Heavy Electroweak Resonances
at the LHC

(arXiv:0709.0007 & 0810.1497 [hep-ph])

Shrihari Gopalakrishna
Brookhaven National Lab

with
Agashe, Davoudiasl, Han, Huang, Perez, Si, Soni

Fermilab
Aug. 2008

Shrihari Gopalakrishna Heavy Electroweak Resonances at the LHC



@ SM Hierarchy Problem: Mp; «— Mgy
@ New dynamics?

Extra dimensions (Warped, Flat)
Supersymmetry

Strong dynamics

Little Higgs

e AdS/CFT correspondence
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Talk Outline

@ Focus on heavy EW spin-1 resonances
e Warped (RS) model

o SU(3)gcp x SU(2)L x SU(2)gr x U(1)x bulk gauge group
o Heavy EW gauge bosons : 3 neutral (Z’) & 2 charged (W'¥)
e Precision electroweak observables require Mz, , MWIi 22 TeV

e Makes discovery challenging at the LHC

o What are general issues at the LHC?

Shrihari Gopalakrishna Heavy Electroweak Resonances at the LHC



Talk Outline

@ Focus on heavy EW spin-1 resonances
e Warped (RS) model

o SU(3)gcp x SU(2)L x SU(2)gr x U(1)x bulk gauge group
o Heavy EW gauge bosons : 3 neutral (Z’) & 2 charged (W'¥)
e Precision electroweak observables require Mz, , MWIi 22 TeV

e Makes discovery challenging at the LHC

o What are general issues at the LHC?

Not discussed here:

@ KK Gluon (SU(3)QCD) at LHC [Agashe et al, 06] [Lillie et al, 07]
@ KK Graviton at LHC [Agashe et al, 07] [Fitzpatrick et al, 07]
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Warped Model

5D Warped Space [Randall, Sundrum, 99]
ds? = e_zkly‘(n,wdx“dx") + dy?
Z> Orbifold -
@ Planck (UV) Brane
@ TeV (IR) Brane
R : radius of Ex. Dim.

k : curvature

Hierarchy prob soln:

@ TeV Brane Higgs: Mgy ~ ke ™R : Choose kR ~ 34

Bulk fields —AdS/CFT

@ Bulk Fermions explain flavor (FCNC's safe)

Shrihari Gopalakrishna Heavy Electroweak Resonances at the LHC



Precision Electroweak Constraints (S, T, ZbB)

@ Bulk gauge symm - SU(2). x U(1) (SM %, H on TeV Brane)

MP/

o T parameter - |og enhanced [Csaki, Erlich, Terning - 02]

e S parameter - log enhanced

@ Bulk gauge symm - SU(2)g < Custodial Symm (AdS/CFT)

[Agashe, Delgado, May, Sundrum - 03]

o T parameter - Protected
@ S parameter - log enhanced (with additional ka for bulk fermions)
o Zbb shifted

@ 3rd gen quarks (2,2) [Agashe, Contino, DaRold, Pomarol - 06]

o Zbb coupling - Protected
@ Precision EW constraints = Mz > 2 — 3 TeV

[Carena, Ponton, Santiago, Wagner - 06,07]
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Bulk Gauge group : SU(2), x SU(2)g x U(1)x
@ Three neutral gauge bosons: (W}, W3, X)
@ Two charged gauge bosons: (WLi, WRi)
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Bulk Gauge group : SU(2), x SU(2)g x U(1)x
@ Three neutral gauge bosons: (W}, W3, X)
@ Two charged gauge bosons: (WLi, WRi)

o SUQQr x U(L)x — Uy : (W3, W3, X)— (W3, B, Zx)

— . +

o Ix = \/glejLigé(gRWI%*gXX)g’(fa+) ; V\iR *)(77+)
— 1 .

° B:\/gETg%(gXWI%'FgRX)—’(‘h"') . Wi — (+,+)

Symm breaking by BC: Zx(—,+) means Zx|,—o =0; 0yZx |y=xr =0
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Bulk Gauge group : SU(2), x SU(2)g x U(1)x
@ Three neutral gauge bosons: (W}, W3, X)
@ Two charged gauge bosons: (WLi, WRi)

o SUQQr x U(L)x — Uy : (W3, W3, X)— (W3, B, Zx)

— . +

o Ix = \/glejLigé(gRWI%*gXX)g’(fa+) ; V\iR *)(77+)
— 1 .

