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The Higgs boson
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Mass (ATLAS+CMS): 125.09 + 0.21 (stat.) £ 0.11 (syst.) GeV/c?

BR(H>WW)=21% (50) BR(H—>bb)=57% (20)
BR(H>Z2)=2.7% (70) BR(H>1T1)=6.4% (40)
BR(H->vyy)=0.2% (60)
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The Higgs as probe for new physics
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Found one!

T

Does it look as expected? |s there more than one? Is new physics producing
more of it than expected?
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This talk
What new physics could we think of?
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The hierarchy problem

Why is the weak force 1032 times stronger than Planck mass
gravity? Or why is the Higgs boson so much mp, = 10" GeV/c?
lighter than the Planck mass? B

- Mp; = \’—
If new physics happens at the Planck scale G
radiative corrections to the Higgs mass need to be

fine-tuned in new physics theory to cancel at

electro weak scale
Higgs mass at EWK scale

Solutions mH=125 GeV/c?
« New supersymmetric (SUSY)) particles cancel .
the radiative corrections Y A W oo
« Extra dimensions reduce the effective Planck
This scale ;
talk |« Higgs is composite object and its mass e~
generated by a new interaction i,‘ ),i
S YU
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Extra dimension models

Solve hierarchy problem: gravity can propagate in

extra spatial dimensions making it appear weak

Models

« Arkani-Hamed Dimopoulus Dvali (ADD): N large r"“'f\\,.w %Sﬁ
extra dimensions of size x: Mp23.4 = Mp/2N,, 1y XN .

« Randall-Sundrum (RS): One warped extra
dimension of radius R: MRS = My e*™R

« Bulk scenario of RS model: fermions allowed to
propagate in bulk of extra dimension explaining
their unpredicted Higgs Yukawa couplings

Signature: Kaluza-Klein (KK) excitations of gravitons

(Grg) resonances

 RS1 scenario: Narrow resonances decaying
primarily to fermions

« Bulk scenario: Narrow resonances decaying
primarily to bosons (W, Z,, H)

« ADD model: Broad excess from many narrow-
spaced resonances
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Composite Higgs models

Solve hierarchy problem: Higgs is composite object

and its mass driven by new strong interaction NN

(like the mass of the proton is predicted by QCD) ;
Predict new heavy particles, Higgs is just one of the H | i /W
composite states formed by the new strong —

interaction, analogous to nuclear physics

Signature: Heavy (~TeV) copies of SM particles
decaying primarily to bosons (and top quarks)

Focus here on generalized Heavy Vector Triplet
model (scenario B) predicting W't and Z’' (analogues
to p*, p% in nuclear physics) decaying primarily to
bosons (W, Z,, H)
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What do we look for with the Higgs?

Does it look as expected? Is there more than one? Is new physics producing
more of it than expected?

19.7 o (8 TeV) + 5.1 b (7 TeV) cMs [5=7TeV,L=51";(5=8TeV,L=19.7 fb"
> e L e e
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This talk

SUSY SUSY, two-Higgs-doublet SUSY
models (h,H,A,H?)

Extra dimensions Extra dimensions .
This

Composite Higgs Composite Higgs talk

...and many other new physics scenarios

University of
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Overview on extra dimension searches

 CMS,L=1971b",(s=8TeV

* Slgnatures explored In CMS % 102? A High-purity doubly W/Z-tagged dataE
£ 10:— _git — WW (1.5 TeV) ]
a Y T '
» Narrow spin-2 graviton resonances: > 2«'
« di-jet, di-lepton, di-photon o LN
(most sensitive to RS1 scenario) LI:
- WW, ZZ, HH
g . = ol
(most sensitive to Bulk scenario) I g m —a —
©|© :
a 1 15 2 25
di-t arXiv:1405.1994 m;; (TeV)
° I-10 —uu |Ldt=206fb" (s=8TeVv
P . : . >105m|~~|u”"mljum|urul
(most sensitive to Bulk scenario with top) Sof cms B ot van
. :103 , Wz,
« Broad excess in mass spectrum: > 2, -
- . . CD10 .tt +single top
 di-jet, d|-Ieptpn, di-photon 10 oD AT
(most sensitive to ADD model) 1 d
. ata
10"
* Microscopic black holes: e
« multijets (09
10
500 1000 1500 2000 2500
arXiv:1412.6302 M, (GeV)
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Overview on W’/Z’ resonance searches

