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Signatures in the Electroweak
Symmetry Breaking Sector

Shufang Su e U. of Arizona
Phenomenology Symposium 2007

S.Su




Qutline

¥ What I will and will not to cover

¥ EWSB scenarios and its signatures

(SUS‘/)( ADD) Little Twin ( RS )(Technicolor Higgsless)
Higgs Higgs

¥ The difficult question




What I Will and Will Not Cover?

Will not discuss

e Scenarios do not directly related to EWSB and (little) Hierarchy
- UED, split SUsY, 6UT, ...

e Indirect signatures: effects in precision measurements

e Higgs properties

Higgs

D) [j [jCXX)

e Recent developments
e Direct search signatures @ LHC
e try to be as model independent as possible
— particle directly related to the cancellation of quadratic divergence
— particles essential to the scenario
— minimum (vanilla) model (might not be the best model)
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New Particles at a Glance

(SUSY)( ADD) Little Twin ( RS )(Technicolor- Higgsless)
Higgs Higgs
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New Particles at a Glance

( KK gravitons ) ( massive vector bosons )

(SUS\/)( ADD) Little Twin ( RS )(Technicolor' Higgsless)
Higgs Higgs

( SM partners ) (‘rechnipion, technirho, ... )
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Supersymmetry

By now, everyone knows what usual SUSY signals are ...

you always hear people say
" If there is supersymmetry, we can observe it at the LHC.”
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Supersymmetry

By now, everyone knows what usual SUSY signals are ...

you always hear people say
" If there is supersymmetry, we can observe it at the LHC.”
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----’{----

. as stop can not be too heavy and it is strong interacting.

e cancellation of A2 only need H-H-t-t coupling relate to top Yukawa
e stop does NOT have to charge under the SM SU(3)c.

Burdman, Chacko, Goh and Harnik, hep-ph/0609152
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Large Extra Dimensions

ADD

[ M:J—l-QRn _ M}?l

~TeV

Arkani-Hamed, Dimopopulos, Dvali, hep-ph/9803315

2
5mH i

~ EW scale

M- ~ TeV

6=3 0=4 0=5

R (m)

1E-8 2E-11 5E-13

1R (GeV)

2E-8 9E-6 4E-4

e gravity live in 5+4 dimensions
e massless mode: 4D graviton
massive mode: KK tower of graviton

mgKK= n/R, n=1,2,... small mass splitting

12




ADD Single Jet/Photon + MET

e KK graviton: appear as missing Er

e Signatures: Single gluon/photon + large missing Er

Vacavant and Hinchliffe, 2001

Vs =14 TeV
IW(ev), jW(v)

Events / 20 GeV

D jW(tv)
@ jZ(vv)

== total background

® signal 6=2 M, =4 TeV
O signal 6=2 M, =8 TeV
signal =3 M, =5 TeV
signal 6=4 M, =5 TeV

gluon radiation

o
/ Ly

1000 1250 1500 50 2000
ETmiss (GeV)

Prlet ~ Pymiss Mp=7-9 TeV for L=100fb""




ADD 2 — 2 Scattering

Virtual Graviton Exchange in 2—2 scattering

e deviations in SM process with difermions
e new production process absent in SM at tree level, e.g. gg—I'I

>

ADD Discovery Limit

MS reach, TeV

M i2r & 1 h)
Y Zs—m? A
Pl =1 7 H

n—

dimuon

10 100 1000

Integrated Luminosity, fb”
CMSTDR

14




ADD Black Hole Production

arton
hole
parton ——_

-—

4-D spacetime 4-D spacetime

Semi-classical approach:

0_(M BH) = 7T’I“§( A1)

from Albert De Roeck




ADD Black Hole Production

Signhatures:

e high multiplicity of final state particles
e spherical distribution

Dominant background: QCD jets, top, boson+jets,

CMSTDR

M(4+n)~2 -3 TeV E—
MBH up to 4 TeV ---- Backgrounds

(a)

