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Fundamental Proposed :
: New Particles
Problems Solutions

Extra Dimensions

Simplest type of colored fermions

kq
Composite Higgs which are still allowed by
experiment!

VLQs at the TeV scale are strongly

motivated by two theoretical ideas:
Higgs is NOT elementary, - « they can explain the observed
composite particle like a pion Iightness of the Higgs and
« they emerge as fermion
0.1 - orces Werge at High Energies resonances in the partial-

] compositeness theory of flavor
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Allowed representation for Vector-like quarks

SM quarks
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VLQ production

X _ -
x b oo

10;"{\'''I'"I"'I"'I"‘I"'I"'l"'
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- Pair or single production S
- Pair production through QCD 710
- Single production associated with t or
b quark ¥ 13 TeV
- Single production may dominate athigh  r» —7 = .
masses but depends on coupling 1077700 600 800 1000 1200 1400 1600 1800 2000
mq (GeV)

- Forward jet gives a unique topology to
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VLQ Decays

- Decays to 3 gen quarks & SM bosons

- In the presence of VLQs, FCNC decays are !
possible (though constrained by rare top decays, D \b
meson mixing and EW precision ) B .

Also potential for decays to quark + DM
Branching ratios depend on multiplet

- Pair production searches set o x BR limits & o CE
depending on the partner mass : | s st el

- Single production searches also depend on  ° "} ]
coupling to SM quarks and set limits in the sl
c, — M(X) plane i 150%

04
CMS pair production result (1311.7667) + single production recast (1409.0100) F
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ATLAS & CMS

a General-purpose experiment
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Data delivered by the LHC (2016)

- Spectacular running and ~37/fb delivered

CMS Integrated Luminosity, pp, 2016, Vs = 13 TeV

Data included from 2016-04-22 22:48 to 2016-10-27 14:12 UTC
; | 45

a0 ~4000
35 VLQs produced
*° w/ M(VLQ)~1 TeV

25

IS%8 [ LHC Delivered: 40.82 fb '
Il CMS Recorded: 37.76 fb '
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A SHORT DICUSSION ABOUT

BOOSTED PARTICLE
IDENTIFICATION




[CMS-PAS-JME-13-006]

Boosted Quarks and Bosons

o) o) ot —ogk

- At higher energies and heavier new
particles produce boosted decay
products

- We employ jet substructure techniques to
tag SM bosons and tops

- Z°—>ti
"\ =7 TeV

My, (GeV/c?)

- angular separation: AR=2M/p+
- efficiency for 2 jets drops with py

- The jet mass is relatively stable at the
heavy particle mass

- Choose correct cone size to catch all
decay products in a jet.

- R =0.8 for W/Z/H
- R=0.8 and 1.5 for top
w D
Sy




jet grooming

J. Dolen

Trimming, Filtering - Recluster jet with smaller distance
parameter. Condition based subjet removal.

BDRS, MMDT, Soft Drop, JHU top tagger, CMSTT -
Recursively decluster jet. Remove sub-clusters not
satisfying algorithm condition. Stop declustering when
both subjets satisfy oondition.

Remove sut-
dusters not
sAlishi
Ceduster m;;g
reranve', criterion
—_—
Stop when
both subjets
satisty
critanon

[CMS-PAS-HIG-13-008]
high mass H—->WW:
CMS Slmulaltlon

I I 1 1 1 | I I 1 1 I
—— SM Higgs, m = 600 GeV

----- ungroomed jet mass

— Wa+Jets, MadGraph+Pythia6 |

C D ..... ungroomed jet mass -

0.2

arbitrary units

boosted

0.4}
’ W jet mas

o 50 100 150
pruned jet mass

improves jet mass resolution

reduces QCD jet mass




jet shapes

- energy patterns within a jet:
- characterize multi-prong properties
- many definitions and varieties

- n-subjettiness:

Zi;OfSﬁments PT,i min{ARLi, ARZ,i/ ey ARN,I'}

N = T —
Zi ;oilstltuents PT,iR

- how consistent is jet with
having N subjets

- ratios discriminate hypotheses: t2/t1

- many other on the market:
- energy correlation functions
- Q-jet volatility

Normalized Distribution

[CMS-PAS-JME-  3-006]