. . 19.5 b (8 TeV)
« Signatures explored in CMS T + oo
CMS B ZZ/Zy
10* B
B Z+Jets
CIwz

« Narrow spin-1 resonances:

v

W' (1.0 TeV)
— W' (1.5 TeV)

-
o
N w

Events / 100 GeV
3 2

« W/Z->dijets, W2lv, Z'->ll
(most sensitive to SSM/EGM)

L —_

+ WOWZ, ZSWW, W>WH, Z>ZH -
(most sensitive to composite Higgs Slgp

0 200 400 600 800 1000 1200 1400 1600

mOdels) arxiv:1407.3476 w2 (GeV)

« W->tb, Z’->tt
(most sensitive to topflavor W’ /
topcolor Z’)
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Outline for the remainder of the talk

Topology

|

Searches with W/Z

|

Searches with Higgs

l

Findings

|

Future

Boosted topologies
Jet reconstruction in CMS

W-jet identification
« All-jets WW/ZZ/WZ search
* Leptons+jets WW/ZZ searches

H-jet identification

* All-jets WH/ZH search

» Leptons+jets WH/ZH searches
 HH searches

Findings on extra dimensions
and composite Higgs models

Outlook to Run Il
« Search sensitivity
 Jet reconstruction

10 14 July 2015
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Boosted topologies

« Main challenge for searches for di-boson resonances above 1 TeV

u a rk CMS Experiment at LHC, CERN
Data recorded: Sun Oct 7 17:44:20 2012 EDT
Run/Event: 204601 / 869076077

Lumi section: 752
invariant mass = 2163.7

m = 2.16TeV

et =487.40
eta =0.145
phi = 0.202
mass = 10.63

et =291.95
eta = 0.446
phi =-3.120

mass = 11.14

anti-quark

d

P et = 350.55
/" eta=0.245 |

phi =0.012
et =764.91 mass = 13.46
eta = 0.584 N

phi = -3.037
mass = 6.37

e Quarks from W->qq' and Z->qq and H->bb merge into single jet
« Example: m=2 TeV Gg 2ZZ,
p%~ 1TeV, M, ~ 90GeV

M,
Pry

AR} ~ A" ~2—~0.2 < jet cone of 0.5

( ‘ University of
J Zurich™
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Jet reconstruction in CMS

Particle flow reconstruction
Key: Muon Jet clustering

Electron
Ch d Had .g.Pi 1
)”" - Neutrsl Hagrc:?\r;e(z.gNelgtr:Ln) (ant|'kT or CA)

----- Photon

Jet energy fractions
CMS preliminary, L=1.6fb" |(s=8 TeV

HCAL

ECAL

Tracker

1

Tracker ..

ni<25 .. ‘ .
ECAL P anaid 0 : :
< 5 4 -3 2 -1 0 12 3 4 5
In|<3 HCAL Muon [n|<2.4 CMS-DP-2012/012 n
T . |nl<5 = i

Particle Flow algorithm benefits from sub-detectors with best spatial+energy resolution

Detector pr-resolution n/d-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)

™) University of
) Zurich™

12 14 July 2015 Andreas Hinzmann



W/Z-tagging

CMS Preliminary Simulation, Vs = 8 TeV, W+jets
T T T T T T T | T T T T T T T

-% o8l ™ W(qq) in one R=0.8 jet -

I a nti -q ua rk qq_) z;z;z;z;:-;s;:;;;;;;;;;;;:;;; erged jet efficiency

0.6 single CAR=0.8 jet |

- AR (W,Jet) < 0.1 i

¢ 0.4 B esolved jets efficiency |

- two AK R=0.5 jets .

