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https://build-your-own-particle-detector.org/models/lhc-micro-models

B2G-17-001 (submitted to Phys. Rev. D)
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>Why search for diboson resonances?

>Boson reconstruction
" jet substructure
> Diboson resonance searches

= all-hadronic VV/Vh final states
= di-Higgs (hh) final states

" (semi-)leptonic VV final states

Results of 4 analyses
shown publicly for the first
time today
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http://arxiv.org/abs/1708.05379

@) The hierarchy problem

N

>how can we explain the big difference between the weak force and
gravitation?

Iu2 — \v’ = 9%4]\4‘%[/ N-<< Mpy N-

>no symmetry in the standard model (SM) protects the Higgs mass -

> ,natural” explanation would be that SM is replaced/extended by another
theory at the TeV scale: y2 ~ (heavier scale)? =» new particles

>these theories could be (among others):
>SUSY: protecting the Higgs mass by a symmetry

>Composite Higgs: the Higgs is not elementary

>Large/warped extra dimensions: gravity is strong at electroweak scale
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0 2-Higgs-Doublet-Models e

N,

> 2-Higgs-Doublet-Models (2HDM)
one of the simplest extensions of
the SM

= motivation from SUSY, axion models,
baryon asymmetry, ...

> usually two complex scalar SU(2)
doublets leading to five scalar Standard Model
Higgs fields: Prediction

= charged scalar (H*), two neutral scalars
(H and h), one pseudoscalar (A)

>Here: light scalar (h) 125 GeV
boson

Higgs
Boson

= heavier particles’ mass > 2xXmw/mz/mn

Here:
mostly scalar (spin-0) resonances
decaying to pairs of SM h bosons

(decays into W/Z pairs also possible)
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http://www.fnal.gov/pub/today/archive/archive_2011/today11-05-13.html

www.learner.org

i) Composite Higgs

N,

t
>The Higgs could be non-fundamental H H
>|nstead: bound state of a new strong
Interaction
t

> Brings along new heavy particles/
states

>Heavy partners of SM particles decay
to lighter ones (W, Z, h, top, ...)

Here: “3?%
spin-1 (W’, Z’) resonances =
decaying to pairs/combinations of W, Z, h H
interpretation in “heavy vector triplet” ,
framework (W’/Z’, V’) New interaction
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https://www.learner.org/courses/physics/unit/text.html?unit=2&secNum=11

. . Eric Williams
@) (Warped) extra dimensions?
>SM fields are confined to four- Planck-brane TeV-brane
dimensional ,membrane”, Bulk model
gravity propagates in additional
dimensions 5D bulk

Hi
Fermion 1995

> Change effective Planck
constant, reducing Planck
scale to close to electroweak
scale

gravity

Gauge Boson

> Overlap of 5D profiles at TeV-
brane (and Higgs) determine
particle masses

Here:
> Additionally, if distance between spin-2 gravitons
two branes is not fixed, decaying to pairs of W, Z, (y)
additional fluctuations can —
occur spin-0 radion fluctuations

decaying to pairs of SM h bosons
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http://de.slideshare.net/EricWilliams21/ran-30953217

&) How do we observe these signals at the LHC?

NS

>In diboson final states, should be

able to observe excitations/ g )
resonances/fluctuations {
>Spin 0, 1, or 2 o b
X 7
>Depending on model parameters, .
resonances can be narrow or wide 2R —()

= model-independent interpretation important

>Majority of analyses presented here g b
focus on narrow resonances
(width < detector resolution),

mass 2 130 GeV
q
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JHEP 1409 (2014) 060

C\@ Status |ast yeal‘ B2G-16-007 (accepted by Phys. Lett. B)
= = n n Wrw-
>Performed statistical combination _ o 7
of all CMS Vs = 8 TeV (2012) and S| Moas a
2015 13 TeV diboson high mass g
analyses B
1073 gv =3 ]
>Benchmark models: 50010001500 3000 3500 3000 3300 4000
M, [GeV]
= Heavy vector triplet (HVT) models A and B o 2.|3-2|.7ft|>'1 (13 TeV) + 19.7 fo” GACY
. g 21— Asympt. imits CMS _|
= Bulk graviton model R i Wiy f
o T e 68% expected
>While individual analyses showed $ [ S oeded
B gV—S)

deviations from SM background
expectation > 20, combination _
showed none ;

—e— Ivbb (8 TeV)

>Full 2016 data (35.9 fb-1) analyses G TeV)
. . gn = -1 —*— qgbb(4q) (8 TeV _

have significantly higher - - e

- - liv@BTeV) . hgg(13Tev ]
SenSItIVIty i —=- llqg (8 TeV) +Ill‘.)qg/lirb35/vvb)5(13 TeV) |
02k | —— vgq (8| TeV) —— qgqq (‘||3 TeV) i