4000

3500

-- Backgrounds

3000 : .
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S.Su 16

_LIIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII

:
E

=)
o
ol




S.Su

-

\_

Little Higgs

~

J

17




Little Higgs Models

for review, see Perelstein, hep-ph/0512128;
Schmaltz and Tucker-Smith, hep-ph/0502182;

e Higgs is a Goldstone boson of spontaneous global symmetry breaking
e obtain mass from interactions explicitly breaking global symmetry
e gauge interaction, Yukawa interaction
e 1-loop quadratic divergence protected via collective symmetry breaking

e.g. Littlest Higgs model
lobal symmetry: SU(5) —» SO(5)
gauge symmetry: [SU(2)XU(1)]>—[SU(2)XU(1)]sm

e Higgs mass is zero if either of the gauge coupling is zero.
e One loop contribution is at most logarithmically divergent.

Good for A up to about 10 TeV




Little Higgs Models

Cancellation of A? by partners of the same spin.

New particles:

e New gauge bosons: Wy, Zu, An
e New heavy quarks: T, ...
e Extra Higgses

masses ~ TeV




Little

Higgs | Heavy Top in Littlest Higgs Model

=
=

Heavy top production Han, McElrath, Logan, Wang, hep-ph/0301040

J (TeV) T. Han
1.0 1.5

LHC 14 TeV

;-43 00€/s1uLAy

pp—rT_TXh““;;;

i
| | I |
=,
1 | | L [ | 1 1 | 1 1 | | | | |

0.5 1.0 15 2.0
My (TeV)
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Hiags Signatures in the LH Models

2

1 |
(T —12) =D(T —th) =5 (T—>bW):;2—:’;TMT K = A /\JAT + A3

N

o Tt Z > I'llvb ATLAS

o)
Re.
o
S
Q
>
(o
O]
o
i
(2]
2
C
o
>
o

1000 1500 2000

Invariant Mass (GeV)

Azuelos et. al., hep-ph/0402037
S. Su
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Higas Signatures in the LH Models

-
2

1 |
D(T —12) = (T —t h) = ST(T — W) = ;TTMT K = A /\JAT + A3
70

N
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Azuelos et. al., hep-ph/0402037
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Little

Higgs Heavy Guage Bosons in LH

Signatures:

e Drell-Yan production
e Decays into dilepton, dijets, dibosons

] l L | I | ] 1 | I L ] I |
—  Z,cote=1.0
—  Z,,cot8=0.2 AT LAS

Drell-Yan

|
W, cote=0.2

W, cote=0.5
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Azuelos et. al., hep-ph/0402037
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Higgs

Diboson signals

cot6=0.5

Zn

ATLAS

(Signal
Background

400 600 800

1000 1 2|00 1400 1600

M(Z,) (GeV)

Events/40 GeV/300 fb

Heavy Gauge Bosons in LH

ATLAS

[JSignal
Background

Wh - Ivbb
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400

|
00 800 1000 1200 1400 1600
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Little
Higgs

Little Higgs with T-parity

e EWPT = f large

e T-parity (similar to R-parity in SUSY)
- contribution to SM process only appears at loop level, allow small f

e T-odd partners for SM particles (T-quarks, T-leptons, ...)

e lightest T-odd particle: stable, most likely, An

e SUSY-like signals

odd

New gauge
bosons

An (LTP)
Wh, ZH

New heavy
quarks

T.
q-l-

S.Su

However, as C. Hill and R. Hill told
us yesterday, T-parity is broken by
topological effects ...
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Twi - .
Twin Higgs mechanism

Chacko, Goh, Harnik, hep-ph/0506256
Chacko, Nomura, Papucci, Perez, hep-ph/0510273
Chacko, Goh, Harnik, hep-ph/0512088

Higgs as pseudo-Goldstone boson of a global symmetry
Its mass is protected against radiative correction via discrete symmetry

e.g., left-right Twin Higgs Models

® Global U(4) , with subgroup SU(2), x SU(2) x U(1)g., gauged
* Left-right symmetry: g,=gg (Y,=YRr)

