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Introduction  Motivation

Motivation

@ CERN LHC is starting to probe the TeV scale — EWSB sector at center stage
(no direct experimental signal yet).

@ Partial wave unitarity of longitudinal weak boson scattering — there should exist a
new state at the TeV scale (the EWSB precise mechanism is not predicted).
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Introduction  Models

Models

@ SM — Higgs boson (scalar field) responsible for cutting off the growth of this
scattering amplitude.

@ New strongly interacting sector — new spin—1 states that unitarize the weak
gauge boson scattering.!

@ Higgsless models with extra dimensions — unitarity restoration through the
exchange of an infinite tower of spin—1 K-K excitations of EW gauge bosons (first one
may be observable at the LHC)?

Thus, a common feature of many EWSB scenarios is the existence of new vector

resonances, Z' and W', that couple to WTW~ and W*Z pairs respectively

1S. Dimodopoulos and L. Susskind (1979), S. Weinberg (1979), C. T. Hill and E. H.
Simmons (2003).
2 C. Csaki, C. Grojean, H. Murayama, L. Pilo, G. Cacciapaglia, J. Terning, G. Marandella
(2004), Y. Nomura (2003), R. S. Chivukula, D. A. Dicus and H.-J. Her(2002):
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Introduction  Previous model independent analysis

Previous model independent analysis

Model independent: Weak Boson Fusion (WBF) or associated production with EW gauge
boson

Unfortunately3:
@ 7' signals unobservable even for increased luminosity.

@ W' observable with modest luminosities — but spin determination only for light
resonances and with assumption of increased luminosity

3 A. Birkedal, K. Matchev and M. Perelstein (2005), A. Alves, O. J. P. Eboli, M.C.
Gonzalez-Garcia et al (2009), M. Asano and Y. Shimizu (2011).
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Introduction  The Channel
Alternative

Direct production via the V' coupling to light quarks 4

Study of the processes:

pp —Z S WIW- s etO-Bp
pp =W S WEZ st OER,

@ Model independent spirit: relevant couplings of V’/, width and mass.

@ Spin assignment: from final state leptons spin correlations and angular
distributions of the produced EW gauge bosons.

4A. Alves, O. J. P. Eboli, D. Goncalves Netto, M. C. Gonzalez-Garcia et=al (2009).
Juan Gonzéalez Fraile (UB) III CPAN Days, Barcelona

5/ 21



Framework Couplings

Couplings

@ Model independent spirit:
Free parameters:

o
(LV a_9vV'wv__ ) Iy and My
qu§ 9V'WV maz

where

2

My, M2
9Z'WW maz = 9ZWW J3M and gw'wzZmaz = 9ZWW 30 Mo
z' w Mw

One constraint:

Ty > 0.27GeV ("ZZ’W) ( 9z'ww ) (AAJTZZ)?

9Zqq 9Z'WW max

Ty > 0.40 GeV (QW’Q@) ( Iw'wz (MW/>2

IWaqq IW'W Z mazx

@ Concreteness = couplings with same Lorentz structure as SM ones but arbitrary
strengh. (Higgsless models)

@ Z'ZZ coupling vetoed. (Higgsless models)
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Framework Cross Sections

Cross Sections

9viqa  gv'wVv
Ttot = osm + (7117 Uint(MV’vl_‘V’)
9veg 9V'WV mazx

2

9v'qq /

+ (71111 7gv WV ) UV’(MV’7FV’)
9veg 9V'WV mazx

. 9V qq
=-Study as a function of (M M), Iy and My
9Vaq IV'WV max

@ Template — model with a new scalar (Higgs inspired couplings) with a coupling
strenght such that scalar production cross section is equal to the V’ after all the cuts.
(same mass and width)

@ Parton level study keeping the full helicity structure of the amplitude (MadGraph)
including experimental resolutions and detection efficiencies.
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W' spin determination Cuts

Cuts pp— W — ZWE 5 eHe-0Epy

@ Main SM backgrounds:

pp = WEZ = (F0+0~Fr
pp— ZZ — (H O [0F) ) )
pp — tt = bBWHTOW ™~ = jW-WHbW— + bW T jWHTW— — ¢/~ ¢+

Starting cuts — |ng| < 2.5, ARy > 0.2, pé > 10 GeV and B > 10 GeV
SFOC leptons — |M,1,~ — Mz| < 20 GeV.
Leading lepton — p¢ > 120 GeV

v reconstruction:
Imposing (p” + p*)? = M3, = twofold ambiguity

| Mmin _ Ay <6
with
My =500 GeV — 6 = 50 GeV
My = 1000 GeV — § = 100 GeV
My = 1500 GeV — § = 200 GeV
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W' spin determination

Cross Sections and 50 signal observation

Cross sections and 50 signal observation
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W' spin determination Spin determination

Final state leptons and angular correlations in W2 COM

@ A convenient variable for contrasting the production of particles with different spin® :

A
cos 0, = tanh ( ;Ml)

Anyy is the rapidity difference between the same charge leptons — is invariant under
longitudinal boosts.

