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Overview

» Introduction
» Reconstruction Methods

» Searches at Run |

e WW,W/Z, ZZ Resonances ;:\\//
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» Outlook for Run 2
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[HIG-13-002, PRD 89, 092007 (2014)]
Discovery!
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BSM Theories

» Why is the weak force so much weaker than gravity?

* Fine tuning of the SM parameters if SM is valid up to the Planck mass

» Possible solutions

e SUSY (not covered in this talk)

e Extra Dimensions

- Warped extra dimension models where fermions propagate in the bulk

* Composite Higgs

- Heavy Vector Triplet model, with

new W%, 7’ states

» Contributions to S and T parameters
should not be too large:

¢ extra dimensions, Mz > 2-3 TeV
* Composite Higgs, Mw' > |-2TeV

= Look for heavy resonances!

[Gficcer group, EPJC 72,2205 (2012)]
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Phenomenology Example

» Warped extra dimensions on the “bulk”, EWK KK modes
* increased BR to W W Z H,tt
* suppressed decays to light quarks and lepton pairs

» Also: composite Higgs models with Z’—=tt and W =>W/Z,WH, tb
and heavy quark partners B—tW, bH,bZ and T—=bW, tH, tZ
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Boosted Physics Searches

» Principle of resonance searches

b

%I 4 continuum SM t |eptonic decay

= / production

e
- ?- ) t :> ; resonant q

T S .~ production q t
b
3
> hadronic decay
~Mz M [TeV]
Pt

» Heavy resonances (M ~ 2 TeV):

* decay products with pt ~ | TeV
* large Y factor (>5-10) t

wide jet

* boosted (collimated) final state topology

* min. distance between final state products:

2
ARpyin & < 0.2:04 t Vo.»

pT )W’“
b

= Jets with substructure and non-isolated leptons
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Reconstruction Techniques
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PF and PU

Particle flow reconstruction

Key: 'E‘/I':gfr‘on | Jet energy fractions Char ed Had ron
)”“ B ey etk A CMS preliminary, L=1.6 fb" /s =8 TeV &
1] | Photon HCAL Subtraction

Vi
thro gh cms

e
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7/

ECAL

Tracker

PF energy fraction
o
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0.3

Tracker, 0.2

nl<2.5 .. , 0.1
ECAL prierin %5 43 2 10 1 2 4 5
Cnl<3 HCAL Muon |n|<2.4 [DP-2012/012] -

» PF benefits from all sub-detectors, use the one with best resolution

Detector p.-resolution (range) n/P-segmentation

Tracker 0.6% (0.2 GeV) — 5% (500 GeV) 0.002 x 0.003 (first pixel layer)
ECAL 1% (20 GeV)—-0.4% (500 GeV) 0.017 x 0.017 (barrel)
HCAL  30% (30 GeV) — 5% (500 GeV) 0.087 x 0.087 (barrel)
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[CMS PAS EXO-12-022, B2G-13-008, arXiv:1506.03062]
Non-isolated Leptons

Boosted W,Z decays
» Z— case: Lepton » {+jet case (boosted top): Lepto
Lepton | .
remove other lepton use pt® for separation |~
from isolation cone of b,c meson decays in jets ﬁ Jet
CMS Preliminary Simulation \s = 8 TeV 19.7 fb™! (8 TeV)
1::|||||||||||||||||||||||||||||E Q>)., 15""|"" ""|""|"":
Bulk Graviton, K = 0.2, M_, =2 TeV GC> 0-9; CMS :%:
JHUGEN + PYTHIA6 'O 0.8F ) _ E
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> 1 0_1 - Tracker-based relative isolation ] "Ll'j - g + Data g
'E ” . T 0-6;_ <1 Simulation i E
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Relative Isolation AR(l,jet)
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V Tagging

[CMS JME-13-007, JHEP 12,017 (2014)]

Vjet "/J q

» DiscriminateV jets based on substructure variables from q/g

- remove soft/wide angle radiation

e Pruned jet mass [Ellis et al. PRD81, 094023(2010)] W
| z=0.1

- strongly reduce q/g jet mass

A
: V Deut = m]et/PT]et

* N-subjetiness ratio T21 = T2/T| [Thaler et al., JHEP 1103,015(2011)]

- one-step minimisation to obtain best subjet axes

- small N indicates compatibility with N-prong decay

1 jet a.xis

4
'V
4

Y

2 subjet
axes

Wijet 8 TeV W+jet 8 TeV
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Events

[CMS JME-13-007, JHEP 12,017 (2014)]

V Tagging in Data

» Validation of substructure observables in p p
W+jet, QCD multijet and tt production
» ME+PS simulations describe T3 within 10% b-jet
* depends on shower and hadronisation model
» Efficiency described within 10% (absolute value depends on T2 cut)
pot0’ Pt werwletev o Wew | 19707(6TeY
f4oo<°pAfZ?,§Gev _:CD,:;MG,,PYTH,AS CMS % 250_—-& POWHEG+PYTHIA6|:| Single t CMS _| M
100 C nlﬁl <24 ggg ;I\E:mfzﬂ ] 3 - I wwwzizz B Wiets MG+PYTHIAG peak
A — [ e Daa — — MC total fit 1 Data-MC=1.1 + 04 GeV
80~ ] *UE) 200 Datatotal fit ~ [lo8------ MC bkg fit .
60:— B L?>j o Data bkg fit i Width
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40— — B N
i i | i
o 3 i | 1 Eff (200 < pt < 265 GeV)
: : | | Data/MC =096 + 0.08
0 i | )
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S 0al I 1 Data/ MC=0.89120.10
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N-subjettinesst,/t, Pruned jet mass (GeV)
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[EXO-14-009, arXiv:1506.01443, PAS BTV-13-001]

