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Twin Higgs mechanism

Higgs as pseudo-Goldstone boson of a global symmetry
Its mass is protected against radiative corrections
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Left-right Twin Higgs mode

® Global U(4) , with subgroup SU(2), x SU(2)g x U(1)g.. gauged

® Left-right symmetry: g,=gg (Y, =YRr)
A linear realization
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Left-right Twin Higgs model

® Global U(4) , with subgroup SU(2), x SU(2)g x U(1)g, gauged

® Left-right symmetry: g,=gg (Y, =Yg)
A linear realization

SM Higgs doublet
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SM neutral Higgs: H
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Left-right Twin Higgs model

® Global U(4) , with subgroup SU(2), x SU(2); x U(1)g,, gauged

® Left-right symmetry: g,=gg (Y. =YR)
A linear realization

SM Higgs doublet
{1 EwWsB
SM neutral Higgs: H

3 eaten by heavy gauge bosons

U(4) — U@3)

SU(2), x SU(2)g x U(1)g, — SU(2) xU(1)y




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
AV = " 5g°A (H H +HLHR) =

9

2 2p2pt
a2y N

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

@
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g - Qr

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

1672 af

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




Left-right Twin Higgs model

=

Fermion sector:
Qr = ( i ) =1[2,1,1/2], Lp= ( o ) =[2,1,-1],

Qr = ( an ) =[1,2,1/3], Lg= ( o ) =[1,2,-1],

Top quark mass:
Ty, =[1,1,4/3], Tr=][1,1,4/3],

yHLQRT, + yH} QTR+ MT TR + hec.

Top quark mass eigenstates: SM top and t,

EW precision constraints on SU(2); gauge boson mass = f> 2 TeV

Introduce another Higgs field that only couples to gauge sector
which has a larger VEV

S.Su




Left-right Twin Higgs model

® U(4) x U(4), with gauged SU(2), xSU(2)gxU(1)g,. + LR symmetry

SM Higgs doublet
1 EWSB

SM neutral Higgs: H

3 eaten by heavy gauge bosons

) U(4) — U(3)

J1
7 6B

SU(2), x SU(2)g x U(1)g, — SU(2),xU(1)y
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® U(4) x U(4), with gauged SU(2), xSU(2)gxU(1)g,. + LR symmetry

Couple to gauge boson only
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Left-right Twin Higgs model

® U(4) x U(4), with gauged SU(2), xSU(2)gxU(1)g,. + LR symmetry

Couple to gauge boson only
SM Higgs doublet

1 EWSB
SM neutral Higgs: H

3 eaten by heavy gauge bosons
Left 3 Higgses:

neutral Higgs ¢°, charged Higgs ¢+
U(4)x U(4) — U(3) x U(3)

SU(2), x SU(2)g x U(1)g, — SU(2),xU(1)y




Left-right Twin Higgs model

® U(4) x U(4), with gauged SU(2), xSU(2)gxU(1)g,. + LR symmetry

Couple to gauge boson only

SM Higgs doublet
| EWsB SU(2), Higgs doublet

SM neutral Higgs: H Hy=, Hao

3 eaten by heavy gauge bosons
Left 3 Higgses:

neutral Higgs ¢°, charged Higgs ¢+
0
(H) = ( 0 ) U(4)x U(4) — U(3)x U(3)

J1
7 6B

SU(2), x SU(2)g x U(1)g. — SU(2) xU(1)y




New particles

® Heavy gauge bosons: W, Z,
® Heavy top: t,
® Other SU(2), Higgses:¢*

q)o

® Other SU(2), Higgs H,:

H,0

M2y zn ~ 93(f,2+f,2?)
M2y, ~ M2y, 2
m?,, ~ g*/(16x2)f,2 log(A/gf,)

m?2, ~ B (f,/f,)
B: small, (50-100 GeV)?2

2
M=y=, 0 ~ U

u: soft symmetry breaking, O(f,)
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New particles

® Heavy gauge bosons: W, Z, M2y .zn ~ 93(F2+F5?)
® Heavy top: t, m?2;, ~ M2+y?2f,2

® Other SU(2), Higgses:¢* m?, . ~ g4/(16x?)f,2 log(A/gf,)

¢0 m?2, ~ B (f,/f,) ‘ BH;[%FIR ‘

B: small, (50-100 GeV)?2

® Other SU(2), Higgs H,: M2 5, 10 ~ W

H.o u: soft symmetry breaking, O(f,)
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Model parameters

® Model parameters: f,, (f,, y), A, M, VB, u A= daf. or 2xf
- 1 1

M=150 GeV
vB=50 GeV
w=f,/2

® Determine particle masses and interactions
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® Model parameters: f,, (f,, y), A, M, VB, u

Model parameters

7

fixed by Higgs VEV

A= 4xf, or 2xf,
M=150 GeV

fixed by top quark mass  VB=50 GeV

w=f,/2

® Determine particle masses and interactions
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Experimental Constraints

