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Hierarchy Problem

Motivation: Hierarchy Problem

e Effective theories below a scale
A =

103 10° 10° 102 10'° 10%8

Light Higgs favored by EW preci-

sion observables (my < 0.5 TeV
Problem: Naturally, m;, ~ O(A?): (mn )

N
m2 = m2 + A2 x (loop factors) e My KA & Fine-Tuning !*

e Solution: Mechanism for
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Invent (approximate) symmetry to protect particle masses

Pseudo Axions in LHM LCWS 2005, 2




Higgs as Pseudo-Goldstone Boson

Invent (approximate) symmetry to protect particle masses

Spin-Statistics = Loops of
bosons and fermions

20 J. Reuter Pseudo Axions in LHM LCWS 2005, 2




Higgs as Pseudo-Goldstone Boson

Invent (approximate) symmetry to protect particle masses

Little Higgs:
Spin-Statistics = Loops of Gauge group structure  —- Loops of
bosons and fermions particles of like statistics

Old Idea: Georgi/Pais, 1974; Georgi/Dimopoulos/Kaplan, 1984

Light Higgs as Pseudo-Nambu-Goldstone Boson (PNGB) < spontaneously
broken (approximate) global symmetry; non-linear sigma model

B w/o Fine-Tuning: v ~ A/4m
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Higgs as Pseudo-Goldstone Boson

Invent (approximate) symmetry to protect particle masses

Little Higgs:
Spin-Statistics = Loops of Gauge group structure  —- Loops of
bosons and fermions particles of like statistics

Old Idea: Georgi/Pais, 1974; Georgi/Dimopoulos/Kaplan, 1984

Light Higgs as Pseudo-Nambu-Goldstone Boson (PNGB) < spontaneously
broken (approximate) global symmetry; non-linear sigma model

B w/o Fine-Tuning: v ~ A/4m

Arkani-Hamed/Cohen/Georgi/. .., 2001

Gauge group structure eliminates quadratic diver-
gences 1-loop level — 3-scale model
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“oox ((T]) N w Scales and Masses

e ¢ Scale A: global SB, new dyman-
0(10TeV) ics, UV embedding
O(1TeV) o Scale F: Pseudo-Goldstone
bosons, new vector bosons and
(250 GeV) fermions

o Scale v: Higgs, W=, Z, (*, ...
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“oox ((T]) N w Scales and Masses

e ¢ Scale A: global SB, new dyman-
0(10TeV) ics, UV embedding
O(1TeV) o Scale F: Pseudo-Goldstone
bosons, new vector bosons and
9(250GeV) fermions

o Scale v: Higgs, W=, Z, (*, ...

Boson masses
(Coleman-Weinberg), but: -
Higgs protected by symmetries

against quadratic corrections - C ] @ -

1-loop level
: g1 # 0~~a a0 £ 0

GrenOm

My ~ g192 /\/167°

How does Little Higgs actually
work?
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“oox ((T]) N w Generic properties

Kilian/JR (2004), ..., PDG (2004), Schmaltz (2005)

e Extended scalar (Higgs-) sector Extended global symmetry
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Kilian/JR (2004), ..., PDG (2004), Schmaltz (2005)

e Extended scalar (Higgs-) sector Extended global symmetry I
e | Specific form of the potential: I

V(h, ®) = C;F

2
+ C2F2

2

CD+%h®h CD—%h@h

mp=0 @ 1-loop-level, (h), mn ~v, Mg ~F, i-(D)~Vv?*/F, h/D mix
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“oox ((T]) N w Generic properties

Kilian/JR (2004), ..., PDG (2004), Schmaltz (2005)

e Extended scalar (Higgs-) sector Extended global symmetry I
e | Specific form of the potential: I

V(h, ®) = C;F

2
+ C2F2

2

CD+%h®h CD—%h@h

mp=0 @ 1-loop-level, (h), mn ~v, Mg ~F, i-(D)~Vv?*/F, h/D mix

. SM’ x G — SM = Additional EW gauge bosons:
J 4 ( )

e | Extended Top sector: | new quarks, t,t' loops = M2 <0 =
h
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Symmetry breaking and anomalous U(1)

e Higgs € PNGB = rank reduction of the global symmetry group

e Higgs corresponds to nondiagonal generator (QCD: kaon)
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Symmetry breaking and anomalous U(1)

e Higgs € PNGB = rank reduction of the global symmetry group
e Higgs corresponds to nondiagonal generator (QCD: kaon)

e diagonal generator: n in QCD; couples to fermions as a pseudoscalar,
behaves as a axion = Pseudo Axion of LHM

e analogous particles: techni-axion, topcolor-axion, (N)MSSM-axion

e influences EW and T phenomenology

1 «x ~ T N
'E’AX. — KS—TESZAQT]GLWGLW/ Y = jequGFpG

Anomalous U(1): -———— Y
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e 11 EW singlet
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“oox ((T]) N w Properties of Pseudo Axions

e 11 EW singlet

e &£ =exp[in] exact PNGB = 1|no potential, only derivative couplings

e Fermion couplings break global symm., generate and

e explicit symmetry breaking = m, and g, independent = axion bounds
not applicable

e Nno new hierarchy problem = m, < v ~250GeV

e 1 couplings an to SM particles v/F suppressed

e Branching ratios (BRs): dominant (tt,) bb, Tt ...

