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Introduction

First year of the LHC was successful. ~ 40 pb-'.

Direct searches for new physics beyond the SM have start
ed at the LHC

Non-universal gauge interaction shows distinctive signals.

» Violation of the unitarity of the CKM matrix
» FCNC at tree level

Early LHC data provides the direct bound on the non-unive
rsal gauge model, which is already compatible to the indire
ct bounds.



The Model

« G =SU(2),X SU2), X U(1),

4
SUE). X U(1)y

4
U(1)em

Malkawi, Tait, Yuan, PLB 385, 304 (1996)

Muller, Nandi, PLB 383, 345 (1996)

Lee, Lee, Kim, PLB 424, 133 (1998) (EW Precision Test)
Batra, Delgado, Kaplan, Tait, JHEP 0402, 043 (2002) (SUSY)



1,2 ‘ . ‘

L - (2*1*1/3)* Q% : (1*2~1/3)~
Ly?:(2.1,-1), L3 :(1,2,—1)
qr.lr : (1,1,2Q),

with Q= T3 + T3, + Y/2.

The covariant derivative

- . . ILL . 1 M . /Y
D = ot +ug,/ I}'W, , +1g, 1, W, +ig EBM’
The gauge couplings are parameterized
B e _ e )¢
S17 Sing cos¢ Sh = Sind sing S 7 cosd



Spontaneous symmetry breaking by

==(00)
(®) = (0,v/v2).

with parameterization
v /ut =\ < 1.

Heavy gauge boson masses

2
m%v,: = m%, = — 2m() 5
AsIn” ¢cos” ¢

where 1, = ev/(25sindh).



LEP electroweak precision test

Corrections to Z — I1*, Z — bb decays)
gy = Ty, + T3 — 20sin’0yy + Asin® ¢ (T5,cos8° ¢

— Tysin” @),
gy = T3y, + T3, + Asin?p(T5,,c08” p — T3;sin” ),

Measurement
my 91.1875 £ 0.0021 GeV
I 83.984 = 0.086 MeV
A}B 0.0171 = 0.0010
R, 0.21638 = 0.00066

Ab, 0.0997 = 0.0016




Low-energy neutral current experiments

vN — VN scattering.>

Gr_ . .._
H™N = —=wyt(1 = y5)v> [eL(0q;v (1 = ¥5)4;

NG
+ er()q;y (1 + ¥5)q;],
wm e p(u,d) = €'g(u, d)(1 — Asin*¢p).

ve — ve scattering )

Gr_ o o
H" = 7 vyH (1 — ys)vey, (gy° — g4°vs)e.

= gl = ghiylsm(l = Asin® ).



. G
eN — eX scatteringd  H*N = — TEZ[C”E)/“ Y5€q;Y udi

+ Cyeyteqy,vsq:)
‘ Clu,d - C?}:/Id(l — /\Sin4(b),
Cy, = CM(1 — Asin¢p) + 2A|VY [>sin? ¢sin?6y,
Cyy = CN(1 — Asin* ) — 2A|VE |*sin® ¢sin?Oyy.
Atomic Parity Violation)
Ow = —2[C,,2Z + N) + C,,(Z + 2N)],
= AQy = Oy — Oy
= —2[AC,,(2Z + N) + AC4(Z + 2N)]
= AOM(1 — Asin* ).



Data of low-energy neutral current interactions

Experiments SM prediction
e, (1) 0.326 + 0.012 0.3460 * 0.0002
€1 (d) —0.441 = 0.010 —0.4292 = 0.0001
ex(ut) —0.17550953 —0.1551 = 0.0001
exr(d) —0.02279-072 0.0776
gy —0.040 = 0.015 —0.0397 = 0.0003
gy —0.507 = 0.014 —0.5065 = 0.0001
Ciu + Ciu 0.148 = 0.004 0.1529 + 0.0001
Ciu — Cra —0.597 = 0.061 —0.5299 *+ 0.0004
C,, + Coy 0.62 = 0.80 —0.0095
Cry — Coy —0.07 = 0.12 —0.0623 = 0.0006
O = —72.69 = 0.48 (Cs),

Ow = —116.6 = 3.7 (TI),
PDG 2010



CKM matrix unitarity

CKM matrix
Vud Vs Vub
VekM = VLquT = (Vcd Ves Ve ) :
th Vis th

Unitarity relation

|Vud|2 + |VLLS‘|2 + |Vub|2 =1 - A’

Vgl = 0.97418 + 0.00027 Beta decay
1V,s| = 0.2255 4+ 0.0019 . K decay
V| = (3.93 4+ 0.36) x 1072 . B decay

= A =0.0009 = 0.0010. : Unitarity holds.