H= ( ZL 3 I SM Higgs double'r‘
R

3 eaten by heavy gauge bosons‘

U4)—U3) 768
SU(2), x SU(2)g x U(1)g.. = SU(2) xU(1)y 26




Little . . "
Twin Higgs mechanism

Quadratic divergence forbidden by left-right symmetry
9 9
AV =" giN?H H + =3 92N HLHp

l d.=9r=9
9 o2

9

2 2p2pt
a2y N

U(4) invariant, does not contribute to the mass of GB

@

2 2

g - Qr

1672 af

4
Log contribution: AV =-log <A> (|HL* + |Hg|*)

my, ~ g%f / (4 ), natural for f~ TeV




Little .
Higgs New particles

® Heavy top: t,

® Heavy gauge bosons: W,, Z,

Single production tuj

ti— b®*—bbt—bbblv
' = Drell-Yan production

= Decays into
dilepton, dijets
(similar to LR model)
- Zu— tt, Wy th, ...







Randall-Sundrum Scenario

Planck TeV
ane = ds? = e~ 2, dxtdz” — dy?

[ AW = Mple_ijc7T ]

Ax ~ TeV for kR¢ ~11-12

gravity SM

New particles: KK tower of graviton

et _ pv (0) _ pv (n)
Interactions: L _PlT (z)h,,) () A7TT (x) E hy () -

n=1

Ads/CFT dual: Higgs in TeV brane @5D & composite Higgs @4D

S.Su 30




RS Graviton

Collider signature: resonance in dilepton, dijet, diboson, tt

k/Mp=1, 0.5, 0.1, 0.005, 0.001
I L L B

do/dM (pb/GeV)

300
m, (GeV)

(b)
10-10 L |

1 L1
1000

1 L1 1
2000

Boool 11
My (GeV)

1 L1 1
4000

1
5000

Davoudiasl, Hewett and Rizzo, 0006041
31




RS graviton (Variation)

Planck TeV

gravity




RS graviton (Variation)

Planck TeV

gravity




RS graviton (Variation)

Planck SM TeV

gravity
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RS graviton (Variation)

Planck SM TeV

gravity




RS graviton (Variation)

Planck

light fermion

gravity




RS graviton (Variation

Planck SM

light fermion

gravity Higgs
Agashe, Delgado, May and Sundrum, hep-ph/0308036




RS graviton (Variation)

Planck SM

light fermion

gravity Higgs
Agashe, Delgado, May and Sundrum, hep-ph/0308036

KK graviton

e couple strongly to H, tr, Vkk (composite fields)
e less to light quarks, leptons (fundamental fields)




RS graviton

ER

Signatures: resonance in tt, diboson

‘ =
_‘\ ] - --4q9>9'q G
\ L — gg->G

o
N

BR(G->X)

S
~

1000 2000 3000 4000
M, (GeV)

Fitzpatrick, Kaplan, Randall and Wang, hep-ph/0711150
gg *G'—~ZZ— 41, L=300 fb-'

c=k/Mp 0.5 1.0 1.5 2.0
m§ (TeV) <15 1.6 1.9 2.2
S/vVB — 7.0 6.1 6.1

33
Agashe, Davoudiasl, Perez and Soni, hep-ph/0701186




KK Gluon

New particles: KK gluon

Sighatures: resonance in tt

10-10 L

1000 2000 3000 4000 5000 6000 7000 8000
M, (GeV)

Lillie, Randall and Wang, hep-ph/0701166

34
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(Technicolor') Tec hﬂiCO I or

Similar to QCD chiral symmetry breaking ...

e new non-abelian gauge symmetry: Technicolor
e additional massless fermions: technifermion
e formation of techifermion condensate break electroweak symmetry

New particles

e color singlet sector: spin O mrc, spin 1 prc, etc.