@ Using the neutrino reconstruction — Z polar angle in the WZ COM frame:

cos GWZa'ue

@ Expected behaviour:
spin—1 — peaked at cos0;, =0
spin—0 — flat

5 J. M. Smillie and B. R. Webber (2005), A. Alves, O. Eboli and T. Plehn (2006), A. Alves

and O. Eboli (2007).
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W' spin determination Spin determination

Final state leptons and angular correlations in W2 COM

@ A convenient variable for contrasting the production of particles with different spin® :

A
cos 0, = tanh ( ;7[[)

Anyy is the rapidity difference between the same charge leptons — is invariant under
longitudinal boosts.

@ Using the neutrino reconstruction — Z polar angle in the WZ COM frame:

cos 0WZa/ue

@ Expected behaviour:
spin—1 — peaked at cos0;, =0
spin—0 — flat

However, with the cuts...

5 J. M. Smillie and B. R. Webber (2005), A. Alves, O. Eboli and T. Plehn (2006), A. Alves

and O. Eboli (2007).
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W' spin determination Spin determination

cos 0, and cos Ow zqve
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W' spin determination Spin determination

Discrimination between spin—0 and spin—1

Both variables with comparable discrimination power — cos 8y zqve larger uncertainties

Construction of asymmetry:

o(]cos 0, < 0.5) — o(|cos 07,| > 0.5)

Ag = .
7 o(|cos b, < 0.5) + (| cos 67, > 0.5)

(eliminates normalization systematics)

99% CL spin determination for a given £ (assuming vector distributions):

1-AV?
AY, — AS| > 2.58 —9258 Yt
[Age el > Ay, Moot

where Ntot =L X Otot X (62)3
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W' spin determination Spin determination

99% CL spin discrimination
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W' spin determination Spin determination

Luminosity requirement
pp—> I 19 ¢/

A A

L (fb™)
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Solid black (dashed red) — integrated luminosity required for discovery (99% CL spin determination)
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Z' spin determination  Cuts
Cuts pp— 2 - WHW= = 0By

@ Main SM backgrounds:

pp— WTW— = ¢+~ B
pp = L7 — Z""ZjET
pp — tE = BWTBW = — ¢+~ B
pp — 7T = 0" Br
Starting cuts— |n,| < 2.5 , ARg >0.2 and pk > 50 GeV

Jet veto — |n;] <3  and p% > 20 GeV.
SF leptons — K7 > 50 GeV and myt,— > 100 GeV.

2v in final state = Complete reconstruction of the event is impossible
M¥W

Mo Assisted on-Shell (MAOS)® original or modified”

6 W. S. Cho, K. Choi, Y. G. Kim et al (2009), C. G. Lester and D.J. Summers (1999)

7K. Choi, S. Choi and J. S. Lee (2009).
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Z' spin determination Cuts

W W invariant mass

do/dMww (arbitrary units)

Juan Gonzéalez Fraile (UB)
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Z' spin determination  Cross Sections and 50 signal observation

Cross Sections and 5o signal observation
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Z' spin determination  Cross Sections and 50 signal observation

99% CL spin discrimination
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ATLAS and CMS combined exclusion limits on Z’

ATLAS and CMS Combined exclusion limits on
the production of a 7’

Using

0. J. P. Eboli, J. G-F and M. C. Gonzalez—Garcia

2010/11 collected data —

ATLAS — 1.02 fb~ 1!
Analysis of pp — £+~ B

CMS — 1.55 fb— 1

@ Complete simulation of the signal and background required.
@ Using the same Model independent framework.

@ No positive signal observed — Exclusion limits on the production of a Z’
Juan Gonzéalez Fraile (UB)
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ATLAS and CMS combined exclusion limits on Z’
ATLAS and CMS combined exclusion limits on the
production of a Z’
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ATLAS and CMS combined exclusion limits on Z’

ATLAS and CMS combined exclusion limits on the
production of a Z’
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ATLAS and CMS combined exclusion limits on Z’

ATLAS and CMS combined exclusion limits on the
production of a Z’

ATLAS L=1.02 fb™" + CMS L=1.55 fb™'
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Conclusions

Conclusions

@ (W') cos 0}, and cos Oy z and (Z’) cos 6}, and cos @y w similar discriminating power
— no need of COM reconstruction
@ Z': MY¥W and MAOS similar power.

