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Who is the next to ‘see’ four tops?
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® Which channelis going to
be the next candidate?
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https://arxiv.org/abs/2305.13439

Is it going to be single lepton channel?
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® Single lepton(SL) + 2 leptons opposite sign(20S) ® ATLAS: SL+20S, full run 2
© Expected significance 1.0(19 observed)

* CMS: SL"‘QOS, only 2016 data O TT as maojor background

‘ Expected significance 0.4 with 2016 data
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https://link.springer.com/article/10.1007/JHEP11(2019)082
https://link.springer.com/article/10.1007/JHEP11(2021)118
https://link.springer.com/article/10.1007/JHEP11(2021)118

Is it going to be hadronic channel?
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*  Only results from CMS
* Expected significance: 0.4(observed 2.5)

® Ongoing effort in CMS with run 3

huiling.huo@cern.ch Huiling Hua S



https://arxiv.org/pdf/2303.03864

We bet on hadronic tau channell

1taul

Substantial branching ratio

Rich signatures of taus, leptons and jets
Divide into subchannels: Ttaull, Ttau0l,
Ttau?2l

Tau efficiency not so great compared with

0Taun0L

0TaunlL le pto ns
PlowaLos Analysis requires care to save signal
acceptance
e No hope in Ttau3l and Tau trigger efficiency not ideal, hardronic
>=2tau and leptonic triggers used instead

e Ttaudl: branch ratio Background most sensitive to tau fake
too low rate

e >=2 tau: tau efficiency
too low
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Analysis strategy overview

—
{ 1tou1lSR tt as major background oR

hadronic triggers* BDT with b-tog WP TT control region
Ntau=1; NlepFT=1 .

baseline
nJet>-7 Nb-jet>=3
HT>500(480) GeV; njet>6
6th jet pT>40(38) GeV

Nb-jet>=2

least sensitive channel
TtauOl SR tt and QCD major background

hodromc triggers* BDT with b-tOg shope
ntouFT=1; nlep=0
Njet>=8; Nb-jet>=3 -
baseline Ttau2l SR tt and ttX major background
HT>200 GeV; njet>=4; Leptonic triggers* :
Nb-jet>=2; NFtau>=1 Ntau=1; NlepFT=2 BDT Wlth b-tog WP

Njet>=4; Nb-jet>=2
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Object definition

Observable tight muon | fakeable muon Observable fakeable tau tight tau
pT 10 GeV 10 GeV pT 20 GeV 20 GeV
In| <24 <24 || < 2.3(2.5) < 2.3(2.5)
d,/(cm) < 0.05 <0.05 |d.| <0.2 <0.2
d,(cm) < 0.1 <0.1 Decay modes find New New
SIP;p <8 <8 Decay modes except Sand 6 | except 5Sand 6
Muonn POG ID Medium Medium DeepTau vs jet WP_WLoose WP_Medium
Top-UL Lepton MVA(V1) | > 0.64 > 0.64 or DeepTau vs electron | WP_VVVLloose | WP_VVLoose
(b — scorematched jet < 0.025 and p7#* > 0.45 ) DeepTau vs muon WP_VLoose WP_VLoose
Observable tight electron fakeable electron
pT > 10 Gev > 10 GeV Observable let
[0 < 2.5(1.442 < |n| < 1.566 veto) | < 2.5(1.442 < |n| < 1.566 veto)
dy(cm) 0.05 0.05 PT 25
d,(om) 01 01 Ul 24
SIP3p <8 <8 ID tight ID
éroln S— Oé‘; O-e‘; DeepJet medium WP(medium b-jet)
missing inner hits i: 1 i= 1 DeepJet tight WP(tight b_Jet)
Top-UL Lepton MVA(V1) | > 0.81 > 0.81 or (EGammaMVAID=Loose and
b — scorematched jet < 0.1 and p7et® > 0.5(0.4))

* Lepton definition same as that of SS&ML of ttttt
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Different channels, different triggers

Trigger act. lumi(fb-1) | eff lumi | first run | last run | dataset

2018

HLT_PFHT380_SixPFJet32_DoublePFBTagDeepCSV_2p2 177 177 315252 | 317488 | jetHT
HLT_PFHT400_SixPFJet32_DoublePFBTagDeepCSV_2p94(MC) 421 421 317509 | 325175 | jetHT
HLT_PFHT430_SixPFJet40_PFBTagCSV_1p5 53 53 315252 | 315973 | jetHT
HLT_PFHT430_SixPFJet40_PFBTagDeepCSV_1p5 124 124 315974 | 317488 | jetHT
HLT_PFHT450_SixPFJet36_PFBTagDeepCSV_1p59(MC) 421 421 317509 | 325175 | jetHT
HLT_PFHT330PT30_QuadPFlet_75_60_45_40_TriplePFBTagDeepCSV_4p5(MC) | 598 598 315252 | 325175 | jetHT

4 . . .
Hadronic triggers used to capture signal events
Ttaull SR

HT380+6jet+2btag || HT450+6jet+1btag|| HT330+4jet+3btag
More efficient than single tau or lepton+tau triggers: 0.6
Drives the cut of pl of 6th jet

