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Introduction

* There are strong motivations for physics beyond the standard model

— Not clear at what energy scale new particles/phenomena will appear

* High energy and large integrated luminosity give sensitivity for
searches in unexplored phase space

— High energy: Particularly important for searches for high mass resonances
— Large statistics: About 150 fb-! from Run 2

* A multitude of searches target anomalous production of resonant di-
leptons, di-jets and di-photons motivated by a wide range of
theoretical models
— Distinct signature with low SM backgrounds
— Simple signatures allow for largely model-independent searches

— Due to the large Lorentz boost decay products may be merged into a single
object (jet)
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Extended Gauge Symmetries

* New gauge bosons predicted by many extensions
of the Standard Model with extended gauge
symmetries

— Sequential Standard Model Zssm with same coupling as in the SM
— Ly ,”Zx,Z'y models from E6 and SO(10) GUT groups

— Left-Right symmetry model (LRM) and Alternative LRM (ALRM)

— The Kaluza-Klein model (KK) from Extra Dimensions

* No precise prediction for mass scale of gauge
bosons

* Differentiating between different models requires
measurement of

— Cross section, mass, width, angular distributions
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Resonance Searches

Search for new resonances in the tails of

the SM distributions

>
>

Evenks

SM

Backgrounds BsM
— relatively clean with good S/B s
@ signal
— most SM backgrounds can be modeled from N4 o bocleround 2
d ata % @ background 3

Experimental challenges

— understanding detector resolution is key

* * data

— 1.3% — 2.4% for electrons and 7% for muons

at | TeV SM DM

2

Resonance searches can also be '
interpreted in terms of Dark Matter M DM

models
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Di-jet Resonances CMS-PAS-EXO-17-026

CMS Preliminary __ 77.81b" (13 TeV)

e Data
— Fit Method
¥?*/NDF =48.11/ 37
Ratio Method

* Search for high mass di-jet resonances using

X?/NDF =40.37/ 31

dc/dm].j [pb/TeV
3

wide PF-jets (78 fb-!) Sl
1 e, :—qq (6.0 TeV)
— AR < I.1:reduce sensitivity to gluon radiation from  10"g"
the final-state partons :Z* Wice PF ot T
m, >1.53 TeV e
— Search for bumps in di-jet mass spectrum 10 il <25, <1 R

e compare binned mjj data to the fitted background
estimate

* Fit smoothly falling di-jet background
(full mass range) with:

_I..O_.I\JOOA
TTTTTTTT
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2 3 4 5 6 7 8

(Data-Prediction)
Uncertainty

Dijet mass [TeV]

,, 70000, CMS Preliminary 7.8 16 (13 TeV)
do Py(1—z) Sl NS
dm, - x(;DE—I—Ps 1n)(ac) with & =mj;/+/s m:::::_ M, > 2438 Gev —Rs:qq :
* Data-driven method via a |An)| sideband oo
— Create SR and CR in |An| of two wide-PF jets 30000;
— Background in SR is estimated from CR j::::
+ from MC: R=N(CR,mjj)/N(SR,mijj)

B oY Ty A R R4y £ O D1 T T A L 11 (1o 111 1 I~
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Di-jet Resonances crsesexo-17.0s