® mwn
-~ myr < Me, overproduction of “He: mwh > 4 TeV

- mvr < Mp, supernova cooling: mwx > 23 TeV
does not apply in LRTH, myg ~ f2%/A

— Ki-Ks mixing: mwh > 1.6 TeV — 1 > 670 GeV
relaxed if CKM. # CKMRr
— direct search limit: mwy > 800 GeV

® mzn
— Z -ZH mixing: f1 > 500 - 600 GeV
-~ precision measurements: mzx > 500 - 800 GeV
- direct search limit: mzy> 630 GeV (CDF)




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

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

3b+1]j+1lepton + missing E;
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t,— b @*

® Dominant background tt (one W — Iv, one W— qq), Wijj,Wbb
® Cuts
= lepton (e or p) with pr > 30 GeV, |n|<2.5

- at least three jets with pr > 50 GeV
- one jet with pt > 550 GeV

f=1000 GeV

T T
L |o(fb)/20GeV —— signal after smearing

tt~ background

All jets P.>50
At least one PT>550

Lepton P.>30

o (fb) / 20 GeV

1000 1500 2000 2500
Min
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i, — b @

® Dominant background tt (one W — Iv, one W— qq), Wijj,Wbb
® Cuts

= lepton (e or p) with pr > 30 GeV, |n|<2.5
- at least three jets with pr > 50 GeV
- one jet with pt > 550 GeV

= cos(0bw)>0.95 f=1000 GeV
I——o(fb)/2OGeV | | | | | | |

—— signal after smearing
tt~ background

All jets P.>50
At least one jet P,>550 | +
Lepton P.>30
cosGbW>(3r.95

o (fb) / 20 GeV

Il
1500 2000

M
T




t,— b}

® Dominant background tt (one W — Iv, one W— qq), Wijj,Wbb
® Cuts

= lepton (e or p) with pr > 30 GeV, |n|<2.5
- at least three jets with pr > 50 GeV
- one jet with pt > 550 GeV

= cos(0bw)>0.95 f=1000 GeV

T T | T T T
| |

—— signal after smearing

f S (fb) S l B . tt~ background

600 GeV |8.3 41.5

All jets P.>50
At least one jet P,>550 | +
Lepton P.>30
cos0,,>0.95

1000 GeV (6.54 |32.7

o (fb) / 20 GeV

1500 GeV (0.74 |3.7




Heavy gauge boson production

® Drell-Yan process qa/ — WH) ZH
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Z,, decay
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‘ 2b+2j+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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Higgses

SM Higgs

-1 H — vy
L dt=30fb ttH (H — bb)

(no K-factors) H — 77" = 41
ATLAS H - WW" — v
= qqH — qq WW"
A qqH — qqTt

* m, ~150-170 GeV,

depending on f,, A and M

Signal significance

___ Total significance

* Higgs searches:

- WBF — qqH — qqWW* — qqlviv
-gg —H— ZZ* - llll

10
- gg — H—-> WW* - Ivlv i

| ‘ | | | ‘ | | | ‘ | | | ‘ | | | ‘ | | | ‘ |
100 120 140 160 180 200
my (GeV/cz)
17




(bO

Neutral Higgs ¢° Difficult to discover

e 90— bb, cc, TT, I suppressed by v?/f2, Br similar to SM
* Yy generated by tu loop, I suppressed by v/f2, Br similar to SM
* No WW, ZZ coupling, W¢%, Z¢° associated production suppressed

e gg— ¢°generated by tu loop, suppressed by v?/f2
- gg— ¢°— yy production suppressed
- gg— ¢"— bb QCD bg huge

e bb¢?, tb¢?, ttp? cross section small
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® Produced via the decay of heavy particles
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(DO

® Produced via the decay of heavy particles

4 b + 1 lepton + missing E;
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Higgses

2

Neutral Higgs ¢* 10

(%)

» Decay modes depend on M

—
O_L

(%]
Qo
=

©

g

(@)
£

e
(@)
[
©
—

m
|

=

+l
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* no W¢=, Z¢= associated production (no such coupling)

* bb¢=, th¢=, tt¢= cross section small




Charged Higgs ¢: ® Produced via the decay of heavy particles
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Charged Higgs ¢: ® Produced via the decay of heavy particles
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Charged Higgs ¢*

® Produced via the decay of heavy particles

+
—W,— Ho

T Z 00

-+
—t, T t—>bo

W, o'

3b+1j+1lepton + missing E;

150 200 250

400




Higgs that couple to gauge boson only: H, =+ H,°

* H,zH,% H,*H,=, H,°H,%, associated production (small)
* H,? stable : missing energy
* Hz— H,? + soft jets/leptons

if decay fast enough: appears as missing energy

if decay slow: track !

H,%: good dark matter candidates

More later ...




M=0 case

yHEQRTy, + yH Q1 Tk + hec.

! T

f, v

Top Yukawa:

t, = (T, tg), my, = yf, tsw = (t, Tr), m=yv

Gauge coupling Yukawa coupling

vW-t-b vZ-t-t vVl -ty -ty vVH-t-t
x W-ty-b  vZ-ty-t x ¢0-t-t v H -ty -t (small)

\/WH—tH_b \/ZH—t—t \/¢i—tH—b

\/ZH_tH_tH X (I)t_t_b




M=0 case

Top Yukawa: yH;zQRTL + yHEQLTR + h.c.