<

1tauOl SR
\_

® Single lepton || double lepton triggers used in Ttau?2l
Ttau2l SR ® The same as that of SS of four tops analysis
® Highly efficient for 4tops signal: 093 acceptance
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Efficiency measurement for hadronic triggers

CMS  Preliminary 2018 59.8 tb'(13TeV) CMS  Preliminary 2018 59.8 b (13TeV)
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* Orthogonal method for measuring hadronic trigger efficiency
¢ Orthogonal trigger HLT_IsoMu24(HLT_Iso27 in 2017)

* Denominator
° Njet>=6, Nb-jet>=2, HT>500 GeV(480 if nb-jet>=3), éth jet pt> 40 GeV/(35 if Nb-jet>=3)
° muon>=1, mu pI>=26 GeV(29 for 2017), HLT_IsoMu24(27 for 2017)

* Trigger drives baseline selection
huiling.huo@cern.ch Huiling Hua [l



Trigger scale factor and validation

b jets number = 2 b jets number = 3 b jets number > 3
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Fake tau estimation: one fake object

NnotGenT Ndata NgenT(MC)
° FR = —
VR " Define fake rate Nnotcem Nﬁgt“ — nginr (MC)

FR validation 1tauol signal region *  The probability of fake tau possmg tight tau selection of not-prompt tau

CR MR * Find good region to measure FR

FR cross check FR measurement

*  Close to signal region to reduce source systematic uncertainty

°  Populate with fake tau events to increase statistic for the measurement

N — NrotGent ER
* Apply FR in fake not tight region Xy = FR
®* Aslong as the FR the same in MR and any = NZ%tGenT A1 —ER

application region
A% (Ng%ta Ngem' (MC) ) v FR

1—ER
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Fake tau estimation: tau fake rate

. CMS  Preliminary 2018 59.8 fb(13TeV) CMS  Preliminary 2018 59.8 fb'(13TeV)
b= o 03[ o 03[
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0.5+ 0151 R
E + : - 1
R e = o= 01 . 1
b TR | T $
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®* Measurement region defined as njet>=8, Nb-jet=2
* Tau FR as a function of pt of tau’s matched jet, eta and tau prong
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Fake tau estimation: closure test

CMS Preliminary 2018

59.8 fb'(13TeV)
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VR SR

FR validation  1tau0l signal region

CR MR

FR cross check FR measurement

Huiling Hua

CMS Preliminary 2018 59.8 fb'(13TeV)
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Fake lepton estimation: one and two fake objects

MC
FT region: prompt lepton, weight = SF

° Data-d data genT(MC) FR

{- ota-driven F not T region: (NFT . Np’f ) A 1 —EP
MC

-~ °° 4. (FTFT) region : prompt lepton, weight = SF1*SF2

(FT, FT), (FT, FT): weight= FR/(1 — FR)

Data-driven

e
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Fake lepton in Ttaull and Ttau?2l

CMS Preliminary 2018 59.8 fo'(13TeV) CMS Preliminary 2018 59.8 fb'(13TeV)
(2] £ %) n
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c [ [ tt[106.1] [ X[36.0] S 00| M t646.3] [ 11X[61.0]
°>’ 80; [ fakeLepton[5.2] [ singleTop[4.1] °>’ 5 ;ﬂg;gﬁgg] [ nWﬂJ[;figz-O] -3
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* Lepton FR borrowed from SS & ML channel of four tops

Data/pred.

o0 ——
Data/pred.
oo ——

sl
I by .

®

o

Exactly the same lepton definition and very similar phase space with SS&ML channel
Many thanks to Neils for providing SF and instructions!

Fake lepton minor background compared with tt and ttX
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Signal extraction: Ttaull, BDT training

Tau and lepton variables

2
charge, x charge,

m(7, )
mr
mT(r, MET)

T
mT2(r. L MET)

B-jet variables

Np—jetM
Mp—jet T

Mp—jetsM

minAR(b — jetsT)

minAR(b — jetsM)

minAR(b — jetsM, T)

mre(2 leading b — jetsT, MET)
minAR(b — jetsT, )
HTb—jetaM

Jet variables

Njet
HTleading 4 jets/HTall jets
centrality

1st jet

n

4th jet
P et

€

pr’
MHTjeys
minAR(jets)
m(jets, T)

AUC

052 CMS  Preliminary 2018 59.8 fb(13TeV)
08 " e
0.78— ..e"’”“
0.76/— ?-",
£ /
0.74— !
E ¢
0.72[ # :
F f
0.7_— 1
0.68— Tsl
0.66 — J
0.64::...“
0.62[*
Eoo vofionm o vau o oo ol oo olapamlasg
0 10 20 30 40 50 60

Number of Input Variables

Input variables selected with correlation

removal method

Various leptonic top decay information and
hadronic information used to fully caopture

signal

*  Transverse mass(m?2), stransverse mass(mT2)...
°  HT, centrality, sphericity
¢ With b-tag WP information rather than shape

MET/HT
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Ttaull: validation of BDT inputs

