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‘ Motivations I

e Strings/GUTS

— Harder to break U (1)’ factors than non-abelian
— Supersymmetry: SU(2) Xx U(1) and U (1)’ breaking scales both

set by SUSY breaking scale (unless flat direction)
— u problem
e Alternative electroweak breaking (TeV scale): DSB, Little Higgs

e Extra dimensions: Kaluza-Klein excitations
(M~ R '~ 2TeV X (100""cm/R))
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‘ Standard Model Neutral Current I

—LYC = gJ§Ws, + g’y B, = eJl A, + 9112,

m

A, =sin 0w W3, 4 cos Ow B,

Z, =cos OwWs, — sin 0w B,

Ow = tan_l(g'/g) e = gsin Ow gf = gz/ cos’ Ow
_ . . 5
Ji = Z fiv"[er (2) PL + €R(i) PRl f; Ppp = 5
e}l(z) = t3;, — sin’ Ow q; e}%(z) = — sin’ Ow g;
! M2,

v ~ 246 GeV

M20 — _921/2 —
Z 471 cos? Ow
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‘ Additional U (1)’ |

n—+1
—Lnc =eJE A, + Z ganZgw
a=1

JE =) fiv"[e3 (i) P + €3(i) PRl fi

(4

e €7 r(2) are U(1), charges of the left and right handed components
of fermion f; (chiral for €7 (%) # €3(2))

® gy (1) = €7 (4) £ eR (%)
e May specify left chiral charges for fermion f and antifermion f°€

e%(.f) — Qaf 6?{(]’:) — _Qafc

Ql'u, — % — %Sil’l2 HW and Qluc = —|—§ sin2 OW
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‘ Mass and Mixing I

e Mass matrix for single Z’
M2, AZ?
M%—Z’:( A% M§,>
¢0 ) +
p— w ¢d p— d
(42) 0= (%

1
2 2 2 2
Mo =191(|Vu| + |val®)

e Eg., SU(2) singlet S; doublets ¢,,

1
A? ==g192(Qulvu|® — Qalval?)

2
Mz =g2(Q% |vul® + Q%lval® + Q%|s|?)

v? = (|vu|*+|va|?) ~ (246 GeV)?

Vua = V2(d, 4, s = V2(S),
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e Eigenvalues M?,, mixing angle 6

1,27
tan? 0 = Méo _ M12
M22 M%O
e For Mz > (Mo, |A)
A4
2 2 2 2 2
My ~ Mzo — M2 < M, My ~ Mz,
Z/
Az M2 u|Vu 2 — v 2
0 ~ — 2~C’%—12with C’:2Q| | Qalva
M, g1 M, [vul? + |val?
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‘ Kinetic Mixing |

e General kinetic energy term allowed by gauge invariance

e Negligible effect on masses for |[M7,| < |MZ,|, but

—L — g1J{' Z1 4 (92J3 — g1xJ1 ) Zay

e Usually absent initially but induced by loops in
running couplings if heavy particles decouple z z’

(or by string-level loops) (usually small) 7
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‘ Anomalies and Exotics I

e Must cancel triangle and mixed gravitational
anomalies

Vi v
e No solution except Q2 = 0 for family universal SM fermions

e Must introduce new fermions: SM singlets like v or exotic SU (2)
(usually non-chiral under SM)

EY E°
L R

e Supersymmetry: include Higgsinos and singlinos (partners of S)
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‘ The o Problem |

e In MSSM, introduce Higgsino mass parameter pu: W,, = nH,H,
e 1 is supersymmetric. Natural scales: 0 or Mpjgncr ~ 101? GeV
e Phenomenologically, need . ~ SUSY breaking scale

e In Z’ models, U (1)’ may forbid elementary p (if Qu, + Qu, # 0)

o If W, = AsSH,H, is allowed, then p.ry = Ag(S), where (S)
contributes to M .

e Can also forbid i by discrete symmetries (NMSSM, nMSSM, - . .),
but simplest forms have domain wall problems

e U(1) is stringy version of NMSSM
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‘ Models I

e Enormous number of models, distinguished by gauge coupling g,
mass scale, charges ()., exotics, - - -

e No simple general parametrization

e Will focus on TeV scale Mz, with electroweak strength couplings
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‘ Sequential Zgp, I

e Same couplings to fermions as the SM Z boson

— Reference model
— Hard to obtain in gauge theory
— Kaluza-Klein excitations with TeV extra dimensions
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‘ Models based on T35 and B — L I

e Motivated by minimal exotics (only v{ needed), SO(10), and
left-right SU(2)L X SU(Z)R X U(l)BL