Boosted Top Jet, R =0.8
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b-tagging in boosted topologies

- several approaches:

T-axisy
T-axis2
\
fat jet subjets double b
run standard b-tagging run standard b-tagging dedicated double tagger

algorithm on wide jets algorithm on subjets

not able to distinguish two  can distinguish two from  specialised for boosted
from one b jets one b jets H—bb




VLQ SEARCH DIGEST




List of VLQ Searches

- Single Production
- TIY—DbW ({jets)

- T—tH (all had)

- T—>tH ({jets)

- TotZ (L)

- Pair Production

- T—>bW ({jets)
- T—>tH ({jets)

- T—tZ, bH, B—bZ, bH (OS#)
- X—>tW (SSH + {jets)




SEARCHES USING

SINGLE VLQ PRODUCTION
SIGNATURES |




Single production

production cross-section: g b.t
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higher cross sections at high masses
. allows to set limits on model parameters




Single TZ3/Y43 —

bW, fjets (CMS

Reconstruct M(Y) from b jet & leptonic W decay

; >=1Forward jet, pT > 30 GeV

Isolated lepton
AR > 1.5 from any jet

pT(8) > 40 GeV
MET > 50 GeV
Mt (W) > 130 GeV

Central b jet, pr> 200 GeV
Ap(8, b) >2

23" (13 TeV)
£ F
£ O-cMms —e— Data
2 = [ W+jets
g 35— it + jets
[i] E @ Single t
30 [ Other backgrounds
= 7V — Y (1000 GeV)
o5 Y- bW — biv

Data / Bkg

Limits in narrow-width approximationvalid for

Background modeling checked in ttbar and
Wjets control regions
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M(Y) > 1.4 TeV, c(bW) < 0.5 BR (Y->bW)= 100%,

2.3fb" (13 TeV)

8 e Observed limit (95% C.L.)
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Events
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ATLAS-CONF-2016-072

Search for bW (ATLAS

Signal Region

= U | e

- Single production of T or Y

- Lep + b+ MET > 350 GeV, forward jet,
Reconstruct VLQ M(Wb) mass assuming the lower of two
solutions for neutrino P-.

T T T T T T T
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Coupling dependent limits
- Quark width as the function of coupling is taken into account
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Single T?*— tH, all Had (CMS

g bt hadronic

arXiv:1612.05336

Mprune: 105 =135 GeV Msp: 110 =210 GeV

q q
T2/T1 < 0.6 T3/T2 < 0.54 2317 (13TeV) 2.31b" (13 TeV)
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Single T#3— tH, fjets (CMS)

g b.,t

semileptonic
H jet leptonic top
- D r arXiv:1612.00999
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.
Single T#?3— tZ

- Search for T -tZ—t+ 2f and B —-bZ—b + 2{

- Several T width (10%, 20%, 40%) are considered for different
benchmark masses between 0.8 — 1.6 TeV

Mass [TeV] °FW (¢) for pp — Tbq — tZbq [pb]  Frw (¢) for pp — Ttq — tZtq [pb]

10% 20% 30% 10% 20% 30%
0.8 226 (0.675) 108 (0.650) 70 (0.631) 19 (0.144) 9(0.139) 6 (0.135)
1.0 183 (0.314) 87(0.299) 55(0.284) 17 (0.075) 8(0.072) 5 (0.069)
1.2 145 (0.158) 68(0.149) 43 (0.141) 14(0.042) 6(0.039) 4 (0.037)
14 112 (0.084) 52(0.079) 33(0.074) 11(0.024) 5(0.022) 3 (0.021)

1.6 85(0.047) 39(0.043) 29(0.041) 8(0.014) 4(0.013) 2(0.012)




Single T23— tZ (CMS, 35.9 fo-1)

- Main tool: leptonic Z + hadrons from heavy particles
- Make use of Top jets, W-jets, and b-jets

Unmerged

forward jet —  hadroniotop Resolved top

i

Partially merged
hadronic top
(W jet + b jet) .