CR2 SR

TT control 1tautl

CR1

TT control region
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CMS Preiiminary 2018 59.8 fb(13TeV)
. t[53.7] 1tX[4.4]
[ singleTop[1.1] Wets[0.1]
——"1itt*100[0.7%100] . i0.7]
[ fakeLepton[1.1] —e— Data[52.0]
[ Stat. unc

oo s O

SIS Y-

Data/pred.

b jets
m J

CMS Preiiminary 2018 59.8 fb(13TeV)
£ 350F
=} [ [646.3] [ tiX(61.0]
[ [ singleTop[15.0] I Wiets[2.0]
> 300 ~—— tit*100[2.4*100] . ttt2.4]
w [ fakeLepton[20.1] —e— Data[650.0]

Stat. unc
250

Data/pred.

e

el

vvu\vu\?vv\*’v T ‘
0 50 100 150 200 250 30
MET and 2 T b-jets
2

CMS Preliminary 2018 59.8 fb'(13TeV)
7
€ 450 i vga] = waa]
[ [ singleTop[1.1] [ WJets[0.1]
> 40" tt-100[0.7*100] T (07]
1] [ fakeLepton[1.1] —e— Data[52.0]

35 stat une:

° =
g .
3 e
g L
a 5 4 45 5
m’!
CMS _Preliminary 2018 59.8 fb'(13TeV)
(7]
2
c [ 1646.3] [ 1tX[61.0]
© 500 singleTop[15.0] [ Wlets[2.0]
> —— 1t*100[2.4*100] - 2.4]
A1} [ fakeLepton[20.1] e Data[650.0]
400~ [ Stat. unc

w
o
o

e
SRS
S
.

Huiling Hua

59.8 fb'(13TeV)

CMS Preliminary 2018
or

®
c 1(53.7) tX(4.4]
O 50 ingloTop[1.1] Wdets[0.1]
> —— 11t*100(0.7°100] - t(0.7)
L [~ fakeLepton[1.1] e Data[52.0]
300 Stat. unc
°
o
<3
s
@
a
4 leaading jets rest of jets
HT RS 1
0 250
c - 646.3] [ tX(61.0]
[ [ singleTop[15.0] [ Wiets[2.0]
> — {tt100[2.4"100] - i2.4]
LU 200 = fakeLepton[20:1] g Data[650.0]
Stat. unc
150
100
o
2 L |
5 e e
£ vt et
a

AR

Tand lep




BDT distribution in Ttaull

CMS Ppreliminary Run2 137.6 fb ‘(1 3TeV)
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Ttau2l;: BDT distribution

Data/pred.

CMS Preliminary Run2 137.6 fo(13TeV)
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BDT input variables
selected with same
method in Ttaull
B-tag WP information
used

Second lepton
information harnessed

Expected significance:
1.03

All major systematics
considered
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Ttau2l: validation of BDT inputs
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[2] [%] [2]
T 90 mmm tite41] [ tiX([33.8] c I t184.1] [ 1X[33.) T 160 - t1e4:1] [ tX(33.8]
[0} [ fakeLepton[15.4] singleTop(7.0] O gof T fakeLeptonitsig [ singleTop(7.0] [0} [ fakeLepton[15.4] singleTop(7.0]
> —— itt*100[0.1*100} > [ Minor{10.3] — titt*100[0.1*100] 2 140 [ Minor{10.3] —— ttt*100[0.1*100]
L —e— Data[262.0] L . [0.1] e Data[262.0] L B tt[0.1] "o Data[262.0]
7] Stat. unc [ Stat. unc

120

10
; 19 ‘
=R E 1 l e | B K . . 3 1
g. 131 sejmmedenlnpeedribniey e ‘% . T Vo Lo f sk % ‘
B | N B S S SN S S B e e e e = g8l . -
a0 60 80 100 120 140 160 180 200 e -26 -2-15 -1 -05 0 05 1 15 2 25 a 20 140 160
2nd | 2nd |
py*(GeV) n*" pari(GeV)
CMS Preliminary 2018 59.8 fb'1(13TeV) CMS Preiiminary 2018 59.8 fb’1(13TeV) CMS Ppreliminary 2018 59.8 fb"(13TeV)
B 1607 £ 100f 22207
c I 0184.1] [ tX(33.8) = I (184.1) 10338 = I ]184.1] [ tX[33.8)
[ [ fakeLepton[15.4] singleTop(7.0] [ [ fakeLepton[15.4] [ singleTop[7.0] O 20Q L [ fakeLepton[15.4]. ingleTop(7.0]
> 140+ — Hi*1000.17100] > [ Minor[10.3] —— 1tt*100[0.1*100] > [ Minor[10.3] t*100[0.1*100]
o Data[262.0] L go| - o.1) —e— Data[262.0] W {80 L 0.1} o Data[262.0}
Stat. unc 160 Stat un::
60

20

[ S

oo -

O 0.5 1 1.5 2 $ 5
HT/MET min(A Ry jets ang 7o) p%(GeV)

Data/pred.
Data/pred.
Data/pred.