= signal cross sections 13 TeV to 8 TeV a T 2 3
m,, (TeV)

factor 2—5 higher

all-hadronic 13 TeV analyses most sensitive
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https://arxiv.org/abs/1705.09171
https://arxiv.org/abs/1402.4431

Boson reconstruction




o) Reconstructing heavy resonances

N,

> For high mass resonances, bosons
will be very energetic
=» collimated decay products

>Need to develop dedicated
reconstruction methods

> Hadronic decays of bosons:
= boson-tagging"
= exploiting substructure of jets

> Leptonic decays:

= special isolation for dileptonic decays g

= dedicated reconstruction algorithms for
high-pt leptons

= new T-identification algorithms

05.12.2017 Clemens Lange - Search for heavy resonances in diboson final states at CMS

11



JME-13-006 (JHEP 12 (2014) 017)

i) Hadronic boson identification

NS

> At CMS use anti-kr jet algorithm
withR=04

> Already for resonances of 1 TeV a
significant fraction of cases where
the boson decay is contained in a
single jet

>Increase jet size to R =0.8 to
contain full decay within ,,fat” jet

8 TeV

L] I R PR PN roussa e s s
g Lo ., SMS ]
()] imulation
S o8- " -
© i .
CE) F=- - —eIa— Merged jet efficiency .
§ 0.6/~ single CA R=0.8 jet .
S o4l R (e < _' back-of-the-envelope calculation:
8 : - —Ela— Resolved jets efficiency N
o - two AK R=0.5 jets 7
r . AR (qet) <01 ‘. for a resonance of mass 1 TeV
A e : the bosons from the decay will
00 400 600 800 1000 1200 _ .
W boson p_ (GeV) have PT 0.4TeV=>AR=0.4
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https://arxiv.org/abs/1410.4227

o) Jet grooming

>We know the masses of W, Z and
Higgs very well =» can use them as
constraints

>However, large number of particles
in jet =» rather bad resolution

>Jet grooming removes soft and
large angle radiation

> Strategy:

= recluster jet using Cambridge-Aachen
(CA) jet algorithm

= iteratively break into two subjets

?

B2G-17-001 (submitted to Phys. Rev. D)

CMS simulation (13 TeV)
0 0.12r
g - -.--- glg jets, PUPPIl+soft drop
> 0.1— i — a/g jets, ungroomed
S [ it —om- W — g, PUPPI+soft drop
= 0.081 : i —— W — @', ungroomed
S B ;" 3
0.061 .
0.04 ?
0.02f
O;"-—'I' Jovmw b=t ) ] | i1|_‘|‘|-|-|-4_..1_..1..|-|—41
O 20 40 60 80 100 120 140 1e

0180 200
Jet mass (GeV)
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http://arxiv.org/abs/1708.05379

CERN

. . . . JHEP 0804:063,2008
W) Reminder: jet clustering algorithms

>kr-algorithms: sequential nloev LA S
clustering

> Examine four-vector inputs pairwise
and construct jets hierarchically

> anti-kr: preferentially merge
constituents with high pr with

respect to their nearest neighbours L
first

= undoing merging yields one high- and one
low-pT subjet

>Cambridge-Aachen: no pr-
weighting, merge based on spatial
separation only =» undoing
clustering yields more pr-
symmetric subjets

05.12.2017
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CE/RW . B2G-17-001 (submitted to Phys. Rev. D)
/) Jet grooming arXiv:0802.2470, arXiv:1307.0007, arXiv:1402.2657

>We know the masses of W, Z and

' before grooming, pileu
Higgs very well = can use them as 9 g pileup

removal is performed (PUPPI)

constraints
> !—Io_wever, large number of. particles ., CMS Simuator (13 TeV)
in jet =» rather bad resolution 277 .
g - ----- g/g jets, PUPPI+soft drop
. 0.1— . — qg/g jets, ungroomed
>Jet grooming removes soft and § - L L0 W — g, PUPPL+soft drop
large angle radiation = 0,08 . i —— W —qg, ungroomed
© _ : 3
> Strategy: 0.06] -
= recluster jet using Cambridge-Aachen 0 04:_
(CA) jet algorithm L '
= iteratively break into two subjets 0-02;
= remove softer contribution (and continue Oc%Wélo bt 1601%0141101?50180 =
with harder one) if: Jet mass (GeV)
soft-drop min(pr1, pra) SR Modified mass-drop
iti Igorithm (MMDT :
condition PT1 ¥ PT2 agonthm (MMD 1) use of soft-drop algorithm new

= stop otherwise w.r.t. 2015 — previously used
pruning = perturbatively robust

> Cut on mass window (~£10 GeV)

05.12.2017 Clemens Lange - Search for heavy resonances in diboson final states at CMS
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JHEP 1103:015,2011

o) N-subjettiness

>For boson-tagging: want to quantify how 2-subjetty a jet is

>=% To what extent is energy flow aligned along 2 momentum directions (N=2)?

