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¢ Beyond the Standard Model
e W’ > tb resonance searches
o Latest W’ — tb searches with ATLAS & CMS

e Conclusion
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Beyond the SM

Many BSM theories introduce new boson resonances,
massive enough to decay to tb:

|
mspin 1 vector boson W'*
e Extended SM symmetries:
I> massive right-handed version of the W boson
o Universal extra-dimensions:
> Kaluza-Klein excitations of the W boson

W' tb decay mode is interesting:

e can be fully reconstructed

e access to models with leptophobic W’

e W is expected to couple more
strongly to 3" generation of quarks




' - tb direct searches

0-lepton

Experiment NA Int. lumi. Reference

0-lepton 1-lepton
CDF 19 | - PRL 103 (2009) 041801
DO 1.96 Tev 2371 | - PLB 699 52011; 145
ATLAS 7 Tev 1.04 fb1 | - PRL 109 (2012) 081801
CMS 50fb | - PLB 718 (2013) 1229
ATLAS* 8 Tev 20.3 fb~! | EPJC 75 (2015) 165 PLB 743 (2015) 235
CMS 19.7/19.5 fb~ | JHEP 02 (2016) 122 JHEP 05 (2014) 108
ATLAS* 13 Tev 36.1 fb~! | PLB 781 (2018) 327 PLB 788 (2019) 347
CMS 2.6/35.9 fb' | JHEP 08 (2017) 029 PLB 777 (2018) 39
ATLAS* - ATL-PHYS-PUB-2018-044
cMs 14TV 3000 b7 | _ CMS-PAS-FTR-16-005

Covered in this talk * LPC-Clermont contributions »
|


https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.103.041801
https://www.sciencedirect.com/science/article/pii/S0370269311003510
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.109.081801
https://www.sciencedirect.com/science/article/pii/S0370269312012476
https://link.springer.com/article/10.1140%2Fepjc%2Fs10052-015-3372-2
https://www.sciencedirect.com/science/article/pii/S0370269315001422
https://link.springer.com/article/10.1007/JHEP02(2016)122
https://link.springer.com/article/10.1007/JHEP05(2014)108
https://www.sciencedirect.com/science/article/pii/S0370269318302259
https://www.sciencedirect.com/science/article/pii/S0370269318308736
https://link.springer.com/article/10.1007%2FJHEP08%282017%29029
https://www.sciencedirect.com/science/article/pii/S0370269317309838
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2018-044
https://cds.cern.ch/record/2274436/files/FTR-16-005-pas.pdf

Latest W' — tb searches with both ATLAS & CMS

Theoretical model
PRD 66 (2002) 075011 PRD 86 (2012) 075018

v/
£ =—"LF E(1+~%) + g/ (1 =) WHF + h.c.
55 Y [gR(L+7°) + gl (1=~°) ] W,

Parameters
V;; : CKM(4j;) matrix for quarks(leptons)
gr(g/) : coupling to right-(left-) handed fermions
g’ can be different from SU(2), coupling g
arbitrary combinations of gp and g, are allowed:
Wl Wl !
RVWLWIR
If g/ #0 (W[ ,W_Rr), one must take into account interference
with the SM W boson
Two scenarios for Wg: m(vg)>m(Wg) or m(vg) <<m(Wg)


https://journals.aps.org/prd/abstract/10.1103/PhysRevD.66.075011
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.86.075018

O-lepton analysis @ 13 TeV

musing 36.1 fb~! with ATLAS PLB 781 (2018) 327
musing 2.6 fb~! with CMS JHEP 08 (2017) 029



https://www.sciencedirect.com/science/article/pii/S0370269318302259
https://link.springer.com/article/10.1007%2FJHEP08%282017%29029

W' — th: 0-lepton Event selection

boosted top — collimated top decays

esmall radius jets
— b from W’
elarge radius jets
— top
< 2 light jets
< b quark jet

Top tagging: sensitive variables to characteristics of substructure
of the large radius jet

»



W’ - tb: 0-lepton CMS top tagging

N-subjettiness (Tn) JHEP03(2011)015, JHEP 02 (2012) 093

1 .
™= D oPTi X AR s of closest s with d = Y prix R
7 7

7n quantifies to what degree a given jet can be regarded as a jet composed of N subjets.