@ 99% CL determination of the spin — large fraction of the parameter space where W’/
and Z’ can be observed for 100 fb~1(14 TeV).
Early (10 fb~1) discovery possible for weakly coupled W'.

Ex.: W’ in Higgsless models:

Myys < 1TeV Observation ~ 10fb~ !

IW’qq gy’ —
(#:: %) ~ 0(0.07) Spin determination O(10)fb™1

Ex.: Z’ in Higgsless models:
My, <1 TeV

Iy, g
(72 99 _9Z'WW ) ~ 0(0.1)
9Zqq 9Z'WW maw

— Observation and Spin determination ~ 100fb 1

7 TeV LHC run is already scrutinizing the lighest masses — First exclusion limits

almost /already avaliable
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Backup

Widths

Couplings, width (I'yy) and mass (My ) as free parameters, only one constraint:
Tz 23 e al (Z' = 4q@) +T (2 - WTW ™)

Tyt 2T (W 5 ud) +T (W' - WH2)

Using
T (2" = un) = 0.3 (57) (gfz’ff)Q I (2" — dd) =0.38 (37) (%@2
r(z - wiwe) = oo () (; e )’
I (W't — ¢'q) =0.68 (%v;) (%)
I (W - W+z) =0.019 (MW')B (gWgWTWf)Q
We get

Iy > 027G6V( qq) ( 9z'ww ) (MZ,>2

9Zqq 9Z'WW maz Mz

Ty > 0.40GeV (gW’w) ( Iw'wz ) (I‘LV)2

IWaqq IW'W Z maz My

Juan Gonzéalez Fraile (UB) III CPAN Days, Barcelona 22 /21



Backup

v reconstruction (W)

Reconstruction imposing (p¥ + p®)2 = M2, = twofold ambiguity:

1 - -
Py, = F { [MX%V + 2(17;1“ Z/T)]plL
P

(M2, + 26k )] 2 — 4<p;ElET>2}

| MEmin _ Ay <6

with
My =500 GeV — § = 50 GeV
My = 1000 GeV — § = 100 GeV
My = 1500 GeV — § = 200 GeV
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Backup

cos 0y, vrs cos Ow zave

R agviarsyceniasses s avantr ety
0.6 )
0.4

ave
24

cos

MAQS—OR++
o
oo

CcoSs
o
)

-1 -0.5 0 0.5 +1 -0.5 o] 0.5
cos®’, cos®’,

Up: cos 0] ® cos 055, spectrum for W’ and My, = 0.5 TeV (left panel) and 1.5 TeV (right panel) where

cos 077 is the average of the two possible solutions. o & = =

\2)
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Backup

v reconstruction (Z')

2v in final state = Complete reconstruction of the event is impossible
@ Transverse mass:
— 2
wWwW /—
Mr = = K\/(pZT M+ \/MZT + m?ﬂ")

1/2
Lt
L +1/T>2}

@ My Assisted on-Shell (MAOS)® reconstruction.
For W (p1 + p2)W ™ (k1 + k2) — £ (p1)v(p2)l™ (k1)v(k2):

Mo = P2T+n£121’11":#T [maX{M’T(plTvp?T)’MT(leﬂkZT)H

M'12“(P1T7P2T) =2(lp1rllp27| — P11 - P27) -
Without initial state radiation:

maos maos
p27°” = —kir, k2p®® = —pip.

8 W. S. Cho, K. Choi, Y. G. Kim et al (2009), C. G. Lester and D1J. Summers (1999)
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Backup

MAOS original vrs modified

@ MAOS-original:

P2 (£) = s [piL A

[P17]

/lorr 4 ok, /42 = [parPloag ]

RN E) = g B

k1

i\/\le\Q + k%L \/32 _ ‘le‘Q‘k2¥aos‘2:|

where A= M3, /2 + p1p - p222° and B = MZ,/2 + k17 - ko P25,

@ MAOS-modified?:

maos ‘p2maoa| |k2¥aos‘
- 7‘p1L7

IP1p

k2maos _

|k17|

9K. Choi, S. Choi and J. S. Lee (2009).
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cos 0, and cos

, = 2500
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Backup
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