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- Focus on recently released searches for heavy resonances and lepton flavor violation
(LFV)

- Overview tagging approaches
- Present 7 heavy resonances searches:
- X—=ZV, X—=HV(H), X—tt, X—=tb, X—2££2, X—2v, and X—eu
Process Final State(s)  Boosted Oblect | yminosity (fo') CMS PAS  Publication

Tagging
2099 Yes 35.9 B2G-17-013 Preparing for JHEP
11qq 1> Preparing for
+tbb Yes 35.9 B2G-17-006 JHEP
fvqq _ JHEP 07
Yes 2.6 B2G-16-015
bagbqq (2017) 001
2vbb No 35.9 B2G-17-010 F-8FRe et Brr
ee/up No 35.9 o8 & Preparing for JHEP
ev No 35.9 EXO-16-033 Preparing of JHEP
Xiv:1802.01122
X—>e.|1 eu No 35.9 EXO-16-058 S o % Hep
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https://cds.cern.ch/record/2296238
https://cds.cern.ch/record/2296716
https://cds.cern.ch/record/2259455
https://link.springer.com/article/10.1007/JHEP07(2017)001
https://cds.cern.ch/record/2281436
https://www.sciencedirect.com/science/article/pii/S0370269317309838?via=ihub
https://cds.cern.ch/record/2302916
https://arxiv.org/abs/1802.01122
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- Possible to reconstruct boosted hadronicly —
decaying heavy gauge and Higgs bosons |

- Tagging methods use large footprint jets
and sub-structure techniques

 N-subjettiness (121) is used to evaluate
the compatibility of a large radius jet of
having 2 sub-jets

-+ Analysis also use a b-jet discriminate to
identify jets originating from b-quarks
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- Searches for a narrow diboson resonance

- W' boson in the heavy
vector triplet (VHT) model:
W'—=ZW-llqq

- Bulk graviton (Gkk) in the
Randall-Sundrum (RS) scenario:
Gkk—ZZ—llqq

- Boosted Z—1I ID with My window ; W=/Z
- Boosted V(W/Z)—jj tagging M; mass window
- High mass analysis covers 850 GeV to 4.5 TeV
- Loose Isolation Requirement
- Corrected Tracker Isolation

- Lepton flavor (e/p) and T21 used for categorization (low and
high purity)

- Low mass analysis starts at 400 GeV
- 2 Isolated Leptons

- Allows two separate jets

Resolved
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- Atotal of 8 different search categories

| D. Berry 4
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2 Muon High Purity SR 2 Electron High Purity SR
X — ZV — llqq 35.9 fo! (13 TeV) X — ZV — liqq 35.9 fb! (13 TeV)
> 3 T T | 1T T 71 | 1T 171 | 1T 1771 1T T 71 1T 171 | 1T 1771 | 1T T 71 | T > 103 T | 1T 1771 | 1T T 71 | 1T 171 1T 1771 1T T 71 | 1T 171 | 1T 1771 | I_I:
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1+ Excess at 1.2 TeV has a local significance of 2.50

Excess is not observed in other 7 categories
wv—— D. Berry 5
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-+ Searches for narrow heavy resonances q Vg H
/
+ VHT Z’=»ZH—-qqtT )
X /
+ VHT W =>WH—qqTT .
\
- Bulk Radion: X—=HH—bbTT AN
Hyg H

. Resonance search in the 0.9 to 4 TeV range ¢

- Require H—=TthTh or H— £1h
-+ My Selection
- M; window cut for W, Z, and H bosons
- Sub-jet b-tagging used on Higgs jets

- T27 used to form high and low purity regions
for W- and Z-jets

- M;; and Tt21 along with the number of th and
sub-jet b-tags used for categorization

- Atotal of 12 different search categories

| D. Berry 6
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2 Taus and a high purity Z-jet 1 lepton (e/u), 1 tau, 1 sub-jet b-
tag, and H-jet

X — VH — qqre 35.9fb" (13 TeV) X — HH — bbtr 35.9fb" (13 TeV)

— _| I | I I I I | I I I I I I I I I I I I | I I I I | I I I I | I |_ — I I | I I I I | I I I I | I I I I | I I I I | I I I I | I I I I | I I
3 CcMS + Data D ¢l CMS + Data
O | |  Preliminary ) & 10°E Preliminary . =
o 10 V+jets = o F V+jets .
= - 2v, HP, Z mass region tt, t+X 1 2 _  1l,1v, 1 b-tag, H mass region tt, t+X N
< L Fit unc. 1 T 7 | Fit unc. i
2 r Pre-fit 1 2 Pre-fit

1ok HVT model B g =3 Bulk Radion (Ag=1) -

1 ¢ =
\ | | | | | | | | | | ; | | | | | | | | | | | | | | | |

,\E 45_ | I | | Ilendf=3.6/8I p-value=0.8I9 :; ﬁ 4;: | | I | Ilendf=2.2/12I p-value=1.IOO :E
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35.9 fb' (13 TeV)
Expected  Observed 10 g2 TV —
Model Exclusion Exclusion CMS 95% CL upper limits
5 Prefiminary I\O/Ieg(ieart\r/leedxpected |
W'-WZ-llqq i T WH—2q2t -
(gv=1) 2.4 TeV 2.3 TeV 3 — W%:gggl’ -
, — F WZ—2qlv .
LSRR o5 Tev 23Tev 2,0 — WAy
(gv=3) 5 F 7 - E
) L RVAR “e o) -
- — B * g "7 o) :
il 096 eV 0.93TeV - A
(k=0.5) 1072 AN s : E
o : >
el o 0 Tev 1.8 TeV :
(gv_1) 108 & | | Lo L
’ 1
IRl 23Tev 25Tev W Tev]

