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CHARGED GAUGE BOSONS (W', W-)

Why important? W-bosons are weak force mediators !

Standard model predicts W-bosons. Later W-bosons (with
predicted mass) were discovered!
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SUCCESS OF STANDARD MODEL (SM)

/1 Gurrent data agree with SM very well
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STANDARD MODEL IN ONE FIGURE

Moose notation to remember SM Lagrangian
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STANDARD MODEL IN ONE FIGURE

Moose notation to remember SM Lagrangian
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STANDARD MODEL IN ONE FIGURE

Moose notation to remember SM Lagrangian
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MOTIVATION FOR NEW PHYSICS
7 A light Higgs (observation of a 129 GeV scalar)

— Observed (Asymplotic) CMS Preliminary
P Median Expected (Asymptotic) (= _ 7 Tav. L = 5.1 fb"
[ + 10 Expected Vs=8TeV,L=531"
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Why Higgs so light?

New physics to solve
hierarch problem
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HeAVY CHARGED GAUGE BOSONS

NEW PARTICLE
(BoTTOM UP)

NEW VECTOR
(GAUGE
EXTENSION)

NEW SCALAR
(HiIGGS
EXTENSION)
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SPIN PARTICLE
EXTENSION)
‘SU(Z)XU(I)XU(I)‘SU(2)xSU(2)xU(1)H SU3B) x U(1) \ ‘SU(S)\ ‘ \

Focus on one kind of vector bosons: heavy charged gqavge boson W*

Fermi Theory of Problem in Fermi Intermediate Weak Standard Model
Weak interaction Theory (Unitarity) Boson Model
Standard model Problems in SM Phenomenological Unknown
need new particle W’ (SU(2) extension) Final new TeV
theory
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Models of Heavy
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Models of Heavy
Gavge Bosons
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Models of Heavy
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SU(2) x SU(2) x U(1) MopeLs (G221)

Minimal SU(2) Extension Classified by different
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SU(2) x SU(2) x U(1) MopeLs (G221)
Minimal SU(2) Extension
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SU(2) x SU(2) x U(1) MopeLs (G221)
Minimal SU(2) Extension

Breaking Pattern |

Link fields
U(I) .

Breaking Pattern |l
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SU(2) x SU(2) x U(1) MopeLs (G221)
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SU(2) x SU(2) x U(1) MopeLs (G221)
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SU(2) x SU(2) x U(1) MopeLs (G221)
. Minimal SU(2) Extension

Link fields
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BREAKING PATTERN I

Further classified by fermion assignmen’rs

Flavofsal

Left-Right Model

Mahapatra, Pati, Senjanovic
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BREAKING PATTERN I

Further classified by fermion assignments
pog - \
)
FIavo{sal Flav on-universal

Left-Right Model Lepto-phobic Model (Quark, Lepton)
Mahapatra, Pati, Senjanovic Hadro-phobic Model (Quark, Lepton)

Fermio-phobic Model (Quark, Lepton
Jiang-Hao Yu (UT Avustin & MSU) a

Monday, November 12, 2012




BREAKING PATTERN 11

Further classified by fermion assignmen’rs

Flavofsal

Sequential Model
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BREAKING PATTERN 11

Further classified by fermion assignmen’rs

l
Flavofsal FIN universal

Al

: i U(I) .

Malkawi, Yuan

. Top-flavor Model (First two gen., Third gen.)
Sequential Model Un-unified Model (Lepton, Quark)

Georgi, Jenkins, Simmons
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G221 LAGRANGIANS

v G221 Lagrangians in Moose notation  theratio of two seales x = u/v
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MASS MATRICES AND MIXING

X X XX -
P AVAY; X is large (EWPTs)
— LY WY Expansion on the ratio of
X X X X two scales v/u = 1/x
WS\ Ty YW
7 ero-th order Wavefunction perturbation theory in quantum mechanics

~Woe = v WAL

"W =sin g WAL +eos oIV
AVAY YaAVER=EENNAVA SV

"W =cos WYL sin gL

First order Eigenvalue (W’ mass)
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COUPLINGS AND FEYNMAN RULES

Left-Right Model
Manifest Left-Right

(&

Pr

cos 6 sin ¢

Right-handed W’
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COUPLINGS AND FEYNMAN RULES

-—'

Left-Right Model
Manifest Left-Right

Lepto-phobic Model

€ €

Pr

cos 6 sin ¢ cos 6 sin ¢
Right-handed W’ Lepto-phobic W’
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COUPLINGS AND FEYNMAN RULES(CONT.)