. AR (g Jet) <0.1 i

0.2 _ -

M - == W(qq) in two R=0.5 jets ]

ARmmzAHmlnzz V Q L TQW% o 17
“ 4 Pry 00 400 600 800 1000 1200

’ arXiv:1410.4227 p, (GeV)

» Above W/Z p>200 GeV quarks merge into R=0.8 jet

« Use discriminators based on jet substructure
« Jet mass - expected at W/Z/H mass
* N-subjettiness - Should look like composed of two smaller jets
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Pruned jet mass

| . : : 1—2
* Improve jet mass resolution by removing
soft, large angle particles . QCD
Z
D P(0) x 045%9
« Strongly reduce the mass of quark/gluon- Pl pr) e agP(z)dzﬂ
jets ’ ‘ pT
* Recluster each jet with Cambridge Aachen  ows simuaton
(CA) with R=0.8, requiring that each = — sMHiggs, m =00 Gev
recombination satisfy the following: % W :
llllll(pT1,pT2) > 0.1 or AR12 < 0.5 X et % _\>N<_“"g'°°med'°“"ass -

PTp pT

* Ellis, Vermilion, Walsh: arXiv:0912.0033
« Other “grooming” algorithms studied in
CMS-PAS-SMP-12-019 and
CMS-PAS-JME-14-002
* More in backup!

100 150
pruned jet mass

Al 1) University of
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N-subjettiness

1 jet axis

N-subjettiness is a pr-weighted sum over all .
jet constituents of their distance w.r.t. the
closest of N axes in a jet

N T dp ZPTI\ min ((ARqx), (ARzk)...(ARN))

I 1 2 subjet axes

Axes obtained by undoing last (N-1) step(s)

of k; algorithm 8 TeV
« Then optimize the axis directions once to & | | " cMs -
C e 5 - CAR0.8 Simulation
mlnlm!Ze .TN o . _C:) O'3j 250 <p <350 GeV X — W, W_PYTHIA6 |
Small 1 indicates compatibility with the B | mi<2a —— +<PU>=22+sim. |
. o C6°<’"' <10>0Gev ------- +<PU>=12 + sim. |
hypothesis of N axes s | == W-jets MG+PYTHIAG |
(O] —&— PU> =22 + sim.
No2- L +<PUs = 12+ 5im. -
Discriminating variable between W-jet £
(initiated from 2 partons) and quark/gluon 2 |
jets (initiated from 1 parton): 72 /71 011
Thaler, Tilourg: arXiv:1011.2268 I
0 m-' L
0

arXiv:1410.4227

12/11

15
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Pruning validation in g/g-jet data

* Pruned jet mass measured in dijet and W+jets data samples, allowing
comparison of g-jet-enriched and g-jet enriched masses

* Matrix-element plus parton-shower MC describes data at 10% level
« Generator differences particularly at low jet mass order 10%

_ s at Vs = |
108 EMS. L =5t Ia‘\F—I”IeV prunod AT Woget o 2 L _ 005 CMS. L=5b"at VS =7 TeV, Pruned AK7 _ |
> T . ) b= E T 125 - 1soeev 3 o F ]
—|o —— Pythia6, Tune 22 «  PT=125-150 GeV (x 10°) ® 15 PLEITI0EEIRN -5 2 r ]
\|0’107: ------ Herwig++, Tune 23 2 ] (g_) 1_II ‘ 1iis E 8 0'04: 300<p| <450 GeV -dl lets - {
e _ s+ PT =150-220 GeV (x 10°) s E A : 3 = C W+iet ]
3|5 | [_] stat. uncertainty - R A SRR SRR — 0.03k - |
o L I:I Total Uncertainty o ij=220-300 GeV (x 10%) | oE H R 3 oL
107 s PT,=300450 GeV (x 10°) 2 0.02f _jel_enriched
1.5 o
- — | 0.01F om
10°1 § = Ogé O s 10 o 180
..... m, (GeV)
_ 2
1.5E
i 5 °%F
05E ‘8 0.04f 300 < p}"® < 450 GeV
0: —
1 0.03F : :
10 c c
of oorf ¥ g-jet-enriched
F - v
1f s v
0_5§ : : g 0.0177 M v v
-3 ! E ; ; E r
10 150 % 50 700 150 oF ‘ Y vy Y.y .y .y gl
0 100 150
d ; t m, (GeV) d ; t s (GeV) d t m{VG (GeV)
prunead jet mass prunea jet mass prune je Mass

arXiv:1303.4811
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T,/T, validation in g/g-jet data

N-subjettiness compared in dijet and W+jets data samples

Matrix-element plus parton-shower MC describes data at 10% level
Generator differences particularly at low jet mass order 10%