° B:\/gETg%(gXWI%'FgRX)—’(‘h"') . Wi — (+,+)

Symm breaking by BC: Zx(—,+) means Zx|,—o =0; 0yZx |y=xr =0
o SUQ)L x Ul)y — UM)em: (W}, B,Zx) — (A, Z, Zx)
o By TeV brane Higgs
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Kaluza-Klein (KK) expansion: A(x,y) = >¢° fa(y) A)(x)
AN KK tower with mass my,. Equivalent 4D theory

Gauge Boson
@ “Zero" modes: A(O),Z(O) : WL(O)
o First KK modes: A®), zW, zH 7/ w® wd

EWSB mixes : 7 « z® ; zO .,z . 70, 7z
WO o w® WO o W

Mass eigenstates :

@ “Zero" modes: A, 7 ; W=
o First KK modes: Ay, 21, Zx, — Z' ; Wy, Wg — W'*
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Representations (Custodial protection for Zbb)

[Agashe, Contino, DaRold, Pomarol - 06]

Fermions
° QL=1(22)= ( ZLL %)
e tr : (1,1)0r (1,3)
e bg : (1,1)or(1,3)
Higgs
e ¥ =(2,2)

For these Reps

@ Zbb coupling - Protected [Agashe, Contino, DaRold, Pomarol - 06]

@ Precision EW constraints = Mz > 2 — 3 TeV

[Carena, Ponton, Santiago, Wagner - 06,07]
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Wave functions

Bulk field EOM gives profiles in extra-dimension
Fermion bulk mass (c parameter) controls localization

02040608 1Y
Compute overlap integral of f(y) - g(y) to get 4D couplings
I+’_ = /[dy]gif(""")v(_-‘r)

e A= (+,4); Z— (+,4); Zx — (—+)
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Z' ANALYSIS
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Z' couplings

Define: £ = VkrR =5

Z' overlap with Higgs — &
Z' overlap with fermions:

| | Q7 | tr | other fermions |
T 1 ¢ -1
A 1] ¢ 0

Compared to SM

@ Z’ couplings to h enhanced (also V; - Equivalence Theorem!)
@ Z’ couplings to tg enhanced
@ Z'couplings to x suppressed

VLRV [eQIAl pt8z (T2 —swTe)IZy,+
gz (T3 —5°Ty)IZx, y] VLR
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EWSB induced Z/W* W~ coupling

ZW O vy is zero by orthogonality ...
. but induced after EWSB

Using Goldstone equivalence: 7

In Unitary Gauge:

W
&W\‘; VL(])v
’ 71{ o %%

w-

Even though & - ( o
. can be overcome by (MKK) (from long. pol. vectors)

)? suppressed ...
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[Agashe, Davoudiasl, SG, Han, Huang, Perez, Si, Soni - arXiv:0709.0007 [hep-ph]]

7 W P “h
M(A — WL W,) r? My, krre | W 2
— = —_—
v 0 my, " TV N My )
2.2 .2 a5 2
5 gi cyk™ M3, mz
M2 20 — WW,) = SLw Mz Pl (RS N
( 1,4x1 — Wi L) 1927 m4vv K X Tre <(M217MZX1)>
o 222
M(Z1,2Zx1 — ZLh) = 1;27r Mz ;i ko kmre
2 2
r(Z/ — f?) = 7(61’25[_2) (Iﬂ}%/ —+ K)i) MZ/ .
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Total Widths

7' Total Width

ssoE T T T

T (GeV)

MR N N N N
1000 2000 3000 4000 5000

(Mz =2TeV] A | 2o [ Zx |
[ T (Gev) [ 1033 ]114.6 [ 1356 |
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Z’ Branching Ratios

A, Branching Fractions
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Z' Branching Ratios (Contd.)