’ .Sequential Model
. Manifest Sequential

e sin ¢

sin 6 cos ¢

Left-handed W’
”\f\VDC/’\/ = _.singp /Iy 0
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COUPLINGS AND FEYNMAN RULES(CONT.)

N,
Y 4 ) Y Y 4 ) Y
e 4 €
| |
|‘ COSH " “ COS@ ?
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’ .Sequential Model

Top-Flavor Model

. Manifest Sequential ¢
P Pp—
sin 6 sin 0
"IN = cos IR "N =sin o\ WU
e sin ¢ € COS ¢
F sin 6 cos ¢ P sin 6 sin @
Left-handed W’ Top-Flavor W’

"N = sin gV R I = cos g T
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G221 Models

SUMMARY OF G221 MODELS
Models (D = Higgs doublet) W’ Couplings
left-right (LRD) Right-handed W’
lepto-phobic (LPD) = W’ disfavor lepton
Breaking Pattern | hadro-phobic (HPD) | W’ disfavor quark

fermio-phobic (FPD) W' disfavor ferwmion

Segential (SQD) SM-like W’

Breaking Pattern Il Top-flavor (TED) W’ favor top

Un-unified (UUD) | W' favor quark

Hsieh, Schmitz, JHY, Yuan

Also other kinds of fermion assignments and Higgs representation ....
Total 10 models
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Discovery of Heavy Charged
Gauge Bosons (W-primes)
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FIND AN ELEPHANT/A W-PRIME

Find elephant!
Direct Searches

& &
& &

Find footprint!
Indirect Searches

(@)8
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INDIRECT SEARCHES

Quantity Value Standard Model Pull Dev.
m¢ (GeV] 173.1£1.3 173.2£ 1.3 0.1 -0.5 37 Observables. Low e er + LEP
My [GeV) 80.420 = 0.031 £0.384 £0.014 12 15 . ” gv
80.376 = 0.033 0.2 0.1
g 03027£00018  0.30399£000017 —0.7 ~0.6 .
g% 0.0308 £ 0.0011 0.03001 £0.00002 0.7 0.7 G'Oba' l‘rs (GA OOde) Shows “0 more
it 0.040 = 0.015 0.0388 = 0.0003 0.0 00
gy 0.507 £ 0.014 0.5064 £ 0,0001 0.0 00 h [} [ [} [}
Qwle) 0.0403  0,0053 0.0473 £ 0.0005 1.3 12 ‘l’ a" 3 s ma ex ess " SM red ‘l’ 0"
Quw(Cs) 73.20 = 0.35 73.15 £ 0.02 0.1 —0.1 ' c l 'c l
Quw(T)) 1164 =36 116.76 £ 0.04 0.1 0.1
7 [ 201,09+ 0.48 20002+209 05 05
Mz [GeV]  9L1876+0.0021 91.1874£0.0021 0.1 0.0
Iz [GeV] 2.4952£0.0023 2.4954+0.0009 —0.1 0.1
[(had) [GeV] 1.7444£0.0020 1.7418 = 0.0009
[(inv) MeV]  499.0+15  501.69+0.07
[(E7€) [MeV]) 83.984+0.086  84.0050.015 . . o
Fraalib]  ALSALE0037 414840008 15 13 Bad news: No hint on the existence of W-prime!
R. 20.804+0.050 20.735+0010 14 14 . . .
R, 207855003 2073520010 15 16 Good news: Limits on W-prime mass and coupling.
R, 20.764+0.045  20.780£0.010 -0.4 0.3
R, 0.21629 = 0.00066 0.21578 = 0.00005 0.8 0.8
R 0.1721+0.0030 0.17224+0.00003 0.0 0.0
A 0.0145 £ 0.0025 0.01633 = 0.00021 0.7 ~0.7 .
Re-calculate 37 observables in G221
AR 0.0188 = 0.0017 15 16 .
Al 052 200016 SR To000T 27 25) models and implement to GAPP code
AL 0.0707 £ 0.0035  0.0739 £ 0.0005 —0.9 —0.8
Al s s s
(0 0.0976 £0.0114  0.1035 % 0.0007 —0.6 —0.4 Kedo fhe global flff'"g in 022 l mo de's
Z(Apd) 0.2324 £ 0.0012 0.23146 = 0.00012 08 0.7
0.2316 + 0.0018 0.1 0.0
A, 0.15138 £ 0.00216 0.1475+0.0010 18 2.2
0.1544 = 0.0060 11 13 37 2
0.1498 £ 0.0049 0.5 0.6 O?Xp _ Oth
A, 0.142 = 0.015 0.4 -0.3 X2 . 2 7}
A 0.136 £ 0.015 0.8 -0.7 — E
0.1439 = 0.0043 -0.8 -0.7 O_.eXp
Ay 0.923+0.020 0.9348£0.0001 0.6 —0.6 i—1 )
Ac 0.670£0.027  0.6680£0.0004 0.1 0. —
As 0.895+0.091  0.9357 +0.0001 —0.4 0.4
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DIRECT SEARCHES