huiling.huo@cern.ch Huiling Hua



1tauOLl: BDT distribution

CMS Preliminary Ru 137.6 fo(13TeV, .
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= 104 L [ fakeTau[6163.0] | | |t{2329.1'| . w o
o Snm, Sy s 2.0
L -] e Datal9546.0] C 10" g [_]fakeTau[6223:.8] I tt[2115:3]
10°) SR VR SR q>') E [ ttX[113.2] singleTop[46.1]
FR validation ~ 1tau0l signal region Lu - - WJets[203] ﬂtl*100[1 721 00]
107 bl 10° - I ttt]17.2] 77 Stat. unc
10 2 CR MR r
FR cross check FR measurement 1 02

o ]-
Rt B ......mmgm W@g@% 10
%8%”\\.\wlmmuxmwu.y.‘u
a ~03 -02 -0
BDT score
CMS Preliminary Run2 137.6 fb'(13TeV) CMS Preliminary Run2 137.6 fo(13TeV) 1
N 405 %)
c 10 — IakeTau[25536.5] B 1{10797.4] = — fakeraunm 77.5] [ 15371.9]
[0} [ ttX[30: [ singleTop[345.8] Q [ ttX[18: [ singleTop[119.7]
> 4 — WJels[|B42] —— {itt*100[2.4*100] > 104 = I WJe«sUB 3] ——— ttt*100{6.5"100]
L 10 -2 “e~ Datal L - 051 —& Data[23413.0]

[ Stat yne

g

R 1 | | | ! !
e 5 A

-03 -02 -0.1 0 0.1 0.2 0.3

BDT score
* Training with b-tag shape variables

Data/pred.
OO ==

,0

X _J\)'A

®* Most challenging channel with
o0 soor BDT score expected significance of 0.33 sigma

Data/pred.
oo —n
?

Data/pred.

-0005-00
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-0.3 —02 —O 0 01
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1tauOl: BDT input validation

” CMS Preliminary 2018 59.8 fb(13TeV) CMS Preliminary 2018 59.8 fo(13TeV)
%)
7%3000, e Data[4324.0] [ fakeTau[2775.1] 'B000[ ¢ Data[4324.0] [ fakeTau[2775.1]
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Theoretical and experimental systematics

B-tag WP(1taull and 1tau?2l) efficiency and shape scale factor(ltaull)
QCD renormalization and factorization

Pof
ISR oand FSR

Tau efficiency SF and energy scale correction(TES)
Lepton efficiency SF and energy scale correction
Jet energy scale correction(JES and JER)

Trigger scale factor

Pileup reweighting, prefiring reweighting

MET

Tau FR, lepton FR
The results shown in this

All systematics in place except leptonic presentation included all

trigger SF in Ttau2l systematic variation except

° All the energy scale correction

* Going to borrow leptonic trigger SF from SS of 4tops o _
°  MET, and leptonic trigger SF in Ttau?2l

* Leptonic trigger SF close to unity * ISR and FSR
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Results with 3 channels combined

B Expected significance(sigma)

[ Expected limit CMS Preliminary Run2 137.6 fb(13TeV) " CMS Preliminary Run2 137.6 fb'(13TeV)
[2]
< I 1[289.5] [ HX[31.3] c C I t[236.2) [ tX[81.5]
°>’ [ fakeLepton[13.4] singleTop[6.6] °>J [ fakeLepton[13:5] ['singleTop[6.3]
Ttauel W 10° = [ Wdets[0:7] 1H1t°100{12:2°100] 0 10% =[] Minor{t.1] 1t11*100[5:9%100]
.t 12.2] 7] Stat. unc E I 5.9] 7 Stat-unc
-
Tteull 102 '!+au'!L 102 = THari?2]
u |
10

Ttau2l

Combination 14 A 14 X
B i3 | G 415 e
& 3 g1 s s 3 g1 - sEmsE
=1 i 1 i A I ) B | } I | } | B | ‘f ] | i . ! b : I 0 } ) } ] } | | } N I | 1
0.00 1.75 3.50 5.25 7.00 & 02 -01 0 0.1 a 2 01 0 01 02 03 04
BDT score BDT score
°

Achieved 1.43 sigma of expected significance considering major systematics
* Sensitivity better than that of single lepton channel(1.0) and full hadronic channell

Tau channel very promising see 4tops in run 3!
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What have we learned with run 2 and where to improve in run 3?

®* The main bottleneck is tau efficiency

*  Only 30% generator level hadronic tau get selected oS LN pregiess  =RIHRun Jifempariaan
—— DeepTau v2p5 Step 2 (Final)
© 30% of generated tau pt<25 GeV - Run 3 DeepTau v2p5 Step 2 (inal)
- —— DeepTau v2p5 Step 1
°  High tau fake bg due to lots of jets and b-jets in the event £y - il gk i
= —— DeepTau v2p
°  Good tau identification will be the key! = RuanepTau v2pl x
S 10-2] Pr<100GeV -
) M M M o 0<Inj<23 ===
Improved tau tagging and b-tagging in £ |5l o

run 3 .
*  New Deeplau and PNTau
* Better HLT in run 3 to increase signal

OcceptO nce %03 0.4 o‘fs o . qf7 0.8 0.9 1.0
¢ ParkingHH trigger for 1tau0l Tou D effitency
¢ Single-lepton cross trigger for 1taull
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https://cms.cern.ch/iCMS/analysisadmin/cadilines?line=B2G-21-004&tp=an&id=2469&ancode=B2G-21-004