1 | 2 axes 1 axis
TN = d—ZPT,k min(AR; g, ARg g, ..., ARN 1) "
PN N
normalisation sum over particles minimise distance to

candidate subjets

low values of Tn = compatibility with the hypothesis of N axes

Boosted W Jet, R = 0.6 Boosted QCD Jet, R = 0.6
227 T , - 58— , . , ,
ot L \\\ 4 L //// - \\\\ i
W-jet . s~ QCD-jet
/ \ / . n I\
1.8 _ \\ 1 54f /) _ . v
I \
I - @ v ! alie) ]
16 ,: " o . | .52 I |
] 1
\ I M » .
1.4} \\ . D = /I | St \‘\ .O
120 2 agl N . 3
. _2axes - o laxis -
1} RaE - 4.6 el T
02 0 02 04 06 08 1 12 1 -08 -06 -04 -02
n n

05.12.2017 Clemens Lange - Search for heavy resonances in diboson final states at CMS



CERN n " . B2G-17-002 (EUF. Phys. J. Cc77 (2017) 636)
\\/_DI N -SU bj ettl ness ratl o CMS DP-2017/026

>Bare TN has very little discrimination power
> Take ratio T2/T1 instead

>Note: rather complicated variable, difficult
to model =» need to validate in data

> Clean sample of W-jets: top-antitop quark
pairs used for calibration
(W-jet ptr ~ 200 GeV)

n x1 06 [ I)(I TI \I/II-| IT Iqlqlb§ | T 1T | T 1T | T 1T | T 1T | T |3§.|9|flb-‘lI I(‘:SI -Irle\I/)

- 1 2 anl 7

0 (iMS Prelminary 3581’ (13 TeV) § 80 - CMS _ ¢ Data Background simulation -
g ~ Puppi T21 < 0 35 [l Diboson L L H(bb) mV.=1200 GeV  ----- mV.=4OOO GeV
S 700 - B WJets 0= W(qd) —— m,=1200GeV  ----- my,=4000 GeV 3
@E [ SingleT = Z(q9) m,=1200 GeV ----- m,=4000 GeV -
- I tt 60— . . : ]

600 = e data m high purity : low purity .

- ; —— fgnadata - ' -

500 e MC 50— —

— fbackgmuncﬂata — .

- f rouncMC B ]

400 — — fdata 40— —

— . = fgMC : _

300 30— —
200 20 —
100 — 10 3

0 — — S — SRR T B e o = 0 — NS = .

A L o L S o 01 02 03 04 05 06 07 08 09 1

Puppi SD mass [GeV]

N-subjettiness T,
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http://arxiv.org/abs/1707.01303
https://cds.cern.ch/record/2275225

CE/RW
3

NS

05.12.2017

Higgs=*bb tagging

>Higgs has higher mass than W/Z
bosons = T2/T1 less important, exploit
b-jet content instead

> Previously, two different strategies:
= identify b-subjets
= tag fat jet
> Already 50% lower mis-tagging rate
than W-/Z-tagging

>Run-2: dedicated Higgs-tagger —
double-b tagger (MVA-based):

= inputs based on observables from secondary
vertex and tracks associated to each T1-axis
(27 total)

= significantly better background rejection

> For resolved Higgs decays: new
DeepCSV discriminator

Mistagging efficiency (g—bb)

CMS-PAS-BTV-15-002

T-axis1
T-axis:2

double-b

CMS Simulation Preliminary (13 TeV)
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All-hadronic VV/Vh final
states




Candidate ZZ event
Dijet mass: 3.2 TeV

>Boson branching fractions to
quarks very large:

= W/Z =» quarks ~69%
= Higgs =» bb ~57%
> High acceptance
= |large reach in resonance mass

>For heavy resonances: dijet final
state

> Challenge: background estimation
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B2G-17-001 (submitted to Phys. Rev. D)

