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CMs, |

) RUTGERS Non-resonant BSM phenomena

» Many new phenomena beyond the SM manifest themselves in non-resonant final states

with multiple leptons, photons and/or jets, e.g.:

» Dark matter (Talk by Isabelle)

» Leptoquarks (Talk by Francesco)
» Heavy neutrinos

» Vector-like fermions

» Excited fermions

» Extra dimensions

>
» Focus on recent results from searches for vector-like fermions, seesaw mechanism &

excited leptons based on Run 2 data

» And one exception: resonant interpretation of multilepton seesaw analysis

(more about new resonances in Diego's talk)
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https://indico.cern.ch/event/577856/contributions/3420265/
https://indico.cern.ch/event/577856/contributions/3419932/
https://indico.cern.ch/event/577856/contributions/3422668/

Vector-like fermions

CMs, |

Theory: )

¢ Vector-like fermions arise in variety of different BSM models:

SUSY, extra dimensions, ...

¢ Vector-like leptons and quarks are less bound by SM VLL production

predictions and EWSB than other BSM models W "~

e Vector-like fermions help to resolve the hierarchy problem:
e VLQs have higher contribution to Higgs mass
corrections than VLLs
e ButVLQ limits are reaching the TeV scale due to their
overall higher production cross-section than VLLs
¢ Historically CMS has been more active in searching

for VLQs, but there is a new VLL search now as well
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https://cds.cern.ch/record/2676354
https://cds.cern.ch/record/2680431

@9 RUTGERS Vector-like quarks: fully hadronic &

Theory: u e

e Pair produced T/B VLQs with decays to 3rd generation SM quarks & W/Z/Higgs 2016: 36 fb-1
Submitted to PRD

Analysis:

e Splitin cut-based and in NN-based approach: maximize sensitivity for different decay modes

Cut-based: Neural net:
Technique Using substructure tools Boosted event shape tagger (BEST)
(W-tagging) and b-tagging for 6 jet categories:

top, bottom, light, W, Z, H

Selection Min. two energetic AKS8 jets Four energetic AK8 jets

and min. two AK4 jets
Advantage Catching resolved b-jets Catching boosted top decays

Signal regions Bins of no. of W & no. of b-jets 126 event categories

e Background: multi-jet (QCD) from data-driven estimation

e Final discriminator: Hr(Hr= 2 jet pr)
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p RUTGERS Vector-like quarks: fully hadronic P

Results: ' CMS B2G-18-005 |
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cMs, |

Theory: ﬂ

2016 + 2017: 77 fb
Submitted to PRD

T+, - &V, —N. Kumar &S. P. Martin

e Pair-produced vector-like leptons decay

via SM leptons/neutrinos & W/Z/Higgs

! ! /i /i T/ - ZT’ HT
pp— 7’7, TV, Vv
V= Wr
Analysis: et e 14 161 (13 TeV)
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https://cds.cern.ch/record/2676354
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.92.115018

90 RUTGERS Vector-like leptons: multilepton >

Results:  excluding masses in the range of 120-790 GeV ) CMS EO-1 8005 ‘

* First result on the doublet model 206 . 01 777 f-1

e Most sensitive channel: 2e/p(SS) + 17 Submitted to PRD
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N2 o cMms, |
a8 RUTGERS Type-lll seesaw: multilepton
Theory: ll _
e Seesaw mechanism is a possible explanation Q@D
for very low neutrino masses in SM
Full Run 2:
137 fb-1

* Type-lll model: BSM SU(2) triplet (20, 2+ & X-)

— C.Biggio & F. Bonnet

e Heavy fermions are pair produced, mass

degenerate and decay via SM

leptons/neutrinos & W/Z/Higgs

Analysis:
e Multilepton final states: min. 3 isolated light leptons (u, e)

* Inclusive approach: binning instead of cutting in no. of leptons, no. of opposite sign same

flavor (OSSF) pairs, OSSF mass, Lt+prmiss (Lt = 2 lepton pr) & Mr (transverse mass)
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https://cds.cern.ch/record/2668721
https://arxiv.org/abs/1107.3463v3

gp RUTGERS Type-lll seesaw: multilepton %

Analysis:

e Irreducible backgrounds are estimated from MC

¢ Non-prompt background is estimated via data-driven technique (Matrix method)

¢ Inclusive approach requires robust background estimation:

Full Run 2:

. . . . . 137 fb-1
all major backgrounds are validated in dedicated control regions
L, on-Z control region
3L, g Results:
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CMS

Type-lll seesaw (& more): multilepton
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https://indico.cern.ch/event/577856/contributions/3422668/
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@g RUTGERS Excited leptons