Chiral Structure of Yukawa couplings in LHM with heavy SUu(2) singlet T:

TTH O(#) TTn O(1)vs
TtH O(1) Pr + O(3}) Pr Ttn O(1)Pr+O(3)Pr
ttH 0(1) ttn O(£)vs
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“oox ((T]) N w The u Model (Simple-Group Model)

e "Moose”-like model Schmaltz (2004), Kilian/Rainwater/JR (2004)
e 1 term explicitly breaks global symm. (— MSSM) = EWSB, no Fine-Tuning
e enlarged gauge group: SU(3) x U(1); globally U(3) — U(2)
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e "Moose”-like model Schmaltz (2004), Kilian/Rainwater/JR (2004)
e 1 term explicitly breaks global symm. (— MSSM) = EWSB, no Fine-Tuning
e enlarged gauge group: SU(3) x U(1); globally U(3) — U(2)

0
F 1
— exp [ii—z/ : @] 0 0 =
F1/2 Fi,2 F+F h! N

o 3
8 O
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Cook((T]))w The u Model (Simple-Group Model)

e "Moose”-like model Schmaltz (2004), Kilian/Rainwater/JR (2004)
e 1 term explicitly breaks global symm. (— MSSM) = EWSB, no Fine-Tuning
e enlarged gauge group: SU(3) x U(1); globally U(3) — U(2)

0 n 0
B 1 g
y F1/2 Fi+F h! n

(k =F/F, + F,/F1 > 2):
2 2.2
M oK
V= —(§ hih -
—(6m* 4 p?k)(hth) — p +(12F1F2

\ £112
: SA)(hTh)2 + ...

dm, dA 1-loop contributions (Coleman-Weinberg Potential)

m, = vkKu > V2u| no Fine-tuning: u~v T2 D ( STHE - 312 ]
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“oox ((T]) N w The u Model (Simple-Group Model)

S e |y | O )|

A R i NPRY | |SSR l.  —
(0] 100 200 300 400 (0] 100 200 300

n [GeV] n [GeV] n [GeV]

e M
100 200 300

(@]

Left: F1/F, =1, 1/2, 1/4, 1/6 Middle: fixed F, = 2.0 TeV. Right: fixed F, /F, = 1/4, various F; [TeV]: 0.5, 1.0, 1.5, 2.0

(_’___’_._.,...,resp_)
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“oox ((T]) N w The u Model (Simple-Group Model)

. R i Y o A0 oo S SRR TR
(0] 100 200 300 400 (0] 100 200 300 (0] 100 200 300

N TSR, Coep).

n [GeV] n [GeV] n [GeV]

Left: F1/F, =1, 1/2, 1/4, 1/6 Middle: fixed F, = 2.0 TeV. Right: fixed F, /F, = 1/4, various F; [TeV]: 0.5, 1.0, 1.5, 2.0

(_’___’_._.,...,resp_)

e heavy partners for SM fermions (V; = (ty, by, Ty)")

_ . AP
L=—At g TWT,L — AR TWT,L — Xewkqg 1 )qﬂ?,L
. - AV L ..
w )\?q%R TWQ,L = }\gqu TWQ’L i Xellkqg b )WE/L —l_ kN —l_ hC

Pseudo Axions in LHM LCWS 2005, 8




“oox ((T]) N w The u Model (Simple-Group Model)

. R i Y o A0 oo S SRR TR
(0] 100 200 300 400 (0] 100 200 300 (0] 100 200 300

N TSR,

n [GeV] n [GeV] n [GeV]

Left: F1/F, =1, 1/2, 1/4, 1/6 Middle: fixed F, = 2.0 TeV. Right: fixed F, /F, = 1/4, various F; [TeV]: 0.5, 1.0, 1.5, 2.0

(_’___’_._.,...,resp_)

e heavy partners for SM fermions (V; = (ty, by, Ty)")
}\b

L= _7\{{1,12 TWT,L N 7\5{2,12 TWT,L — Xe”ka}é | )qﬂ?,L
. . AV L ..
w )\?q%R TWQ,L = }\gqu TWQ’L i Xellkqg b )WE/L —l_ kN —l_ hC

e Assumptions: no mixing between SM and heavy fermions in 1./2. family,
minimal M+t (LHC)
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Parameters and all that...