@) All-hadronic VV analysis

N,
10 8.9fb" (13 TeV)
o : ? | CMS | ggibrﬁex,iagmséaev o
> Dijet final state: WW, WZ, ZZ (=VV) S |
I

g W
> High trigger thresholds osf 4 * i
S |

= Hr-based (scalar pt sum of all objects in 0.6/ | .
the event) ot o islals;g/?:grifsﬂmg GeV| ]|
0.4 4 Hbesedngges
. h|gh'pT Jet W|th SUbStl‘UCture I T ** —h— Subsc’;}ucj’éure triggers |
0.2; 'u >99%: m; > 1095 GeV |
>Trigger at ~100% efficiency for : |
myy > 1.05 TeV 0000 1500 2000
Dijet invariant mass (GeV)
= apply cut on reconstructed dijet system g 3591 (13 Tev
_ _ i S Fems T W bata
> Define different 12/T1 regions: 12005 65 Gov <m < 105 Gev - SrZOTeV) ~wwW ]
2 | m<25,p_>200GeV L gisTey)—az ]
. . 1) —m. > e Wi+jets ]
= high purity to suppress background 51:;)2;&4%” by et e éégtﬁy‘b‘v: :
= low purity to recover signal efficiency at f Migh L oo ookt
high masses _FPUMtY . Fowis E
: o ity] ! :
> Split W and Z samples based on wof gt PUMY L E
. - E v 1 BRI . '.._. —
soft-drop jet mass e T e
cU 1_5;_...§ ...... :m,m;:.l.l.l.l:.é::::::l.l.l.l.l.l.l. ....... — .............................. ...................... o ........................... =
(65-85, 85-105 GeV) g%o L e e e o
] n.. e — | - ';;
0 02 04 06 08 1
PUPPI 1,,,
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http://arxiv.org/abs/1708.05379

) VV background estimation (1)

NS

> After selection, still dominated by
QCD multijet events g

> Difficult to obtain sufficient number
of simulated events g

>Need a data-driven approach

> Exponentially falling spectrum

= since we are in the trigger efficiency
plateau

> Can use fit function and perform a
so-called bump hunt

05.12.2017



. . B2G-17-001 (submitted to Phys. Rev. D)

C\@ VV background estimation (2) B2G-17-002 (Eur. Phys. J. C 77 (2017) 636)
>Na|\|/delél, f:ﬁg]g ’tshenr;l[;J spectrum 359 6" (13 TeV)
cou w W SIig CGD) E CMS —FCMS data E
> Also, need to avoid claiming false S10°E Bl 2 par. background it
discovery (in particular in tail) -~ £ T G(2 TeV)—~WW (0 = 0.02 pb) -
% 108 = WW, high-purity _
> Fit function: L mi<25, p,>200 GeV =
B ) P, 102 m; > 1050 GeV, IAnjjI <1.3 _E
AN Po AN _ Po(l—my/\5) : E
dmyg; — (my;/v/s)P2 7 dmy; (myi/+/s)"> oL _
2 parameters 3 parameters - -
1 =

... N parameters

>Number of free parameters ol I PRSP SRR SO N
determined by F-test: S O v s P R
| cl)_2 _°' ........... L ——— I— _

= check if quality of fit improves by > 10% 1500 2000 2500
confidence level Dijet invariant mass (GeV)

= if not, stick with current fit function spin-1 and -2 interpretation

> Extensive bias tests conducted

. i i see also Vh analysis (B2G-17-002
>Combined signal+background fit

performed
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Di-Higgs (hh) analyses
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B2G-16-026 (submitted to Phys. Lett. B)

@) hh analysis — high mass

N

> Dijet final state: hh=»2 bb-jets be:ag f

>New background estimation technique:

Alphabet-assisted bump hunt '/Anti-tagged region

= define anti-Hbb tagged region

= parametrise anti-tagged to tagged ratio to
constrain background from sidebands

LI
-~ .
v —
—~ ..

—_—

= perform dijet fit

35.9fb' (13 TeV) * _ o~
> 3 ~_ TTcategory: Signal regon
s F cMms + Dare NS E Signal region, sidebands
cC\DI H —— Background pre-fit ] of the peak jet mass
o 10°= e Background post-fit —= .
T e Bulk graviton 1600 GeV = _ — S ?5-|9 fo” (13 Te.v)|
() - i ] M-
3 - — Bulk graviton 2500 GeV - = 10* = CMS —— Bulk KK graviton (x/My, =0.5) =
10 ¢ Signal cross section = 10 fb = 5 : Observed 95% upper limit E
: IIIIIIIIIIIIIIIIII; Ig 1035_ T EXpeCtengO/OUpperIimit _E
15 all £ . I Expected limit + 1 std. deviation 3
- Y Ul T 102 :_ Expected limit + 2 std. deviation _:
L 1) \\:\\\ /l\ §
-1 L A ~§.~~~~~.~.~ .
1 O E “: ~~~.~~:::~~~.... \\ \>_</ _
: 1 1 Ip"‘ 1 “P 1 1 .~T..~ | \l 1 1 1 m 1 O §_ _§
TG 2 i e e L L L L I p : x n |
1S T 11 predicted using 1 L ]
gE t sidebandonly & &
0] 2 o . -
I