Semi-boosted top

%S

Fully merged

. hadronic top jet 7
Boosted top
ey 9

- Performed with a set of very sophisticated categorization

- Use M(VLQ) for discrimination
- Hadronic tops allow direct reconstruction of VLQ mass
- Reconstruct M(VLQ) using leptons and boosted jets




Events

B2G-17-007

Single T?#?*— tZ

- Background yield in the signal region is evaluated by using alpha ratio
method from a control region where loosely identified b-jets are vetoed

Npkg(Myz) =

Ne(Miz) - a(Mz)

data in the control region

binned ratio between the shapes of
the M:z in signal and sideband

Two boosted categories

CMS Preliminary

350 b’ (2016, 13 TeV)

CMS Preliminary 359 fb” (2016, 13 TeV)
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40
30
20|
0
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Single T3 — tZ (CMS)

- Limits on B x o for T(b/t) and B(t/b) production modes excludes values at 95% CL, where
o(Cy,Cy, M,T) = C?C20(M,T), where
' . for pp —» Ttq > tZtq: C; =Cy=C(t2)
- Large couplings <-> large widths for pp— Thq — tZbq: Cy = C(tZ),Cy = C(bW)
- Similar limits for larger quark widths

. Singlet MT > 1.2 TeV, C(bW) = 0.5. BR (T->t2)= 25%

CMS 3591 (13 TeV

230 018 &
§ 5 0.16§
£ 014 |
£25 _

= g
= 0.12 ¢

8
IIIIIII

07 08 0% 1 17 12 13 14 15 7
m, frott

Singlet (LH T)




SEARCHES USING

VLQ PAIR PRODUCTION

SIGNATURES




Vector-like Quark Pair Production

BR(T—tH)

—

BR(T—bW)




Vector-like Quark Pair Production

tH+X

BR(T—tH)

—

BR(T—bW)



Vector-like Quark Pair Production

SSDL, Lep+Jet, all had

BR(T—tH)

J

—

BR(T—bW)



T23/Y-43 : Pair production. (CMS Wb)
- Search for T23T23/Y-43 /Y43 bW bW in £+jets

- Perform a kinematic fit identical to the one used in top
quark mass measurement to fully reconstruct the final
state kinematic and obtain the T mass 5

« Highly boosted W bosons merge into single jets
« Use W-tag sub-jets for the fit input .

35.6(e), 35.8 (w) o' (13 TeV)

£ 100f- .,
8 "} CMS Preliminary e Masses below 1.3 TeV excluded
80[~ ) [ other backgrounds 1 35.6(e), 35.8 (1) fb ' (13 TeV)
N % 7 _ .. —— Observed limit (35% C.L.)
g 10 x TT (1300 GeV) CMS Preliminary ... Madian apested lmit

60 27
- 7

[ 68% expected limit
] 95% expected limit
- TT production, B(bW) = 1.0

6 x B(bW) (pb)
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ATLAS-CONF-2016-14

T273: Pair production (ATLAS Wb)
Particularly TT—bW(leptonic)+bW(Hadronic): largest BR

® Require a lepton, multi-jets, Signal tt background
MET, high ST, =21 b.

my=1.2TeV %(B - Wt) = 1

ME ATLAS Simulation
Vs =13 TeV, 36.1 fb”'

® Considers un-boosted and
boosted topologies with a
large radius jet

ATLAS Simulation
Vs =13 TeV, 36.1 fb"

® Reconstruct the neutrino ettty
assuming MET from W R N 3 R(ep,v)

® Use AR(lep, v), sy S
i = c S= e ]
i i i g 4T ey 8 300 7 g gy [ WHjets =
pleIng One PZV SOIUt'On ‘% - ATLAS Simulation Preliminary - it i -Sir:gletop |
© - Vs=13TeV e 25 [ Others .
¢ Use S = 0.3 Signal Region Ity 00000 i / 7/ Uncertainty ]
T qc) 3 —— m; =700 GeV ] C ]
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- —— m; = 1100 GeV q - %é ]
° 2l ;= 1300 GeV i 15 ﬁigna'I:Region o
. . . . L r ost-Fit 1
Discriminant with M(lep) ; 1 ;
. . " " " ; B
Profile likelihood fit : ; :
B | C O e
% 200 400 600 800 1000 1200 1400 1600 E 14 F = y W z
e m®[GeV] 1:%%%%% %
== g o it G|
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AS-CONF-2016-14