H Tagging in H—bb i

Hjet 4[)
» Pruned jet mass main discriminator
* mass window [l 10,135] GeV exclusive toV taggers
» (Sub)jet b-tagging powerful tool for discrimination, use:
* SUb]ets if well separated (AR>O3) 1 CMS Simulation Preliminary, s = 8 TeV
— :IIIIIIIIIIII|I|||||||||||IIII|IIII|I|II‘IIIIIIII"I'
* else, R=0.8 jet (at very high pT) G | CAR=08,300<p <500 GeVie ]
e - 75<m, <135 GeV/c? (pruned) -
o 04 8 Tev > | —FatjetCSV (JTA AR<0.8) -
‘_3 I gMSI . — - g/g MADGRAPH+PYTHIA _C_ZJ 1071 Subjet CSV |
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[EXO-14-009, arXiv: | 506. 0|443]

H Tagging in H>WW?*—qqqq i

Hjet

» H>WW?*—=4q has second highest BR after H—bb

» Various combinations of T; possible

* T4 best discrimination against q/g/VW/Z/H(bb) jets (| or 2 prong)

» distribution of T4 agrees in shape with simulation, but is shifted
towards smaller values (similar, but opposite to T2i)

% 3 Di]etS 717 (8 Te

pay 30_100 . B (Z;n;/) Comparison of V/H taggers at 35% efficiency

S. - Unmatchedt — Wb —qqb % § §

o 200 - Matched t—- Wb — @b ™, . BR(W/Z/H—-XX) | Mistag

e - —— 9/g MADGRAPH+PYTHIA ¢/ \ :

L%’ : V(qq) tagger 70%/68%  1.2%
- H(bb) tagger 57% 0.5%
: H(WW—4q) tagger 10% 1.5%
: H(TT) tagger 6% . 0.03%

A

Background rejection of H(bb) better by factor of 2

bS04 06 08
N-subjettiness ratio T, w.rtV(qq) and H(4q) taggers

Roman Kogler |3 Searches with boosted signatures in CMS



t Tagging

CMS Simulation, Vs = 8 TeV
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[CMS PAS JME-13-007]

—— CMS Top Tagger

--=- subjet b-tag
N-subjettiness ratiot,/t, ¢ R =0.8

—-= CMS + subjet b-tag
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HEP Top Tagger R =5
HEP + ./, + subjet b-tag o

CMS WPO < HEP WPQ
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CMS Comb. WP2
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[CMS PAS JME-13-007]
t Tagging: Performance in Data

» Performance study in tt events
* reconstruct leptonic hemisphere using mass constraints and b-tagging

* validate top-tagging on single jet on hadronic hemisphere

_CMS Prellmlnary \s=8 TeV 19. 7 fo! CMS Prellmmary \s = 8 TeV,19.7fb"
"(é') - CMS Top Tagger E "é) 80F CMS Top Tagger | |
D1 OO — Madgraph * Data — O] 70 — Madgraph * Data
Lﬁ | CAR=0.8 hl<2.4 - Semi-Leptonic tt i Lﬁ - CA R=0.8 i<2.4 - Semi-Leptonic tt
80 - pT>400 GeVic Fully-Leptonic tt - 60 3 pT>400 GeVic Fully-Leptonic tt

10

N

+

[

(]

=t

»
IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|

E 50 i_ - W+dets
601 1 40F
40 :_ B 30 i_ - Singletop
i 205
201~ " 3

@

P00 150 200 250 300 350 82 04 06 08 1 12
)

My (GeV/c?

» good general agreement, efficiencies described within 10-20%
(depends on definition of tagger, pt and |n|)
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VV Resonances

Roman Kogler |16 Searches with boosted signatures in CMS



[EXO-12-024, JHEPOS, 173 (2014)]

VV = (qq) (q9)

» Highest BR, highest background
» Trigger using Ht and M;j; fully efficient for M;; > 900 GeV % P

» Vie: selection Ve 3
e pruned mass: 70 < mpruned < 100 GeV
* high purity (HP): T21 < 0.5, low purity: 0.5 < T2; < 0.75

> x10° CMS,L=19.7 fb" Vs =8 TeV D x10° CMS,L=19.7fb" (s=8TeV
QO [ oseeneen Gy (1.5TeV) — ZZ (x 2.94E+07) (JHUGEN+PYTHIA) o. . G,y (1.5TeV) — ZZ (x 2.94E+07) (JHUGEN+PYTHIA)
O] s G, (1.5TeV) - WW (x 1.52E+07) (JHUGEN+PYTHIA) o IR Gy, (1:5TeV) - WW (x 1.52E+07) (JHUGEN+PYTHIA)
~~ l
f 3w (1.5 TeV) - WZ (x 8.51E+04) PYTHIA N 2.5 " W (1.5 TeV) — WZ (x 8.51E+04) PYTHIA
N [ — — Ggg (1.5 TeV) — ZZ (x 1.34E+05) HERWIG++ = [ = = Cis (1.5TeV) - ZZ (x 1.34E+05) HERWIG++
'E 2.5 G (1.5 TeV) > WW (x 7.15E+04) HERWIG++ G>J o Girs (1.5 TeV) > WW (x 7.15E+04) HERWIG++
(«}) N LLI - ¢ Untagged data
> - - CAR=0.8
LLl |- ¢ Untagged data B —— MADGRAPH+PYTHIA
N —— MADGRAPH+PYTHIA 1.5 HERWIG++
N --- HERWIG++ B
1.5 i
B CA pruned R=0.8 1—
1 I
] 0.5
0.5 i
00010 B
0 0
0 50 100 150 200 0
Pruned-jet mass (GeV) N-subjettiness ratio 1,,
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B B [EXO-12-024, JHEPOS, 173 (2014)]
VV = (qq) (q9)

» four categories (HP, LP)