! T

f, v

t, = (T, tg), my, = yf, tsm = (t, Tr), m=yv

Gauge coupling Yukawa coupling

VW-t-b vZ-t-t v ol -ty -ty vH-t-t
«x W-ty-b v Z-t,-t, x @0 -t-t v H -ty -t (small)

X WH—t—b X Z_tH_t X (I)O—tH—t X H_tH—t

\/WH—tH_b \/ZH—t—t /¢i—tH—b

v Zy-ty-ty %« s —t-b <— ¢=—>t+Db(100%)
x Zy-t,-t




M=0 case

Top Yukawa: yH;zQRTL + yHEQLTR + h.c.

! T

f, v

t, = (T, tg), my, = yf, tsw = (t, Tr), m=yv

Gauge coupling Yukawa coupling

VW-t-b vZ-t-t v ol -ty -ty vH-t-t
«x W-ty-b v Z-t,-t, x @0 -t-t v H -ty -t (small)

X WH—t—b X Z_tH_t X (I)O—tH—t X H_tH—t

\/WH—tH_b \/ZH—t—t /¢i—tH—b

v Zy-ty-ty x gs—t-b <— ¢=¥%t+b(100%)
x Zy-t,-t
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discovery becomes difficult due to QCD background
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Heavy top t, discovery

® single, pair production does not change much.

® decay: only t, — b ¢= (100%)
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Heavy top t, discovery

® single, pair production does not change much.
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Heavy top t, discovery

® single, pair production does not change much.

® decay: only t, — b ¢= (100%)

. 100%
g —— huge QCD bg
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Heavy gauge boson discovery

® Z.., Wy drell-yan cross section does not change

® Z.:  Z,— lldoes not change much v
Br(Z, — tt,) =0

o W, difficult

uD, cS
tHB

%0

tB

WH decay branching ratio

—— ¢ B
|_|S|v|q)i

3000 4000
wh (GeV)




Heavy gauge boson discovery

® Z.., Wy drell-yan cross section does not change
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Heavy gauge boson discovery

® Z.., Wy drell-yan cross section does not change

® Z.:  Z,— lldoes not change much v
Br(Z, — tt,) =0

o W, difficult

> either huge QCD bg
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Heavy gauge boson discovery

® Z.., Wy drell-yan cross section does not change

® Z.:  Z,— lldoes not change much v
Br(Z, — tt,) =0

* W, difficult
10° |

For M=0

discovery of almost all the particle are difficult

except for Z,

absent




Dark Matter

) . Similar to the dark matter scenario in
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Dark Matter

0 . Similar to the dark matter scenario in
H,” =S+iA R. Barbieri, L. Hall, V. Rychkov, hep-ph/0603188
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Dark Matter
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Dark Matter
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Direct Detection

G2%m? B
Os1(z) = sz NN — (1 —s3,)2)? ~ 10" % cm?

Current CDMS limit: 1074 cm?

Avoid such constraints if |ms-ma|> a few GeV
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Indirect Detection

N, ov
! SWM%M line of sight

J = ! ! 2 i/dﬂ/ 2dl
- 8.5 kpe \0.3 GeV/cm3 ) AQ P

ov 100 GeV
o, =N,

1 pb M DM
For ground based Atmospheric Cerenkov telescopes (ACTs), AQ =103 sr
J: 10° for NFW profile, 105 for Moore et. al. profile

2
) JAQ x (2.75 x 10719) s7tem ™

Exps:
e space-based telescope GLAST: Ew ~2 GeV, ® ~ 101 sec! cm2

e ACTs VERITAS and HESS: Eiw ~ 50 GeV, ® ~(1-5) X 1012 sec! cm-2

S.Su 32




Monochromatic Photon

Small coupling
Can not be observed at future exp




Fragmentation Photon

W/Z AN,

ey 0.73z 1Pe™ "% for WW/ZZ,
T

d®/dE (s'em2GeV")
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Fragmentation Photon

W/Z AN,

ey 0.73z~ 1%~ "% for WW/ZZ,
x

JAQ =1

(s"1cm"2GeV"1)

E
—
oI

N

T

~~

Challenging unless DM strongly
clustered at the galactic center

or clumped.

107"°!
10°




Final State Radiation Photo
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Final State Radiation Photon

W)z

Difficult!




Conclusions

Left-right twin Higgs model: Higgs as pseudo-goldstone boson
quadratic divergence forbidden by left-right symmetry

New particles

Heavy gauge boson: W, Z,,, Heavy top quark t,,,

New Higgses: ¢, ¢=, H,z, H,? (DM)

M=0: rich collider phenomenology

M=0: difficult except for Z,

H,% (S or A) could be a good DM candidate

Future work

% Identify twin Higgs mechanism
% Comparison with other models, e.g., little higgs
S.Su