CMs, |

Theory: “

e Fermions might not be fundamental particles, but composite objects

bound below a high energy scale A

—
TTTT]

o
©

e This would lead to excited lepton/quark states

Branching fraction
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F —I* —lqq (CI
) 0.3F |*—>|ﬁ?é|)) =
is sensitive to low excited lepton masses, the hadronic mode 02k "= v (C)
F T~ —
is better for searches focusing on higher masses ol LT T
01 02 03 04 05 06 07 08 09 1
M/ A

Photonic mode Hadronic mode l

' q / q
i \\ e ~_
/ q

e/ A

R AN

11-Jul-2019 Maximilian Heind| Non-resonant BSM searches at CMS 12



https://link.springer.com/article/10.1007/JHEP04(2019)015
https://cds.cern.ch/record/2667479

j RUTGERS

Analysis:
e Selection: two isolated same flavor leptons (i, €) and one isolated photon
Background: DY +y estimated with MC, DY + non-prompt photon

with data-driven technique

Using the min. & max. lepton-photon masses as the final discriminator

variables (because of lepton-photon pair ambiguity)

!
i

I

Excited leptons: leptons + photon

CMs, |

Results:
e Exclusion curves drops rapidly for higher masses

e Comparable limits for electron & muon flavor

2016: 36 fb1

excluding compositeness scales below 25 TeV for excited lepton masses around 1 TeV

35.9fb" (13 TeV)
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https://link.springer.com/article/10.1007/JHEP04(2019)015

CMS, |

) RUTGERS Excited leptons: leptons + jets

Analysis: 4

e Selection: two energetic same flavor ’ '
2016 + 2017: 77 fb-

leptons (y, €) and min. two AK4 jets
e Background: DY and ttbar estimated with MC

e Using the four-body mass as the final

discriminator variable

Results: excluding compositeness scales below 13 TeV for excited lepton masses around 2 TeV
e Better sensitivity than photon channel search for high mass regime

e Comparable limits for electron & muon flavor
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https://cds.cern.ch/record/2667479

cMs, |

Conclusion

» No evidence for new non-resonant phenomena has been found (so far)

during the Run 2 period of the LHC
» But strong limits on various BSM models have been set

» CMS has a broad program searching for these phenomena in a variety of

different final states

» CMS is prepared for Run 3 and
HL-LHC era for potential discovery

of these phenomena
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 RUTGERS B2G-18-005

Systematics

Uncertainty Contribution to:
Source Uncertainty Cut-based NN Applies to samples:
Diboson cross section 50% v VV only
Rare top quark process cross sections 50% v ttV, tttt
Higgs boson cross section 50% v H only
W +ets cross section 15% v v W +jets only
Z+jets cross section 15% v Z+jets only
Integrated luminosity measurement 2.5% v v All simulation
Pileup reweighting +1o v v All simulation
Jet energy scale +1o(pr, 1) v v All simulation
Jet energy resolution +1o(n) v v All simulation
Parton distribution functions +1o v v tt, VLQ
Renormalization and factorization scales +1o v v tt, VLQ
CSVv2 discriminant reshaping d(wgt., unwgt.) v All simulation
BEST classification fractions +1o(pt) v QCD multijet
BEST classification scale factor 5% v All simulation
BEST misclassification scale factor 5% v All simulation
Trigger 2% v All simulation
W tag scale factor == oy v All simulation
Soft drop jet mass scale +1lo v All simulation
Soft drop jet mass resolution +1lo v All simulation
b tag scale factor +1lo v All simulation
Extrapolation fit +1lo v Background from data
Normalization of 1W background prediction 1.9% v Background from data
Normalization of 2W background prediction 1.1% v Background from data
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RUTGERS
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p RUTGERS EXO-18-005 By

Source of uncertainty Typical variations (%)  Processes
MisID background 20-35 —
Rare background normalization 50 —
Conversion background normalization 11 —
WZ background normalization 5 —
" 727 background normalization 4-5 —
(%) . o[ . . .
B Lepton identification & isolation 6-8 ALL
£ Single lepton trigger <3 ALL
I3 Electron energy scale and resolution 2-5 ALL
@ Muon momentum scale and resolution 2-10 ALL
Hadronic 7 lepton energy scale <5 ALL
Jet energy scale 5-10 ALL
Unclustered energy scale 1-10 ALL
Integrated luminosity 2.3-2.5 Rare/Signal
Pileup modeling <4 ALL
77.41b' (13 TeV) 77.41b' (13 TeV) 77.41b"' (13 TeV)
107 'C'M'\S"‘I'"l"';'D'ata‘l"' UL L L 108;’_'C‘M§'I""I""I""""’I"E')étla'"'\""
- WZ _E MisID
10° . Misip . e - .
- e WZ control region = Conversion - ZZ control region . - 108 = Misidentified t,, control region = Conversion
e 3, = 8 it & o =
(@] 3 10 VWY 3 w2 Uncertainty S 10 b . VWV
' = 10 w22 Uncertainty - - E ] w2 Uncertainty
Q 2 £ g 10 E
£ L%, 10? |_?>j :>: 102
o 10 10

T
.