N 4
Search for VLLe

>




Intriguing excess in the search of VLL in 4321 model

VLL in 4321 model

Motivated by anomalies from Rk and RD measurement
Extend SM to U(4)xSU(3) xSU(2) xU(1) symmetry

* Close to 3 sigma testing against SM in VLL all
v/Z W+ hadronic channell

q T q ®* Vector-like leptons: the lightest particle
predicted by the model, mass <1 TeV
From B2G-21-004 R

VLL production: coupling with Z/gomma or W
CMS 205 (13 boson through electro-weak interaction to

Combination of 2017 and 2018 ] Is there reolly produce inrs' EE. NN. EN
---- Asymptotic CL_ expected | new phyS|CS? ) ’ !

il = 1 std. deviation

[ + 2 std. deviation
— Theory prediction
e Observed

S
&~
e
=

&=

N
o

2017 2018 Combination

95% Confidence Level upper limit on oxB [pb]

1072 O-T 0 0 O
Oritis the random 1-T 144 1.65 1.93
nature of the universe 2T 0.83 2.04 2.26
that's playing vcs,/ith us?(p 142-1 163 1055 2.88
10356~ 600" 7066066001000 value<i /o) 0+1+2-T 1.38 25X 2.83

VLL mass [GeV]
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https://cms.cern.ch/iCMS/analysisadmin/cadilines?line=B2G-21-004&tp=an&id=2469&ancode=B2G-21-004

VLL_4321: decay mode and final states

q3 q;
U t3 U &
E N
b t

* Depending on how top quark and

tau lepton decay
° E->b(tv), E->b(btau)
N->t(tv), N->t(otau)

* Final state can have up to 4 tay, 4l

®* Four top tau phase space perfect
for VLL search

huiling.hua@cern.ch

Channel | VLL decay mode | Final state
TtauOl EE — b(tv;)b(tv,) | 7+ 01+ 4b+ 25+ 3v, + Oy
EE — b(tv;)b(br) | 7+ 001+ 3b+2j+ 1v. + 0y,

EN — b(tv;)t(tv,)
EN — b(tv,)t(br)
EN — b(br)t(tv,)
EN — b(br)t(br)

NN — t(tv;)t(tv,)
NN — t(tv,)t(br)

T4 014 4b+ 65+ 2v, + Oy,
T+0l4+3b+4j+ 1v,. + Oy,
T+ 004+ 4b+ 45+ 1v, + Oy,
T4+ 0l+4b+ 05+ 1v, + Oy,
T4 014 4b+ 65+ 3v, + Oy,
T+0l4+4b+ 65+ 1v,. + Oy,

Ttaull

EE — b(tv,)b(tv,)
EE — b(br)b(tv,)
EN — b(tv;)t(tv,)
EN — b(tv,)t(br)
EN — b(br)t(tv,)
NN — t(tvr)t(tvr)
NN — t(br)t(tvr)

T+ 14+ 404054+ 3v. + 1y
T+ 1+ 4b+ 05+ 2v, + 1y
T+ 14+ 3b+ 054+ 2v, + 1y;
T+ 1+ 4b+2j+ 1o, + 1y
T4+ 14+ 4b+ 25+ 1v, + 1y
T+ 1+ 4b+ 45+ 1v, + 1y
T4+ 14+ 4b+ 45+ 1vr + 1y

Ttau?2l

Huiling Hua

EN — b(tv,)t(tv,)
EN — b(tv)t(br)
EN — b(br)t(tv,)
NN — t(tv,)t(tvr)
NN — t(br)t(tvr)

T+ 20+ 4b+ 0j + 3v, + 20
T+ 214 4b+ 05 + 2v, + 2y,
T4+ 2l+4b+ 05+ 1u, + 2y;
T+ 21+ 4b+ 45+ 3v- + 2u;
T+ 214+ 4b+ 25+ 1v, + 2y,




The state of art of VLL_4321 search

CMS 96. 5fb' (13 TeV

Prellmlﬁary o] J
Comblnatlon of 2017 and 2018

- Asymptotic CL_ expected

e -i- 1 std. deviation E
[ + 2 std. deviation

— Theory prediction

e Observed

* Published result from CMS

/ % Intriguing excess

* Limit of VLL mass: 650 GeV

pper limit on 6xB [pb]
=

Ongoing effort on SUSY

*
J SL Ttaull Y CADI tolk last Friday!
B < (X < & SADiollostP

95% Confidence Levgl u

sl L b b TN
500 600 700 800 900 1000

Preliminary limit: 750 GeV (\ VLL mass [GeV]

138 fb' (13 TeV)

95% CL upper limits
---- Median expected
Bl 68% expected

95% expected
= Theory

Y Ongoing effort on SUSY
Y Very preliminary limit: 500 GeV

95% CL uppﬁmlt on oxB [fb]

VLL mass [GeV]
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https://indico.cern.ch/event/1465186/contributions/6168542/attachments/2950862/5187070/VLL%20SUS%20Third%20Generation%20meeting%20October%202024.pdf