(gv=3)

Z'-HZ-T1T1q(Q
(gv=1)
Z'-HZ-T171qq
(gv=3)

Radi(c;\nR;H_II:Ie;)TTbb 24 TeV 25 TeV

1.5 TeV 1.6 TeV

1.7 TeV 1.7 TeV

D. Berry 8



UIC

UNIVERSITY
OF ILLINOIS
AT CHICAGO

Expected Exclusion Observed Exclusion

Searches for tt and tb resonances publish in April (JHEP)
and August (PLB), respectively

Model

Uses b- and t-tagging techniques

3-body top decay becomes single large radius jet

Z'—tt—bqqgbqgq or 2vbbqqg

W'r—tb—£2vbb

2’ (F/M=1%)
Z’ (F/M=10%)
Z’ (F/M=30%)

KK
W'R (MW'R >> MVR)
W'r (MW'R < MVR)

2.3 TeV
3.6 TeV
4.0 TeV
3.1 TeV
3.3 TeV
3.5 TeV

2.5 TeV
3.9 TeV
4.0 TeV
3.3 TeV
3.4 TeV
3 6 TeV

Searches constrain gkk, Topcolor Z’ (3 widths), and W'r

261" (13 TeV) 261" (13 TeV)
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Heavy Resonances Decaying

to Lepton Final States

CMS, !
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- Searches for a narrow width resonance
decaying to lepton pairs
- Resonance found in many different models

« Z'ssm, Z'y, Z' 1R, Gkk

- Search range covers 0.2 to 5.5 TeV
- Two high pt same flavor leptons (e/u)
- Leptons must pass isolation criteria
- Dedicated high pr muon and electron |IDs

- Di-electron events require at least one
electron in the barrel

- No opposite charge requirement

* Only highest invariant mass 22 pair is
considered
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Muon Channel
36.3 fo (13 TeV)

ITT IIIIIIH| IIIIIIH| IIIIIﬂT|_|:

¢ Data | CMS
YL —uw
Ot tW, WW, WZ, ZZ, Tt
[ ]Jets
—Z', (M=3TeV)

T | '
e e
807100 200 300 —3000 2000

m(utu-) [GeV

>
O

O]
2
-
)
>
LL

/ Bkg

(Data - Bkg)

10°
10°
10*
10°
107

10

107"

<
[\

_IIIIIIH| IIIII|ﬂ| IIIIIﬂ]] IIIIIIH| IIIIHI]] [T

—h

1073

—_
it
N

1073

©
o

UIC

UNIVERSITY
OF ILLINOIS
AT CHICAGO

Electron Channel
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Excess at 1.3 TeV has a local significance of 2.50

12

- When taking the elsewhere effect into account, the global significance reduces to 0.90
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35.9 fb™ (13 TeV, ee) + 36.3 fb' (13 TeV, u W)
T | T T T T | T T T T

N 1077 L B 3 N 107 T Tr E
= —— Obs. 95% CL limit 1 = CMS —— Obs. 95% CL limit -
R N Exp. 95% CL limit, median4 2  F \ N\ e Exp. 95% CL limit, median -
N 107 I Exp. 95% CL limit, (68%) = <107 [ Exp. 95% CL limit, (68%) =
) Exp. 95% CL limit, (95%) 1 . Exp. 95% CL limit, (95%)
5 1 = ]
2 | 5 I\ Gy (LO X 1.6)
107 “Lssw 3 107 — kM, =0.1 =
- —2Z, ] - — k/M,; = 0.05
i i i — k/M,; =0.01
107 ERE A 2 E
10—8_ T T B B B T ] 10—8_ ol N N N T ]
1000 2000 3000 4000 5000 1000 2000 3000 4000 5000
M [GeV] M [GeV]
Model Expected Exclusion Observed Exclusion
Z'ssm 4.50 TeV 4.50 TeV
Z'y 3.90 TeV 3.90 TeV
Gkk (k=0.1) 4.25 TeV 4.25 TeV
— Gkk (k=0.05) 3.65 TeV 3.60 TeV
C/\/\S

Gkk (k=0.01) 2.10 TeV 2.05 TeV
. Berry 13
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41.4 107 (13 TeV) . 773" (13 TeV, ee) + 36.3 b (13 TeV, u*w)
% ] 06 U I l g N10 U J‘ L L R B
o] t Data CMS = «m CcMS —— Observed 95% CL limit ]
; 105 I:I ,Y*/Z Sete Pfellmlnary E; g Preliminary S e Expected 95% CL limit, median :
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10° 4 e s -
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1= E; = i
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g 0-5 2000 gases S RPUSS TR YPur 2 ) +++++++++*|“' T 0 i ° " 2 1 7
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| T E -
E _1 L L | L L L L 1 L L L | L 1
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- Other interpretations in - Can extend the Z’ exclusion
backup slides to 4.7 and 4.1 TeV for the
Z'ssm and Z'y, respectively

| D. Berry 14
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Search for new physics in the +MET
transverse mass spectrum
- My = \/sz meSS ( COS[A¢ l —’mlss
- W'’ is modeled from the SSM using Velu
couplings that range from