C L 1 L 1 C L L L L - 1 1 L 1 L 1 L !
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RUTGERS EXO-19-002

WZ CR ZZCR t#Z CR

¢ |solated single electron/muon trigger
g gg CMS Preliminary 137 b (13 TeV) CMs ﬁ'relimiqary : : ‘1 37 fb"' (13 T‘eV) CMS Preliminary 137 fb” (13 TeV)
o s i R P " LA AN A LA L
° Electron [ £ 10 ~+-Data [Hlwz S ot -4 Data Wzz H o +-Data Wz
T G g Wz [i74 @ tiz MisID & mz fiz
MisID Conversion 10° Conversion . Rare 10° MisID Conversion
® leading lepton: 30 — 35 GeV 0 MiRare 1 Uncertainty ¥ Uncertainty MiRare 7 Uncertainty
102
e Trailing lepton: 10 GeV 1
10
M 10
[ n .
uon p; 1 1
* leading lepton: 26 — 29 GeV 10 10" 10
.- g 2 a 2 T T T o
¢ Trailing lepton: 10 GeV g e g s L &
g 05 2 0.5‘ I +‘ b § J.
0 1 S} 0 L L L L L L 0 1 1 1 1 L L L
° Je‘t pT: 30 GeV 0 50 100 150 200 250 300 350 400 0 200 400 600 800 1000 1200 1400 0 100 200 300 400 500 600 700 800 900 1000
(GeV) S, (GeV) L; (GeV)
Other seesaw SR M
P -1 r— -1
CMS Preliminary 137 b (13 TeV) CMS Preliminary 137 fb (13 TeV) R CMS Preliminary __ _ 13717 (13 Tev) Y CMS Preliminary __ 18717 (13 TeV)
AN UL AN AU L AL LA L/ AN AL LA @ - 7 ‘_
2 4 L3LBelowz  +Data  mMIWZ 2 9 Ey ossFo +-Daa  EmWZ E S 10° =3L(ee), 0B ~+Data MisiD £ %= 4l(ee), 1B +Data  WZZ
e mzz MisiD e F mzz MisID & S,<400Gev Wz - mzz a S, inclusive 4 Conversio
Wy Conversion iz w0 e Conversion iz 10 @BR(oe)-0.05 Conversion le = 10° BR(ee)-005 MisID [l Rare
I Rare [1=(300) b [ Rare [J=(300) [ Rare Dtiops(20) 3 DItes(20)  [Ttieg(70)
[J=(700) 7% Uncertainty E [J=(700) %% Uncertainty 10° Oitiog(70) 22 Uncertainty | 1% Uncertainty e
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10
1
10 o o
m a 2 o
a 2 a 2 T T e X 3
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@ RUTGERS EXO-19-002

Uncertainty source Signal/Background process Variation (%) Correlation
Luminosity Signal/Rare /Non-Z+y conversion 23-25 No
Lepton reco, ID and iso. efficiency Signal/Background* 4-5 No
Lepton displacement efficiency (only in 3L)  Signal/Background* 3-5 Yes
Trigger efficiency Signal/Background* <3 No
B tag efficiency Signal/Background* <5 No
" Minbias cross section (pileup) Signal/Background* <3 Yes
K Factorization/renormalization scale & PDF  Signal/Background* <10 Yes
® Jet energy scale Signal/Background* <5 Yes
g Unclustered energy scale Signal/Background* <5 Yes
13 Muon energy scale and resolution Signal/Background* <5 Yes
u>f Electron energy scale and resolution Signal/Background* <2 Yes
WZ normalization (0/1/2/>3 jets) WZ 5-10 Yes
ZZ normalization (0/1/>2 jets) 77 5—-10 Yes
ttZ normalization ttZ 15—-20 Yes
Conversion normalization Conversion 20 — 50 Yes
Rare normalization Rare 50 Yes
Lepton misidentification rates Misidentified lepton 30 —40 Yes
Electron charge misidentification WZz/z27Z* <20 No

*WZ, ZZ, ttZ, rare, and conversion background processes.
*Only in 3L OSSFO0 and 4L OSSF1 signal regions.