* single Vje, sensitive to g*—qV
* double Vje, sensitive to X—=VV Viet

» parametrise background with smoothly
falling function

CMS, L =19.7 flb'1|,\|5|=|8 Tev

~ ] !
* rely on data only, not affected by > 10 ® Low-purity doubly W/Z-tagged data =
. o o . . - — Fit ]
mismodelling in simulation 2 0 L -G WW (15 TeV) .
e Q E
* sensitivity to bumps = 1F N
* no sensitivity to enhancements 2 ok .
. / b-jet r o] - -
» corrections for 102k N
signal efficiency oif E
obtained in tt p p
control region Ll s of
89 of
c|O
o
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WV -tV (qq)

» Trigger high pt lepton: pt > 80 (40) GeV for e (M)

» Reconstruct one W from lepton and Er™iss

» Second W reconstructed from V-tagged jet

» WHjets background estimated from lower jet mass

[EXO-13-009, JHEPOS, 174 (2014)]

P

side-band

(O( methOd) CMS L=19.7f6" at \s =8 TeV
10° _ | +| I I [ N
- 1 _ = CMS Data (uv HP) . W+jets =
extract oagMS 219710 atis =B TeV il B
shap e of 258 ® CMS Data (ev HP) .W+jets use for ? .WW/WZ .tf ?
Mwv vz L validation > 10° .
Single t : % Uncertainty . o Single t Uncertainty 3
distribution i . (possible © 10 _I
2 100k $I contamination 8 """ Gouk Mg =1TeV, k/Mp = 0.5 (x100) 3
o L . ~— = N
Lﬁ .- > .M -~ from VH ~— 10 é_' =
: 7 = -
40 g sighals = g -
20 g ) q>) 1 'E_ %
40 50 60 70 80 90 100 110 120 130 L - ]
Pruned jet mass [GeV] 10" g .. %
o 4 , _ E TN -
“le 2k ¢ . 102 8
© 3 éeeeeeeee;eée‘éeéeeeee'-eeé oo aooecooadhosdlionsersdessdssdesiastaced E =
gb 2 § § ] -
-iu; 5060 70 80 90 100 110 120 130 10'3_"|""|""|||||
1000 1500 2000 2500 3000
my,w [GeV]
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[EXO-13-009, JHEPOS, 174 (2014)]

ZV — tl (qq)

" : V,
» Follow similar strategy as in £V channel y et
» Dilepton triggers (reach lower Mvv) P % P
: : q
» Remove other lepton from isolation cone Y,
» Higher purity but less sensitivity due to smaller BR
cMs  1=197fb"at\s=8TeV CMS L=19.7f6" at \s=8 TeV
140 | | ® CMS Data (eie HP)I | [ CIVI|S Data (uu |'||P) | |
120 L Z+jets 10 Background estimation

B Www/wz/zz I Z+jets

[ ] Other Backgrounds (tf, VV)
S G, Mg =1TeV, k/Mp =0.5 (x100)=

100

|:‘0,<II|III|III|I
-—

Events / 5 GeV
o
o
[ | IIII\T

I I
>
60 I A
I - 10 =
40 | ..9 E
C |
20 <) i
o 10° E
50 60 70 80 90 100 110 120 130 :
Pruned jet mass [GeV] i
= ' ' ' 10° —
L O]
©l S
8" :
500 1000 1500 2000 2500
m,, [GeV]
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[EXO-13-009, JHEPOS, 174 (2014)]
Combination of VV Searches

CMS (unpublished) L=19.7fb Tat \s=8TeV Combination in bulk

Frequentlst CL_ obs. (solld)/exp (dashed) graviton model

G, — ZZ — ee/uu+V-jet

& W2z Vietsviet | » Highest sensitivity
i from {v+jet channel

G, —~ WW — ev/uv+V-jet

Combination

» Sensitivity of |et+]et
channel comparable
at high mass

» t+jet channel
reaches lower mass

» Combination
Improves sensitivity

600 1000 1500 2000 2500 3000 by 15-20%
My, [GeV]
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[EXO-13-009, JHEPOS, 174 (2014)]
Combination of VV Searches

CMS L=19.7fb ' at {s=8TeV

I I : I I : | I I I I | I I I I | . R .
N ' ' ' Combination in bulk
1 EEfffffffffgffffffffffffff:Eff;ffffffffffffffffffffffff —— Frequentist CL observed

graviton model

Frequentist CLS expected+ 1o

Frequentist CL expected = 20 } NO Slgniﬁcant
N (pp— G,.), kI = 0.5 deviations from
_______________ _.:"::::::::::::::::::E;:::::::::::::::::::::::::::::::::::::é::::::::::::::::::::::::::::::::::::::@:: expected

R

LN » Sensitivity not high
; | i N enough to exclude

......

................................... ..................................... graviton in this model
'"""'""""'"""'""::é::::::::__:":::::::::::::éﬁ::::::::::::::::::::::::éﬁ::::::::::::::::::fé:: (Wlth I(/MPl — 05)

600 | 1b00 1500 2000 2500
M, [GeV]

Roman Kogler 22 Searches with boosted signatures in CMS



Comparison to ATLAS

o) L L L B L L
= 10'= ATLAS —e— Observed 95% CL =
N = ) -
?‘ - (s=8TeV,203f" - Expected 95% CL ]
3L __|
o 10°E June | 6th + 1o uncertainty 5
g« B + 20 uncertainty -
2 — — —
@ 10%¢ —— Buk G kiMp =1 3
~, o .
o A
O 10 B
! - :
o L _
5 1
o} = . IE
\ [arXiv:1506.00962] 3
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CMS L=19.7fb ' at {s=8TeV
T T 71 T T T T T T | T T T T | T T T T |

1 : : H
i [ —— Froquentist L observed =
TR\ wo] [ASSEEEE Frequentist CL_ expected= 1o [7]
........................... t Foqonic, operezzo |1
.............................
..................................................................................................................................
b N e e S N _
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M, [GeV]

Comparable sensitivity on O9s%(pp—G) x BR(G—Z2Z)

Deviations from expected limit at 1.8 - 2.0 TeV (if larger than | 0):

local p-values

CMS

ATLAS

3.40 (2.50 global)

.........................................................................................................................