gw/gw=0.01 to gw'//gw=3

- Search range covers 0.2to 5 TeV in
transverse mass

- Single high pr lepton
- Lepton must pass isolation criteria

-+ High pt muon and electron
identification

- Large MET
- Large Ao between lepton and MET

e -
N -
y 2
2 [}
A 3
c
B
— N\ =
s J ©
\\\ \ 8
N

Selection on pt/MET ratio

| D. Berry




UIC

UNIVERSITY
OF ILLINOIS
AT CHICAGO
Muon Channel Electron Channel
Lof 35.9fb~! (13TeV) 35.9fb~! (13TeV)
: A N ) L B IO I A I I A ISR A E A I B
i - 10° | .
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; 10° pPT tt RPV stau M=3.8 TeV 7 ; al e+ PT tt RPV stau M=3.8 TeV 1
8 W Diboson —— SSM W' M=3.8 TeV | 8 10 B Diboson —— SSM W' M=3.8 TeV ]
o 10* . 7/ — SSMW'M=1.8Tev § O Bl Multijet —— SSM W' M=1.8 TeV
N Syst. uncertainties - N 103 7/ Syst. uncertainties -
» 103 + Data 4 ) Data
) E )
5 5w
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10!
101!
0
10° 10 all ullmr it ,_ [
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o 20F | ST | R I o 2O0F T T I | | ]
é 1.5 + 4 - é 1.5+ +| l 1 I 3 L 3 -
R ey | § gt -
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MT(GeV) MT(GGV)
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35.9fb" (13 TeV) 35.9fb" (13 TeV)
3106 E T T [ T T T T [ T T T 1 I e L 3103 S L R I L L AL B
= ; CMS | o SSM W' NNLO ; = - CMS e observed 2015 limit
5 e’!,H_pmlss ] B e,M+meSS . o B
Q10 = T e observed 2015 limit = W - T 95% CL limit =
X - 050 CL limi 1 X 102 - = = = Median expected limit_
al —_— % imi | -
o 10°E = < I = 1sd .
3 - - - = = Median expected limit % A . 2sd 7
10° = B 7]

= +1s.d. 3
- - . ﬁ 10 =
102 — + 2 Sd — — _]
- 51 O ]

10 E NG - - —
- e E
1§_ .................................... E E
107 = 107 = =
C ' I T R N KT A R NN NN TR N NN N (N SN SO SO S N N M ol b v b b b by by

1000 2000 3000 4000 5000 500 1000 1500 2000 2500 3000 3500

M, (GeV) MT (GeV)

W'ssm is excluded up to 5.2 TeV assuming SM couplings
Model independent W’ limits vary between 50 and 0.1 fb-

- Exclusion limits for other models are available in the backup slides

-

| D. Berry 17
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- Search for new physics in el invariant mass spectrum 9a TR p
. Z,/VT/QBH_’GH ,
3 _ 311 9., Mi32 7/
* T sneutrinos (V:) can be the lightest
supersymmetric particle (LSP) in RPV SUSY
models
- Z' in LFV models from P. Langacker da e Au €
au }L+
* Quantum Black Holes from N. Arkani-Hamed, S. OBH
Dimopoulos, and G. Dvali (ADD) model
+ Spin-0, colorless, neutral, and violate lepton
flavor q
u e

- Search range covers 0.1 t0 4.0 TeV
* One high pr muon and electron
- Both Isolated

* No charge requirement

- High pr ID for both electrons and muons

- Electrons within a AR < 0.1 of the muon are
vetoed from the event selection

- Only highest invariant mass e pair is
considered

D. Berry
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35.9 b (13 TeV)

Backgrounds containing electrons

()]

d deled in simulati all e A :
ana muon are modeileda In simuiation s f CMS B tt Jet — e misidentification
tt, diboson, single top, and Drell- = il WW, W2, 22— QBH, n=l, my, =1500 GeV. 3
Y, ’ ’ 8 104 L Single t —— RPV, m;, =1 TeV, A=X'=0.01
an > 5 WEE Drell-Yan [ Systematic uncertainty ]
[ ] [} P - =
- Backgrounds containing mis- § 10 W t Data
identified electron and muons [ 10° ;
. . . 100 L A ]
W+y is taken from simulation : A _
. oL e .
W-+Jets and QCD mutlijet 1071 e :
backgrounds are estimated from 10 ¢ N :
data 102 * I
Electron mis-identification rate is 103 k
measured in electron control oy
region
: . = 107 . — - 1
Largest uncertainty is the shape & 125 Before fit .
variation in the tt ey mass spectrum £ 1.00 . TS Y,
from uncertainties in the el | i .
renormalization and factorization 5 sl After fit | | | i T || | !
scales £ 1.00 Y -
o] B 1
A 0.75r il
n | | |*|T%H
CMS 100 200 300 500 1000 2000

D. Berry 19




35.9 b1 (13 TeV)
\

\
95% CL

-~ \
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35.9 b~ ! (13 TeV)
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- 7 recent searches for heavy resonances have been presented
+ X—=2ZV, X—=HV(H), X—=tt, X—=tb, X—££, X—£2v, and X—ep
- Nearly all results cover the full 2016 dataset (35.9 fb-1)
- Z'—ee channel covers the 2016+2017 dataset (77.3 fb-1)
- Z'ssm, W'ssm, and Z’y excluded to 4.7, 5.2, 4.1 TeV, respectively
+ Z'Lrv excluded to 4.4 TeV

- HVT W'a, W'B, Z'a, and Z’s are excluded up to 2.3, 2.3, 1.8 and 2.5 TeV,
respectively