T23: Pair production (ATLAS Wb

Particularly TT—bW(leptonic)+bW(Hadronic): largest BR
- Significantly improved limits (Run )

o) 10?"'I""I"'"I"'"I""I""I""I""I""E
- Myy (Wb=100%) > 1350 (782) GeV & [ AmAspoimmay o
. = Bl it e S
° My (Slnglet) > 1170 GeV 1 s 95% CL Exp. Limit
F [ 95% CL Exp. t1o
* Mp/x (Wt=1 00%) > 1250 GeV \% [ 95%CL Exg.izo
. 6 1R
- my (singlet) > 1180 GeV 107 BNy
. . . 1072 - -
- Statistically dominated i —
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T2 Pair production (ATLAS tZ(vv))

2

g
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g
L7b

- Require exactly 1 lepton, =4
jets, large MET, = 2 large-R jets

- Validate in single top

- Profile likelihood simultaneous
fit to SR and CR’s to constrain
bkg cross section.
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T273: Pair production (ATLAS tZ(vv))

- Profile likelihood simultaneous fitto £
SR and CR’s to constrain bkg cross
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T23: Pair production (CMS tH)

- : B2G-16-011
- Search for T?3—tH in ¢+jets B2G-16-011
Maximize sensitivity by categorization events into tagged jets:  ° b
(e/p) x (1, 2 subjet b tags=Htag) T H-
- Background modeling verified in control regions with 0 H-tag, \ W H,Z
MET > 100 GeV !
. ttbar : = 2 b-tag ’ bitit

- Wijets: 0 b-tag
Mass limits between 0.70 and 0.86 TeV

CMS Preliminary 2.6 (e), 2.7 (u) b’ (13 TeV)
> e T 2.6 (e), 2.7 (u) b (13 TeV)
R = —e— Data —— TT (1.6 TeV) (x 1000) — g — €, W1 T
—— TT (1.2 TeV) (x 100) —— TT (0.8 TeV) (x 10)

8 F  mmd W+ jets B r 1<700 CMS -
-~ — Single t DY + jets —] - Prelimina 7
‘g 10° Diboson Qcb | E B . N
L% - — Stat.uncert. MC [ Tot. uncert. MC : 0 SO 700

i
!

<700 770

0.5

S
L o
N
I

+5
|
A ] A
~ ~
8 8

|

<700 740 790

- <700 <700 <700 780 820 1

w o
A

BR(T — tH)




ATLAS-CONF-2016-104

0.5y

T23: Pair production (ATLAS tH)
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T273: Pair production (ATLAS tH)

- Search for T#3-tH in £+jets or jets+high Missing ET
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T23: Pair production. (CMS Wb, tZ, tH)

- Search for T?3->bW/NMH/Z in £+jets
T, — bW (50%), tZ (25%), tH (25%)

Maximize sensitivity by categorization events into
tagged jets: (e/up) x (0,1,2,23 b-jets) x (0, 21 Wijets)
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X>3: Pair production

- Search for X33>tW in £+jets final states

- Event categorization based into W/b-tags
- 16 categories based on W-tagged and t-tagged
jet multiplicity
- key variable is the min(MlIb)

- background modeling validated in signal
depleted ttbar and W-+jets control regions
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X>3: Pair production

- Search for X3>tW in same-sign 28

- Select two same-sign leptons (e or p) outside Z window

« Primary Z Veto: same 28
-+ Associated Z Veto: any & not from SS28

- 5 or more “constituents = Wijet (2)/top jet (3)"+ extra leptons

- Backgrounds from prompt and non-prompt (fake jets) cms Preliminary 359" (13 Tew

leptons, opposite-sign leptons (with charge mis-ID)