Events / ( 0.026

Data / Sim

W-+jet 19.7 fb" (8 TeV)
|||||||||||||||||||||||||||||||||||||||_
CAR=08 CMS -
250 <p_ <350 GeV -¢-Data [] Z+Jets
il <21 [singet [t POWHEG+PYTHIAG

60 < m;,, <100 GeV J—
WW/Wz2/2Z :,”5 MC Stat + Sys
— W+jets MG+PYTHIA6

— W+jets HERWIG++

Data/MC MG+PYTHIA6 =
Data/MC HERWIG++ ]

i 02 03 04 05 06 07 08 09
N-subjettiness t,/t,

arXiv:1410.4227

Events

Data / Sim

3

10 Dijets 19.7 fb™" (8 TeV)
120 x T T T { T T T { T T T { T T T { T T T
B CAR=0.8 —¢— Data CMS |
| 400 <p_<600 GeV ——— QCD MG+PYTHIA6 -
100— <24 - QCD HERWIG++ I
| 60<m, <100GeV ... QCD PYTHIAS i
801~ LT 7]
60— _
40 — 7]
o0l _
Q- *
2
1.5¢
1E I {
05 j o i
O e+ . ooy ]
0 0.2 0.4 0.6 0.8 1

N-subjettinesst, /.
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W-tagging validation in WW-jet data

S TR £ 1)
E 250:—-tfPOWHEG+PYTH|A6|:|SingIet CMS—:
« Semileptonic ttbar sample o (R ERT
contains real W-jets § [ ommen Ml e
> 1/1,<0.5
N 150[- ' '
- I I
I I
- I I
100_ | |
I I
« Derive shapes for generator-matched W-jets o | |
and combinatorial background from ttbar MC :

40 50 60 70 80 90 100 110 120 130

 Simultaneously fit events that pass and fail the Prunediet mass (GeV)

W— uv 19.7 o™ (8 TeV)
T2/T1<0'5 cut 2 - itf PO‘WHEG‘+PYTH‘IA6|:‘| Sinlﬂet ~ oms :
g 120~ ) wwwz/zz [ V+iets MG+PYTHIAG |
~ r @ Data — = MC total fit
Data/MC scale factors S Mzbkgj‘s .
data MC scale factor / shift  #0f
efficiency 200<p,<265 GeV *0.96 +- 0.08
eeney <7 by T,/T,cut O
efficiency 265<p,;<600 GeV *0.89 +-0.10
40
mass peak position 845 +-04GeV 834+-04GeV +1.1+-04GeV
20
mass peak width 87+ 06GeV 75+-04GeV +16% + 9%

40 50 60 70 80 90 100 110 120 130

arXivi1410.4227 " runedjetmass (Gev)
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Analysis flow

Pruned jet mass

Trigger event
l CAS8 clustering
Reconstruct two bosons

W(lv), Z(ll), H(TT)

Estimate background
107

W(qq), Z(qq), H(bb), HWW->qqqq) — N-subjettiness /1
v
Reconstruct VV/VH invariant mass _  CMS,L=19.71b"(s=8TeV
% 10° A High-purity doubly W/Z-tagged data
- — Fit
_\Q 10 -~ Ggg = WW (1.5 TeV)
o
\ 4 ~
S
©
T

=Y
T \HHH‘ T \HHH‘ T \HHH‘ T \HHH‘ 2 HHH‘ T \HHH‘

Scan over resonance mass
searching for an excess

Data-Fit
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Background estimation — all-jets final states

« Assumption: Background has a smooth distribution and can be described

by a fit function

'y
o
N

« Simultaneously fit signal yield and background - CMS, L=197 M (s=BTeV
g A High-purity doubly W/Z-tagged data §
jlc:sl:{seww (1.5 TeV)

function in statistical analysis

—
o
A T

-t
TTI

« Advantages:
« No need for background simulation
« Disadvantages: 102k
« Arbitrary choice of background functional :
form and a systematic uncertainty

do/dm (pb/TeV)

107

assigned to it

Data-Fit
GData

* Not possible in regions of discontinuity due
to trigger turn-ons or kinematic selections
« Only works for bumps, not for enhancements in tails

 Checks:

» Bias-test: How much is signal yield mis-fitted when fitting toy spectra of

default fit function with alternative functional form
» F-test: Increase number of parameters until fit shows no significant
improvement

20

14 July 2015 Andreas Hinzmann

‘ 1) University of




VV-2>qqqgqg resonances in dijets

Trigger 2,pr>6350 GeV
Two R=0.8 jets with
 70<m

pruned

* T1,/1, <0.5 for highest purity

Dijet |n4-n,|<1.3

ATLAS sees excess at 2 TeV with 2.5 s.d. i

global signficance, arXiv:1506.00962

CMS higher+lower purity combined signficance B 50" e

at 1.8 TeVis 1.3 s.d.