-+ Gkk excluded up to 4.5 TeV depending on K
- Bulk radionas) excluded up to 2.5 TeV
- QBH excluded between 3.6 and 5.6 TeV depending on number of extra dimensions

- Heavy resonance results can also interpreted as constraints on RPV T and v+, and
on vector and axial vector mediated dark matter

CMS /!
| D.Berry 21
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Backup

22
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The Higgs vev has a value near Vector Corrections
the electroweak scale

The scalar mass squared
receives quantum corrections

up to some cut off scale A (1016 AN RN

or 1019 GeV) .’ Ve Lo
Requires excessive finetuning ______ . .7 . N

for the renormalized Higgs mass Fermion Corrections

to be on the electroweak scale

Some mechanism either
cancels the corrections or o 3Gr
lowers the cutoff scale A TH o

(Zm%/v+m2z—|—m%{—4m?—|—...)A2

m3 = mg + omy

h 2

S

=

9

o

N (2}

4 =

N S
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= =
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There are many models that
resolve the hierarchy problem by
adding extra dimensions

’
()

- Some models add compactified
extra dimensions

\

- Universal Extra Dimensions

-+ Randall-Sundrum Models add a
5t highly warped dimension

- These models allow standard
model particles to have Kaluza-
Klein excitations < 5 -

5 1 ds® = e 2Py, dat da? + ridg?
D. Berry 24
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KK Gluons (gKK) are the most Ben Lillie, Lisa Randall, Lian-Tao Wang
: arXiv:hep-ph/0701166

strongly coupled KK particle Y e —

and have the highest

production cross section

Okk decay to top quarks &
As do all gauge KK ool
states 07 |
108 ! . ! kel IR
Resonance peaks become 1000 2000 3000 40(:£(Ge\£/5)<)oo 6000 7000 8000
smeared at high masses due g t
to off-shell production
OKK
CMS,/ ! _ -
1 q t
w—— | D. Berry 25




Particle flow reconstruction takes advantage of
the high granularity of the tracker and
calorimeters

lterative algorithm that reconstructs the best
object first and then proceeds to the next objects

- Muons are reconstructed from high quality
tracks paired with hits in the muon chamber

Electrons are reconstructed from deposits in
the electromagnetic calorimeter and tracks

- Charged hadrons are reconstructed from hits
in the HCAL matched to tracks

 Neutral hadrons and photons are then created
from the remaining calorimeter objects

CMS /!
wv—— | D. Berry 26
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- Tagging is used to classity jets, or groups of
jets, as likely originating from a particular type
of particle

- b-tagging

- Single pronged jet with a displaced vertex
- t-tagging

- Three pronged jet with one displace vertex
- Jet mass near top mass

- W/Z tagging

- Two pronged jet

- Jets mass near W/Z boson

- Higgs tagging

- Two pronged jet with two displaced
vertices

- Jet mass near Higgs mass

W or Z jet

UIC
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Higgs jet
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Jets that originate from a b-quark |
have an origin that is displaced ot “acks | charged
from the beam spot

A neural network is used to
discriminate between jets

originating for b versus those

from ¢ quarks and light flavor (u,
d, s quarks)

13 TeV, 2016
2 10
Presented analyses generally use 5 .- SMS —bjets
‘medium’ working point (~0.85) S 10k fi+jets C jets
@ [ P >20GeV — udsg jets
b-tag efficiency of ~70% S0 J
~1% mis-tag rate M
g 102 &t L‘—L._LL
CMS, /! o

VA — D. Berry 28 b-jet discriminant
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Heavy boson tagging looks for large L 2.3 fo” (13 TeV)
radius jets that have 2 sub-jets 3 CMS  +-Owsdata It unmergeq)
pd - Preliminary — Data fit Single top
W/Z tagging requires the invariant mass ;250 — MC i Bl W+iets
of the sub-jets to be in the W/Z mass s F [t (merged) [l WWWZ/2Z
window - :
To1 discriminator 1501
H tagging requires the invariant mass of 100
the sub-jets to be in the Higgs mass i
window *F

Has a requirement on the sub-jets b
discriminant score
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Background from Z+Jets, diboson, x| et e
+ Q) L >~ —e— Data
and tt o [ frefmnay B Z() + jets
; 80—_ 2u, h{'gh purity Top
Z+jets background modeled intwo 5§ | se | # j}@%} res WYY
. > : NN 777> BKg. unc.
control regions C N\

Mi; is used to define low and high
side-band regions

40

Background shapes modeled 20178 '
using analytic functions

|||||||||||||||||||||||||||

o
Statistical uncertainty and g o +++ §§§ i deoffssmo :
alternative shape hypotheses are & %" *‘H‘ i\ 3 ++ G A NS E

S -k AN\ E

used as systematic uncertainties T I I

jet mass (GeV)

Diboson and tt background taken
from simulation
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Z+Jets background shape taken ;T T .t"’f"?fb e
. . 218000 Preliminary —+-bala .
from SImUIatlon ;16000 Resolved Untagged -Z_(I&I-l-v{/e\;[:
_ _ £ ttt
Mj is used to define low and £ mzv
high side-band regions 12000 A\ BKg. unc.
10000

Low VV mass region also used
as side band

6000

Non-Z background modeled ineu
control region >

x?/ndof = 3.33/24

Data/fit

Diboson background taken from
simulation

200 400 600 800 1000 1200 1400 1600 1800 2000

Differences between data and Mz (GeV)
simulation in control regions taken
as a systematic uncertainty