Four top phase space: perfect for VLL 4321 search

OtauOl
e .
1tauOl Sub-channel

Channel

VLL decay mode

Final state

TtauOl

EE — b(tv,)b(tv,)
EE — b(tv,)b(br)
EN — b(tv,)t(tvr)
EN — b(tv)t(br)
EN — b(br)t(tv,)
EN — b(br)t(br)
NN — t(tv,)t(tv,)
NN — t(tv,)t(br)

T+ 00+ 4b+ 25+ 3v, + Oy,

T+0l+3b+ 25+ 1v, + Oy,
T+ 00+ 4b+ 65+ 2v, + Oy
T+0l4+3b+4j+ 1v, + Oy,
T4 014+ 4b+ 4j+ 1v, + Oy,
T+ 004+ 4b+ 05+ 1v, + Oy,
T+ 004+ 4b+ 65+ 3v, + Oy,
T4+ 0l+4b+ 65+ 1u. + Oy,

< Ttaull < Very similar phase

space

2LOS

{ 2L.SS Sub-phase space

Only 2017 and 2018 data in hadronic channel
3 channels combined together can provide a more
comprehensive insight into VLL

huiling.hua@cern.ch

Ttaull

EFE — b(tv.)b(tv,)
EE — b(br)b(tv;)
EN — b(tv,)t(tv,)
EN — b(tv,)t(br)
EN — b(br)t(tv,)
NN — t(tvr)t(tvr)
NN — t(br)t(tvr)

T+ 14+ 4b4+ 05+ 3v, + 1y
T+ 11+ 4b+ 05+ 2v, + 1y;
T4+ 114+ 3b+ 05+ 2v, + 1y,
T+ 1+4b+ 25+ 1v, + 1y
T+ 1+ 4b+ 254+ 1v, + 1y
T+ 1U+4b+ 45+ 1v, + 1y
T+ 1+ 4b+ 45+ 1v, + 1y

Ttau?2l

EN — b(tv,)t(tv,)
EN — b(tv,)t(br)
EN — b(br)t(tv,)
NN — t(tv;)t(tvr)
NN — t(br)t(tvr)

T+ 21+ 4b+ 05+ 3v, + 2y;
T+ 2014+ 4b+ 05 + 2v, + 2y,
T4+ 21+ 4b+ 05+ 1v, + 2y,
T4 214+ 4b+ 45+ 3vr + 2,
T+ 214+ 4b+ 25+ 1v, + 2y,
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VLL in Ttaull

CMS Preliminary Run2 137.6 fb'(13TeV) CMS Preliminary Run2 137.6 fb'(13TeV)
n, 7)) —
< 10 £ 1[289'5] [k -8_ «  Observed
. Q>.) £ ;:gl;;&])p[ﬁﬁ] 5 :N;(Jelt-s[otn - —_— Expected
[ .. akeLepton|13.
Ll 3 i VLLmM600*100[17.6*100] [ VLLm6%0[17‘6] @) [ | Expected +1c
10° £ 0 stat une c [ ] Expected 2 ¢
2 B —’_’_’_‘— o107': Theoretical prediction™
- =
= =7 et 107 g
3 Ttaull
10F O
P
Yol
1 (o))
814
a 1 \
28:8\\}\lllilllli\\\\\l\lllillll} 10—3|I\I|II\I[II\I'IIII|I\II|I\II|I\II|\III|\I |\III
(=] -0.3 -0.2 -0.1 0 0.1 0.2 500 550 600 650 700 750 800 850 900 9501000

BDT score VLL mass [GeV]

* BDT training against all backgrounds including tttt
®* Separate BDT training for each mass point to optimize performance

®* Limit on mass at 660 GeV at Ttaull



VLL@mMA00 in TtauOl

CMS Preliminary Run2 137.6 fb_1(1 3TeV) CMS Preliminary Run2 137.6 fb'1(1 3TeV)
2] = —
T F ) B (2098.0] 2 . Observed
G>J 10 4 [ ] fakeTau[5831.6] [ ttX[161.0] e T — Expected
E [ sirgleTop[45.8] [ WJets[19.
w 8 VLEmGOg£100[]35.0"100] — VLLméOO[g]S.O] o Expected + 10
[ [ Stat.unc c ; [ ] Expected £ 2 ¢
10% L | O10 Theoretical prediction
E :
- £ TtauOl
10 1
i @)
1 0 E \0
g o102
C (o]
1
13 —
Q. 1 W 10—‘3\\l\l\l\\l\l\\l\l\ll\l\l‘\l\l‘ll\l‘l\\l‘l\ |
g 8:8 11 } I | } | } I | } I - } I - } | | } | - ! 500 550 600 650 700 750 800 850 900 9501000
o -04 -03 -02 -041 0 0.1 0.2 VLL mass [GeV]

BDT score

* BDT training against all backgrounds including tttt
* Separate BDT training for each mass point to optimize performance
* Limit on mass at 700 GeV at TtauOl
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VLL@mM6A00 in Ttau?2l