137 fo! (13 TeV) 137 fo! (13 TeV) 137 fo™! (13 TeV)
e = e R e

™

tig(-ee), Pseudoscalar ¢ figp(—~up), Scalar ¢ tto(~un), Pseudoscalar ¢ ]
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B Expected = 1sd. =
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RUTGERS JHEPO4 (2019) 015 s

* Double electron and single muon trigger
SR
e Electron pT' 35 GeV . '  359M'(13Tev) . e 359'(13Tev)
‘QE, CMS ¢ Data N E CMS ¢ Data ]
7 min [ Dy i max [ DY+ 3
[ ] M uon pT 3 5 G eV “ Mey Jet t;ckground ] “ Mey ‘ll)evt !:ackground ]
ey i .ty i
i - vy
------- mg. =1TeV, A=10TeV seeses M. =1TeV, A=10TeV ]
e Photon p;: 35 GeV |
107! 107
Systematics & ____
0 500 1000 1500 2000 0 500 1000 1500 2000
S eey channel (%) ppy channel (%) mgin (GeV) mpe (GeV)
ource } y
Signal Prompt v bkg Jet bkg Signal Prompt v bkg Jet bkg ° : : 35910 (13 TeV) ° . 359 f (13 TeV)
& CMs + Data B & CMS ¢ Data b
Integrated luminosity 2.5 2.5 — 2.5 2.5 — i mmin [ DY+y @ mmax [ DYy E
Hy Jet background HY Jet background
. e s
Pileup 1 1 — 1 1 — = vl 4 = ‘\:v:, -
Trigger 1 1 o 2 2 I R m,.=1TeV, A=10TeV f ------- m,.= 1TeV, A=10TeV
Lepton efficiency 2.5 2.5 — 2 2 — [T b { gl
Photon efficiency 1.5 1.5 — 1.5 1.5 — g E
e/~ energy scale & resolution 2 2 — 2.5 2.5 —
4 momentum scale & resolution — — — 2 2 — . 10
PDF & scales 2 10 — 2 10 — gl gl i %7/7; J/
Jet bkg estimate - - 5490 - 5490 L} 7T / '
. 0 500 1000 1500 2000 0 500 1000 1500 2000
Sample size — 8-44 5-47 — 10-25 6-58 mo (GeV) mne* (GeV)
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RUTGERS

JHEPO4 (2019) 015

Me* (GeV) Window (GeV) Nyata Nprompt ]Vjct Afsig
250 230-270 84 744+ 6.8 8.0 125 +07+69 0.30
275 253-297 80 509 £ 6.0+ 54 10.0 £ 0.6 £55 0.32
300 276-324 68 447 £ 55+ 48 7.6 £05 + 4.2 0.33
330 304-356 51 404 +£47+43 59+£05+£33 0.35
360 331-389 39 281 £38+£3.0 40+04+22 0.36
400 368-432 27 194+ 30+21 33+£03+£18 0.38
450 414-486 17 158 £25+1.7 28+04+1.6 0.40
500 460-540 16 123 +19+13 23+£03+13 0.42
550 506-594 15 82+1.7+09 16+02+09 043
600 552-648 10 7.6 + 1.8+ 0.8 1.2 +£0.2 £ 0.7 0.44
650 598-702 6 49+13+£05 08=x02+£05 045
700 644-756 9 3.6 +1.4+04 0.5+ 0.1 £0.3 0.45
750 690-810 5 34+13+£04 03£01+£02 046
800 736-864 1 29+ 1.1+£0.3 0.3+0.1+0.2 0.46
900 828-972 1 1.5 +0.6 £0.2 0.1 £0.1 £0.1 0.47
1000 920-1080 1 0.8+ 0.8+ 0.1 0.1 +£0.1 £0.1 0.47
> 1000 > 1058 1 1.44+05+0.2 0.1 £0.1 £0.1 0.49
SR table and other limit (1 flavor)
I ~ 3.9 fb"‘(13Tlev7) ST — ~ 3.9 f\b"l(13'I"eV:)
° r CMs 95% CL lower limits | = CMS .
~ 30F — Observed J = T )
Co e Median expected | 3
L B 68% expected ’T
250 95% expected 3 1
C Q
20 X f
F ©
15; 107" 3 gi%ogls-el:s::r limits \ g
10 | L e
L 95% expected
5¢ " Thean (A= 167e)
: - ot AR
0350 1000 2000 Sbiibdd o
m,. (GeV) 300 1000 2000 e (GOV)
11-Jul-2019 Maximilian Heindl|