-

| D. Berry 33




/%mpact Muon Solenoid

Merged

Resolved

X =2V —llqq 35.9fb™ (13 TeV)
%) : T ICIMISI I T T T I T T T T T T T T T I T T T I T T T I T T T :
(oD 800 = Preliminary —o-Data ) =
9 700 :_ Merged Untagged - Z_(") + jetS _:
=z = -
5 F fftwww
S 600~ LAY =
> — . ]
w - a Bkg. unc. -
500 — W BRG —
400 — —
300— —
200 — —
100 — —
£ J2Indof = 3.26/8 ' ]
-og AN \\\\Z
8 R T S S PR, S R T AR ..
S = SR S B 2 e S S SRS SN SN
ANNANNNNNNN
400 600 800 1000 1200 1400 1600 1800 2000
myz (GeV)
X =2V —llqq 35.9 ™ (13 TeV)
% :I T cIMISI T T T I T T T T T T T T T I T T T I T T T I T T T I T T T :
g 18000 :— Preliminary Data —:
< - i -
; 16000 — Resolved Untagged - Z_(") + jetS 7
greomr Twww
1714000 [~ mzv —
12000 — N Bkg.unc. S
10000 |— —
8000 — —
6000 — —
4000 — —
2000 — —
E T T T T T 2 T _ T T
S 15 } »2/ndof = 3.33/24 +
© Shoods
O 1deciecee 0:0:0:0:0:0:0:010.8; L SRS S S SN AN
P + ANNNNNRNN
0.5 _
200 400 600 800 1000 1200 1400 1600 1800 2000
mMyz (GeV)

X =2V —llqq 35.9fb™ (13 TeV)
%) [ T ICIMISI I T T T I T T T T T T T T T I T T T I T T T I T T T ]
(05 60:— Preliminary —»-Data . —:
© ”  Merged Tagged H Z_(") + Jets ]
o 50 THwww ]
§ v .
W 4ol \Bkg.unc.
30 4 QO
20 :_ \\\\\ _: L
"t Eib=
E
©
(]
400 600 800 1 000 1 200 1 400 1 600 1 800 2000
myz (GeV)
X =2V —llqq 35.9 ™" (13 TeV)
% _I T cIMISI T T T I T T T T T T T T T I T T T I T T T I T T T I T T T ]
g | Preliminary —»-Data _ i
©1000 [ Resolved Tagged ] Z_(") + Jets ]
2 [ tt tW WW ]
S L _
7 800/ M Zv -

a\ Bkg. unc. ] 'O
b-tagged- @
400 - ] O
200 - m

ol o g i gl g ] m
S |
© N
o \\\\\\\\\\ N \\\'

200 400 600 800

1000

1800 2000
mMyz (GeV)

1200 1400 1600

UIC

UNIVERSITY
OF ILLINOIS
AT CHICAGO



UIC

UNIVERSITY
OF ILLINOIS
AT CHICAGO

X —=2ZV —ligq 359" (13 TeV) X — 2V — liqq 35.9fb" (13 TeV)
> 1 03 T I T T 7T T I T 7T T 7T I T 7T T 7T T T 7T T T T 7T T I T 7T T 7T I T 7T T 7T I T T > T T I T 7T T 7T I T 7T T 7T I T T 7T T LI T T 7T T 7T I T LI I T T 7T T I T 7T
8 CMS. —e— Data 8 10° CMS. —e— Data 3
Preliminary . Preliminary . =
8 B Z(l) + jets g B Zx) + jets .
0 10? 2e, high purity Top D 402 2u, high purity Top -
£ W 2 W 3
> S ok 77/ Bkg. unc. g 77Bkgune. ] 2N
fd — m,=2000 GeV — m,=2000 GeV 3 el
" W' — Z(I)W(qq) W —Z(IW(aa) § s
3 1 (o = 100 fb) 1 (o =100 fb) 3
0 . Electron o 0
: 10—2 10_2 £
o — T 10—3 [E—
I . L
g 4F ' " y2/ndof = 76.5/35 g 4 ' 2/ndof = 36.5/26
: Z?M b R T ‘5
o 0#} + R DLt e 5 % 0 #ﬁ#} § RHRTI oo E
T -2 :— 31 ® 2 E
Q 4 , , , , , , 3 2 4 , , , , , , o
1000 1500 2000 2500 3000 3500 4000 4500 1000 1500 2000 2500 3000 3500 4000 4500
m,, (GeV) m,, (GeV)
X — ZV — liqq 35.9fb" (13 TeV) X = ZV — ligq 35.9 b (13 TeV)
> T T I LI L I T T T I T T T LI L I LI L I T T T I T T T I T T > T I T T T I T T T I LI L T T 7T I T T T I L L I LI L I T 1_—
8 10 CMS —e— Data 1;1 8 CMS —e— Data T
Preliminary . 3 10° Preliminary . —
g B Z(ll) + jets 3 g Bz + jets E
0 2e, low purity Top ] Te) 2u, low purity Top -
~ 102 — ~ -
£ Vv 3 £ Vv 5
> L;;j 0 77272 Bkg. unc. . E 7772 Bkg. unc. 3 >
-3 -
e —_— mX=200§) )Ge(V ) 3 N —_— mX=200:) )Ge(V ) _ )
u — W' — Z(IlW(qq) 1 W' — Z(I)W(qq) 3 .
e ] (0=100f) (o7= 100 fb) : o
1
~ Electron Muory 2
o - o
107" =
= =
1072 O
10° - |
C MS 3 — £ 4 H ' findof=520/88 3§ 4F xdindof = 65.5/53
/1 g 2k § J{ J 4 2 o Y “m u “l &l s
L ) £ 0 b #}#’[’; '}#ﬁ;} ﬁ‘]‘ ---------------------------------- 4 £ 0 }‘1‘ #‘[‘} #{-‘]"]‘; 1 : Vi ST oo =
£ T -2_ 4 ® —2_ E
3 Q 4 , , , , , , .3 2 -4 , , , , , , 3
- \ D E 1000 1500 2000 2500 3000 3500 4000 4500 3 1000 1500 2000 2500 3000 3500 4000 4500
|\ ‘ . m,,, (GeV) m,, (GeV)
(Y