o free parameters: Fipand p  with \/F5+F5 > 2TeV [AT, Contact IA]
F. 2 v, F, > F; (Fermion mixing/universality)
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F. 2 v, F, > F; (Fermion mixing/universality)

“Golden Point” (fulfills EW precision and flavor limits):

Fr =05TeV mps =0.7TeV

F, =2TeV mz, =12TeV

A =5TeV my: = 0.95TeV
mr =1TeV
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Parameters and all that...

o free parameters: Fipand p  with \/F5+F5 > 2TeV [AT, Contact IA]
F. 2 v, F, > F; (Fermion mixing/universality)

“Golden Point” (fulfills EW precision and flavor limits):

Fr =05TeV mps =0.7TeV

F, =2TeV mz, =12TeV

A =5TeV my: = 0.95TeV
mr =1TeV

ZHn coupling: L7Hn X %Zu(na“H — Ho"n)

N.B.: v/F suppression compensated!

1 analogous to A in 2HDM for small tan 3 = F; /F, < 1 (flavor)
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“oox ((T]) N w n Branching Ratios

BR [n]

0.1 p=

0.01

0.001

10— 4

] \

T e e L

50 100 150 200 250 300
m, [GeV]
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“oox ((T]) N w n Branching Ratios

BR [n]

new Higgs decays (H — Zn, H — nn)

0.1
BR(H—1n) <10™* [~5—10% OSG]

0.01 my[GeV] | m,[GeV] | BR(Zn)
341 223 0.1 %

0.001 375 193 0.5%
400 167 0.8 %

04 422 137 1.0 %
, : 444 96 1.2 %

A N R R <L I B 464 14 1.4 %

50 100 150 200 250 300
m, [GeV]
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“oox ((T]) N w Production at LHC

e Gluon Fusion (axial U(1),
anomaly) (analogous to
gg — H — yy cf. ATLAS/CMS TDR))

e v/F-suppression in the loop
compensated!

e Cross section large for F; < F,
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“oox ((T]) N w Production at LHC

e Gluon Fusion (axial U(1), T T N L

, OF, = 52TV XB = 1111 |

anomaly) (analogous to 2L OF, = 63TV + 6 = L,1,1,0
gg — H — vy cf ATLAS/CMS TDR ) :

1

#F, = 12TV %6 =0011 ]

1

X F. =22 TeV o g8, =0010 I

1

e v/F-suppression in the loop
compensated!

z _
L >
~ |
Q I

c ! 00000000 O0O0O0 ﬁ

e Cross section large for F; < F, E:S WO LCon0008000000 00000 IR
M I Y,

| LHC(3OO fb_l): * i *PWM%%%%%%%@%%%%@@%%@@@@@%@%@%%* %

: I\
m, ~320GeV 7o Pl b | @
50 for m,, = 240 GeV 3 S S [
~ r X
(SLHC up to m,, = 130 GeV) > B, |
i3 %
S:B~1/10—1/50 ozpl F L Uy
e NLO cross sections; diphoton Bkgd. [l N TS, N
(Dlphox Binoth); pT(Y) > 40 GeV, 100 150 200 250 300 350
|ny| < 2.5, €'Y = 0.8 M77 [G@V}
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Pseudo Axions at the Linear Collider

ttn associated production Problem: Cross section vs. bkgd.
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Pseudo Axions at the Linear Collider

ttn associated production Problem: Cross section vs. bkgd.

Otot [fb]

ete” — tin

0.1 Vs =1TeV

0.01 f—

gttn = 0.1

0.001 I I I I I
0 100 200 300 400 500

m, [GeV]
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Pseudo Axions at the Linear Collider

ttn associated production Problem: Cross section vs. bkgd.
! e e” — ttbb Vs s 80 Gev
Ot [fD] o4 e— tin [L=1ab
0= Hevt/2 GeV Gir — 02
0.1 f— Vs =1TeV Q)
100 f—
0.01 p—
10 —
gttn = 0.1
0.001 | | | | | | | I
0 100 200 300 400 500 0 50 100 150
m, [GeV] Min (bb) [GeV]
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Pseudo Axions at the Linear Collider

ttn

associated production

0.1

0.01

0.001

Otot [fb]

ete” — tin

Vs =1TeV

gttn = 0.1
I I I

0 100 200 300 400 500

m, [GeV]

.2 | J. Reuter

1000 f—

100

10

Pseudo Axions in LHM

Problem: Cross section vs. bkgd.

h o Vs = 800 GeV
e e — ttbb [£=1ab"
#evt/2 GeV
/ Ge gttn =0.2
|
0 50 100 150
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Pseudo Axions at the Linear Collider