.........................................................................................................................
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Comparison to ATLAS

CMS L=19.7fb ' at {s=8TeV
_—

|) Should we be excited about this?

Intriguing, since upward fluctuations in several channels, BUT:

* the fluctuations are small
* the “signal” is not visible in all channels
* nothing in most sensitive channel ({V+jet)

2) Should | try to explain this with a new BSM theory?

If you like...

3) Will you follow up in Run 2?
Definitely! We will know more with 3-5 fb™! at 13 TeV!

[V Vjet 1.20 -
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VH Resonances
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_ _ B [EEO- 2-009, arXiv:1506.01443]
VH—(qq)(bb) or (q49)(qq99)

» Fraction of H—bb events failing b-tagging,

but passing T42 selection non-negligible
since BR(H—bb) > BR(H>WW—qqqq) Hie:_ /b

* Need to consider all possible Higgs decays in analysis
* Check for H—bb tag before H=*WW—qqqq tag

P

19.7 b (8 TeV)

» analysis similar to VV —jettjet case A
3 > 10" cMms
o x10 8 TeV 8 =
— B -&- Data
<CEJ 4EC_MS _ //\ ~ 10 — Background fit
X g gpomuaten jo\ 2 -- W' — HW (1.0, 1.5 2.0 TeV)
—~ _ \ S Fm 0 e Z' — HZ (1.0, 1.5, 2.0 TeV)
> [ —— H-bb I 2
x 3:— —— H— WW* - 4q Il \ w1
:III\: 2.5:— -------- "o / \\ Y VPH,,
= F e H—gg /I \
X 2:_ ----- H=w // \\
o
%_8¢1.5;_110<mj<135GeV // \\
1 e _
E "'\‘\ Ll__ © 2_
0.5 5\ o &0 | . .
- T TR ) ©|o -2
T i ey EEFETETRII S8 O 1 15 2 2.5
0.6 0.8 1

N-subjettiness ratio T, Dijet invariant mass m; (TeV)
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[PAS EXO-14-010]

WH- ({v) (bb) %

» Analysis similar to WV =4V Vi “H

* Background estimate from lower M sideband region  Hiee /b

* Extrapolation of MwH shape to signal region (& method)
» See 3 events at MwH ~ 1.8 TeV (< 0.3 expected)

* nothing in Y channel

o , -1
19.7 i1 (8 TeV . CMS Preliminary e+u combined 19.7 fb™ (8 TeV) .
P 102:| | T T | T T | T T | T T | T T 5| T T | T T | I(I T | |2 _8_ 105 ! ! | ! ! ! ! | ! ! ! ! | ! E Comblned
> = o o ] ~ i —.— Full CL4 Observed : ' ] . .
~ Prelimi W-jet . — 3 s
8 : reliminary - W:l"l_?VST B(gv:S) : T l E———— Eu:: g::s Expectej + ;0 Slgn Iﬁ Cance
B VW2 i aEEETTETTTTTET Ty u xpected = 20
8 @ Top % —————— HVT B(Zv:S):xsecW, * BR(W' — WH) (e+ IJ) of
~— 10 ] Uncertainty = ‘; L I LH model:xsec,,, * BB(W' — WH) | / 2 2 o
= S IR ]
9 + ] i SN ¥ (1.90 global)
= * - | N
- 7 2 : 5
2 S
S 1 DOU 10 1 i i i
L

: : .~
: : N :
: : .~ :
H : . H
: : .. :
-2 ; H s H
-1 e e e R I R
10 : : . :
: : el :
H : .~ H
: : N :
: : . :

1 | 1
2000

My (GeV) My, (GeV)

3 L L L | |
800 1000 1500

10
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[PAS EXO-14-010]

ZH=(qq) (T'T)

decay mode BR[%] n-ﬁ."‘I , v 1
____________ Toevw | 118 | p
e XV 174 .
T—had+v 04.3

» take all decay modes into account

* main discriminator of Thad vs q/g is MVA based isolation,
summing energies of particles around cones of T decay products

* remove decay products of other T from isolation cone

ote CMS Simulation Vs = 8 TeV we, 19.7 b (8 TeV)
E - —— H—>ttm,=125GeV _% 12—_CMS —<¢— Observed
= 0.4 , o > 10: T Z/y+jets
g s c 10 it
§ otz N g T W (v=Zorw) also
0.1 EGUN 8- [ Wiets measured:
- - [ ]1QCD
0.08] H 6 Signal (M_, = 1.5 TeV, 0x5) TeTe, TeTu,
0.06 N 7,7, category TeThad, TpTy,
: 4 4
0.041 3 - | TThad
0.02 2 =H TTLTTTTTTT
O:HH | N L Cooo L 37—71 N N T AP N NI PR A
0 50 100 150 200 250 0 500 1000 1500 2000 2500 3800
m,, [GeV] M, [GeV]
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tt and tb Resonances
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[B2G-13-001,PRL | 11,211804 (2013)]

Z’—tt {+)ets Resolved

brjet CMS, 19.7 fb™”, \'s =8 TeV
ﬁ >105§|"'|"'|"'|"'|"'|"'|"';
8 C e+, Nb_tag > 1 e Data ]
(=) — Background
P O L0tk _
P e N Z' 750 GeV
2
s
|_|>J 1035— =
: : 10° — -
Conventional analysis i
} I iSOlated Iepton TR |‘\f‘~| T BN B R SRR |+| |_
600 800 1000 1200 1400 1600 1800 2000
» 4 jets, at least on b-tag M [GeV]
Reconstruction of tt system Background