UIC

UNIVERSITY
OF ILLINOIS
AT CHICAGO

X — ZV - liqq 35.9fb" (13 TeV) X — 2V - liqq 359" (13 TeV)
> T I T T T I T T T I T T T T T T T T T I T T T I T T T I T T T ] > : T I T T T I T T T I T T T T T T T T T I T T T I T T T I T T T :
8 - CMS —e— Data 1 8 - CMS —e— Data -
p Preliminary m Z() +jets 7 p ~  Preliminary B Z(l) + jets 7

sl - | L -
f 10 = Merged Untagged — ;\;W ww E f ) Merged Tagged - ;\;W ww
= — 10
-'g - W Bkg. unc. ] *g - W Bkg. unc.
q>) T my = 600 GeV — G>J N N my = 600 GeV
w402 G — Z(l)Z(qa) — W B G — Z(l)Z(qa)

S k=05 E et k=05
O No Tagi : b- tagged: O
D 10 - = - ] D
: ;;;;;; ; 1 — -
Q z o
107! 107
= C = F S ' 22 - NN
8 15— 8 1.5 + ; \/\r!c\jgf\\\\? \2\\\\1%1?;\?
< DN < NN %"}* TR SV O S AN A N i Il I i
[ | RN O sy B SRR R TNy
AN AN ; i A A IR
0.5 0.5 NN\
C.. . . . . . . . SN . . . . R
400 600 800 1000 1200 1400 1600 1800 2000 400 600 800 1 000 1200 1400 1600 1 800 2000
myz (GeV) myz (GeV)
X =2V —llgq 35.9 fb™ (13 TeV) X —2ZV = llqq 35.9 fb™ (13 TeV)
> 5 _L T T T I T T T I T T T T T T T T T I T T T I T T T I T T T I T T l__ > I T T T I T T T I T T T T T T T T T I T T T I T T T I T T T I T T T ]
8 10°E" cms —e— Data 3 8 - CMS —e— Data .
O E Preliminary — Z(0) + jets 1 3 Preliminary B Z() + jets |
< - tt tW WwW - J 10°E tt tW WwW —
Resolved Untagged E  Resolved Tagged 3
~ ~ — -
sl - zv | = . zv 3
_‘g 10 E N Bkg. unc. 3 "g - N Bkg. unc. ]
q>) - ..., 4 .. my =600 GeV . G>J - e e my = 600 GeV ]
a8 - G — Z(I)Z(qq) = W 402 G — Z(I)Z(qq) —
-O 10° = k=05 — = k=05 3 -O
o g gged, O
— 10° & 3 : 3 —
U) 10 — 1 = U)
o £ £ 2 é{
2 3 R .-0-. X / ndOf T‘ 1]\ 22
: & I 4o R T A
g a a \\«}a R \\\\\ S il i A AAAAAR
RN
\ RN
© C 1 1 1 1 1 1 1 1 1 C 1 1 1 1 1 NN\ ]
\ D [ 200 400 600 800 1000 1200 1400 1600 1800 2000 200 400 600 800 1 000 1 200 1 400 1600 1800 2000
. mMyz (GeV) mMyz (GeV)




UIC

UNIVERSITY
OF ILLINOIS
AT CHICAGO
High-mass Low-mass Low-mass
Merged Merged Resolved
Source Background Signal | Background  Signal | Background  Signal
electron trigger and ID 2.0-3.0% 2.0% 2.0%
muon trigger and 1D 1.5-3.0% 1.5% 1.5%
electron energy scale - 1.0% 0.8% 0.1-0.5% 1.3% 1.2-2.5%
muon momentum scale - 0.5-2% 0.6% 0.1-0.4% 1.4% 0.2-2.0%
jet energy scale 0.1-0.5% 0.1% 1.0% 0.3-0.6% 1.3% 0.6-1.8%
jet energy resolution - - 0.6% 0.1% 0.2% 0.1-0.2%
b tag SF untagged - - 0.2% 0.3-0.4% 0.1% 0.6%
b tag SF tagged - - 2.0% 2.0-2.3% 3.8% 4.1-4.3%
mistag SF untagged - - 0.5% 0.5-0.6% 0.4% 0.2-0.4%
mistag SF tagged - - 1.5% 0.4-0.6% 4.3% 0.5-1.4%
SM VZ production 12% - 12% - 12% -
SM t quark production 5% - 4% (eu) - 4% (eu) -
V identification (131) - 11-23% 6% (VZ) 6% - -
V identification (extrapolation) - 2.5-20% - 2.6—6% - -
V mass scale 0.5-2.5% 1.0-2% | 02%(VZ) 0.5-1.1% - -
V mass resolution 5.5% 5-6% 5.6% (VZ) 5.7-6% - -
Z-jets normalization 9-15% - - - - -
pileup 0.54% 0.4% 0.5% 0.1-0.3% 0.1% 0.3-0.5%
PDFs 0.3-1.5% 0.5% - 1.5-1.6% - 0.3-1.1%
QCD scale 2% (VZ), 15% (Top)  1.0-3% - 0.1-0.3% - 0.2-0.3%
_luminosity 2.5% 2.5% 2.5%
CMS
i/ D. Berry 37
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. —_ . . N x —>VH—-qqur _ |35.9Tb'1|(1:|3T|eV)
Primary background are tt, W/Z+jets production 5 Fows .+ Data :
o 60:— reliminary V+jets _:

. . .. > b iHp . B, t+X
Single top, diboson, and QCD multijet P - Mg
production are secondary backgrounds o | | E

W
o
III|III
|

tt and single top background normalization
determined from b-tag control region

W/Z+Jets background normalization determined by S
looking in the low and high mj sideband regions _fm* n“**m“mnu +i+$-4-z-;+=---lhl

_4F

N9/
Ol\) -h )

50 100 150 200 250
jet softdrop mass (GeV

(Ndat

~—

An analytic function is fit using the sideband

_ .X VH—>qu S |3|5.|9|fb|'1|(1l3|T<|-:*V)
data and is used to normalize the W/Z+Jet CMS ~ Data 1
background in the signal region S me—
An alternative function is also fit, and the C
difference, along with statistical uncertainty, is
take as a systematic
CMS \ z %i _gé-%—g—-{-;--{'--;-*-}-4-i-;-{»-;-8-&-e-a-;-+-z-H-444;4444441.%
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Category VHets (£ fit)(+£ alt) Top Total exp. events | Obs. events
Hp A 379+ 65+£122 37.8£0.6 75.7 £13.8 78
W region T, Ty, 13.0£3.2+£0.2 16.0 £ 1.8 29.0£3.7 45
[ p an 1053 +£6.8£9.0 342+09 139.5+11.4 120
T, Ty, 27.0£33+£3.0 12.3+£0.6 39.3£4.5 37
Hp (T, 399 +61+79 42.4+1.0 82.3 +£10.0 82
7 region T, Ty, 13.7£3.0+£25 18.0£1.8 31.6 4.3 33
[ p (T, 73.5+£4.8+6.1 29.1+19 102.6 == 8.0 92
T, Ty, 191+£23+25 104 +£0.8 29.5+3.5 33
2 b-tag (T, 24+£09+04 6.9 £ 0.6 92+£1.2 10
H region T, Ty, 1.1+0.6 0.0 3.8£1.8 494+19 5
1 b-tag an 29.3+£35%6.6 373+ 12 66.6 = 7.5 56
T, Ty, 11.5£22+£26 154+17 26.9 £ 3.8 23
CMS,:
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shape V+jets tt, t+X Signal
a-function v v - -
Bkg. normalization 11-60% 2-38% -
Top scale factors - 5-14% -
jet energy scale v - - v
jet energy resolution v - - v
jet mass scale - - 1%
jet mass resolution - - 8%
V tagging - - 6%(HP)-11%(LP)
Vv tagging extr. - - 80/0—180/0(HP) p 20/0—80/0(LP)
b-tagging - - 3-7% (1b), 3.7-5.4% (2b)
b-tagged jet veto - 3% 1%
trigger - - 2%
leptons Id, Iso - - 2%
T 1d - - 6-8% (¢1;,), 10-13% (T}, T},)
T Id pt extr. v - - 0.5-18% (¢t;,), 0.2-30% (T}, T},)
T energy scale v - - 1% (¢t},), 5 — 3% (13,
pile-up - - 0.5%
QCD scalest - - 2.50/0—12.50/0, 10%—-19%
PDF scalet - - 6%0—37% ,10%—-64%
PDF acceptance - - 0.5%—-2%
| luminosity - - 2.6%
| D. Berry 43
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35.9 (13 TeV)
m,=1500 GeV
m,=2000 GeV
m,=3000 GeV
) model B (gv=3)
+ model A (gv=1)
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Observed limits in the HVT
parameter phase space
[gvcH,g2cF/gy] for three
different masses: 1.5 2.0 and
3.0 TeV
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U'(1) model Mixing angle B({*47) Cy C4 cu/cq Tz /My
E¢
U@1), 0 0061 646x10~* 323 x10~° 0.20 0.0117
U(1)y 0.57 0044 790x107* 790x10~* 1.00  0.0053
u(), —0.297 0037 1.05x1073 659 x10™* 1.59  0.0064
U(1)s 0.1297 0066 118x10™* 3.79%x10~% 031 0.0117
U(D)N 0.427 0056 594x107* 148 x103 0.40 0.0064
LR
U(1)r 0 0.048 421 x107° 421 x1073 1.00 0.0247
U(1)pL 0.57 0154 3.02x10% 3.02x10% 1.00 0.0150
U(D)ir —0.1287 0025 139x1073 244 x1073 0.57 0.0207
U1y 0.257 0125 1.04x107% 3.07x10° 3.39  0.0235
GSM
U(1)sm —0.0727 0031 243x10% 313x10% 078 0.0297
U(1)13L 0 0.042 6.02x10° 6.02x1073 1.00 0.0450
U(1)g 0.57 0125 642x107%2 1.60x1072 4.01 0.1225