~CMS,L=19.71b (s=8TeV

— =
% 10° 3 A High-purity doubly W/Z-tagged data 3
u — Fit ]
S 10 -~ Ggg — WW (1.5 TeV) 5
= 2 ] , ]
c Highest purity -
T - ]
B 10 3
T i ]
107 E
10°E 2
P
& g 0 ,_-—-_._—--——__-> ]
=8 2 ]
8° 1 15 2 2.5
arXiv:1405.1994 m;; (TeV)

<100 GeV to select both W and Z

0.5F

CA pruned R=0.8

> x10° CMS,L=19.7fb",Vs=8 TeV
[} [ aseseees Gy (1.5TeV) — ZZ (x 2.94E+07) (JHUGEN+PYTHIA)
o [ eeeeeees G, (1.5TeV) - WW (x 1.52E+07) (JHUGEN+PYTHIA)
f 3w (1.5 TeV) — WZ (x 8.51E+04) PYTHIA
»n I — — Ggg (1.5 TeV)  ZZ (x 1.34E+05) HERWIG++
"E 2.5 — — G (1.5 TeV) > WW (x 7.15E+04) HERWIG++
g | <
Ll 2; A ¢ Untagged data
L P —— MADGRAPH+PYTHIA
C ==+ HERWIG++
1.5 |

150 200

Pruned-iet mass (GeV)

_CMS.L=19.7fb".\s=8TeV

< 2l 1]
% 10°¢ ® Low-purity doubly W/Z-tagged data =
» —Fit n

S 10 -~ Ggg —> WW (1.5 TeV) -
o - . E
= L Lower purity ]
& g 3
B 10 e =
© - P ]
10 E b 3
10%E s

=l . o2F | | ]
I S =
S|° 1 15 2 25 3
m;, (TeV)
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Background — leptons+jets final states

Assumption: Observable in signal-depleted sideband closely related to
signal region

Background rate+shape estimated from data in sideband

extrapolated to signal region using simulation

. . -1 _ -
or other data sideband CMS i’fﬁ':m.'”.aﬁ-‘/’ﬂ?-? fo at s =8TeV. W>evHP
0.25/ : — - — Sideband 3
Advantages: [ | ----- Signal Region ]
.. . . T —_—a e
- Limited use of background simulation ~ _ o.f ! o Alternate PS 1
+ Can search for enhancements in tails, S | ! - a:Alternate Function s
not only bumps > orsf | axlo o
Disadvantages: S 1
* Uncertainties associated to extrapolationgo ., e
to signal region sometimes arbitrary © [ 4 :
0.05_ .....
Checks: 1
* Closure test in simulation and/or other P T o R R A
. 1000 1500 2000 2500 3000
data sideband My (GeV)

arXiv:1405.3447

22
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WV->lvqq resonances in I+MET+jet

Trigger high p lepton: p;>80(40) GeV for e(p) g
Reconstructed one W from 1 lepton and EMss y
Second W reconstructed from W-tagged CAS8 jet G
W+jets background estimated from jet mass side-band w

CMS Prellmmary 195fb at \F_STeV W— ev HP
|||||||||||||||||||||||||||| ||||| T T 17T

2500 -WWNVZ/ZZ-tt B

> 200 []Single Top [ W-+iets E
o - e data Uncertainty i
C r | i
O 150 | | ]
Z | ; 4. | .
L 100 | &\%*I -
C B , 7]
) - i
> N i
W 5o

40 50 60 70 80 99 100 110 120 130

Pruned jet mass (GeV)

iy d 41— ' ' ' ' ' ' ]
Tl 8 2 ¢ —
R = e
-C _4__ ]