@ CMS Preliminary Run2 137.6 fb_1(1 3TeV) CMS Preliminary Run2 137.6 fo''(13TeV)
T 10% E mmm t2362) T ttX[80 5] Qo R
VR SR () F [ fakeLepton[13.5] singleTop[6.3] & Observed
FR validation  1tau0l signal region > F [ Minor[1.1] EE (t[5.9] Expected
L 5 I VLLm600*100[10.7*100] I VLLm600[10.7] © [ ] Expected £ 1o
107 £ stat unc c [ ] Expected +2 ¢
: o10”" Theoretical prediction
. =
<8 =8 Mgy 102 ? g
* o
10§ o
; o, o
0ni0
®» |, Ny e
1 E
% 14 S
Q- 1 10_3I\IV‘I\I\'I\I\'I\I\'\\I\l\ll\l\l\\l\l\ll\l ‘\I\I
S S T 500 550 600 650 700 750 800 850 900 9501000
o -04 -0.3 -0.2 -0.1 0 0.1 0.2
VLL mass [GeV]
BDT score

* BDT training against all backgrounds including tttt
* Separate BDT training for each mass point to optimize performance
®* Limit on mass at 630 GeV at 1tau?2l
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Limit on VLL mass with run 2

. CMS Preliminary Run2 137.6 fb'(13TeV)
T e * Most stringent limit on VLL
O Expected 16
= o Expocted £2 6 mass at 820 GeV!
Oo10 Theoretical prediction
I= ®* Major systematics considered
J .
< ®* Results with Ttaull, 1tauOl and
52 .
010 Ttau2l combined
* What would be the observed

significance when we unblind?

—3 IIII|IlII|IIlI|IIIl|IIII|IIII|IIIII|
10500 550 600 650 700 750 800 850 900 9501000

VLL mass [GeV]
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The end
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The end(of this presentation)

* Hadronic tau channel a very promising candidate to see four o S Prelmnay fut 1576 B(TEN)
tops after SS&ML channel = - Eb§:§1
° Expected significance of 1.4 sigma 81 o [ If:ggf;zga:_r;ezicﬁon
®* VLL search in tau final states yielding the most stringent =
constraint on the mass (3; N
¢ Expected limit on mass parameter: 820GeV L
810

¢ Can we confirm the anomaly or celebrate SM when we unblind?

M Expected significance(sigma)
[l Expected limit

e 10500 550 600 650 700 750 500 850 900 9501000
VLL mass [GeV]
Ttaull
* Analysis note v4 ready with all details described
1tau2l ®*  Many thanks to Top, TTX conveners and Jan, Neils,
Charis, Kyle......
orpination *  Analysis complete with a few missing piece
0.00 1:75 3.50 5.25 7.00
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Theoretical and experimental systematics

Experimental uncertainties Theoretical uncertainties

B-tag WP(Ttaull and 1tau?2l) efficiency and shape scale factor(1taull)
® QCD renormalization and factorization

) pPdf
° ISR and FSR

Tau efficiency SF and energy scale correction(TES)
Lepton efficiency SF and energy scale correction
Jet energy scale correction(JES and JER)

Trigger scale factor '\

Pile up reweighting

Prefiring reweighting

MET /

* Al systematics inplace except leptonic trigger SF in Ttau?2l
° Going to borrow trigger SF from SS of 4tops

a

° Leptonic trigger SF should have very small impact

®* The results shown in this presentation included all systematic variation except

° All the energy scale correction
° MET, and leptonic trigger SF in Ttau?2l
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Impact on four top significance

[ Unconstrained il Gaussian c M s 2 +0.8
[ Poisson [ AsymmetricGaussian I nter nal r=1 0 E

1 prop_binSR1tau2|_2017_bing_ttX : ———— 3 :

2 prop_binSR1tau1l_2018_bin6 ' i—.—l :

3 QCDscale_Re_normalised_2018 ——

4 prop_binSR1tau1l_2018_bin5 I—‘—I

5 QCDscale_Re_normalised_2017 l—.—o

6 prop_binSR1tau2l_2016preVFP_bin8_ttX g I+ §

T QCDscale_Re_normalised_2016postVFP B -—‘—u

8 CMS_pileup_2018 ; A ;

9 QCDscale_Fa_normalised_2018

10 CMS_eff_bWPMT_2017

11 prop_binSR1tau2|_2018_bin8

12 pdf_2018

13 QCDscale_Re_normalised_2016preVFP .

14 CMS_tau_FR_2018

15 QCDscale_Fa_normalised_2017

16 CMS_tau_FR_2017

17 prop_binSR1tau2|_2018_bin7

18 CMS_tttt_eff_hit_stats_2018

19 pdf_2017

20 prop_binSR1tau1l_2016preVFP_biné

21 CMS_tttt_eff_hit_stats_2017

22 prop_binSR1tau0l_2018_bin22

23 prop_binSR1tau1l_2017_bin6.

24 prop_binSR1tau1l_2017_bin5 '

25 CMS_eff_bWPMT_2016postVFP

26 CMS._eff_bWPMT_2016preVFP

27 prop_binSR1tau0l_2017_bin22

28 prop_binSRtautl_2017_bind

29 CMS_tttt_eff_hit_stats_2016preVFP

30 prop_binSRtautl_2018_bind. | |

R 2 —6.1 0 0..1
- Pull [J+1c Impact []-16 Impact (9-6,)/A8 Ar
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Impact of VLL

huiling.huo@cern.ch Huiling Hua 44




Questions to answer

* WhyFR constrained?