e -

N -
y 2
2
K3
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c
B
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mee range  Observed Total Z/7* tt + other Jet mis-
[GeV] yield background background reconstruction
120-400 245101  252000£13000 | 199000+=11000 477002100 58002900
400-600 4297 4430 =230 2890+ 150 1400 £ 88 137 £ 69
600-900 943 986 £ 64 739 £49 221 +17 2613
900-1300 182 187+ 14 156 £12 26.8£2.3 39+1.9
1300-1800 33 343+3.4 30.9+£3.2 28+05 0.6+0.3
> 1800 9 7.5+1.1 7.0£1.1 0.30£0.04 0.13+0.07
m,+,- range Observed Total Z/v* tt + other Jet mis-
[GeV] yield background background reconstruction
120400 244277 26000014000 | 21800011000 409003500 800400
400-600 5912 6290 £ 350 43404230 1900 += 160 5025
600-900 1311 1430+ 80 1070 =60 34030 20+10
900-1300 244 268 £15 22012 41+4 7+4
1300-1800 41 50+3 42.6 +2.5 54409 21+1.1
> 1800 8 121£15 9.8+0.7 1.1+0.4 1.2+£0.6
48
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mee range  Observed Total DY tt + other Multijet
[ GeV ] yield background prompt bkgd
120 - 400 271776 280587 £18317 222377415713 53192+£3977 5018 2509
400 - 600 4868 4850+ 330 3268 217 14551129 127 £+ 63.5
600 — 900 1106 1058 =78 8291+ 63 2031+ 18 25+ 12.5
900 — 1300 193 203 +18 176 £16 24 +3 3.5+ 1.75
1300 - 1800 44 38+4 35+4 22+0.6 0.7+ 0.35
> 1800 10 81+1.2 7.8+1.2 0.2+0.0 0.1£0.05

| D. Berry 49



- Limits in the (cd, cu) plane
obtained by recasting the
combined limit at 95% CL on the
Z' boson cross section from
dielectron and dimuon channels

For a given Z’ boson mass, the
cross section limit results in a
solid thin black line. These lines
are labelled with the relevant Z’
boson masses

- The closed contours
representing the GSM, LR, and
E6 model classes are composed
of thick line segments

Each point on a segment
corresponds to a particular
model, and the location of the
point gives the mass limit on the
relevant Z’ boson
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CMS 35.9 fb' (13 TeV, ee) + 36.3 fb' (13 TeV, utw)
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Simplified vector mediator is excluded between 0.6 and 1.8 GeV,
depending on mpw

o

CMS Simplified axial-vector mediator is excluded between 3.0 and 4.0 TeV
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My >1TeV Mt >2TeV Mt > 3TeV Mt > 4TeV
Electron data 200 2 0 0
Sum of SM backgrounds 213 + 28 500096 0.260 +=0.077 0.0163 £ 0.0078
SSMW'M =18TeV 5040 =770  25.9+5.8 0.43 = 0.44 0x0
M =24TeV 1180 =200 560 =100 1.14 £0.44 0£0
M =3.8TeV 53 £13 40 =11 239 +84 0.44 £ 0.25
M =42TeV 233+73 17.6 £6.5 11.8+54 34122
Muon data 208 4 0 0
Sum of SM backgrounds 217 £ 20 6.0+1.2 0.27 £0.21 0.02 £ 0.02
SSMW' M =1.8 TeV 5345 £ 530 96 £+ 14 25£1.2 0£0
M=24 TeV 1282 =120 577 =85 24+1.2 0.10 £0.05
M =38 TeV 57 £ 6 42 + 6 24 12 2+1
M=42 TeV 25 +3 19+3 12 £6 3.6 1.8
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35.9 fb' (13 TeV) 35.9 b (13 TeV)
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+ The UED Wk limits are — 10 | )
parametrized in terms of the bulk = = | CMS :
mass parameter (1) and the S I : -

359" (13 TeV)

radius of the extra dimension (R) =. | &M+E_

+ The lower limits on the W'sswm |
can be directly translated into ; y

into bounds on the split-UED 10° E
parameter space when n=2 | -
- The limits on 1/R is 2.9 TeV i J [ |Dbserved-
When IJ- >4 TeV . / i _1: E.xpected _
- The limit drops to 1.2 TeV as - limit
U is reduced 10° " Excluded
.": ///| B '|"|'I |al||: § T?\ll | 1_'
- Substantial improvement when 500 1000 1500 2000 2500 3000
compared to 8 TeV result 1/R (GeV)

CMS /!
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Electron Channel

Muon Channel

35.9 b (13 TeV)

M+Emiss

e+ET* 35.9 fb™' (13 TeV) "

kﬂﬁ

107"

—— Observed 10721 —— Observed
------- Expected ------- Expected
[ ] +1s.d. [ ] +1s.d.
+ 2 s.d. + 2 s.d.
1000 2000 3000 4000 5000 1000 2000 3000 4000 5000
IVlstau (GeV) Mstau (GeV)

1+ Due to the lack of off-shell production, the RPV T limits are
significantly weaker at high mass
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35.9 b (13 TeV)

Jet — e misidentification
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Mass range (GeV) Mey < 500 500 < mey, < 1000 1000 < mey < 1500  mey, > 1500
Jet—e misidentification 3601 82.8 2.92 0.849
Woy 2462 56.2 2.76 0.562
Drell-Yan 2638 5.31 0.343 0.0145
Single t 9930 141 2.81 0.178
WW, WZ, 27 11126 239 13.0 2.03

tt 96754 971 18.5 1.01
Total background 126513 1495 40.3 4.64
Systematic uncertainty 23495 420 13.5 1.28
Data 123150 1426 41 4
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35.9 tb™! (13 TeV)

CMs

95% CL observed upper limits |
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