' . . q
1500 2000 2500 3000 10714
M e [GeV]

5000 2500 3000
] ] ] m, [GeV]
spin-0 and -2 interpretation 25

| | | | | | | | | |
1000 1500
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. . HIG-17-009
@) hh=>4b analysis — low/medium mass

N

>Can go lower in mass 35.9 fb™ (13 TeV)

¢ Data in SR

= go from boosted dijet final state to (semi-) — GaussExp fit
resolved final state g
> Select 4 anti-kt (R=0.4) jets b o 017

* low mass region: 260-620 GeV
= medium mass region: 550-1200 GeV

= profits from DeepCSV b-tagging algorithm 600

> Also uses parametric background

- - 400}
estimation :
200/
i 35.9 fo! (13 TeV) i
i ? CMS Spin-2 O I T T RN Y T T N
‘g : Preliminary -F-) ------ Expected Upper Limit % 4 §
g0 s g S
T = ——e—— Observed Upper Limit 5_ +
% B Bulk Gravitozpk/Mm:O.S gg l ; l ; + l ;
@ -® | ! 1 | .
1102 = | —1 = % +
il -2F
g SE e
10 550 260 270 280 290 300 310 320 330
m, (GeV)
1 PN T T T T T T T O W AT W T T N A A A A M O

300 400 500 600 700 800 900 1000 1r:120(Ge1V2)00 spin_o and _2 interpretation
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https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-17-009/

B2G-17-006

NS
X — VH — qqut 35.9fb" (13 TeV)
. . Z Frr T o1 L L I
>Large number of di-Higgs analyses 3 [ ocms ~+ Data :
- reliminary . -
. © 60 V+jets —
In CMS ; 11, 1x, Hf: ) -tf, t+X :
_ ‘§ 50 772 Bkg. unc. .
= resonant and non-resonant (self-coupling, i 58 | VSR HeR | HSB -
probing the electroweak symmetry breaking 40 ' ' -

potential) interpretation

= hh=»4b analyses most sensitive at high
invariant hh mass

X —>HH—>bbr1: 359fb (13TeV)

%: :' CMs | o LN | g 2 X/ ndf = 24.8/42 =
(g Preliminary ¢ 32}2}[3 ft?ZI §§1};;¥ HHH-{;}}H;;{»;*H 4! 61}-{1}}-;-3-‘4—;— *HJ%
g 10/~ 11,1, 2 b-tag, H mass region -tf, t+X = ;%Z _4E - - - 55 3
é i Elrtel_]fr:f ' - - jet softdrop mass (GeV)
o — m,=2000 GeV | :
= S Radion (A1) >Another example: hh=»bbTT high mass
) analysis
= dedicated high-pt h=>1T reconstruction
| = spin-0, -1 (Vh=»qqrT), and -2 interpretation
2 T >Also have analyses covering hh=»bbyy
3 (HIG-17-008), bblvlv (HIG-17-006) and
Z 1000 1500 2000 2500 3000 3500 4000 low mass bb1t (HIG-16-002

m, (GeV)

spin-0 and -2 interpretation
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https://cms-results.web.cern.ch/cms-results/public-results/publications/B2G-17-006/index.html

N,

o) More on di-Higgs production

spin-0 interpretation

CMS Preliminary 35.9 fb-1 (13 TeV)
§ | I I I I I I I I I |
—~ 10 bbVV arXiv:1708.04188 |
T B - E
T - bbrt arXiv:1707.02909 E
| - bbrr PAS-B2G-17-006 -
>/F 103 bbbb PAS-HIG-17-009
o) = bbbb arXiv:1710.04960 3
© n bbyy PAS-HIG-17-008 -
= = _
o 102k ---. Expected |
é ; . — QObserved E
(—_') i / Spin-0 i
o\o 10 TTN L ..., I
O - =
o . 1

B ] ] ] ] ] ] ] I ] ] ] ]

300 400 500 1000 2000 3000 4000
m, [GeV]
bblviv (HIG-17-006) bbbb (HIG-17-009)

bb1Tt (HIG-17-002, submitted to Phys. Lett. B)  bbbb (B2G-16-026, submitted to Phys. Lett. B)

bbrT (B2G-17-006, submitted to J. High Energy |

Phys.) vy (HIG-17-008)

spin-2 interpretation in backup
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https://arxiv.org/abs/1710.04960
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CE’RW
\\_/

(Semi-)leptonic VV final
states




& (Semi-)leptonic final states

NS

> Requiring one or more lepton(s) in
the final state reduces background

significantly
= covering large number of final states (Iv2q, @ signal
41, 212v, 2q92l, 292v) and large mass range N background 1
background 2
>Lower trigger thresholds " ® background 3
* ¥ data