* Why theoretical uncertainty big?

* Tau fake rate difference between data and MC
* Overlap with SS, combination

® Post fit Vs pre fit
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hadronic triggers in 1tauOl and Ttaull

Trigger act. lumi(fb-1) | eff lumi | first run | last run | dataset
2016

HLT_PFHT380_SixJet32_DoubleBTagCSV_p075(MC) 48 438 297046 | 299329 | JetHT
HLT_PFHT450_SixJet40_BTagCSV_p056(MC) 35.9 359 272760 | 284044 | JetHT
HLT_PFJet450(MC) 35.9 359 272760 | 284044 | JetHT
2017

HLT_PFHT400_SixJet30_DoubleBTagCSV_p056 35.9 35.9 272760 | 284044 | JetHT
HLT_PFHT430_SixJet40_BTagCSV_p080 18 438 297046 | 299329 | JetHT
HLT_PFHT430_SixPFJet40_PFBTagCSV _1p5(MC) 36.7 32.1 299368 | 306460 | JetHT
HLT_HT300PT30_Quad]et_75_60_45_40_TripeCSV_p07_v 438 438 297046 | 299329 | BTagCSV
HLT_PFHT300PT30_QuadPFJet_75_60_45_40_TriplePFBTagCSV_3p0(MC) 36.7 36.7 299368 | 306460 | BTagCSV
HLT_PFHT1050(MC) 415 415 296070 | 306460 | JetHT
2018

HLT_PFHT380_SixPEJet32_DoublePFBTagDeepCSV 2p2 177 177 315252 | 317488 | jetHT
HLT_PFHT400_SixPFJet32_DoublePFBTagDeepCSV_2p94(MC) 21 421 317509 | 325175 | jetHT
HLT_PFHT430 SixPFJet40_ PFBTagCSV _1p5 53 53 315252 | 315973 | jetHT
HLT_PFHT430_SixPFJet40_PFBTagDeepCSV_1p5 124 124 315974 | 317488 | jetHT
HLT_PFHTA450_SixPFJet36_PFBTagDeepCSV_1p59(MC) 01 421 317509 | 325175 | jetHT
HLT_PFHT330PT30_QuadPFJet_75_60 45 40_TriplePFBTagDeepCSV 4p5(MC) | 59.8 59.8 315252 | 325175 | jetHT
Table 5: Hardronic triggers for 1tau0l and 1taull. The trigger path MC in the bracket is the
trigger path used in MC.
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Leptonic triggers in 1tau?2l

trigger dataset

2018

HLT Mul7_TrklsoVVL_Mu8_TrkIsoVVL_DZ Mass3p8 DoubleMuon
HLT Mul2_TrkIsoVVL_Ele23_CaloldL_TrackIdL_IsoVL_DZ MuonEG
HLT Mu23_TrkIsoVVL_Ele12_CaloldL_TrackIdL_IsoVL_DZ MuonEG
HLT _Ele23_Ele12_CaloldL_TrackIdL IsoVL_DZ EGamma
HLT IsoMu24 SingleMuon
HLT _Ele32 WPTight_Gsf EGamma
2017

HLT _Ele23_Ele12_CaloldL_TrackIdL_IsoVL DoubleEG
HLT _Mu8_TrkIsoVVL_Ele23_CaloldL_TrackIdL_IsoVL_DZ MuonEG
HLT Mu23_TrkIsoVVL_Ele12_CaloldL_TrackIdL_IsoVL_DZ MuonEG
HLT IsoMu27 SingleMuon
HLT _Ele35_WPTight_Gsf SingleElectron
2016

HLT Mul7_TrkIsoVVL_Mu8_TrkIsoVVL_DZ OR HLT Mul7_TrkIsoVVL_TkMu8_TrkIsoVVL_DZ | DoubleMuon
HLT _Ele23_Ele12_CaloldL_TrackIldL_IsoVL_DZ DoubleEG
HLT Mu23_TrklsoVVL_Ele12_CaloldL_TrackIdL_IsoVL_DZ MuonEG
HLT Mu8_TrkIsoVVL _Ele23_CaloldL_TrackIdL IsoVL(run<=2816) MuonEG
HLT _Mu8_TrkIsoVVL _Ele23_CaloldL_TrackIldL_IsoVL_DZ(run>=278273) MuonEG
HLT IsoMu24 OR HLT IsoTkMu24 SingleMuon
HLT _Ele27 WPTight_Gsf SingleElectron

Table 6: Leptoinic trigger path for 1tau2l
huiling.hua@cern.ch Huiling Hua
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Hadronic trigger SF: 2016preVFP
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Hadronic trigger SF: 2016postVFP




hadronic trigger SF: 201/
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Hadronic trigger SF: 2018
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Table 15: BDT inputs for 1tau2l

for 1tau2l

1tau2l
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VLL cross section: pb
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https://indico.cern.ch/event/1403828/contributions/5901587/attachments/2841291/4966579/VLL-2l-19.4.24-ckk.pdf