X = an(ﬂe,g) T X%i(thad) T Xi(whad) T X;%T(tf) » continuously falling function
with Signal

2 _ 2, 2
Xy = (Xmeas — Xmc)™/ Typo » fit to MC templates
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Selection of two non-isolated leptons (ee, eM, UH)

Z’—tt Dilepton

[PAS-B2G-12-007, B2G-13-008, arXiv:1506.03062]

b-jet

p
» | tight or 2 loose b-tagged jets
» control tt background in sideband region,
defined by ARmin(f2,jet) > 1.5
: _— - . . ee 19.7 fb™ (8 TeV)
8 _CIMSIP':eIEminaryT T _;_ID It | ! J J ' i % ; FT T 1T 1 | 1T 1T 1 L | 1T 1T 1 | L | 1T T 1
= ala — ¢ Dat -
= 19.7 fb" at Vs = 8 TeV tt g 10 : CMS e tiaa E
“5 - Z/,Yw_)l*l' 1 o N I Others
. 300 L B Single-Top — Ny T ee. e Z' 2.0 TeV, 1% width
g - R —-
- : . 4 cC C
signal <4 Z'1.5TeV (x30) o
i N — Z'2.0 TeV (x100) | LLI ]
200 . | 0 E
W\ —p sideband .
1 Al )
100 e ————— — | JI L1 1
| 2 15} | k
o L | (5o =X ML Sk SO R B
| Seee I B !
0 s hh—':l x—“l‘!mul._L_ D 0'5'_|||||||||||||||||||| |||||||||_
0 3 4 0 1000 2000 3000
AR, ... (lepton 2, jet) M. [GeV]
Roman Kogler 31 Searches with boosted signatures in CMS




* highly boosted events with | CMS t-tagged jet

 X? discriminator: select partially and resolved

hadro

Z’—tt {+)ets

» Cascading selection with non-isolated lepton

nic decays

[B2G-13-008, arXiv:1506.03062]

v

b-jet

» Mistag rate of t-tagged jets from W+jets sideband

utets, 1t tag

19.7 b (8 TeV)

u+ets, O t tag, 0 b tag

19.7 b (8 TeV)

% ; FT T TT1 | T T | T T | T T | T T | T T | I'T T 177 % [ ' T T1 | ' T T1 | T T1 | T T | ' T T1 | ' T T1 | T T1 ]
10° F ¢ Data E 10* ¢ Data -
g - CMS . E g : CMS i e
o - I Others o i I Others ]
g - 7’ 2.0 TeV, 1% width T o1t e, 22,0 TeV, 1% width
%) 107 E s = ® : 7
c - : : c - - i
~ Nt-tag =1 : 2 102 & Nt—tag =0 —
1 0 E = i
K 10 &
: E e
L N IR C e
2 1s5F | | ] 2 1sF '* b
m m C ]
s 1F ++ ¢+*++++ P 2 E g ¢."'o-“ﬂ*++++++H T
CDG 0.55_ |||||| Il 1 1 | |||||| +|+| |I| NN NN 1 1 | 111 |_ CDU 0.5f_| |+ ||||||| | ||||||||| | 11y 11 |||||l|‘|l| [N
0 1000 2000 3000 0 1000 2000 3000
Mﬁ [GeV] I\/It,[ [GeV]
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[B2G-13-008, arXiv:1506.03062]

Z’—tt Fully Hadronic

» 2 CA jets, back-to-back
e R=0.8, pr > 400 GeV: CMS t tagger
e R=1.5, pt > 200 GeV: HEPTopTagger

» QCD multijet background estimation from
mistag rate in sideband region (inverted mass criteria)

jet with top-tag

* mistag rate depends on pT, T32 and b-tag discriminator

- 8 TeV
19_7fb (8TeV) .E 105 IIII|IIII|IIII|IIII|IIII|IIIeI
o - | | | | ] Q grlxllsaton 0+1+2 b-tags, IAyl < 1.0
S~ imulati .
g. i CMS 0.000 < Bmax <0.244 L 103 +I§(raek(a:|(i:(§(taedd%CCDDnr1#lr[lltji?ett
. 1E - E S 107 o
2 g T —"—"_._=|=O'O <T32<04 3 o 1?() | "*., background
D ot — .y “o
€ L E 1 *,, Validation
107" = 1 :
I e —————. E 10
. e T e . 2
E I R el T 10
o SIS e R 10°
2| - -,_,-t"' . ::=:E:=1 F . .
Q107 N B 15y
@) - 7 o
1078 . & osli ]
500 600 700 800 1000 1000 2000 3000 2000
CAS8 jet P, [GeV] Dijet invariant mass [GeV]
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[B2G-13-008, arXiv:1506.03062]

Z’—tt Fully Hadronic

» Categorization of events

* low and high mass, Hr, |Ay| and N,

» Estimation of t-tagging efficiency correction

* combined maximume-likelihood with lepton+jets channel

H; > 800 GeV; 2 b tag (low-mass) 19.7 fb™! (8 TeV) S Ayl < 1.|O; 2b ta}g (high-lmass) | 19|.7 fo (|8 TeV)
> FT T 171 | 1T T 1 | 1T 1 1 | T T T 1 | T T 1 | T T 1 | T 114 EI T T 1T T 11 T 11 T 11 T 11 T IE
(o)) - . O

- ¢ Data ¢ Data
(g - CMS = (oD CMS el
S 10° = non-top multijet = o non-top multijet
Ny e Z' 1.0 TeV, 1% width 3 T 10% F e Z'2.0 TeV, 1% width
S 102k low mass sel. _ G : "1 high
> - = PR !