> Simulation-assisted background
estimation performed

= distinguish different background processes

= ratios for sideband to signal region
extrapolation

= or directly using simulation

> All analyses combined cover mass
range from 130 to 4500 GeV
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C\E/R-W
ad

> Several different analyses:
= high mass spin-2: 212v (B2G-16-023)
= high mass spin-1/-2: 2q92v (B2G-17-005)

= intermediate to high mass spin-1/-2: 212q
(B2G-17-013)

* low to high mass spin-0: 4l, 212v, 2I2q
(HIG-17-012)

>Recently released: B2G-17-013
= 2129 final state

= dedicated low and high mass analyses

= analysis extends from 400 GeV up to 4.5
TeV
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ZVI|ZZ (Z=>vvV/ll) analyses
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https://cms-results.web.cern.ch/cms-results/public-results/publications/B2G-17-012/index.html

HIG-17-012

@) ZV/ZZ (Z=vvl/ll) analyses

N

>Recently released: HIG-17-012 o 02 MS Preliminary [FTRG 359 fb (13 TeV)
'§ 018 all categories, resolved jets  * D@ -

I I — ggH, ,,(800)-2Z ]

> Combination of 41, 212v, and 2129 2 016 g oy
: o 0.14 Bz ets =

>MELA (Matrix Element 5 042 . E
Likelihood Analysis) discriminators ¢ o B 2z w2 =
for 41 & 212q (for spin 0 & spin 2) - 322 E
> Considers S+B interference 0.04 ’ o e

0.02
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CMS Preliminary Simulation DZJJ
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CE?W
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N,

ZVI|ZZ (Z=>vvV/ll) analyses

HIG-17-012

35.9fb' (13 TeV)

> Considers ggH and VBF production g
>Model-independent limits from 130 N L, reoeer.
tc) 23()()() (:;EE\U/ ?F - S ;;;;

= up to 30% resonance width T 10 s
10_

A

0.3

I'y/my

0.25

0.2

0.15

0.1

0.05

0

130 200 300 400500

05.12.2017

CMS Preliminary

----------- Expected 4l

----------- Expected 212q
--------- Expected 212v

~
»
L3 & i g g g gt e

L EEEEEEssssssssaaa
e ]
.......

-

1500 2000 2500 3000

m, [GeV]

35.9 fb™ (13 TeV)

mEss Expected + 1o 1
------ Expected = 20

—— Observed =

------ Expected 4l .

------ Expected 2I12q :

------ Expected 212v 7

500 1000
35.9fb" (13 TeV o
AL 7o) CMS Preliminary
] o g O
o= 2 ClveETh o
2x10 N = -
N T'= V
10 1 p oo
x < £
TR
30 o g
20 ) 5 10~ e
(e R
o o sl
1 O -": — ‘:~..,.,., ~..,_,_, __.
E — S
_i 1072 =
3 O - S
2 5 IR
o | ‘
1 10—3 T I I R T
2000 3000 500 1000

m, [GeV]

Clemens Lange - Search for heavy resonances in diboson final states at CMS

1500 2000 2500 3000

m, [GeV]

33


https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-17-012/index.html

o) WV (W=>lv) analysis

>New analysis approach for WV=»lvqq analysis
= do not use jet mass windows anymore

>Instead: 2D fit in (mwv, mjet) plane - use full V jet mass range:
30 < mjet < 210 GeV

= make better use of correlations between mwy and miet
= much more sideband statistics — use full line-shape of jet mass

= become less dependent on simulation — learn from data
> 2D fit: distinguish between

= non-resonant W+jets (W(lv)+jets, ttbar with non-W V jet)

= resonant W+V (ttbar, diboson) background processes
! | signal__
X “ X \

—

é Je'/‘ mqsS

non-resonant

resonant W+V

W+jets
background

background

resownawce .“_z
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@) WV analysis parametrisation

> Using conditional probabilities for signal and each background
component starting from simulation

Non-resonant

= taking into account scale and resolution ~
> Signal peaks in both mwyv and mjet: T
Paig (mwv, miet|0(Mx)) = Puy (mwvy|01(Mx)) X Pj(1iet|62(Mx)) | 3 5
m
>W-+jets background: /
" N
= Conditional probability of mwy as function of mjet: §
Pw_tiets(mwv, Mjet) = Pwv (mwv|mjet, 61) X Pi(met|62) R <
>W+V background: MW \
Py v(mwv, mjet|0) = Pwv(mwy|[01) X Pj(1hjet|02(mwv))
/rcsov\amc M‘:Z
Signal
Resonant
/N 1N
>H 1 H(v fﬂ - ? l i :A/
H ot m