Technicolor

Sighature

Nb Ev/10GeV

=
o

-

prc > WZ — 3lv

Technicolor

-
ol
o

S.Su

B zw
L+zz
[+t
7]+ zbb

300,300
[+ P,

(Ldt = 5fb™)

il [
500 600
M(31 + ) [GeV]

wn
=]
|

e diboson resonance

ptc — m1Z — bqll

37 ATLAS TDR
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Csaki, Grojean, Murayama, Pilo, Terning
: Chivukula, He, Kurachi, Simmons, Tanabashi, Matsuzaki;
( Higgsless ) H|993|es Foadi, Gopalkrishna, Schmidt (deconstruction)

Georgi

Inspired by deconstruction, warped extra dimension ...

Wi wi w; wi Wi
W WL L% Wi Wy

Unitarity

No Higgs = O(E?) = E < /8mv ~ 1.2TeV

Wi Wi wi Wi
H
H
w, WL WL WL

From S. Chivukula
39




' Higgsless '

Planck

SU(2)r®U(1)s.L.—U(1)y

RS Higgsless

SU(2)L®SU(2)rR®U(1)e-L

AdSs

Csaki, Grojean, Murayama, Pilo, Terning

TeV

dual to
walking technicolor model

SU(2).®SU(2)r *SU(2)o

e electroweak symmetry is broken by boundary conditions
e Unitarity fixed by exchange of KK tower of gauge boson

AL

AL

+ Crossing Channels

From S. Chivukula

40




( Higgsless ) 3-site Model Higgsless

Chivukula, He, Kurachi, Simmons, Tanabashi, Matsuzaki

From S. Chivukula

Yo

e Unitarity fixed by exchange of extra gauge boson




[ Higgstless ) Signatures of Higgsless models

New particles: Massive gauge bosons

Signatures: VBF — diboson resonance

from A. Belyaev

VBF —» W) - WZ — 3lv
10%
L=100 fb”

1 pp—W'Z+jj

10% 9 pp—W'Z+qq
. pp—W'Z+qg

pp—W'Z+gg

S
b
U
I
S~
8
<
O
>
J
<

104 5,

1 III|IIIIIlllllllllllléj.-i.l_"r\..lj:;III:E:Ii
200 400 800 1000 1200 1400 1600 1800 2000

M,,,(GeV)




[ Higgstless ) Signatures of Higgsless models

New particles: Massive gauge bosons

Signatures: VBF — diboson resonance

, VBF = W — WZ — 3Iv from A. Belyaev
10%

L=100 fb"
pp—W'Z+jj

pp—W'Z+qq
pp—W'Z+qg
pp—W'Z+gg

S
b
U
I
S~
8
<
O
>
J
<

i o e
o b b by diiilens BE] ey Diguiy

800 71000 1200 1400 1600 1800 2000
M,,,(GeV)
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fittle twin
Higgs ( RS )(Technicolor) (Higgsless)
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little twin
Higgs Higgs

saJ4nyoubis Yoy

resonance
dilepton,
dijets,
diboson, tX,
bX,...

J

resona

Which new physics?

[ Higgsless)

=
- J




little twin
Higgs Higgs

sa4nyoubis yory

resonance
dilepton,
dijets,
diboson, tX,
bX,...

J

resona

Which new physics?

DIFFICULT
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single photon, 740

Single Photon + MET

KK graviton bremsstrahlung

Signal: Single photon + large missing ET

Dominant background: Zy, W, Wy, y+jets, QCD, diy, Z+jets

=]
o

~
o

Significance S
[<2]
o

ey
o
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o
R
",

a
o

n
2
c
o
>
o
—
s}
S
o
e}
S
>
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S
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(2]
o

N
o

o
IR

. 5
M, [TeV]

Il Il Il Il Il Il Il Il Il Il Il Il Il —|\|_| \—lz
500 1000 1500 = 2000 2500
Missing ET IC, GeV

pT>400 GeV, MET> 400 MD=2.5 TeV, n=2, L=30fb""
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Black Hole Production