L C . L L
: 10 . mass sel. -
10 ¢ = r " ]
B +ll 4 ] 1E E
1 E N — C

E | | LULLIL] | I | | I I _I L1 1 L1 i i L1l I T | | L1 I_
2 1sf ‘ + o | 4 2 st 1 B
m : * ¢ )i oM
~ ® ~
PR R o A I ]| :
CDU O 5 -_ ||||||||| | 1 |+I+I ILI [ L | {0 I I Y N | | 1 1 1 |__ 8 0.5 L +| | ||||||||| | {0 I 5 T N I N | | 1 1 1 |_

0 1000 2000 3000 0 1000 2000 3000

|\/|tt [GeV] Mti [GeV]
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[B2G-13-008, arXiv:1506.03062]
Z’—tt Combination

Channels contribute to sensitivity in different mass regions

3 19.7 1o (8 TeV)
510 T T T T T T T T T T T ICCI)mbI'nal_t'orl'] T T T T3
— inati -
2 CMS Dilepton ]
E 102 95% CL expected Lepton+jets (threshold) =
/l\ 7' 1% width | epton-+jets -
N L. All-hadronic (low-mass) ]
> 10 mimi All-hadronic (high-mass) —=
m E
X |
N
©

—h
<

—i
I IIIIIII| I IIIIIII| I IIIIIII| I IIIIIII| I IIIIIII| I TTTTI

| lllllll| | lllllll| | lllllll|

Upper limit on
=

0.5 1 1.5 2 2.5 3
M, [TeV]

Observed limits: no significant deviations from expected

Exclude gk — tt for Mok < 2.8 TeV (2.7 expected)
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[B2G-12-010, JHEP 05,108(2014)]

W’—tb {+)ets Resolved

CMS, L=19.5 fb™ at (s =8 TeV

. - +jets N =1or2 TS -
jet . 4L W b tags [ i + Single top -
PT > I 20 G ev b'_]Et > 10 S - W—lv + Zy*—I'T + WW 3
' () 3[ e o(W' ) x 20, M(W' )=1.8 TeV |
¢ 10°¢ ¥ § E
b = ——. o(W'.) X 20, M(W' )=2.0 TeV 3
o ol - - o(W' ) x 20, M(W' )=2.5 TeV
L‘\) 10 EP —imen O(W' ) X 20, M(WR)_30TeV_='
P P 7)) 10 - m Uncertainty
fd
— cC =
5 D -
>
Lu

. b =
Priet > 40 GeV . w- k:
b-jet@ /\ one isolated e, 107

A%

S
o
to Z3l
PT P> 85 Gev 500 1000 1500 2000 2500 3000 3500 4000
tb) [GeV
130 < Meop < 210 GeV M(to) [GeV]
e CWSLet95Matis=BTeV
ﬁ_ 10? Theory M(vg) << M(W')
. R 3 ——— Theory M(vR)>M(W'R) 7]
Background prediction s | —— 95%CLobserved
- _C/l; ------- ff%eil-ei):::cmd
» Verified in sideband regions for W+jets and tt ¥ T s enpat
_ 10"
S
Exclusion limits Xl e
» M(W’R) > 2.03 TeV (2.09 TeV expected) T L Cheesmee TR .
» Limits for left- and right-handed couplings A ',\;ljf:\;’\ylﬂ)' oo

-z
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W’—=tb Fully Hadronic

CMS Preliminary Vs = 8 TeV,19.7 fb
L L L L L B

[PAS-B2G-12-009]

I-kT 1 = : S 0.35F ]
I antl kT jet R 0.5 (3'(5) b'_jEt "% E QCD Background Prediction E
b-tag and mjet < 70 GeV II 0-35 - tt Monte Carlo Prediction _g
0'255_ W', Monte Carlo at 1700 GeV ]
0'2;_ ; ——— Wi Monte Carlo at 1900 GeV _;
P P 0.15;—_ ——— W', Monte Carlo at 2100 GeV —i
()_1§—++ o Data —i
0.055% —
jet with top-tag Oy 50 100 150 200 250 300
I CMS t-tagged jet: b Candidate Mass (GeV)
oT > 450 GeV, T32 < 0.55, subjet b-tag e 19TWETeY
8 105‘€C|V|S ®  Dat _;I
8 % Preliminary E ?CD Background PTe(fiction %
} QCD mUItijet background E 10 ?— - singletopMonteCarIoF?rediCtion _?
. £k NN e
from sideband 8 b L Wz oo E
= - - W, (0.2 pb) at 2300 GeV =
* Nsubjers < 3, no b-tag on ak5 jet g E
155 ?g
* other kinematics unchanged 10 =
2 15F 3
» Similar sensitivity as |+jets channel Zog :
S -05F
) Combination Wlth |epton+jets channel 9-1'50% 1000 1500 2000 2500 3000 3%0(664\1/(300

37
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Vector-like Quarks

T /3 T t T /

‘W ~.H A
2N % 2N
*
*

X

QCD pair-production
dominant at Mx = | TeV
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[B2G-14-002, arXiv:1503.01952]

T — tH Fully Hadronic

All-hadronic analysis in t+H channel

» Special substructure analysis —
* | HEP top-tagger jetand | or 2 H—bb jets Hiec
* Analysis possible because of subjet b-tagging

CMS Preliminary, 19.7 fb' at /s =8 TeV

CMS Simulation Preliminary

>

> 10° E | [ ] (o)) 4E —e&— Data E

o - QCD (from data) : (\5 C QCD (from data)
g 2 3.5 - £ tt -
-ch) tt C ~ME ]
= ; S A —— TT—>tHtH (500 GeV) ]
Q 10° F — TT—tHtH (500 GeV) 3 T o R R TT—tHtH (700 GeV) x10 ]
1 I TT—tHtH (700 GeV) - 25E et T e TT—tHtH (1 TeV) x100 3
B TT—tHtH (1 TeV) x10 : :
10* F E :
3 | ]
10° E ]
- J O] i ]
10 F = 0 ]
- o . ~ :
- < ]
] — 1
: ] < ]
* ----------------------- D O 5 r __