Jets with with 7y ~ 0 have all their radiation aligned with the candidate subjet directions
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https://link.springer.com/article/10.1007/JHEP03(2011)015
https://link.springer.com/article/10.1007/JHEP02(2012)093

W’ - tb: 0-lepton ATLAS top tagging

shower deconstruction (SD) PRD 84 (2011) 074002, PRD 87 (2013) 054012

Top-quark shower history > P({pf}\top-quark)

k
D\ s) = i

xso({Pi'}) ¥ P({p*}|gluon/light-quark)
o A "TATLAS I
§700 ¢ Data Vs=13TeV,36.1 b

600 [ ttMC

00 Non tt MC

77 SD unc.
] 400

Py >420 GeV, I’ < 2.0

Light-quark shower history

ol b b b b b 1

T T T T T T T T T

ol =
o0 s Nno

Data / Pred.

6
logtgy)

Sum over all the shower histories in which signal ~ The large radius jet is tagged as a top-quark jet
processes lead to the subjet configuration {p,k} if xsp is larger than a given value

Q


https://journals.aps.org/prd/abstract/10.1103/PhysRevD.84.074002
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.87.054012

W’ - tb: 0-lepton

2 uncertainty
e pre-fit
=== 3TeVvW
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W' — th: 0-lepton CMS interpretations

Limit setting on o(W')xBR

o W’ with pure right coupling
o m(vg)>m(Wg) or m(vg) <<m(Wg)
L] g’ = g

2.6 fo (13 TeV)
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— th: O-lepton ATLAS interpretations

Limit setting on o(W')xBR
o W’ with pure left- or right-handed coupling
o m(vg)>m(Wg)
e g'=g

T T T T T T T T T T
ATLAS ——— Observed 95% CL limit ATLAS = Observed 95% CL limit
Vs=13Tev,36.1fb™ — — Expected 95% CL limit A . Vs=13TeV,36.1 1" — — Expected 95% CL limit

I Expected 95% CL limit 210 'gm I Expected 95% c limit +10
Expected 95% CL limit 20 o = Expected 95% CL limit 20
NLO W' cross-section (ZTOP) ,im E NLO W' cross-section (ZTOP)
2 L
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ezcluded up to: 2.9 (3) TeV for W (Wg)
el arge systematic uncertainties: multl—Jets bkg estimation and b-tagging



1-lepton analysis @ 13 TeV

musing 36.1 fb~! with ATLAS PLB 788 (2019) 347
musing 35.9 fb~! with CMS PLB 777 (2018) 39



https://www.sciencedirect.com/science/article/pii/S0370269318308736
https://www.sciencedirect.com/science/article/pii/S0370269317309838

Event selection

At hight pt — the lepton is close to jets

ATLAS CMS
o isolated lepton e(s) e non-isolated lepton e(/:)+tighter p. cuts
o | Large ET™S >80(30) GeV o Large ET'S >120(50) GeV

o 1Ag(e, EF)[ <2

o ETS 4+ mW 100 Gev
> 2 jets (> 1 of the 2 leading jets b tagged)

e 2or3jets (1 or 2 b tagged)

e p,(v): constrain m({v) to m(W)

o top: 4-momenta of W with jet that gives
m(W+jet) closest to m(top)

e W': 4-momenta of top with highest p_

remaining jet

Additional tighter cuts are used to define 8 independent regions:
o ATLAS: 2/3 jet, 1/2 tag, e/u

e CMS: Type A/B,1/2 tag, e/u
Type A (B) : low (high) pfr°P and pJ'T1+J'2



W — tb: 1-lepton m(tb) distribution

2 3
Iy ATLAS ¢ Daa 5. F ATLAs + Daa
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Dominant backgrounds: tt, W-jets
Subdominant backgrounds: Multijet, Single top, Z-+jets, diboson

All backgrounds estimated from Monte Carlo except for Multijet



W' = th: 1-lepton m(tb) distribution
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W' — th: 1-lepton Interpretations

Limit setting on o(W')xBR, assuming g’ = g

o ATLAS (CMS) considers W, in range 0.5-5 (1-4) TeV
o ATLAS: m(vg)>m(Wg)
o CMS : m(vg)>m(Wg) or m(vg) <<m(Wg)

3591 (13 Tev)
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\e' S=13Tev, 361! — ~ Expected 391 —— Observed limit (95% CL)
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ot .
1 F K
8 10 E S 191
5 E
102 % 10
102 Leu s I | I | L | I L L L L L L L
0 1 15 2 2.5 3 35 4 45 5 1000 1500 2000 2500 3000 3500 4000
my, [Tev] My, (GeV)
e Obs. limits: e Obs. limits:
i
o 3.15 TeV: m(vg)>m(Wg) o 3.6 TeV for m(vg)>m(Wg)

o 3.4 TeV for m(vg) <<m(Wg)