7 , Branching Fractions 7y, Branching Fractions
0
10 T T T
Eltt i
;, ww— — — — | i
1071 || P s .- .
Flzh—-—-—-- P ]
I I J
L v J
1072 — 4 —
E ’ El
L / ]
[/ ]
L/ 4
1073 - —
-4 B S P N
1000 2000 3000 4000 5000
Mg, (GeV)

Shrihari Gopalakrishna Heavy Electroweak Resonances at the LHC



'production at the LHC

Zl
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Shrihari Gopalakrishna
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LHC Channels

epp—2 — WrW-

o Fully leptonic: W — v ; W — fv
e Semi leptonic: W — v ; W — (j))

epp—2 —Zh

o mp=120GeV : Z - (*¢~; h— bb
o mp=150GeV : Z — (jj); h— Wt W~ — (jj) v

e pp—Z — 0TI~
o Clean but needs high luminosity
o pPp — Z, — t E s b B [Djouadi, Moreau, Singh - 07]

o KK gluon “pollution”
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pp— 2 — WTW~ — /v iv

2 v's = cannot reconstruct event

Di-lepton invariant mass Transverse mass
0.001 T T 0.001 T T
iR 2TeVZ —— . 2TeVZ ——
1e-04 3TevZ - 1e-04 3TeV Z' -------- ]
SM WwW SM WwW -

1e-05 SMTT e ] 1e-05 SMtT -

1le-06 1le-06

le-07 le-07

Diff c. s. [pb/GeV]

1le-08 1le-08

1le-09 1le-09

0 500 1000 1500 2000 2500 0 1000 2000 3000 4000 5000
M My

Mer = p1,, + P71, + BT M1y, =24/p5,, + M,

L needed: 100 fb~1 (2 TeV) ; 1000 /b1 (3 TeV)
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pp— 2 — WTW~ — /(v jj

jj opening angle Jet-mass
0.025

i
o

b 0.02

-1 0.015

B 0.01

-4 0.005

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5 0 50 100 150 200
08; Mgt (GeV)
j j Collimation implies forming my, nontrivial : use jet-mass
In our study: Jet-mass after Parton shower in Pythia
[Thanks to Frank Paige for discussions]
To account for (HCal) expt. uncert.

Smearing by 0E = 80%/VE ; 6n,5¢ = 0.05

Tracker + ECal (2 cores?) have better resolutions  [F. Paige; M. Strassler]
L needed: 100 fb~1 (2 TeV) ; 1000 /b~ (3 TeV)

O Rr N WHNU O N®O
T
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pp—Z' — Zh—(*0~ bb (m, =120 GeV)

Z hinvariant mass Zpy
0.001 T T 0.01 T T

T T
2TevZ
3TeVZ' ------- 0.001 k-, e E
SMZb -eeeene y
SMZbB - le-04

le-04

1e-05 le-05

le-06

1le-06 1e-07

Diff c.s. [pb/GeV]

1e08 [T
1le-07
1e-09

1le-08 . le-10 L L L =
1000 1500 2000 2500 3000 3500 4000 500 1000 1500 2000 2500

Mz, (GeV) prz (GeV)

How well can we tag high pr b's ?
For e, = 0.4, expect R; ~20 — 50; R. =5
Two b's close : ARp, ~ 0.16
L needed: 200 fb~1 (2 TeV) ; 1000 /b~ (3 TeV)
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pp—> 2 —Zh: Z—jj; h—>WW —jjlv

(mh = 150 GeV)

M, and My
1e-04 . . . . . = 2 2 2 2
2TeV Z' My, —— MTZh = \/PTZ +mz+ pTh +mh
105 | 2TeV Z My
3TeV Z My,
S leosl T 3TeV Z My 1
Q -
3 -
= 1e07
G
3
£ 1e08
o
1e-09
o1 . . . |

o ‘
1000 1500 2000 2500 3000 3500 4000
Min, . My (GeV)

My, =2TeV mj =150 GeV | Basic | pr,n | cos6 | My | Mg | #Evwis | S/B | 5/VB |

Z" — hZ — CE7 () () 2.4 1.6 088 | 0.7 [ 0.54 54 2.5 11.5
SM W jj 3x10* [ 355 | 127 | 0.62 | 0.19 19
SMWZj 184 045 [ 0.15 | 0.02 | 0.02 2
SM W W 712 0.54 02 [ 0.02 [ 001 1
[(My =3TeV_mp = 150 GeV_| | | | | | | | ]
[ Z7—>hZ—>¢Er () Q) [ 026 [ 02 [ o014 [006 [ — [ 18 [ 1.2 [ 47 |
[ SM W) [ 3x10*" | [ 41 JToos [ — [ 15 ] [ |

# events above is for

@ 2Tev:100 fb— !
@ 3Tev:300 bt
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pp — 2 — (t0~

[ My =2TeV Basic | pre | Mg | #Evts | S/B | S/VB |

Signal 0.1 0.09 | 0.06 60 0.3 42
SM €4 3x 10° | 5.4 0.2 200
SM WW 295 0.03 | 0.002 2

#+ events above is for

@ 2TeV:1000 fb~ !