77.8 fb' (13 TeV)
T T I T T T T

. . . . 2 0_5‘ CMS Prellmlnary ; ]
* Global significance is computed with 2 o oL upperinis :
o B serve ]
PseUdO eXPeI"ImentS § 0-4:_;5):p§$.egeviation _:
T [ +£2 std. deviation ]
* Upper limits on nine benchmark models 03 o>, g
* No significant excess observed e :
* Finals states with gluons have more FSR o1t g
I _' i i _....I....I....I....I....:
and wider resonances — Limit depends ST S
I Z' mass [GeV]
on final state =105 SMS Preliminary ___ 77.8 57 (13 TeV)
— Different signal shapes for qq, qg, gg final states 2. 4f .. | e, 25T
--------------- Axigluon/coloron
Observed (expected) mass limit [TeV] - g‘;%f_ro‘(‘:‘g:asfckalar @
Model Final 36fb" (778" . P2
State  13TeV 13 TeV . DM mediator
String g 7.7(7.7) 7.6 (7.9) Tl RS graviton
Scalar diquark qq 7.2(74) 7.3 (7.5) o
Axigluon/coloron qq 6.1 (6.0) 6.2 (6.3) '
Excited quark qg  6.0(5.8) 6.006.0) |  qp2F @ TRgmEmsg
Color-octet scalar (k2 = 1/2) gg  3.4(3.6) 3.7 (3.8) 10-3Fo5% oL imis
W/ qq 3.3 (36) 3.6 (38) . —e— gluon-gluon h ~:~~:\ Y
Z qQq 279 2.9 (3.1) LN b A N
RS graviton (k/Mp. =0.1)  qq,gg 1.8 (2.3) 2.4 (2.4) 105000 3000 4000 5000 6000 7000 8000
DM mediator (mpy = 1GeV) qq  2.6(2.5) \ 2.5(2.8) } Resonance mass [GeV]
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Di-jet Resonances CMS-PAS-EXO-17-026

Event display of the event with the highest di-jet invariant mass at 8 TeV

CMS,

Jet 2,
Wide Jet 0: AK4 Jot 0 pt = 1.68 TeV
pt=3.5TeV pt =2.16 TeV gﬁ;g_‘ﬂ Jet 0,
Mass = 1.8 TeV eta =027 pt=2.16 TeV
eta=0.27
phi = 1.47
-
AK4 Jet 2, ?
pt=1.68 TeV LA,
eta=0.21 .
phi = 2.45
AK4 Jet 3, -
pt = 1.40 TeV
eta=-0.74 N/
phi =-1.17
Jet 3,
pt = 1.40 TeV
Jet 1, eta =-0.74
Wide Jet 1: pt =1.99 TeV phi =-1.17
A= 199 Tev pt=3.4 Tev o= oy
eta=0.29 Mass = 1.8 TeV
phi = -1.27

CMS Experiment at LHC, CERN

Data recorded: Sat Oct 28 12:41:12 2017 EEST
Run/Event: 305814 / 971086788

Lumi section: 610

Dijet Mass: 8 TeV

.

CMS Experiment at LHC, CERN

Data recorded: Sat Oct 28 12:41:12 2017 EEST
Run/Event: 305814 / 971086788

Lumi section: 610

Dijet Mass: 8.0 TeV
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Events

Pull

A tf CMS-B2G-17-007

Search for a heavy spin-1 resonance decaying to a top quark and antiquark pair
— no interference with SM tt production assumed
— tt modes: fully-leptonic, semi-leptonic, hadronic (leptons=e, M)
Optimized for top-quarks with high Lorentz boost
— requires non-isolated leptons and jet substructure techniques
Limits on leptophobic topcolor Z’ with widths of I, 10, and 30%, relative to the
mass of the resonance: 3.80, 5.25,and 6.65 TeV, respectively.
Kaluza-Klein excitations of the gluon in the RS model are excluded up to 4.55 TeV.
e R (3 TeY) 35.9 fb' (13 TeV) 35.9 fb' (13 TeV)
CE RS L oo 1 810°FCMS T e S10°FCMS T e
10°¢ 2btag Z40TeV, 1%width (1pb) 3 192 10° I +1 s.d. exp. = 10° I =1 s.d. exp.
I J [ ] +2sd.exp. 5 [ ] +2sd. exp.
— 7' 1% width (NLO) <10 —— g, (LOx13)
Combination 2 10 Combination

UBLRALLU B BRI BRILL B R R R e
_I\TI lllllllll llH“Tll lllllll'll Tlllllll’l ||H|I|TI lllllllll llll“Tll IIIIIII'II TTT

S S = i : 1073
:i,E “““““ o o 104 I I 1 |
0 2000 2000 6000 0 1 2 3 5
m. [GeV] MgKK [TeV]
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7 Y- CMS-EXO-16-047
* Search for narrow resonances in my (¢= e,l) distributions above SM
background using 36 fb-! (2016) of data

* Dominant background: Drell-Yan

— Estimated from mass-dependent POWHEG, corrected with NNLO(NLO)
QCD(EWK) k-factors