05.12.2017




) Post-fit projections ST
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CERN

\/wl

N,

Ogse,, [PO]
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10

High mass diboson resonances summary

heavy vector triplet (W’, spin-1)

bulk graviton (spin-2)

Autumn 2017 35.9 fb' (13 TeV

N

Bulk Graviton (k = 0.5)

I?rg,l!':inary 95% CL upper limits
—— Observed ------- Median expected
——e HH—2b2t —— ZZ—2q2|
——— ZZ—2I2v WW—4q
—— HH—4b ZZ—4q
— ZZ—2Q2v WW-—-2qlv

LI
=
----------------

T IHI” 1 IIIHI| 1 Illlur I IIIIIH| [ TTTI

Gy, [TeV]

HH=>2b21/WH=»2q21 (B2G-17-0006)

ZZ/\WZ=$2q2| (B2G-17-013)

ZZ=¥212v (B2G-16-023, submitted to J. High
Energy Phys.)

WW/IWZ/ZZ=¥4q (B2G-17-001, submitted to
Phys. Rev. D)

Ogse, [PO]

Autumn 2017

35.9 fb' (13 TeV

N

10
HVT model B

95% CL upper limits
Observed

CMS

Preliminary

WH—29g2t
WZ—2q2l
WZ—2q2v
WZ—-2qlv
WZ—4q
WH—29g2b

T IIIIIU______ o

10"

1072

Median expected

1073

W' [TeV]

WW/WZ=>2glv (B2G-16-029)
7Z=$2q2v (B2G-17-005)

HH=»4b (B2G-16-026, submitted to Phys. Lett.

B)

WH=»2q2b (B2G-17-002, Eur. Phys. J. C 77
(2017) 636)
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https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/B2G-17-006/
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/B2G-16-029/
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/B2G-17-013/
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/B2G-17-005/
https://arxiv.org/abs/1711.04370
https://arxiv.org/abs/1710.04960
http://arxiv.org/abs/1708.05379
http://arxiv.org/abs/1707.01303

o) Challenges ahead & conclusions

NS

Cha”enges: Candidate ZZ event

Dijet mass: 3.2 TeV

>Run-2 data set will yield higher
statistics, but no increase in centre-
of-mass energy

> Imperative to further improve

methodology
= multi-dimensional fits make best use of
statistics
> Further work needed on >CMS has an extensive diboson
understanding jet substructure resonance search programme
= new boson tagging algorithms on the > Several additions and
market improvements w.r.t. previous
= can also profit from machine learning analyses

= significantly higher sensitivity and
extended mass range

>\Well set up to make best use of full
Run-2 data set
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vector bosons are produced
with a longitudinal polarization
in more than 99% of the cases,
resulting in a ~24% higher
acceptance per boson than

for models producing
transversally polarized vector
bosons

10—2IIIIIIIiIIIIiIIIIiIIIIiIIIIII

1 2 3 4 5 6
M, [TeV]
HVT model B HVT model A
1 ; : ; : : ; : 1 ; : : : ; ;
N T N R ww __ — — ww
ZH ZH
SRR SRS S S e Wz
SRR SRS S S WH [ R WH
E I S S S SO S-St SUUPPPPTRRRN :;
oC
m S S AT ST ST SRR SN A
S S AN SN T SN SN A _\\ .....................................................................................................................
|||i||||i||||i||||i||||i||||i||||i|||| 10—2IIIIiIIIIiIIIIiIIIIiIIIIiIIIIiIIIIiIIII
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D) Soft drop vs. pruning

N,

Pruning: Soft gluon radiating  Softdrop: All soft stuff
into jet not removed removed. NGL free

Y
A

from F. Dreyer .

09}

0.8 | SOftdl'Op

0.7 f;_«,__ﬂ—-é»“— ...... e ————
W A

>Pruning not “perturbatively robust”

£€g

%51 UE reduce signal eff.

= not soft radiation free 0.4 |
o | 0al at low-pt o
= nonglobal logarithmic terms (NGLs) in mass ' FSR+ISR — — - |
0.2} Hadronisation —-— |
> SOft drop 0.1 Hadronisation+UE ««eess )

500 1000 1500 2000 2500 300

= removes all sensitivity to soft divergences pr [GeV]

= however, signal sensitive to underlying event (for multijets, pruning more sensitive to UE)

= correct with PUPPI| and mass corrections
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/w] CMS DP-2017/026