- Require HePr > 1.2 TeV
LH(singlet or triplet) / RH(doublet)

My > 1.16 TeV /[ 1.10 TeV
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X5/3 Pair production

Search for X*3—tW in same-sign 2{
- Signature: 2 same-sign charge leptons + jets OR 3 leptons + jets
- Signal regions are split

- based on 1,2,3+ b-tags,

- MET=[40,100] GeV, or > 100 GeV, and

- HT=[400,700] GeV or > 700 GeV

- Determine lepton fake rates from lepton-depleted data samples
- Evaluate charge-mislD rates using Z->ee events
- Background estimate are validated in control regions, with signal region

cuts inverted Mx > 0.99 TeV
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FUTURE PROSPECTS




Near Term Outlook

- The analyses of 2016 datasets are still ongoing

- Focus on developing techniques to

- Understand and identify efficiently boosted boson jets. New algorithms
are being develop to characterize the boosted objects signatures and
events with boosted objects.

- Develop control regions for background which are similar to the phase
space of the heavy particles. Much of uncertainty arises from the CRs.

- Many VLQ search results, both in the single and double
production modes will be completed in the next 6 months.
- These have the potential to probe upto masses of about  1-1.2 TeV

- In the next year or two with the full sample of data collected during
Run2 (100 fb-1), reach maybe extended somewhat.

- With Run3 (300 fb-'), and augmented search techniques, expect to
probe around 1.5 TeV with both single (depends on couplings)
production searches




future of LHC

- “Europe’s top priority should be the exploitation of the full potential of the LHC”
- (from the European strategy for particle physics)
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Single T?*— tH, fjets: Phase-2 Upgrade

g bt semileptonic

« Full analysis based on DELPHES with 200 PU.
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SUMMARY
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Conclusion:

- VLQs have very rich phenomenology
- many nice results already now

- CMS searched for single VLQ for the first time

- For pair production, the 13 TeV results with 2015 data have
comparable sensitivities to 8 TeV results!

- standard model still rules
- continue probing unknown territory

2T B 94 M. Narain, LFC 2017
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Fine Tuning

- If Ayp extends up to the Planck scale, a cancellation of 1 part in
1034 is required in order to get agreement with the measured
Higgs mass!

36127890984789307394520932878928933023 - M = Moot (=) (i O ) +(it)

36127890984789307394520932878928917398 =
=m?, = 1252

Top Partners

- A solution to this problem invokes the existence of top quark
partners:

] Mhy cal

Mt2ree
2 B N
my 0 newstff
-\ L
0
- fermionic (vector-like quarks) Mp = M.+

g= - bosonic (stops in SUSY)

. 9/14/17 M. Narain, LFC 2017



_ . arXiv 1306.0572
Implications

- Simplest type of colored fermions which are still allowed by experiment!

- They mix with the SM quarks & modify their couplings to the Z, W & Higgs
- Introduce new sources of CP Violation

- VLQs at the TeV scale are strongly motivated by two theoretical ideas:
- they can explain the observed lightness of the Higgs and
- they emerge as fermion resonances in the partial-compositeness theory of flavor

- Due to the large Yukawa coupling of the top quark, both mechanisms give
rise to a sizable mixing of the VLQs with 3rd gen quarks: “top partners”

- VLQ’s appear in several non-SUSY models: extra dimensions, composite
Higgs, Little Higgs, or their holographic versions.

- Improve the theory fit to electroweak observables:

Xsn = 1097, x3, Lo = 1.61

2T B 94 M. Narain, LFC 2017




particle flow event reconstruction

[ Charged Hadrons [ Electrons
Il Photons B HF Hadrons
| [ Neutral Hadrons [l HF EM particles

~ CMS Preliminary 2010 Anti-k. R=0.5
-\s=7TeV, DATA (6.2 nb") Py >25GeVic

-
N

Mean Fraction of Jet Energy

PFJetn

[CMS DP-2012/012]

charged hadron

subtraction L
o neutral‘ I
Jet composition hadron | ph:ton K

PF combines information from detectors to optimise resolution:

Detector p,-resolution (range) n/®-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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