T

| Hadron collider: Best machine to discover W-prime
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> WA WA
‘ Except HE FP Y : - A
Drell-Yan process (largest rate) Associate W’ production process
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PRODUCTION AND DECAY
Manifest Sequential Model (Narrow Width Approx.)

§_1 0° o 1 - | | ]
2 —— LHC 14 TeV T -\ . §
O% ------- LHC 14 TeV NLO ; — I -
Q —— LHC 7 TeV = - 3 i
E HR S\ N [PRRR LHC 7 TeV NLO -S B II: ]
© B Tevatron c )
:g 100 N | Tevatron NLO E 10 1 E_ _E
— . o0 B _
I D - WH )
T S - (W2
10-3 — 10-2 = =
52 -1 — E E
s 1.4F ! ]
g1z 3 | |
x 1 2 3 4 5 109 2000 4000
M, [TeV] M,
: : jj: huge QCP backarounds
production cross section = th: good, but many decay produets
parton luminosity x COUpllvllq squared = [v: cleanest channel at hadron collider
Scaling behavior! WH and WZ: small branching ratio
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DRELL-YAN PROCESS

final states: charged lepton plus missing energy

+
q W' H slgna’rure: transverse mass (Jacobian Peak)
Mr(e,v) = \J(f] + P2 = 5 + )2 = \[2E5.E4(1 - cos(. — b))
al
Vv do  do dcos  do M
dMp  dcos@ dMp  dcosf 2 2
T T 2Myyiy [ M, — M3
CMS
Mass '-g
[ W .
Process [GeV] | 0B [pb] o Lo cMs EHCL It
500 17.25 8 1 bt Z ' $  CMS measwemant (statisyst)
© 1 O , — e n
600 827 _ 104 _cj_ ';511 thoory precictio
750 3.20 S L 22 g 5
1000 0.837 j§ . 8- | =2 LWy
, 1250 0.261 G 10 A U
W - ell n - -l =3 —
1500 0.0887 2 4 b —r— A
o 24) : wWwW
1750 0.0325 g 10 - T o4 . Wz
2000 0.0126 - -f 22
2250 0.00526 g 10 ; ol H(127)
2500 0.00234 3 : £ > 30 GeV | E}>10GeV i BN
W — v 10460 O 1k n™| <24 L ARy} > 0.7 : : 77
Z[yx — € 989 -
(mz/4« > 60 GeV) 107k 36 pb™”’ . 3pb” 1.1 1" 47 i’
tf—)eX 89'4 MHEPIOR e PUATOT 2011536 CMISAS EWLA1010 CMEPASHG 1A%
Huge backgrounds!