Experimentally clean, but needs a LOT of luminosity
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W'® ANALYSIS (ongoing)
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W' BR

0.001

0.0001 L

1000 1500 2000 2500 3000 3500 4000 4500 5000

My [GeV]

Gopalakrishna

0.001

0.0001

1000 1500 2000 2500 3000 3500 4000 4500 5000
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W'= — tb— (ubb

Signal c.s. ~ 1fb
Bkgnd is single top + QCD W b b .... AND ...
tt : hadronically decaying top can fake a b

b-jet Event Jet Cluster (diff) t-jet Event Jet Cluster (diff)

b Evt2
pTi/pTtot pTy/pTtot

tEvt4

ococoocoooo
oRNwrODN®

b-jet Event Jet Cluster (diff) t-jet Event Jet Cluster (diff)

bEvt4
pT{pTtot pT{pTtot

tEvt3 ——

Shrihari Gopalakrishna Heavy Electroweak Resonances at the LHC



W'= — tb— (ubb

Jet Mass : ConSiz=0.4, VetoFrac=0.25
0.014

0.012

0.01

0.008

0.006

0.004

0.002

Jet Mass (GeV)

0.018
0.016
0.014
0.012

0.01
0.008
0.006
0.004
0.002

Jet Mass : ConSiz=1.0, VetoFrac=0.2 : 2 TeV

Jet Mass (GeV)

Jet-mass cut: cone size 1.0 and 0 < jyy < 75 =0.4% of top fakes b

L needed: 100 fb~1 (2 TeV)
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W' = ZW and W h

W't s ZW:

e Fully leptonic — £ : 100 fb~1 (2 TeV) ; 1000 fb~! (3 TeV)
e Semi leptonic —£ : 300 b1 (2 TeV) (SM W /Z + 1; large)
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W' = ZW and W h

W't s ZW:

e Fully leptonic — £ : 100 fb~1 (2 TeV) ; 1000 fb~! (3 TeV)
e Semi leptonic —£ : 300 b1 (2 TeV) (SM W /Z + 1; large)

W= — W h;
e mp~120: h— bb
o What is b-tagging eff?
e mp~150: h— W W
o Use W jet-mass to reject light jet
L needed: 100 fb~1(2TeV) ; 300 fb~! (3TeV)
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Conclusions

@ LHC:pp—Z' — WYW~, Zh, £T4~, (t%, bb)
pp — w'E - tb, ZW, Z h, ¢v (ongoing work)
tt bkgnd sneaks in

@ Probing electroweak KK sector challenging, but possible

@ Warped model with SU(2); x SU(2)gr x U(1)x
Z': A, 2y, Zxa W'= Wi, Wg
@ Thanks to:

Colleagues at BNL : Bill Kilgore, Frank Paige
CalcHEP (help from Alaxender Belyaev)

Pythia (help from Steve Mrenna, Peter Skands)
MadGraph (help from Rikkert Frederix)

Bridge (help from Matt Reece)
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BACKUP SLIDES
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Z' Overlap Integrals

Define: £ = vVkmR =5.83

Z' overlap with Higgs — &
Z' overlap with fermions:

| | Q; \ tr | other fermions |
TF [ -2B o2 ~1 ] -+ 07e~39 [ -~ 02
T 026~12 076 ~ 41 0

Compared to SM

@ Z’ couplings to h enhanced (also V, - Equivalence Theorem!)
@ Z’ couplings to tg enhanced
@ Z'couplings to x suppressed

VLRV [eQIAl wt8z (T2 —swTe)IZy,+
gz (T3 —5°Ty)IZx, y] VLR

Shrihari Gopalakrishna Heavy Electroweak Resonances at the LHC



Widths & BR's (For Mz = 2TeV)

Ay Z Zx1

r(GeV) BR r(GeV) BR r(GeV) BR

tt 55.8 0.54 18.3 0.16 55.6 0.41

bb 0.9 87x1073 ] 0.12 103 28.5 0.21
tu 028 [27x1073 0.2 1.7x 1073 ] 0.05 4%x10°*
dd 007 [67x10%] 025 [22x103] 0.07 [52x10°*
A= 0.21 2x 1073 0.06 5x 1077 0.02 |[12x107"7