40 50 60 70 80 90 100 110 120 130

arXiv:1405.3447

Events / 100 GeV

CMS L=19.7fb" at (s =8 TeV
T T | T T T T | T T T T | T T T T | T T T T | T Ig
10° =
+ CMS Data (uv HP) . Wiets 3
10* E
. WW/WZ . it 3
10° k E
Single t Uncertainty 3
10" PR :
""" Gy Mg =1TeV, k/My =0.5 (x100) 3
10 e E
1E -
10™ E )
102
10-3 i 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1
1000 1500 2000 2500 3000
my [GeV]

Sy

N|
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H->bb-tagging

19.7 o (8 TeV)

[ 0.4: — .
Pruned jet mass used as main discriminator So.35 S Smaton N
=03 MWW ag
|dentify b-quark initiated jets with multivariate 5025; L e
discriminant based on secondary vertices from < 020 ><]
B-hadron decay and associated tracks 0_15é/« RN
H
. . o1 \ L
Two valrlants of b-tagglpg | 0.05 A
« Fat-jet: apply b-tagging on R=0.8 jet iy B
20 40 60 80 100 120 140 160 180 200

« Sub-jet: Undo last iteration of jet clustering
to obtain two subjets corresponding to the

arXiv:1506.01443 m, (GeV)
. CMS Slmulatlon Prellmlnary,\/s 8 TeV

b-quarks from Higgs decay and Displaced ZD;  CAR=0.8, 300<p <500 GeVic
a I b_ta |n on SUbetS Tracks g 75<mlet<135 GeV/c? (pruned)
Pply gging J > | —FatjetCSV (JTA AR<0.8) ,
Seco\?edr?g E 10| Subjet CSV _
© ; E
Jet i 8 * Loose
a

ny !
! - ¢ Medium
7A 1 *v
Z ! - % Tight
\ L II g e
1 R
4 do / . ol
~<1 - L
1 - S

JTA jet track assomahon 1

S10°0 0105050405 06070806 1
CMS-PAS-BTV-13-001 D-tagging efficiency (H(120)—bb)

—i
o
N
<«
|

isidentification
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W/Z/H tagging comparison

« Compare Run | W/Z/H taggers at 35% efficiency working point

Tagger BR(W/Z/H->xx) | Efficiency (W/Z/H) | Mistag rate (q/g-jets)
W/Z(qq)-tagger 70% / 68% 35% 1.2%
H(bb)-tagger 57% 35% 0.5%
H(WW->qqqq)-tagger | 10% 35% 1.5%
H(tT)-tagger 6% 35% 0.03%

« H(bb) can be discriminated from background by a factor >2 better than

W(qq)/Z(qq)
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VH(bb) resonances

« Same search techniques as V(qq)V(qq) and W(lv)V(qq) searches
« Lower backgrounds due to better background rejection of H(bb)-tagger
compared to W(qq)/Z(qq)-tagger

V(G H(bh W(ev)H(bb) W(uv)H(bb)
(qa)H(bb) ) e tTWYeTeY o e7w'@Tey)
e — | A 1 (A1) R CMS o \?Vata(evﬁ 1 < CMS ® Data(w) -
102 - CMS — [)) Preliminary B W+jets [6)) Preliminary - W+jets
= Preliminary f g:::all( round fit E i~ Wz 9= o W HVT B(gv=3)
- ackg ] o - \VWWZ o . VWWZ
oL T Z'— HZ (1.0, 1.5, 2.0 TeV) S  Top S &= Top
- ---W'— HW (1.0, 1.5 2.0 TeV) g : 10 B3 Uncertainty E : 10 EEE Uncortairty —
L ] ~ -~
. — [22] (2]
15;&' VTH, c + c
Cy () o
H YR > 1 = > 1 B
10" EL Ky L4 I T =
102 ’ ‘-_‘-.“ O
R A 10" E 107 E
21 ] ]
% 0-_|—L-—t-—__—__—__-_1
bn 21 : = g
1 1.5 2 25 10° 10°
m;; (TeV)

arXiv:1506.01443

800 1000 1200 1400 1600 1800 2000 2200 2400

CMS-PAS-EXO-14-010 M (GeV)

800 1000 1200 1400 1600 1800 2000 2200 2400
My (GeV)

« Excess in W(lv)H(bb) at 1.8 TeV has a global significance of 2.2 s.d.
* Not seen in W(Iv)V(qq) channel, but some small hints in other VV/VH

channels
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H->WW->q9gqqqg-tagging