W’ - tb combined Interpretations

o(W')xBR combination of 0-&1-lepton analysis

e same data collection
e orthogonal event selections
e correlation between systematics from common source

=z 10T e e
[eX E =
= ATLAS 7
? (s=13TeV 36.1f" n

s —— Observed limit
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W' — th: 1-lepton

g'g

. Observed
. Expected +15.d.

ol b b b
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e pure R-handed coupling
e no interferences

e gr/g in range [0,5]

Limit setting on couplings
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06 08 1

e L and R mixing
e interferences
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W — tb: 1-lepton Prospects at HL LHC (ATLAS)

ATL-PHYS-PUB-2018-044

= B e S A N B e LA e e e ey e e
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i)
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e Scaling: background and
signal cross-sections
e 8 SR selections

e Systematics from Run 2
including dominant ones E @


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2018-044

W' - tb: 1-lepton Prospects at HL LHC (CM

CMS-PAS-FTR-16-005

CMS Preliminary Simulation 3000 fb (14 TeV)
T L B |
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e Scaling: background and
signal cross-sections
e 1 or 2 tag, e and p channels

e Current systematics
use the values from the Run 2 analysis m


https://cds.cern.ch/record/2274436/files/FTR-16-005-pas.pdf

Conclusion: W' — tb searches by ATLAS and CMS

o tb resonance searches probe a large variety of BSM theories
o Presented the latest results: 0-&1-lepton analysis @13TeV
o No significant excess of data events above SM prediction
o Results interpreted as limits

< different hypothesis: L,R,L/R mixing,
m(vg)>m(Wg).m(vg) <<m(Wg)

e HL LHC projection of 1-lepton analysis






Multi-jet background estimation & SRs definition

lysis @ 13 TeV u

0 b-tag in category 1 b-tag in category
] 38 o 3 2
o2 =y
5§28 C F 5§28 C F
T 84 T 84X
- O Q. - O q
T Zo T 29
5.3 5.3
83579 o8
2 £ O a2 £ 9O
58 B 58
S 5 g E Y E
- 8 - 8
2 22 VR L 22
x S5 x S5
o o
458 D = 58 D
Fa Fa
2 2
b-tagged Not b-tagged b-tagged Not b-tagged
Small-R jet b-candidate Small-R jet b-candidate

not loose top-tagged: events where the selected top-quark jet candidate fails to meet the loose
top-tagged (80% WP) identification criteria
loose-but-not-tight top-tagged: events where the selected top-quark jet candidate satisfies the
loose top-tagged identification criteria but not the tight top-tagged (50% WP) criteria
tight top-tagged: events where the selected top-quark jet candidate satisfies the tight top-tagged
criteria. bk (Ndata Nrt) (Ndata Ntt) bk (Ndata_NtE),(Ndata_Nti)

N g _ Rcorr W N g _ Rcorr . W

RS correlation between top and b tagging (QCD dijet MC) @



Multi-jet background estimation

O-lepton analysis @ 13 TeV using 2.6 fb=! with CMS

e apply the b tagging criteria to the b-candidate jet in the event to measure the
average b-tagging rate for multi-jet, assuming the rate is the same for multi-jet
jets in the SR

average b- tagging rate is parameterized as a function of the p__ of the b-candidate
jets (which pass all requirements except the b tag) in three || regions: |n| < 0.5,
0.5<n <1.15, 1.15 < || < 2.40

() = co+cipr+ca(pr—a)®, ifpr<a
7 co+cipr +aa(pr —a)’, if pr >a.

where ¢ to c3 are free coefficients determined in the fit.

a = 500, 500, and 550 GeV in |n| < 0.5, 0.5 < || < 1.15, and 1.15 < |n| < 2.40,
respectively

events in the SR that do not have b tagging applied are then weighted by this
average b-tagging rate to estimate the multi-jet background contribution



W' — th: 1-lepton

Yields [ATLAS: 13TeV, 36.1 fb1]