T = %(B — L), Tsp =Y —Tgr = % [ur, VR], _% [dr, eR]

e For non-abelian embedding and no kinetic mixing

3 1
QL = \/; [a’TSR — ETBL]

53
a=3% _ \/(gR/g)2 cot? Oy — 1 gs = \/ig tan Oy ~ 0.46
gdBL 3

e More general: Q¥ BL = aY + bTsr = b(zY + Tsr)
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SNHLR 1YY BL
Tsr | I | Y 3Q :Q
1 1 1 1

Q| 0 G G —%a s(z+1)
we | =1 | Z1 | 22| _effa | T A

S R I G A S P uN ol RS SO o

L 2 ? 31 2 | 6 i; 6
Ly | 0 | =5 | =3 | 3a. | 2(#z%1)
I T S e L 41

L 2 % 2 200 2
< 1 1 0 _aoa 1 1

L 2 2 2 20 2

Princeton 2008

Paul Langacker (IAS)



‘ The Eg models I

e Example of anomaly free charges and exotics, based on Eg —
SO(10) X U(1)y and SO(10) — SU(5) X U(1)y

e 3 X 27: 3 S fields, 3 (D + D) pairs, 3 Higgs (or exotic lepton) pairs

e Supersymmetric version forbids p term except x model (SO(10))

SO(10) SU(5) 24/10Qy | 2v/6Qy | 2v/15Q,,
16 10 (u,d,u’,e") —1 1 —2
5% (d°, v,e™) 3 1 1
Ve —5 1 —5
10 5 (D, Hy,) 2 —2 4
5* (D¢, Hy) —2 —2 1
1 1S 0 4 —5
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e General: Q2 = cosO0g,Q, + sin Og,Q (can add kinetic term —eY’)

g2 = \/gg tan HW)\;/z, Ag = O(1)
SO(10) SU (5) 2Qr | 24/10QnN | 2v/15Qs
16 10 (u,d,u,e’t) | O 1 —1/2
5* (d% v,e™) —1 2 4
Ve 1 0 —5
10 5 (D, H,) 0 —2 1
5* (D¢, Hy) 1 -3 —7/2
1 1S —1 5 5/2

e GUT Yukawas violated (proton decay), e.g., by string rearrangement

e Gauge unification requires additional non-chiral H,, + H
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e Supersymmetric
unification

models

Minimal Gauge Unification Models

with p.rr and MSSM-like gauge

® 3 ordinary families (with v°), one Higgs pair H, 4 and ns5+ pairs (D; + L;)

and (D¢ + Lf)

Q55+ Q. Q55 Q.
Q Y 1/4 || H, x —1/2
u® —x — Yy 1/4 || Hq —1—=x —1/2
d° l14+x—y 1/4 | Sp 3 /n55+ 3/2
L 1— 3y 1/4 || D; z —3/4
et x + 3y 1/4 | Dg —3/ns5x — 2 —3/4
v | —1—x+3y | 1/4 | St 2 /ng5+ 1
S 1 1 | Li | 5= a3y +32/2 | —1/2
L¢ —2/n55« — Q1 —1/2
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‘ Other Models I

e TeV scale dynamics (Little Higgs, un-unified, strong tt coupling, - - -)
e Kaluza-Klein excitations (large dimensions or Randall-Sundrum)

e Decoupled (leptophobic, fermiophobic, weak coupling, low scale, hidden
sector, - - )

e Secluded or intermediate scale SUSY (flat directions, Dirac m,,)
e Family nonuniversal couplings (FCNC)

e String derived (may be T3r, T, Eg or “random”)

e Stiickelberg (no Higgs)

e Anomalous U (1)’ (string theories with large dimensions)

Princeton 2008 Paul Langacker (IAS)



‘ Experimental constraints and prospects I

e Low energy weak neutral current: Z’ exchange and Z — Z’ mixing

—Leypy = 4G—F(P trdi + 2w Js + yJy)
e \/5 e 1 2
2 . 2 g2 .
Peff =pP1cos O 4+ pysin” O w = — cos 0sin O(p; — p2)
g1
2
Y = (?) (p1sin® @ + p, cos” 0) pa = My, /(M2 cos® Ow)
1

e Z-pole (LEP, SLC): Z — Z’ mixing (vertices; shift in M)