W W-tagging at high pr

> Previously used simulation-based extrapolation of scale factors

>Now have data-based calibration available

%) B 0 -
‘50.25 - CMS — MC fit B W-ets £ [ CMS —— MC fit B W-ets
AT - Simulation ... MC fit (unmerged) Single top 11006 ~Simulation ... MC fit (unmerged) Single top
~ Preliminary B _Preliminary B
02l L QCD - L QCD
' - B i (unmerged) 0.05 B i (unmerged)
3 300 < P, < 500 GeV 300 < P, < 500 GeV
0.15— 0.04
1 0.03
0.1—
] 0.02
0.05 -
. 0.01—
NEREREHEE NN EEE N AT sy |
50 60 70 80 90 100 110 120 130 50 60 70 80 90 100 110 120 130
W Subjet Mass (GeV) W Subjet Mass (GeV)
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JHEP 1410 (2014) 59

o) PUPPI (PileUp Per Particle Identification) e -is.00s

N,

T T [ T T T I T T T I

N T L B
é ? -neutrals LV
S | — neutrals PU
: : © 10"
> Tracks can point to PU vertices, 5
only keep charged tracks that 3
come from the primary vertex -
>Draw a cone around each neutral
Particle Flow candidate 10°
0 0.2 0.4 0.6 0.2_3 ht ( C)1
. . . oLl
> Define a local metric, q, that differs WEIGHS
between pileup (PU) and Ieading - CMS Simulation Preliminary 13 TeV
O'1.41- 0 65 Gev <M <105 GeV
VerteX (LV) qc) [/ 65GeV <My <105GeV
;21.2_065GeV<MCHSd<105GeV+r <0.45
> For the neutrals, ask “how PU-like L 1_yzzg:§:x§j§: s
is a for this particle?”, compute a : i .
. . ey - 0.8 o Re R R QDR Ry | hro- |
weight for how LV-like it is : ]
0.6
>Reweight the four-vector of the o aaaaad: = -i‘ij——ﬁ
particle by this weight o +1 1:%
02_— pT>200 GeV
00 20 30 40

Number of PVs
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B2G-17-001 (submitted to Phys. Rev. D)

) V-tagging efficiencies
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CMS-DP-2017-005

o) DeepCSV performance
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. . . B2G-17-005
\f)’ alpha-ratio background estimation
X — VZ — qqvv 35.9 fb! (13 TeV)
. . . . % = [Tt Tt =
> Statistics in MC simulated samples S rof- Frelmnay W
. . . 2 - high purity To ]
still limited g i f V - - E
> Furthermore, analysis performed in I E
extreme phase space E E
>Use jet mass sidebands (40-65 o= by -
GeV, 135-160 GeV) to exploit -
correlation between soft-drop jet g - -
mass and resonance mass LB s e it el
= Higgs mass region kept blind jet mass (GeV)
.X._’.VZ._I’q.qVY _ - EN— I35I.9fb"l (1|3'|I'e\'/:)
>Determine ratio of simulated to 8 £ oous "+ Data E
data distributions in sideband o g ey
> Extrapolate to signal region using “ —meeTev ot
transfer function (based on | E
simulation) _1 .\
>Method accounts for data-MC 7
differences in shape and {1 TR TR T U S VR
n O rm a I i S ati O n = _‘%I (E;OO 15I()0 20b0 2560 SObO 35IOO 40§0

m{, (GeV)
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B2G-17-002

o) Vh analysis

x108 X — VH — qgbb 35.9fb™ (13 TeV)
T T T T | T T T T

= Loose and tight regions

> DIJet flnal State. Wh, Zh, thb % 30:_ CMS _ I+I ISatall L Ii%ac:(ground simullatioln_l:

o H(bb) m,=1200 GeV  =ee-- m,=4000 GeV

- - - 25 240 m1o00Gey . mio4000 Gev

> Using dedicated Higgs tagger 5 : I
201 .

15

>Same background estimation
strategy as for VV analysis
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> Uses dedicated high-pt H=>TT
reconstruction

= starting from fat jets, subjets
reconstructed and then subjectto 1
reconstruction and identification
algorithms

>3Spin 0, 1, and 2 interpretation

CMS Preliminary

%gmusmw

10

R
3 E all channels, HP and LP combined :)ll::::e;(pe cted E

o 68% expected
= 1 95% expected =
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> 107 E
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VH/HH = qq/bb 11 analysis
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CMS Simulation Preliminary (2016, 13 TeV)
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@) hh spin-2 interpretation

N

CMS Preliminary 35.9 fb1 (13 TeV)
§ B 1 1 1 1 1 1 1 1 1 ]
—~ 10t bbVV arXiv:1708.04188 |
T S y E
T - bbrr arXiv:1707.02909 E
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>T< ot bbbb PAS-HIG-17-009 |
o) - bbbb arXiv:1710.04960 3
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bb1Tt (HIG-17-002, submitted to Phys. Lett. B)  bbbb (B2G-16-026, submitted to Phys. Lett. B)
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