Warning: cross section could be much less than optimistic estimates

n=3, My=1-11 TeV

For 10 fb!
- Classical approximation to cross-section: large! Black Holes up to 8-10 TeV
*Apparent horizon (AH), not all energy trapped; see eg. hep-ph/0609055
Black holes up to 4-5 TeV

S.Su




Dijets with large Mjj

Elastic scattering in transplanckian 'r'egion with small momentum transfer
¢ ¢

g Signal: dijets with large M;;

jet-jet production at small angle with large center of mass energy

T T | T T 3
n=6 E \\\ Signal
L7 X ---- Background

|3 - S~ Mp=1.5 TeV
3 N

dej/d|A77| [pb]

min
M [TeV]

Giudice, Rattazzi and Wells, hep-ph/0112161




Little Higgs Models

: |
M (iQht, + fTrt, — z—fTLt,,,hhT) + X f (TrTR)

Mass eigenstates: T and tSM
parameters: f, A1, A1 = mt, mT, Ai/A2

1 2
(T —2) =T(T — t h) = ST(T — bIV) = %MT rr = A /\AT+ A3




Little Higgs Models

Azuelos et. al., hep-ph/0402037

2

ATLAS  T(T —t2)=T(T —th) = ; (T = bW) = 2L My

k= A2/ /A2 + A2

T— tZ — I+l-lvb, with leptonic decay of Zand W

3 high pt leptons, one b-tagging, and large MET

BG: WZ ZZ tt, tbZ low number of signal
events, 10 for 300 fb-1

3.5j

3

mT=1 TeV
Ai/2 =1

2.5F

Events/40 GeV/300 fb ™

25

5 0 reach:
300 fb-!, mT<1050 (1400) GeV

1.5F
1t

0.5 )\1/)\2 =2

1000 1500 2000

50

Invariant Mass (GeV



0405156

Little Higgs Models

2

ATLAS  T(T —t2)=T(T —th) = % (T = bW) = 2L My

e = M/ AT+ A3

T— Wb, with leptonic decay of Zand W

one high pt leptons, two jets (one b-tagging), and

large MET
BG: Wbb, tt, single top

Ao = 1.

Events/40 GeV/300fb '

5 o reach for 300 fb-1,
A1/A2=1(2)
mT< 2000 (2500) GeV

500 1000 1500 2000

Invariant Mass (GeV)
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Little Hi Models

f. 756, CMS

CMS: T— t Z, with leptonic decay of Zand W

5 0 reach:

L L L L B
Heavy Top T— tZ° (Z°— I'l, W—Iv, I=e,u) |
for M, = 1 TeV/c?

40 fb!

Cross-section (fb)

150 fb-!

M R B R R
100 150 200 250

Luminosity (fb’




Heavy Guage Boson in the Littlest Higgs

WH, ZH, AH arise from [SU(2)XU(1)]2 = SU(2)®U(1)

2 mixing angles: 0 for ZH, 6' for AH
ZH— ee, pp rise with cotd to about 4%

A.,—ee 5 o reach for 300 fb” Z,—~ee 5 o reach for 300 fb”

| | | |
500 1000 1500 2000 2500 3000 2000 4000
m(A,,) (GeV) m(Z,) (GeV)
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Little Higgs Meodels

WH— ev, pv (slightly better)

| T
WH cote=0.2
W, cote=0.5
Drell-Yan

W,,—ev 5 o reach for 300 fb”'

L 11 1IHH

-y
o
M2

10

—h

!
o—
o
o
—
—
=
Q
g
o
od
—
W
4
_
@
=
L

—
o
|

O TTTTI

2000 2500
m, (GeV)




Little Higgs Models

(fb)

ATLAS

Discovery at 56
forAp~ZH—qqyy

for A ZH—= 1l bb
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300 fb-1

Vi — 3jvy

ATLAS
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Heavy top t, production