Jiang-Hao Yuv (UT Austin & MSU)

Monday, November 12, 2012




FIND A NEEDLE IN A HAYSTACK

\ ‘ CMS Expenment k thr‘lH( CERN

S ’x-uo NOLO- -0 t&x uyLH sv,

Suppress backgrounds

CMS/

[Pt 8222 GeV
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BACKGROUND SUPPRESSION

@ Data 2011
[Jw’(s00)
Jw’(1000)
[Jw’(2000)

[] Diboson
[TJacbp

L

10°

m; [GeV]

e s s B s s
—— Woprime (1.5 TeV) "

PR
1000

2 107 T T T T T 2 10 . i T 2 107 T T T
ch ATLAS ° Da‘ta 2011 S ATLAS ] Da‘ta 2011 qc) ATLAS
g 1o W o Qo g o W o ) g 1o W o
10° \s=7TeV [JW'(2000) 10° Ns=7TeV [JW'(2000) 10° Ns=7TeV
10° fLdt=1.041" 2 108 frat=to04t" D 10° [Ldt=1.04fb"
10° Wttbar 10° W ttbar 10°
[[]Diboson ["]Diboson
102 D(E))ct:)D 102 Dgct:)D 102
10 10 10
1 1 1
10 107 10
102 : S L 10— | L 102 :
102 10° 102 10° 102
ps [GeV] ET™® [GeV]
. g.0157 (. \.w w1w5\; T ‘, 19_015 — ——— : ‘-‘ i £.015 T
Benchmark Model: P [ o T e | -
’ z | 2 | = |
W 1500 Gev, u>JO-017 7 ..%0.017 B 30.01;
manifest sequential |
m o d e l 0.005 : o.oosi 4 o.oosi
Width 50 GeV o : i
% 200 200 600 800 1000 %200 200 600 800 1000 %500
p, (lepton) E; (missing)
/e .
pr > 20 GeV BL o T
g . .
| £| < 9F €sia 0.541 +0.026 | 0.347 =+ 0.024
n " Nyig 49.6 +6.0 344 +44
. . W = lv 1.59 + 0.13 1.36 =+ 0.13
AR < 04 1solat10n Z = 0.00010 £ 0.00004 | 0.095 + 0.005
; diboson 0.08 + 0.08 0.11 +0.08
EFY® > 25 GeV ;
T tt 0.08 + 0.08 0
QCD 0 H.T 0.01 *0:02
Mz > 891 GeV Total Npg | 1.75  *o-73 1.57 =+ 0.15
Nobs 2 2

Jiang-Hao Yu (UT Avustin & MSU)
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UPPER LIMITS IN COUNTING EXPERIMENTS

N observed events, modeled as Poisson distribution with mean Nexp = €sigLintoB + Nig

NO S
(€sig£int0'B + Nbg) b e—(esig[,intaB—l—Nbg)

Likelihood funetion = £(Nows|oB) = o
obs:
a ags 1 | L ] 1 ]
Posterior Probability ~ [P(0B[Novs) = 7L (Nobs|oB)m(o Bayesian statistics
. . (6B)osncL Fl « s .
Upper Limits / P (0 B|Nops)d(0 B) = 95% at prior in counting exp.
0
. . I\(Z\fobs + 17 (03)95%CL€sig£int)
1 — =95
Negleet uncertainties F(NVop 1 Vo) %
0'2 = 1
oL =
e va ‘735‘7ch ;
g 1ET IIIIIII""I_:%:":_' S o o 1F] — g
E C --¢- NNLO theory 3§ = . --+- NNLO theory - o g e NNLO theory ]
o —e— Observed limit | cg —e— Observed limit | m C —e— Observed limit 1
----- Expected limit - .--- Expected limit - © - -—-- Expected limit ]
107 [ Expected = 16 101 [ Expected = 1o | al I Expected = 10|
- cted+2o . - xpected+20 . 10 = Expected = 20
- ATLAS A © ATLAS N " ATLAS 3
- W ev . F W sy - L W (v
107 Ns=7TeV, fLdt=t04t” 3 10%F Ns=7TeV, fldt=1.04f" E 10°ENs=7TeV, [Ldt=1.04 5" 4
500 1000 1500 2000 2500 500 1000 1500 2000 2500 o0 To00 iBos 5000 5800

m,, [GeV] m,, [GeV] m, [GeV.
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DIRECT SEARCHES