CMS
35.9 fb" (13 TeV)
10— ; cLAULELL
€ | cms | \
= R
[
I
2 4t
SR table and S F
. . ©
other limit »
_1|_95% CL upper limits |
(e flavor) 10— Gones e ]
[ mm 68% expected
t 95% expected
L -- Theory (A=m,.)
-~ Theory (A =10 TeV)
102 2 ey (=25 Tev) E
300 1000 2000
m,. (GeV)
my» (GCV) Window (GCV) Ndata Nprompl ]Vjct Afsig
250 238-262 41 438 £49+49 87+06+48 0.33
275 261-289 38 428 £5.0+48 68 +0.5+38 0.35
300 284-316 47 354 +£46+40 65+£06+36 0.37
330 312-348 23 331 +£39+£37 51+05£28 0.39
360 340-380 24 25,8 +£30+£29 3.7+04+£20 041
400 376-424 26 228 +30+£26 22+03+12 04
450 422-478 17 151 +£23+17 18+03£10 046
500 467-533 14 98+ 16+11 18+03+10 048
550 512-588 11 108 +1.8+12 1.0£02+05 0.49
600 556-644 8 58 £1.2+0.7 07+02+04 0.51
650 600-700 10 6.8+ 1.1+£08 06=£01+03 0.52
700 644-756 5 58 £1.0+0.7 04+£0.1+02 0.52
750 690-810 6 51+10+06 03+01+02 0.53
800 736-864 3 45+10+£05 02+£01+£01 0.53
900 828-972 2 31£08+£04 01+£01+01 0.54
1000 920-1080 0 1.1+03£01 01£00+£01 054
> 1000 > 1058 3 1.5 +£03+02 0.0+£00=%0.0 0.59
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RUTGERS EXO-18-013

. .
p flavor Other limits e flavor
77.4fb" (13 TeV. 77.4fb" (13 TeV.
_8-1033\\\‘\\\\..‘\\\\\\\\95‘\/\0\L\‘\\\|-\(‘-t\\Hg _8_103,”‘””..‘””‘Hés“/‘deu‘l_‘(‘_tuug
= % CL upper limits E E % CL upper limits E
¢ Sinagle electron/photon and = | g’l‘g’l’g"”"’"y 4‘ -_-.-_-:\)/IZZ?;eedxpected 1 = | g’g”ligina’y 4‘ -_-.-_-I\OIIZZ?;’\ESxpected 1
g p 9,102 E I 68% expected — 9102 e I 68% expected —
~ E [1 95% expected 3 & £ [ 95% expected 3
: : F ~ A=10TeV ] F o A =10 TV ]
single muon trigger EA AIw ] Q AIM ]
’]\ 10 =3 ’]\ 10 =3
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= ] 8 ]
. & 1 E & E
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o ] o f
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. T B B N DR A T R R B TR
e Muon (O 10 1000 2000 3000 4000 5000 6000 7000 10 1000 2000 3000 4000 5000 6000 7000
Mass / GeV Mass / GeV
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e Trailing lepton: 25 GeV
SR e flavor
L] Jet pT: 50 GeV 77.41b" (13 TeV)
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M M [0) i) D WJi
Other limit: e flavor 8 g OMS Prefiminary L oot e oTe
% ft e*M=5TeVA=5TeV
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G RUTGERS EXO-18-013

SR table

Bins in 2/2j mass (GeV) ~ 5001500 1500 — 2500 2500 — 3500 3500 — 4500 4500 — 10000

Data in 2¢2] 368 91 6 5 0
Total SM prediction 39014 85+ 16 108430 11405 0.241527
e*M=2TeV,A=10TeV ~ 0.11+£001  45+03 114407 51404 19402
e*M=5TeV,A =5TeV ~ 0.011+£0.002 0.09+0.01 024+002 0727707 10.4+0.7
Data in 22j 949 151 11 0 1
Total SM prediction 949192 161123 137437 12406 0.48703)
WM =2TeV,A=10TeV  0.1940.01 7.0103 158707 7.0703 2.5+02
WM=5TeV,A =5TeV  0.015+0.002 0.14+0.01 042700 12401 144107

Important systematics:
* Pile-up: <10%
e PDF: 5-60%

Electron & Muon energy scale: <1%

Electron resolution: <3%

e Renormarlization/factorization scale: 10-30% Muon resolution: <5%

* MC statistics: up to 40% * Luminosity: 2.5%
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