* The amount of jet background is estimated from data

35.91b" (13 TeV) 36.3 fbo! (13 TeV)

. 3 10 Da
o 10 ¢ Data @ t Data CMS
O 10° O yZ - e'e cMS O 10° 0 y/Z — Wiy
@ 10° B i, tW, WW, WZ, ZZ, © ® 10* [ tW, WW, WZ, ZZ, 1t
S .3 [ ]Jets 3 103 [ ]Jets
8 10 , g 10 7, (M=3TeV)
T 102 — 7\, (M=3TeV) 0 102 v
10 10
1 1
10 10~
102 107
107° 107°
107 107
—5 L —5[
3’101-"' . —————T— T 2101_' T |
@ 0.5[ i 1I|l 2 0'5; gl
§ 0 f‘""""'-'"'“"""""""M‘;Wub'*mﬁ*ﬁu t xa_o (5) R R PR Y TTI | —
(:0—05_ 11 cla S ) X ] Tfl ,
g 180700 200 300 1000 2000 g ~'g0T0 200 300 1000~ 2000
S m(ee) [GeV] =} m(utu) [GeV]
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Z’ — /Y- CMS-EXO-16-047

Exclusion limits are set on the ratio 0(Z’)/0(Z) using an unbinned
maximum likelihood fit to the data
Limits set on Z’/Z cross section ratio using Bayesian calculations
Spin-1: m(Z’'v) > 3.9 TeV, m(Z’ssm) > 4.5 TeV
Spin-2: k/Mpi=0.0l:m > 2.10 TeV
k/Mpi= 0.05:m > 3.65 TeV
Ik/'Mp=0.1:m > 4.25TeV
) 35.9fb" (13 TeV, ee) + 36.3 fb™' (13 TeV, utw) 10 e gsl;glftla“](1'31T'e\I/,Ie<]a)]+]3§.§flb‘l‘ (ngey,lu'+ ;)
E‘ CMS I | —IObs, gs%lc|_ limit | E = —— Obs. 95% CL limit ]
5, % e Exp. 95% CL limit, median - A T U N N Exp. 95% CL limit, median -
,; 107° B Exp. (68%) E ¢ 107 B Exp. (68%) 3
) . [] Exp. (95%) . © [ ] Exp. (95%) )
., - > - Gy (LOX1.6) ]
10°¢ . wZogw 4 = 10°L — /N, =01 =
—z, ] — KM, =0.05 3
I B — k/M, = 0.01 ]
107 107 5
10'—8_1lllllllllllllllllllll“kll 10—8_||||...111111111. .,,,],,-
1000 2000 3000 4000 5000 1000 2000 3000 4000 5000
M [GeV] M [GeV]
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/7 — (Y- CMS-EXO-16-047

* In a simplified model of dark matter production via a vector or axial
vector mediator, limits at 95% confidence level are obtained on the

masses of the dark matter particle and its mediator.
* The width of the mediator is taken into account in the limit

calculation.
3591 " (13 TeV, ee) + 36.3fb ' (13 TeV, ) 3591 " (13 TeV, ee) + 36.31b ' (13 TeV, u*y)
; 1 1 1 [ 1 1 1 1 | I 1 I B= I,I;;I 3| I ] ; 2.5_ IIIIIIIIIII]II5?IIIIIIIIIIIIIIIIIIII
2 1.8f CMS - @ - E CMS ~ 95% CL Exclusion
= Vector — . RS Exp., median =
z 1.6f ; 2 2 E Axial-Vector;;, == Obs.
E N DlraC DM 5«; » ?: E n D"'ac DM E;{ ‘,:;55’ 5
1 4 = g — 1 0 = o '5}"{ " B ifi" /fﬂ/ fg
A DM S - Eg. =10 /2 w50
B g =01 B DM 1 -4 4 &
1.2 E g-o001 1.5 %=1 /7 ST -
B 9="5 9= 0.1z V4 L 3 i
1:_ 95% CL Exclusion ; 2 Y 2 4
0.8F E - Exp., median = G Qo = ]
©r — Obs. - NG A 4 =
0.6 - S 5
> A - P AL 5
- = £l B !gll.hlﬂi / ! ’ E
4 = o (AL BSIHE fi% 4% = -
0 4 B Ol O = = 2 ﬁQ 1 0 5 2 /S h’f"'(ﬁs\
0.2F - o . - // &
. N - = - > - B h’,;‘;,
e B ] - B .
0 = <_-—;E£ 1 | 1 | | 1 | 1 | 1 1 1 1 0 B 11 I 11 11 I
0 0.5 1 1.5 2 0 05 115 2 25 3 35 4
Myeq [TEV] Myeq [TEV]
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/' Dete-