Wrw, | 455 0.44 0.88 | 7.7x103 ] 50.2 0.37

Z h - - 94 0.82 2.7 0.02

Total 103.3 114.6 135.6
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pp— 2 — WTW~ —=/lvlv

Cross-section (in fb) after cuts:

l 2 TeV H Basic cuts [ [ne| <2 [ Mer > 1 TeV Mt >1.75 TeV [ # Evts [ S/B [ S/VB

Signal 0.48 0.44 0.31 0.26 26 0.9 4.9
ww 82 52 0.4 0.26 26
TT 7.7 5.6 0.045 0.026 2.6
[ 3 TeV H Basic cuts [ [me] <2 [ 1.5 < Mg <275 | 25 < My <5 [ # Evts [ S/B [ S/VB
Signal 0.05 0.05 0.03 0.025 25
ww 82 52 0.08 0.04 40 0.6 3.8
T 7.7 5.6 0.015 0.003 3

# events above is for

@ 2TeV:100 fb—1
@ 3 TeV :1000 fb—1!
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pp — 7' — WwWtw- —

Mer = pr; + pr, + P M1y, =2,/PF, + myy

My and My
0.1

o
o
=

0.001

Diff .s. [fb/GeV]

le-04 -
1000 1500 2000 2500 3000 3500 4000
Myww: Mrww (GeV)
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pp— 2 — WTW~ — /(v jj

Cross-section (in fb) after cuts:

(My=2TeV [ _pr | i | Mer | Mry, | Mo | #Evis | 5/B | S/VE |
Signal 45 2.40 2.37 1.6 1.25 125 0.39 6.9
W+1j 1.5 x 10° | 3.1 x 10% | 223.6 10.5 3.15 315
WW 1.2 x 103 226 2.9 0.13 0.1 10

[(Mz =3TeV ] l l l l l l l l
Signal 0.37 0.24 0.24 0.12 - 120 0.17 4.6
WH-1j 1.5x10° | 3.1 x 10* | 885 0.68 - 680
WW 1.2 x 103 226 1.3 0.01 - 10

# events above is for

@ 2TeV:100 fb—1
@ 3 TeV :1000 fb—1!
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pp—Z' — Zh—(*0~ bb (m, =120 GeV)

Cross-section (in fb) after cuts:

[ Mz =2 TeV [ Basic [ PT,M [ cos Oz [ M;p, b-tag [ # Evts [ S/B [ S/VE
Z" — hZ — bbbt 0.81 0.73 0.43 0.34 0.14 27 1.1 5.3
SMZ+b 157 1.6 0.9 0.04 0.016 3
SM Z + bb 135 0.15 0.05 0.01 0.004 0.8
SM Z + g, 2720 48 22.4 1.5 0.08 15
SMZ+g 505.4 11.2 5.8 0.5 0.025 5
SMZ+c¢ 184 1.9 1.1 0.05 0.01 2
[ Mz =3TeV | [
Z" — hZ — bbb/ 0.81 0.12 0.05 0.04 0.016 16 2 5.7
SM Z+b 157 | 0.002 | 0.001 [ 3x10~% | 1.2x 107 0.12
SM Z + bb 135 0.018 0.014 0.002 0.001 1
SM Z + q, 2720 1.1 0.7 0.1 0.005 5
SMZ+g 505.4 0.3 0.2 0.03 0.0015 1.5
SMZ+c¢ 183.5 0.03 0.02 0.002 4x10°% 0.4

# events above is for

@ 2 TeV:200 fb—?!
@ 3 TeV :1000 fb—!
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Diff c.s. [pb/GeV]

10

0.01
0.001
le-04
1le-05
1e-06
le-07
1le-08

Top pr ttinvariant mass
' ' 2TevZ —— ! R
3TevZ E 3Tev 4
] SMtt
B! '?: 0.01
4 %_é 0.001
3 4 le04
] 5 1e0s
1le-06
1le-07 L L L .
500 1000 1500 2000 2500 1000 1500 2000 2500 3000 3500 4000 4500 5000
Pri (Gev) My (GeV)
[ My =2TeV [ Basic | p7 >800 [ 1900 < My < 2100 |
[ Signal [ 17 [ 7.2 [ 5.6 |
[ SM tt [1ox10° | 311 | 19.1 |
[[My =3TeV | Basic | pr > 1250 | 2850 < My < 310 |
[ Signal [ 17 [ 056 ] 0.45 |
[ SM tf [ 1.9 x10° | 4.1 | 11 |
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