V; =cos Ogy, (i) + 22 sin 0gy (1)
g1

A; = cos 99114(7:) + 92 sin Ogi(i)
g1
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e LEP2: four-fermi operator interfering with v, Z

e Tevatron (CDF, DO0): resonance in pp — ete , utpu—,---

AB — Z_, in narrow width:

do 47T2£U1iE2

d—y — Y YE Z(f(ﬁ(wl)f(g($2)+f£($1)f£($2))r(za — quz)
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po free | po = sin@ (po = 1) Tevatron | LEP 2
X 551 545 | (—0.0020) — (+0.0015) 822 673
P 151 146 (—0.0013) — (4+0.0024) 822 481
n 379 365 (—0.0062) — (4+0.0011) 891 434
LR 570 564 | (—0.0009) — (+0.0017) 630 804
sequential 822 809 (—0.0041) — (4+0.0003) 923 1787
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‘ Future Prospects I

e Tevatron and LHC: pp(pp) — Z' — eTe ,utu=,jj,tt,ep, 777~

e Rates (total width) dependent on whether sparticle and exotic
channels open (I';,,/M,; ~ 0.01 — 0.05 for E)

e LHC discovery to ~ 4 — 5 TeV

e ILC: 50 intererence effects up to ~ 5 TeV
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Z' discovery limit at the Tevatron (GeV)

Z' discovery limit at the LHC (GeV)
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‘ Diagnostics of Z’ Couplings |

e LHC diagnostics to 2-2.5 TeV

e Forward-backward asymmetries and rapidity distributions in £7£~

Forward backward asymmetry measurement

1.2 ,
F -z, a)
1 LHC,Ns=14TeV z,
C z,
08__ MZ,:1.5TeV |y”|>0.8 ~Z'\g .
C -e-Z'_, L=100fb
0.6 |
L St M.
< o
0.2 :
o
0.2
0.4 | | | | | | |
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LHC/ILC, hep-ph/0410364

Princeton 2008

M, [GeV]

dn/dy

Rapidity distribution

2500

2000

1500

1000

500

-~ Z, 100fb™

Z:fituu
fit dd
sum

o

Paul Langacker (IAS)



e Other two body decays

® 07, Byl'71 = 04/ 1'y (total width cancels)

e T polarization

e Associated production Z'Z, Z'W, Z'~

e Rare (but enhanced) decays Z’ — W f, f> (radiated W)

e 7 — WTW~—,Zh, or WEHT: small mixing compensated by
longitudinal W, Z

I'(Z — WwW™) =

gfezle le 4 . ggCZMZ/
1927 M,/ 192w

e Upgrade to hadronic polarization would be useful

e LHC/ILC diagnostics complementary
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‘ Implications of a TeV-scale U (1)’ |

e Natural Solution to p problem W ~ hSH, Hg — pery = h(S)

e Extended Higgs sector

— Relaxed mass limits, couplings, parameters (e.g., tan 3 ~ 1)
— Higgs singlets needed to break U (1)’
— Doublet-singlet mixing — highly non-standard collider signatures

e Extended neutralino sector

— Additional neutralinos, non-standard couplings, e.g., light
singlino-dominated, extended cascades

— Enhanced cold dark matter, g, — 2 possibilities (even small tan 3)

e Constraints on neutrino mass generation
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e Exotics (anomaly-cancellation)
— May decay by mixing; by diquark or leptoquark coupling; or be
quasi-stable

e Z’ decays into sparticles/exotics

e Flavor changing neutral currents (for non-universal U (1)’ charges)
— Tree-level effects in B decay competing with SM loops (or with
enhanced loops in MSSM with large tan 3)
e U(1)’ may couple to both ordinary and (quasi)-hidden sectors

— Z' — Z’ mass difference may communicate SUSY breaking
— Predictive spectrum with very heavy scalars, light SM gauginos

e Large A term and possible tree-level C'P violation (no new EDM
constraints) — electroweak baryogenesis
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‘ Conclusions I

e Heavy Z’ are extremely well motivated
e TeV scale likely, especially in supersymmetry and alternative EWSB
e Wide variety of models

e LHC discovery to 4-5 TeV, diagnostics to 2-2.5 TeV

e Implications profound for particle physics and cosmology
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