Problem: Cross section vs. bkgd.

ttn associated production I

104
1 A i /s = 800 GeV
P D [6=1ab
#evt/2 GeV —
0.1 Vs =1TeV ) i

100 —‘__‘—__1_1111 = 50 GeV

0.01 = J
10 |~ i

Jitn = 0.1
O'0010 1(|)0 2(|)0 3(|)0 4(|)0 5(|)0 0 5|0 100 150
my [GeV] Min (bD) [GeV]

Possibility: Z* — Hn (analogous to A in 2HDM) Kilian/JR/Rainwater (in prep.)
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Pseudo Axions at the Photon Collider

e Photon Collider as precision ma-
chine for Higgs physics (s chan-
nel resonance, anomaly cou-

pling)

' —

e S/B analogousto LC

e 1 In the u model with (almost)
iIdentical parameters as A In

MSSM
( “— Muhlleitner et al. (2001))
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Pseudo Axions at the Photon Collider

e Photon Collider as precision ma-
chine for Higgs physics (s chan-
nel resonance, anomaly cou-

pling)

' —

e S/B analogousto LC

e 1 In the u model with (almost)
iIdentical parameters as A In

MSSM
( “— Muhlleitner et al. (2001))

10

oef(YY — M, H) [pb]

0.1
0.01 -—— H (SM)
----H (with T)
n [T]
0.001 —-—— [1 complete heavy gen,

—— 1 [3 gen. of heavy quarkﬂ/
n[3 compllete h?avy qen ]

100

200 300 400 500 600 700
mpy, my, [GeV]

"\‘"’ | J. Reuter Pseudo Axions in LHM LCWS 2005,

13



2\ J. Reuter

gbbny = 0.4 - gobh

Pseudo Axions at the Photon Collider

mp 100 130 200 285

I, keVl | 015 027 1.1

3.6

Pseudo Axions in LHM
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Pseudo Axions at the Photon Collider

gbbny = 0.4 - gobh

1400 [— )
vy — (H,m) — bb
1200 p—
#evt/2 GeV
1000 p—
/See = 200 GeV
500 = [Lee =400 b
cos( O < 0.76
coo s | cos(0) 7|
|pz|/\/see = 0L
400 p—
200 —
; | | |
80 100 120 140

Minv(bB) [GeV]

160

my 100 130 200 285
I~ keV] | 0.15 0.27 1.1 3.6
10* =
vy — (H,m) — bb
VSee =500 GeV
#evt/2 GeV [Lee =1ab"
1000 = |cos(0) 1] < 0.76
P2l//See < 0.04
100 b=
10 =
| | |
100 200 300 400

Minv(bE) [GEV]
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Pseudo Axions at the Photon Collider

gbbny = 0.4 - gobh

1400 f— _
vy — (H,n) — bb
1200 p—
#Hevt/2 GeV
1000 p—
/See = 200 GeV
500 = [Lee =400 b
| cos( O < 0.76
oo 1 | cos(0)T]
B |pz|/\/see = 0L
400 — .
200 |~ 1
0 I = | I
80 100 120 140

Minv(bB) [GeV]

160

my 100 130 200 285
I~ keV] | 0.15 0.27 1.1 3.6
10* =
Yy — (H,m) — bb
VSee =500 GeV
#evt/2 GeV [Lee =1ab"
1000 = |cos(0) 1] < 0.76
P2l//See < 0.04
100 b=
10 =
| | |
100 200 300 400

Minv(bE) [GEV]
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Pseudo Axions at the Photon Collider

~ 04 my, 100 130 200 285
b = - CBD I, lkeV] | 015 027 1.1 36
104 =
1400 |— . vy — (H,m) — bb
vy — (H,n) — bb VSee =500 GeV
1200 |— #evt/2 GeV .. SAENNE "
#evt/2 GeV 1000 = ‘ |cos(0) 1| < 0.76
1000 [— Pzl/+/See < 0.04
VSee =200 GeV m, = 200 GeV
800 [— [ Lo = 400 b 100 = ‘ 285
<00 | i |cos(0) 7| < 0.76
100 GeV | IP=l/veee <01
400 = 1 l 10 b=
200 |— b 130
0 e 8 0 | I | I
80 100 120 140 160 100 200 300 400

Minv(bB) [GeV]

Minv(bB) [GEV]
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“oox ((T]) N w Conclusions

elegant alternative to SUSY

ungauged, anomalous U(1),: new singlet (pseudo-)scalars n

e massive Z’ (easily detectable) «—— n physical (difficult)

e EXxplicit symmetry breaking circumvents axion limits

e | LHC: n production in gluon fusion, diphoton signal

e Pseudo axions change T phenomenology!

ILC: tt associated production (m,, small), Z* — Hn
Photon Collider: all masses, complementary measurement
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