A search for high mass resonances in the dielectron final state is

CMS-PAS-EXO-18-006

performed using 41.4 fb-! of data collected in 2017.

41.4 o™ (13 TeV)
* The analysis selects two well 3 | Dam cMS
[ ~ 5 S * + ] 1
reconstructed and isolated g 105 Bz see  Prefminay
) S 10 I, tw, WwW, WZ, ZZ, 1t
electrons, with Et > 35 GeV @ ¢ ] dets
10?
. 10
e Electrons are selected in the 1
barrel region using |n| < |.44 118 oy
or in the endcap region e
.56 < |n| < 2.5 0t | e
~-5 [0 I | I L
10 80100 200300 1000 2000
* The dielectron pair is formed 3 *ohmmmms e russsmsmmsn it
. . @ _o5f
with the highest pT electrons. T =0 00— oo 2000
= m(ee) [GeV]
* Main background: Drell-Yan
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’ +
/. —ete CMS-PAS-EXO-18-006

* The statistical analysis from the electron channel (41 fb-!)
and muon channel (36 fb-!) are combined in order to place
stronger limits on the lower bounds of the Z' mass

* Lower mass limits:

— For the Z’ssy m > 4.7 TeV
— FortheZv m >4.1 TeV

1o 41.4 b (13 TeV, ee) o 77316 (13 TeV, ee) + 36.3 o' (13 TeV, pw)
N L L - L B L L R L RN~
& — Obs. 95% CL limit 1= CMS — Obs. 95% CL limit =
g ------ Exp. 95% CL limit, median 4 .2, S e Exp. 95% CL limit, median -
N 107 I Exp. (68%) ERN 107 .. Il Exp. (68%) E
E - [ ] Exp. (95%) . % - [ ] Exp. (95%) ]
10° = " Z'ssu E 10°° = = Lissm E

- —Z . - —Z, ]

107 2 107F E
10—8_...|....|....|....|...”w.._ 10—8_...I....I....I....I...”‘L.._

1000 2000 3000 4000 5000 1000 2000 3000 4000 5000

M [GeV] M [GeV]
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7 =TT CMS-EXO-16-008

o Search for a Z’ also performed in decay to 7t

* Especially motivated by models preferring Z’ couplings to the third generation

» Consider both hadronic and leptonic  decays

220" (13 TeV)
T T T

T T T T
MS T:eT —+— Observed
" S zy—i

Events / GeV

- . Z/(1500)—> T

1.517§1{'#ﬁ ] % %

0100 200 300 400 500 600 700m_55800 92)0
®,
M, 7, B, [GeV]

221" (13 TeV)
L B LN RN

h —+— Observed
u ]

=== Z'(1500)—>1T

107

102

10°
gtsi—l + {N E
= 143 T;r »Ll I
@ IFpe g T
S o0s5F E
O YV

0106200 300 400 500 600 700 800 900

m(t,, T, ET"“SS) [GeV]

2.2 (13 TeV)
T T T

Events / GeV

—+— Observed
CazZiy i
[Caco

- . Z(1500)> Tt

—

iss:

cMs .1,

o
AL/ L AL B AL I AL AR

2.2 0" (13 TeV)
LR B B

—+— Observed
P2 ReY]

102
10°
o
s "°F el
2
% ! T
S 05F
0160200 300 400 500 600 700 800 900

= mis:

m(, T, Py °) [GeV]

2.2 (13 TeV)
E‘ _| T I T T T I T T T T T T I 1T 1T I T T T I T |_
[
= 10:—CMS —— Observed =
Ef - B Expected +1s.d. 7
N I W N Expected + 2 s.d. i
S ol |
<L e |
’T\ - Combined ( T, Ty, T,Tps TeThs TeTy) ]
o | ]
Q — —]
©
107 E
1 0_2 11 | | | | | 1 1IN | 11 T I 11