O 1 22 | | 1 1 L1

C 1 1 1 1 1 1 1 1 1 1 1 1 | 1 1 1 1 | 1 1 1
0 50 100 150 200 250 300
Higgs-tag multiplicity mass of Higgs candidate (GeV)

» Exclusion limits: Mt <747 (701) GeV for 100% BRT—t+H
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[PAS B2G-12-013, PAS B2G-12-017,B2G-12-015 PLB 279, 149 (2014)]

T — bW, tZ, tH

gt CMS (s =8 TeV 19.5 by

BR(bW)
.800

p A

—750
V jet
—700

Inclusive lepton analyses
—650

» Single-lepton channel

—600

* Hadronic W-tag and top-tagging

[A99)] J1uuny ssewr yjaenb J, paAIdsqO

1 1

« Kinematic fit for reconstruction BR((Z) BR(tH)

* BDT for best overall sensitivity

» Multi-lepton channel » Inclusive searches: sensitivity

* Counting experiment in high St region for bW, tZ and tH final states
All-hadronic analysis » Exclusion limits:

» 2V-tagged jets, | or 2 b-tagged jets between 687 and 782 GeV
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RS1(yy), k=0.1
RS1(ee,pp), k=0.1
RS1(jj), k=0.1
RS1(WW—4j), k=0.1

CMS Preloim

SSM Z'(t7)
SSM Z'(jj)
SSM Z'(bb)
SSM Z'(ee)+Z'(uu)
SSM W'(jj)

SSM W'(lv)

SSM W'(WZ—vll)
SSM W'(WZ—4j)

Harvest of Run |

RS Gravitons

1 2 3 4 TeV
inary

.
—_—
T |
*’
| ———
———
I
ﬁ

1 2 3 4 TeV

Q'—=gW(semilep+M)

T'(5/3)(dilep,ss)

T tH(H—11)

T'—tH(hadronic)

Vector-like T'

02 04 06 08 1 12 14
Excluded Mass (TeV)

|||||||||||||||||||||
9, (combined) . . . .

Z'(1.2%)(combined)

g, (dilep)

Z'(1.2%)(dilep)
tt Resonances

gKK(semiIep)
Z'(1.2%)(semilep)

gKK(aII-had)

Z'(1.2%)(all-had)

W'(lep)

tb Resonances
W'(had)

t*(dilep)

Excited tops

t*(semilep)

Displaced tops

ct(f)=2 cm(e+u)
||||||||||||||||||

0 051 15 2 25 3 35 4 45 5
Excluded Mass (TeV)
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Outlook for Run 2
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PU in Run 2

» Various methods are studied for pileup mitigation in Run 2
» Example: PUPPI (PileUp Per Particle ldentification)

[PAS PAS JME-14-001]

e Use knowledge of origin of PU charged particles to deduce
information on neutral PU component

* Reweight neutrals according to their probability to originate from PU

» Intuitive correction for jet substructure observables

CMS Simulation Preliminary 13 TeV
.(dg : T T 1 | T T 1 | T T 1 | T T 1 | T T 1 | T T 1 T T 1 | T T 1 | T T 1 | T T 1 :
[Bertolini et al JHEP 1410.59 (20 | 4)' S 4500— Pythia RS Graviton - WW —— PF+PUPPI —
= ’ "2 [ AntikT (R=0.8) <Am>=-0.5GeV
(7)) T T T T | T T T T | T T T T | T T T T 9 4000 a — RMS=10.0 GeV =
% - [ charged LV i Vs C <np>=40 o ]
= - PUPPI charged PU . ® 3500 - 200 GeV < p, < 600 GeV <Am>=12.1 GeV -
G I T neutrals LV B - Iy <25 RMS=15.4 GeV -
o 006~ neutrals PU ] - PE -
—— | i 3000 — —_— +CHS |
@) - <Am>=-5.0 GeV -
c u . = RMS=12.4GeV 7
@) B | 2500 — _ —
- — PF(Cleansing) ]
8 0.04— — - <Am>=-1.9 GeV 7
© i 1 2000 RMS=12.1 GeV  —
— L —
- ] — PF+CHS(Const.Sub.}H
n ] 1500 — <Am>=0.6 GeV -
C RMS=11.4 GeV T
02— — - ]
0.0 B i 1000— —]
I ] 500~ -
Q5 = I 15 - | PR - — T B iT’F:.;L' [ | leJ,L:

C -900 80 -60 40 -20 0 20 40 60 80 100
a’i Myeco - mgen(GeV)
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[PAS PAS JME-14-002]

V Tagging in Run 2

» Jet pr> 1.5 TeV: tracking resolution and efficiency degrade, such that
ECAL and HCAL dominate jet substructure reconstruction

» Extend particle flow algorithm
* use fine ECAL granularity to determine multiplicity of hadrons in jet

* Split hadron excess energy in ECAL+HCAL according to direction
and energy distribution of ECAL clusters (“split PF neutrals™)