® single heavy top production

® heavy top pair production
99,99 — tHtH

—pp— tHj X+THj X

---pp—>tHTHX

0
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Heavy top t, production

® single heavy top production

® heavy top pair production
99,99 — tHtH

—pp— tHj X+THj X

---pp—>tHTHX
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Heavy top t, decay
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Heavy top t, decay

3b+1]j+1lepton + missing E;
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Heavy top t, decay

3b+1]j+1lepton + missing E;
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o W,(mwr>m
w1 (MR > Mmwr) t, —b¢=: 4b + 1 lepton + missing E-

v

t, —bW : 2b + 1 lepton + missing E;

t, —tZ: 2b + 3 lepton + missing E;
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Randall-Sundrum

=

Collider signature: resonance in drell-yan and dijets

0-20 U T T T | T T T T | T T T T | T T T T T T T T

Tevatron
|Rg|<M:

Allowed Region

/
II|III/I | | 1 1 1 | 1 1 1 1 | 1 1 | -

1000 2000 3000 4000 5000
m, (GeV)

Hewett, Spirolulu, hep-ph/0205156
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RS graviton

Fitzpatrick, Kaplan, Randall and Wang,
hep-ph/0711150




Focus of This Talk

— Ldt = 30fb™
—— 5c Signal Sensitivity

5c Signal Sensitivity + Sys. Errors
—— 90%C.L. Signal Upper Limit (+ Sys)

Mir,) (GeV)
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Focus of This Talk

technicolor: |ep1'ons or |ep'|'on+ je'l's  ATL-PHYS-99-020

Mo, = 220 GeV/c?
4

Mm; = 110 GeV/c?

Mpor = 500 GeV/c?
12

Mp; = 800 GeV/c*
Case  mpy(GeV) mry (GeV) I'py (GeV) BR (py — W2) v

entries / 10GeV/c?

(a) 220 110 0.93 0.13

800 900 1000

M (GeV/c?
(e) 110 67 0.014 (Gev/c?)

(b) 300 45 0.21
Mm, = 300 GeV/c”
€3 500 1.1 0.87
(g) 110 0.013

(d) 250 0.022

Rl

h 300 0.032 0 800 900 1000
® M (GeV/c?)
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Mm, = 500 GeV/c”

NI
0 100 200 800 900 1000

M (GeV/c?)

entries / 10GeV/c?
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Focus of This Talk

technicolor: leptons or lepton+ jets

ATLAS TDR

L=30fb-1
Ptrc = TrcZ bqll

case (b): case (c): case (d):
m(p1)=500, m(n;)=300 GeV  m(py)=800, m(ny)=500 GeV  m(py)=800, m(ry)=250 GeV

Number of 115/148/17 48/43/2 11.5/49/0
events

S/ ./B 8.9 7.1 1.6
o x BR model 0.104 0.018 0.0059

o x BR for 50 0.058 0.013 0.018




Technicolor

case (b) case (c) case (d)
m(p7)=500, m(1)=300 GeV m(p7)=800, m(1)=500 GeV m(py)=800, m(mr)=250 GeV

Number of 86/165/5 24/118/10 12/5/0
events

SWB 6.6 2.1 5.3

o x BR (pb), 0.336 0.064 0.021
model

o x BR (pb), 50 0.255 0.15 0.02




Technicolor

L=30 fb-1

Myp PTmin (b1/b2) Pr3 (Max) o x BR (50) (pb)

300 75/75 100 13
500 180/50 50 7.0
1000 200/100
2000 300/200

m(th I(th) o x BR [pb]
[GeV] [GeV] 10 fb-1 100 fb-1

ns— tt—lvbbjj

500 57 17.0 55
750 107 12.0 3.8
1000 152 5.0 1.6

m(o )= 500 GeV m(»)=800 GeV

Number of events 612/105 174/24
Wrc— TrrcY *bb SWB 60 35
o x BR (pb), model 0.161 0.033
o x BR (pb) 50 0.013 0.0046

VBF with pr¢ — Trr¢ W — bblv, complementary to qq fusion, not

discovery channel unless 10 fb
S. Su 67