500 1000 1500 2000 2500 3000
m(Z') [GeV]

* Combining all four final states the exclusion
limit for a SSM Z’ is 2.1 TeV.
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X— u e CMS-EXO-16-058

* Searching for heavy resonances decaying
into el using 35.9 fb-! (2016)

— Model independent search
— p1(e)>35 GeV, pr(M)>53 GeV, ptmiss>50 GeV

qu e
* Heavy Z’ gauge bosons with lepton-flavor violating transitions are
excluded for masses up to 4.4 TeV

e m(X) > |.7TeV for RPV couplings Ai32=A231=\"311=0.01

1o 35.9 tb™! (13 TeV) 35.9 fb~! (13 TeV)
l ] l T \ I T T T T
CMS - Jet —e misidentificatio CcMS
. 10° WW, WZ, 2Z  —— QBH, n=1, m;,=1500 GeV 1 95% CL upper limits
3 10° Single t — RPV, m,;7:1 TeV, A=X=0.01 ] S — Observed
E 3 S Drell-Yan [ Systematic uncertainty = - - Median expected
§ 10 w t Data =) B 68% expected
[}
SR ——— T 10 95% expected
10 ™ N Signal:
10° - - M — 7
— X
10" L N
N
-2

=
o o o o
T

4 10° |
B 1 1 1 i =
Z 1.25M11j
= n |
S 100Fe v e vt § 1
Q o7s ﬂ_ﬁf
| | | \ | L
& 125+ After fit ‘ ‘ ‘ ‘ ‘
n 251 er fi
= 100 i —— :g.k\:fﬁ
a o075F t ¢ | E 10
| | | | | C | | | | | | | | 7
100 200 300 500 1000 2000 1000 1500 2000 2500 3000 3500 4000 4500 5000
My, (Gev) my (Gev)
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vwW — U [e+V CMS-EXO-16-033

* Look for heavy W-like Jacobian peak in transverse mass

My = /2L (1 — cos[A(ph, FT)])
* Dominant background: W production in
standard model

 Take into account interference with SM

35.9fb! (13TeV) i 35.9fb~! (13TeV)
105 ] | | | | | | ] 10 | | | | | | |
CMS . mm WBoson -—— UEDM=3.8Tev | CMs miss WEM W-Boson —— UED M=3.8 TeV
— e+pr . o 10° H+PT
S t —— RPV stau M=3.8 TeV S m —— RPV stau M=3.8 TeV 1
8 10 B Diboson ~ —— SSMW'M=3.8 TeV ] 8 B Diboson ~ —— SSM W' M=3.8 TeV
P B Multijet  —— SSM W' M=1.8TeV | pt 10* BN 7/ —— SSMW M=18TeV
< 10° W 7y Syst. uncertainties - < Syst. uncertainties
) B 10° + Data
1= 1=
] o
> > 102
el 0
10!
R
10° L
— L
10!
102
o 2O0F S 207 T T T T T
S5F 15+
i 1.0 & ':"?ﬁ#%ﬂ** % i 1.0 "“W:+w-+1|—+++ + ——
T 5L e *H S o5+
@ 1 1 + | | \ ! @ | | l +| l | |
aQ 500 1000 1500 2000 2500 3000 3500 4000 Q 500 1000 1500 2000 2500 3000 3500 4000
M+ (GeV) M1 (GeV)
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VW — U [e+V CMS-EXO-16-033