2-jet 1-tag (e*) 2-jet 1-tag (u*) 3-jet 1-tag (e*) 3-jet 1-tag (p*)
W"i (1.0 TeV) 1517 + 32 2030 + 40 1159 + 31 1665 + 35
Wy (20 Tev) 83.4 =+ 1.7 132.9 =+ 2.1 105.0 =+ 1.9 1674 + 2.2
Wi (3.0 Tev) 4.7 =+ 0.1 10.4 =+ 0.2 7.0 =+ 0.2 15.7 + 0.2
Wi (4.0 Tev) 043 £ 0.01 1.01 £ 0.02 0.64 =+ 0.02 1.62 =+ 0.03
W,’l (5.0 TeV) 0.076 =+ 0.002 0153 =+ 0.003 0.096 =+ 0.003 0232 + 0.004
tt 1112 + 23 1505 + 28 3220 + 50 4090 + 70
Single-top 472 + 20 657 + 25 482 + 21 624 + 24
W tjets 520 + 50 1280 + 120 550 + 40 1130 + 90
Multijets 358 + 35 630 + 100 196 + 20 390 + 60
Z+jets, diboson 129 + 14 21 + 19 128 + 12 242 + 20
Total background 2590 + 60 4290 £ 160 4580 + 70 6470 + 130
Data 2622 4260 4555 6433

2-jet 2-tag (e¥) 2-jet 2-tag (™) 3-jet 2-tag (e¥) 3-jet 2-tag (™)
W;z (1.0 TeV) 1584 + 35 2060 + 40 1241 + 30 1749 + 34
W;l (2.0 Tev) 335 + 1.0 55.5 + 1.2 51.6 + 1.2 84.3 + 1.5
W;l (3.0 Tev) 14 4= 0.1 2.6 =+ 0.1 2.5 + 0.1 5.1 + 0.1
W;l (4.0 Tev) 0131 % 0.007 0.25 + 0.01 0.21 + 0.01 046 =+ 0.01
W;z (5.0 TeV) 0.035 + 0.002 0.053 =+ 0.002 0.044 + 0.002 0.080 + 0.002
tt 536 + 14 789 + 16 2459 + 31 3200 + 40
Single-top 121 + 6 176 + 10 235 + 12 347 + 17
W+jets 28 + 6 42 + 4.0 50 + 5 97 + 9
Multijets 36 + 6 71 =+ 13 a5 + 11 135 + 22
Z+jets, diboson 2.5 + 0.4 11.5 =+ 1.3 21.2 + 2.1 26.9 + 23
Total background 723 + 16 1088 + 21 2859 + 33 3810 + 50
Data 683 1091 2869 3797




W — tb: 1-lepton Yields [CMS: 13TeV, 35.9 fb~!]

Electron channel Muon channel

Type A Type B Type A Type B
Process lbtag 2btags lbtag 2btags lbtag 2btags lbtag 2btags
Background
tt 760 249 69 22 731 263 75 30
tgb 14 6 1 0 14 6 1 0
W 117 50 15 5 116 44 22 5
tb 2 2 0 0 3 1 0 0
W(— {v)+ets (LF) 189 17 16 2 177 16 15 1
W(— {v)+jets (HF) 581 98 52 7 631 107 51 8
Z(— L) +jets 19 11 0 0 64 1 20 0
A% 35 9 2 0 33 1 5 1
Total background 1717462 442434 155423  36+7 1769470 439430 189+22 4849
Data 1750 437 133 40 1754 482 164 44
Signal
Mw/k = 2000GeV 53 43 41 25 79 75 57 35
My, = 2600GeV 8 6 16 10 14 12 24 15
My, = 3200GeV 2 1 4 3 3 2 8 5



W' - tb: 1-lepton Limit setting on couplings

Black lines represent contours of equal m(W') in step 200 GeV

35.9 fb (13 TeV) 35.9 fb! (13 TeV)

95% CL Observed
I I

02 04 06

Cross-section with arbitrary left- and right-handed couplings a;, ar:

2 1 202 _ 2 202 _ 22 22 22
o= (1-af)osm+ e [aL(nL —ag)oy, + ag(ag — ai)oR +4afagoiR — 2nLnR<75M]
L R

where o , or , oLR , Osm are obtained from simulation

and (ar, ar)=(1/3/2,1/3/2) to ensure similar widths for all samples @



H* — tb direct searches

allowed if m(H*)>m(t)4+m(b)
received little attention so far

D@ @ 1.96 TeV: PRL 102 (2009) 191802
ATLAS @ 8 TeV: JHEP 03 (2016) 127

@ 8 TeV, ATLAS investigated H* — tb search through a reinterpreta-
tion of W' — tb searches in ATLAS (both 0- and 1-lepton analysis).

No evidence for a charged Higgs boson was found yet


https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.102.191802
https://link.springer.com/article/10.1007%2FJHEP03%282016%29127

