’ﬁﬁf}‘ﬁﬁsffé‘ﬂlﬁi‘.’esl
ﬁ 60— I tt+jets other (27.4 entries) £ ——+— Data (423.0 entries)
* L | I tf+jets semi-p (199.8 entries) 70
= —+— Data (423.0 entries)
50— | 60

% 5 5 -4 -2 0 2 4 6 8 10 0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000
Pseudorapidity hadronic top Mass ttbar (GeV)
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* Application of S2-method as goodness-of-fit test of the Standard Model with the
2010 data, using the 4 variables used in the tprime analysis

Standard Model V distribution (1000 pseudos, x = 0.1)

I
100 I
I
I
80
60

40

20

Example for x =
10% of events for
highest S-weight
subsample

Vdata

10/03/2011

200 407\ '

1 | L 1 | L L L | L TN |
600 800 1000 1200 1400

\'

o
L{= I

p-value of data vs x

p-value data
e o o o o o o
N W R W N @

e
=

o o flat behaviour, p ~ 0.3
p=( j t(V)av)/ j t(V)av without systematics: data
Vian 0

agrees reasonably with SM
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| Maximal MVA value using method: Likelihood | MaxMya,_Likelinaod_goodzomb Eff_Pur_MVA

-.92500""!""!'"'1""|""|""I""I"IEntries 6050 -E? ']:IIIIII\II\I\III\IIII\I\II\IIIII\II|||:
5 R Y- E
- inati RM . I =
5 - Good Jet Combinations ! a - — Likelihood -
1+ 2000 — . 0.8E E
- - 0.7 s
B Bad Jet Combinations | 0.6 - ——— =
1500 - . B T E
| o -0
1000 : 0.4F -
- Al 0.3F :
500 - f - 0.2F -
N ] 0.1F =
0_||u\||||wnnnu ;—fﬁzﬁ:?:%:l\llllll_ DE......\..\.\..|\||||\|\||\|||||\|||||E

0 01 02 03 04 05 06 07 08 09 1 02 03 04 05 06 07 08 09 1
Likelihood Response Efficiency
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