H->WW" has second highest BR after H>bb

« Same pruned jet mass selection as for H>bb
jets

« Discriminating variable between H>WW >qqqqg
jet (initiated from 4 partons) and quark/gluon/W/
Z/H(bb) jets (initiated from 1 or 2 partons): 1,/1,

« Since BR(H->bb)>BR(H>WW->qqqq), fraction
of H>Dbb event failing b-tagging, but passing
1,/T, selection non-negligible
* Need to consider all possible Higgs decays in

analysis
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V(qq)H(WW->9gqq) resonances

« Exclusive search channel: Only events

that fail H(bb) tagger V(qq)H(WW-=>qqqq)
‘ 19.7 f6 (8 TeV)

Y N L A L R B

. .. 10°k CMS 5
- Factor 4 less stringent limits on cross 3 Preliminary  — Background fit .
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H->T1T1-tagging

Decay Mode Resonance BR [%)
T — e VeVt 17.8
T = B Uy VUr 17.4
T — 7w vr 7 (140) 11.6
= > 7%, p(770) 26.0
7 7 700 vr aq (1260) 10.8
TT s> atw T vr aq (1260) 9.8
T > T T vV 4.8
Other hadronic modes 1.7
All hadronic modes 64.8

« Main discriminator of taus against q/g-jets is MVA-
based isolation summing reconstructed particle

CMS Simulation Vs = 8 TeV e,

energies in various cones around tau decay = 016 R —
() H
products % 014" e
 Decay products of one excluded from isolation g *'*
cone of other tau forming the H> 1T 01 H

0.08F
« Higgs mass reconstructed from visible tau decay °-°6§
products and missing transverse energy oot
0.021-

"3 100 150 200~ 250

University of
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V(qq)H(TT) resonances

 All tau decay modes taken into account
y V(qq)H(T>er,)
" 19.7 o™ (8 TeV)
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HH resonances

H(bb)H(bb)
17.91™ (8 TeV)
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« Public results go up to 1 TeV, not yet exploiting the presented techniques
« Searches in H(bb)H(bb) and H(bb)H(1T) beyond 1 TeV ongoing
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Findings for extra dimensions — 1

* Run | searches start to be sensitive to gravitons in Bulk model
» Cross section and width related to coupling parameter k/M,,
* Narrow width for k/M;,; <0.5

» Interesting search for Run |l of LHC cms WW/ZZ L=19.7fb " at {s=8TeV
\I T : T T : | T T T T | T T T T | T T T T |
IS : : B
* Limit on RS1 (k/M,,=0.1) graviton VEN G ) —=— roquenis oL obsened E
maSS . S~..“'I """""" Frequentist CLS expected = 1o :
H 3 N I """" requentis expected = 20 |
e 2 TeV (re-mterpreted model Q I < S Frequentist CLg expected = 2 i
independent IimitS) /-% 1 0_1 | Oy (PP = Gy ), KMy = 0.5
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Findings for extra dimensions — 2

All WW, ZZ and HH searches add to combined sensitivity
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Findings for W'/Z" models

« Composite Higgs models / Heavy Vector Triplet model B W’ and Z' excluded
up to 1.8 TeV
 WV(lvqq), VV(qqqq) and VH(ggbb) have best sensitivity at high masses
« Not competitive in SequentialSM/EGM W’ model, W’(lv) excludes 2.9 TeV

CMS Preliminary 19.7 fb™" (8 TeV)

I R S = X = WZ — lliv (EXO-12-025) _
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Outlook for Run I

CMS Experiment at the LHC, CERN
‘ Data recorded: 2015-May-21 07:59:01.776704 GMT

b Run / Event / LS: 245194 / 31876157 / 47

First 13 TeV collisions recorded!

Rule of the thumb for high mass resonances in Run |I.
Reach sensitivity of Run | for

« 3 TeV resonance with 1/fb of Run |l data

« 2 TeV resonance with 3/fb of Run Il data

« 1 TeV resonance with 10/fb of Run |l data

Expect to explore new territory for > 1 TeV resonances already this year
LHC runs in 2015 to find di-boson resonance at 2 TeV
Main experimental challenges:

« Higher jet momenta ever seen

« Higher number of pileup interaction
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Reminder — Jet reconstruction in CMS

Particle flow reconstruction
Key: — Muon Jet clustering

Electron
Ch d Had .g.Pi 1
)”" - Neutrsl Hagr;zqéZ?Nean) (ant|'kT or CA)

----- Photon

Jet energy fractions
CMS preliminary, L=1.6fb" |(s=8 TeV

HCAL

ECAL

Tracker

1

Tracker ..