» New tool: Softdrop for mass reconstruction and subjet finding

13 TeV 13 TeV - - 197fb ' (8TeV)
c > 1 . 8 300 — -@- Data CMS ]
g 03 AK R=0.8 CMS 8 [ X— W W, Pythia8 CMS < = Top EW -~ )D Preliminary
3 O 1:6<p (W) <24 Tev Simulation Preliminary D b Mg CU Simulation Preliminary 2 Top @— ) -
o i<2.4 9 08 — o | [l Other bkgs. i
S merged PF neutrals = B _|_ M ned &12/1:1 cut L
v T i 200 | —
5 | splitPFphotons ¢, = B T T
y o) 0.2+ -..qgy- split PF photons+neutrals 0.6p """« T e :
([ i - n
g : i
@)
Z
AK R=0.8 n
4
2
| S R :
Inll<24 | | = 0 W++#++*+ *@‘F*ﬁ +++++ WH##‘
. 1000 2000 3000 B - T 150 200
pruned jet mass (GeV) jet pT (GeV) o B=-1[GeV]
UH
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[CMS DP-14-036]

t Tagging in Run 2

8 TeV
New methods and algorithms available § [cus @ = W
o 10°F =
- Simulation Preliminary .
A few examples > f
Az
» Soft drop for mass and subjet =
: 10- ~ =
reconstruction : 5
» Shower deconstruction ' Z
. . 3 4l _
e calculate probability for a jet to 10 " Matched parton -
originate from a top quark decay . ' p_>800 GeVi/c -
- using QCD splitting functions 104 L2 f e
- similarity to matrix-element method | Top Tag Efficiency
1 HEP Top T
» MultiR HEP Top Tagger o
* shrink effective cone size of jet, adds HEP + /7, + sub. b-tag
o, o . — MultiR HEP Top Tagger
additional separation power S Too Tacuer
» Improvements in subjet b tagging CMS Top Tagger + 7/,
CMS Top T r+ v/t + subjet b-t
° Secondary Vel‘teX ﬁndlng — Showe?rl;e:jr?:tructi:)n 2;)A:lJ o
independent Of jEtS [CMS DP-14-03 |] = = = = Shower Deconstruction CA8 + subjet b-tag
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Summary

» Substructure methods crucial for new physics searches

X 0V
* WWW/Z, ZZ Resonances —=, y

X -y
* WH, ZH Resonances =

‘~VV,Z

Z t : f

e tt and tb Resonances @ ----- AL
t b

: T T/ T
* Vector-like quarks —/’ /[t =/t

» Even more important at Run 2
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Conclusion

» Celebrated a huge success not long ago

» Depressing that we did not find anything else?
» We have just started!
» Run |:only a glimpse into the parameter space that’s explorable
» Consider it a ‘training run’ (for BSM searches)
* |ncredible how much we learned about the tools and techniques

» No one said it would be easy...
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Conclusion

» Celebrated a huge success not long ago

» Depressing that we did not find anything else?
» We have just started!
» Run |:only a glimpse into the parameter space that’s explorable
» Consider it a ‘training run’ (for BSM searches)
* |ncredible how much we learned about the tools and techniques

» No one said it would be easy... But no one said it'd be this hard
No one said it would be easy

No one thought we'd come this far
[Sheryl Crow, 1993]
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Additional Material
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Jet Grooming

* “Trimming” http://arxiv.org/abs/0912.1342
(D. Krohn, J. Thaler, L. Wang)

e uses k¢ algorithm to create subjets of size Rg,p from the constituents of the large-R jet:
any subjets failing pti / pt < foyt are removed

free parameters:
feue and Rsub

-----

Initial jet p;ﬂ/pj,; < feut Trimmed jet

@ “Pruning” http://arxiv.org/abs/0912.0033 (S. Ellis, C. Vermilion, J. Walsh)

« Recombine jet constituents with C/A or kt while vetoing wide angle (R¢yt) and softer (z¢t)
constituents. Does not recreate subjets but prunes at each point in jet reconstruction

free parameters:
Zcue and Reye
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Jet Grooming

s “Mass droplfiltering” http://arxiv.org/abs/0802.2470
(J. Butterworth, A. Davidson, M. Rubin, G. Salam)

 |dentify relatively symmetric subjets, each with significantly smaller mass than their sum

Mass drop: create 2 subjets > g g
e min([(p7 )=, (p7)7] 5
p f:} L iﬂ[ > X ARfI-f"" > yCLI[!
C/A BN o @“ ( Miet) JisJ2
> | o
'*‘D 3 \‘ L
%2 A free parameters:
%O O}
x“ O
o S Ufrac and Yecut
Initial jet m/' M < pgac and Y > Yeur

Filtering: constituents of |1, j2 are reclustered using C/A

free parameter:
Reiit

Initial jet R = min[0.3, —3*2] Filtered jet

Roman Kogler 50 Searches with boosted signatures in CMS



[EXO-13-009, JHEPOS, 174 (2014)]

V+Jets Background in {v+]et and {{+]et

» Obtain V+jets background from low mass sideband in Mjet

» Shape of Myvy extrapolated to signal region using transfer function

V-+jets
Fyucsr (mvv)
amc(myy) = FVHjets

MC,SB (myv)

advantage: retain

» Correct sideband for non-V+jets backgrounds sensitivity in tails
» Validate in simulation and high M sideband
CMS Preliminary, 19.5 fb” at {s = 8 TeV, W—>uv HP CMS Preliminary, 19.5 fb" at Vs =8 TeV, W— e v HP
o B W+iets @wwwzizz - ;'\""'"""""""":
> T Sinale T 3 0.25F ! — + — Sideband —7
" M nae b - -.---- Signal Region .
(5 10 e data [ Uncertainty E C o Bl
8 40 < Mjet < 65 GeV ] + 0-2:— \ ------------------ o Alternate PS -
N 3 % - \ - a:Alternate Function s
E 1; _; o 0.15/ \ _E
5 | : g f | |'°
Lﬁ 10” = = - “ _:3
] L o .
.2_. P IR R R | ) | m : \
10 1000 1500 2000 2500 3000 = L) {2
My (GeV) 005/~
e 41— ' ] ; 1
E| g o ; E e E
..gb% 0f*-4-¢ R * . I B T BRI RS
% :i Z + E 1000 1500 2000 2500 3000
1000 1500 2000 2500 3000 Myw (GeV)
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