* No significant excess — set exclusion limits

* Limits sets on SSM benchmark model with 8% BR into each lepton,
no decays into W, H, Z bosons

e Combining both channels:
— limits on sequential W’ reach 5.2 TeV

— model independent limits as function of minimum Mt for X —¢v

- 35.9 b (13 TeV) - 35.9fb" (13 TeV)
— E T T T T | T T T T T T T T | T T T T | T T g — | T T T T | L T T T T L | T T T T | T 1T | T4
2 cMs S 2 F cms it
e - SSM W' NNLO . — [ YW e observed 2015 limit
~ 5 0 e lJ_}_F)mis.e, ° 7] ~ e u_l_pmiss 7
, 9| — 0, . .
R 10 = T e observed 2015 limit 3 v T 95% CL limit s
X C 05% CL limit ] X 102 - - = = Median expected limit_|
_— mi 3
() 104? ° 3T < [ ERE] 3
C - === Median expected limit - X I:I +osd. 7
10°E = 7
- B so = &
i ] X E 3
102 [ ]+2sa . S E
E © r n
10 ’0‘.. 1 I 3 S )
= _§I = E
15 ................................ E E
107" E 107" =
1 1 | 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 | 1 1 -_r | 11 1 1 | 1 11 | 11 1 1 | | I | | 11 1 1 | 11 1 1 | 1 -_r
1000 2000 3000 4000 5000 500 1000 1500 2000 2500 3000 3500
M,(GeV) MT'" (GeV)
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W’ — Vv CMS-EXO-17-008

* Motivated by models preferring W’ couplings to the third
generation

e Limits sets on SSM benchmark model W’
— 04 <M,<4.0TeV at 95% confidence level

— In addition, a model-independent limit is provided allowing other
interpretations in models with the same final state and similar kinematics

359 b (13 TeV)

% 1 o om R e 3591'(13Tev
g -SSMW 06 Tev  LJZ(vV)ets )
g s Tev e S’ CMS T, +piss
§ ,1.0 e .ﬁ -; T _|
@ T SSMW 0TSV g S W
-SSMW'50TeV [ z(i)+jets Aprrmrmm s s g s -
[Ipiboson C ]
"""""""""""""" —— Observed 95% CL limit
_1 —
107% ---- Expected 95% CL limit 3
, B ]
> i
5‘01‘5 C]i2s.d.
<|= b
(=) 1
= | | | | |
0 10—2 L Lo N | T | TR B B L1
500 1000 1500 2000 2500 %80(3/) 1000 2000 3000 4000 5000
m; (Ge

My (GeV)
* For Mw>180 GeV, W’ —tb opens, affects BR(W’—=TV)=8.5% in SSM
W’ —1tb searches: Phys. Lett. B 788 (2019) 347 , Phys. Lett. B 777 (2017) 39
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Di-Photon Search CMS-EXO-17-017

Search for resonant production of photon
pairs using 35.9 fb-! (2016).

* A very clean state without additional activity
in the direction of the two photons.

* Three values of the relative width [«/mx are
used as benchmarks: 1.4x10-4, 1.4x10-2, and

5.6x1072; with 0.5<mx<4.5 TeV.
* Photons are required to have pt > 75 GeV

* Events are categorized depending on the
location of the two photons.

* Afitis performed to the invariant mass
spectra to determine the compatibility of
the data with the background-only and the
signal+background hypotheses.

Norbert Neumeister - Purdue University Pheno 2019
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35.9 fb' (13 Te

V)
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ﬂHl \ ma LLHIM @JHW |
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Di-Photon Search cmsexo-i-017

e Compatibility of the : Fom N — e
observation with the T - } -
ToE —— Observed limit T — Observed limit
background-only hypothesis & g

is evaluated by Computing 10-1?PT(Y,,*{2)>7SGeV

C In(y‘, yz)l <1.4442

101 p_r(y‘, yz) >75 GeV
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* Compositeness models predict excited leptons: *

e*(U¥) ey (HY)
* Production through Contact Interactions (Cl),
decay via SM gauge interactions

Excited Leptons

CMS-EXO-18-004

e*/‘u*

e/n

* Final state: same-flavor lepton pair; low background but ambiguity in
the e*/U* reconstruction
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Summary

* Extensive search program for heavy resonances at CMS
— So far no significant hint for the existence of new physics.

— Data at /s = |3 TeV offers sensitivity to new resonances in the
multi-TeV range.

— Further progress will be slower as more and more data comes in,
but the centre-of-mass energy stays the same.

— Still a lot of information to be gained from last year’s dataset and
more results to come in the next months.

* Searches for BSM physics will continue to explore

uncharted territories
— Stay tuned!
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