)

ni<2.5 . ‘
E C AL orimeter Super:):lc;ndli:dcting 7 _
< 5 4 -3 -2 -1 0 1 2 3 4 5
|I']|<3 HCAL Muon lnl 2.4 CMS-DP-2012/012 M
T . In|<5 T i

Particle Flow algorithm benefits from sub-detectors with best spatial+energy resolution

Detector pr-resolution (range) n/d-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)

™) University of
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High momentum jet substructure in Run |l

« Forjet pt>1.5 TeV, tracking resolution and efficiency degrade, such that
ECAL and HCAL dominate jet substructure reconstruction
« Extend particle flow algorithm to use fine ECAL granularity to determine
multiplicity of hadrons in a jet (rather than only energy as in Run I)
« Split hadron excess energy in ECAL+HCAL according to direction and
energy distribution of ECAL clusters (“split PF neutrals”)

13 TeV 13 TeV
c [ > 1
o AK R=0.8 CMS o - X—W_W_Pythia8 CMS
5 0.3 16<p (W)<2.4Tev . . - qc) o : ; i
B B |TT]|<2.4 Simulation Preliminary S 08 F b M cut Simulation Preliminary
'_E -------- merged PF neutrals u— : __ m .. &7 /T cut
(£ | E i + pr 2 1
D split PF photons L . .
o o2~ @ split PF photons+neutrals O 06 S | I :
S el £ I
N - Wp=2TeV oo S w
© - - T 04
£ g [
S 0.1 | <
prd L 0.2__ AK R=0.8
| IR - ‘ - Ii<2.4
B | | ) ‘ .‘ —‘ ' ‘ | | | Y @al ‘ O . ! AR TR NN T SR SR NN NN T S N M N S
Oo 50 100 %50 1000 2000 o 30?30 v
pruned jet mass (GeV) IeLP, (GeV)
CMS-PAS-JME-14-002
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Pileup mitigation in Run |

« CHS: Remove charged hadrons coming from pileup vertices ]
« Correct charged component (60%) of jet including substructure 7/
« Rejects pileup jets from merging of jets from two pileup vertices

« Multiply jet 4-momentum by (1 — pA), where A is area of jet and p
is (eta-dependent) pileup energy density per unit area in event
« Correct neutral component (40%) of jet momentum

CMS Simulation Preliminary, \E =8TeV

g :_ p ('Y) > 85 GeV S\ [T T T [T T T T |:
3T > | hi<0s '
S | MGeyi<25 O 30 . Average Offset (DATA) .
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o 20__ OgD.? .
C = B o0a8"e ]
08— C 99 i
O C ﬁ 7
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07— PF+CHS B o8 ]
- PF 5F o® ]
- Pileup enriched area L a® N
0.6— PF+CHS C gt Anti-k; R=0.5 PFlow
_ L L III[||pF | y y O I NI |[III|JI\I‘\I| 1]
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Pileup mitigation in Run |l with PUPPI

Use knowledge about origin from pileup of 3 e et
charged particles, to estimate origin of S 006 ey
neutral particles c
Distribution of a (eta-dependent) is B 0.04
computed for each event =
- PT;j .

a; = logje;m A, X Otmin < ARy < Ry 0.02

Reweight 4-vectors of neutrals according to 0 - il

. .y -5
their probability to come from a PU vertex g iiini. Harris. Low, Tran. arXiv:1407.6013 %

A
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All 4-vector operations on particles, like jet - Ty
. . . 2000 :— RMS=12.1 GeV —:
clustering, jet substructure variables are 1s00F- PF+CHS(Const Sub ]
I = RMS-114 GeV 3
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Probe for exotic new physics

e

What models? What signatures? What is its strength?

Composite Higgs Resonances decaying to H(bb) can be discriminated
Extra dimensions W,Z,H from background by a factor
Boosted topologies >2 better than W(qq)/Z(qq)
and others... l
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