Tevatron and LHC Data for W’ and Z’ are used

- 40 CDF Run ll: 1.9 fb™" |
-g ‘ 6._‘: | . —— Eww umn 3‘ 1 — I T T T T T T T T T T T T T T T T T —]
= —— o x Br(NNLO) : Y [7] + 10 Expected Limit 2 = ~-o- NNLO theory -
.7 _. ::; ::::: 1.43\ - Observed Limt a; B —e— Observed limit |
§ 1 + 1o exp. limit j S R Expected limit -
X B+ 20 exp. limit {12 101 I Expected = 16 _
= % . : - Expected = 20 J
1 t+ F - ]
0 $08- - -
o E 10-2 - |
om " - =
v 0.6 C ]
o - - —
W’ — |v
0.2 - 10%E\s=7TeV, [Ldt=1.04 fb" E
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G221 MODELS ALLOWED REGION (95%CL)
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CORRELATION BETWEEN W’ AND Z’
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G221 DISCOVERY POTENTIAL (14 LHC)
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G221 DISCOVERY POTENTIAL (14 LHC)
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SUMMARY OF G221 W’ DISCOVERY

Constraints  Discovery Potential

(lepton channel)

left-right (LRD) 1.7 TeV 3.2-5TeV
lepto-phobic (LPD) 0.55 TeV No improve
Breaking Pattern | hadro-phobic (HPD) 0.5 TeV 0.55 TeV
G221 Models fermio-phobic (FPD) 0.5 TeV No improve
Segential (SQD) 1.4 TeV 3.5-5TeV
Breaking Pattern |l Top-flavor (TFD) 1.7 TeV 2-5TeV
Un-unified (UUD) 3.1 TeV 46-5TeV

How to discover Lepto-phobic W"!
After discovery, how to determine W’ properties!?
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Chiral Properties ol Heavy
Charged Gauge Bosons




TOP QUARK IS SPECIAL
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ToP QUARK DEcAY

In the top quark rest frame
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CORRELATION BETWEEN TOP AND LEPTON

W’ decays to right-handed top in BP1, left-handed top in BPII

(a) left-handed top (b) right-handed top
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(always along top spin direction)

Jiang-Hao Yu (UT Avustin & MSU) @

Monday, November 12, 2012




ToP QUARK CHANNEL

lepto-phobic model:
No hope to find W-prime in leptonic channel,
discover W’ in single top channel

Top-flavor model:
Enhanced couplings to the top quark,
" larger chance to find W’ in single top channel

All models, except FP and HP wmodels:

probe the chiral structures of W’
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DISCOVERY AND CHIRAL STRUCTURE

Top Quark reconstruction:
Require on-shell W, to get the solution of
neutrino Pz (pick up the central one)

No reconstruction is
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SUMMARY OF G221 W’ DISCOVERY

Constraints  Discovery Potential W’ Discovery

(lepton channel)

left-right (LRD) 1.7 TeV 3.2-5TeV Lepton Channel
lepto-phobic (LPD) 0.55 TeV No improve Top Channel
Breaking Pattern | hadro-phobic (HPD) 0.5 TeV 0.55 TeV Di-boson Channel
Is fermio-phobic (FPD) 0.5 TeV No improve Di-boson Channel
Seqgential (SQD) 1.4 TeV 3.5-5TeV Lepton Channel
Breaking Pattern 1 Top-flavor (TFD) 1.7 TeV 2.5TeV “Chamet”
Un-unified (UUD) 3.1 TeV 46-5TeV Lepton Channel

After discovery, all models, except FP and HP wmodels:
probe the chiral structures of W'!
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conclusion and Outlook




CONCLUSION AND OUTLOOK

One sentence:
Classified the 6221 Moose model, and discussed constraints,
discovery channels, LHC potential and chiral properties.
More information:

(1) In BP-llright-handed W°), Z’ is heavier than W', and in Phobic
models observing a Z’ in lepton channel alone doesn't mean no W

(2) In BP-ll(left-handed W°), degenerate W’ and Z° wmass, and
observing W’ and Z’ at the same timescale of LHC.

(3) Top quark channel to discover lepto-phobic and top-flavor W',
and to probe the chiral structure using the top polarization.

Outlook:

Di-boson channel, and associate production channel are promising
to probe symwmetry breaking sectors.
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Thank you!
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TIMELINE OF CHARGED GAUGE BOSONS

Fermi theory of Phenomenological Intermediate Charged Gauge
Weak interaction Weak Boson Model Boson Discovery
1934 1957 1983 (CERN)
V-A current in Unitarity violation Glashow Weinberg
Fermi theory in Fermi Theory Salam Model
1956 1950s 1967
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FEYNMAN RULES IN G221
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FPD AND UUD MODELS
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