Non-universal terms in CC interactions separated:

CC _ [CC CC
LCC = r6¢ 4 rse
where

L, =U,y, G, W* + G, W'*)(V}Vp)D, + H.e,
L§C = (Via, + Ve, + V) X y*(X, W,

+ X, W,I)N(VRdy + Vs, + Viby),

ith) | .
! G; = —%(l — Asin*)!
G = [_ (tanqﬁ + Asin’ ¢ cos)I
X; = _)\qm
L \/2 ¢

Xy =~ jﬁ(singblcosqb)



‘Observed’ CKM matrix is defined by the effective Hamiltonian

Her =172 > Viglay, (1 = ys)g)(my*(1 = ys5)D)

=d,s,b

Gr
V2,

and obtained as (including modified W + W’ effects)

G/c 2 2
Vo = VCOKM + GCVUTMVD + (G£> mTW (VCQKM -+ G/CVUTMVD>
L/ My

e = Asin® ¢ + O(\?)
€¢ =1/sin” o+ O(N),

= Vory = VgKM(1+ASiH4 ¢)

Unitarity violating term

- Unitarity
= A = 2\sin*¢ violated!
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Lepton Flavour Violation

Non-universal terms in NC interactions separated:
rNC £INC, 1 Lgfc,
Universal terms
LY = fry(GLZt + GLZ'™) fu + [rY(GrZM + GRZ™M) fr,

€

. 9 .4
where G; = — - (T3 — @sin” 0 — \13 sin® ()) I,
cos @ sin f
e sin” ¢ cos @ 5
G = — T3 tan o + \ — (T3 — Qsin“0) | I,
sin 6 cos=< 6
e .
Gr = —Qsin? 01,
cos fsin 6
e 5 . a |
Gr = — AQ tan? 0 sin® & cos o1,

sin @



Non-universal terms

L3 = fry, (YL Z!' + Y[ Z'") fr,

where

e Y
Y, = — —— \15sin“ oM,
cosfsinf
e 13 |
sin € sin ¢ cos @

o
||

M =

o O O
o O O
_o O



Diagonalization f = Vi £

i 10 0 )
ENC = G([f)fL’)/ﬂ 0 1 0 fLZ(/) ,
00 1+e
10 0 )
=GPy V0o 0 vzt
00 1+

G fi (1+€OVimv) fpz0",

where (VIMV);; = Vi Vay

X Asin? ¢ OO FCNC
€= Gr  1—2sin%6 ’ arise!
! 1
e = Ap + O(\N).

G,  gin? o)



Lepton flavour violating processes

Br(r— — e eTe”

) ;
Br(t— —e putpT) <3.7x107°,
Br(r— — €+/L 117) < 2.3x 1077,
Br(r~ ) < 2.7 x 1078,
Br(t— — pte e”) <2.0x107°,
Br(t— — pu ptp) <3.2x107%,

Bripw —eete”) <1.0x107%, 4t 90% C.L..

Br(Z — ep) < 1.7 x107°,
Br(Z — er) < 9.8 x 1079,
Br(Z — pur) < 1.2 x 1077, at 95% C.L..

PDG 2010



Flavour diagonal corrections

0.9 ;_ Excluded
0.8 [ , Vaz Vs,
T(Z = 1;17) = Tenr (1 + 2€|Va4/?) | i )
0.7 =
n 0.6 f—
7 04 f_ Allowed
' Average (MeV) . #
Fee  83.92 +£0.12 F
.. 8399+£0.18 0.2 |
;- 84.08 £0.22 b
LEP EW working group 005 o751 125 s 178 2 2sm



LFV Z decays

[(Z = [715) = T(Z = 1717 - Va2V, 2,

LFV 1 decays

2 2
N L N 23(13 23(13 23(13
Dt = p (e )pp) = 967T UG4L(L ) 4 G,4L(L |+ ’G4L(R) ] ;

= T(r™ = (e )ete),

G(, 4aB = (G Gf?/mzm) '(/)Vﬁ%j o, =L R
It~ = pfe e (eTppu )= m; 75 ]
poce e e i 36,5 | HrL

Eo_ / 2 12
Hyp = (G /mz ) e V5 Vag Vi Vag

LFV p decay is given in the similar form.



1) [Vas| ~ 1
[Va1]? + |Vao|* + |Va3]* = 1
Br(r — Uilly) o< [Vas|*|[V5i]2 = O(107%)
) [V, [V3|~0
2) [Va3| ~ 0
Var|? + [Vaa]? =1
Br(u — eee) oc |[V31]?|Vaa|? < 10712
m) One of |[V,,, |V34|~1, the other ~0
3) V33| = O(0.1)
Either |V,| or [V34|~ O(0.1)or unitarity.

==) Corresponding LFV decay exceeds the experimental bound.

In conclusion, only one 'Vai| ~ghd others are very small.
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Br(W — ff)-

W’ decay width

01 F

r(W'Qﬁf)—

th

Search for W’ at the LHC
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NIV, P mW'(%Xf@in(p))

X/ (sing)=tan¢, for 15t 2nd gen.)

1
= tanq)(l ~ ¢)

for 34 gen.)




pp > W — ev/puv
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Events

Mr = \/z CES'® - BRI (1 — cos A, piss) /€2

7 1 I I 1 I I 1 1 I I I I 1 I I
10 CMS Wy
J L dt =36 pb'1 —— Other SM backgrounds

\s=7TeV * Data
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IIIIIHII IIIlIlI‘ IIIIIIIII ||||||||I ||||||||I ||||||||I |||||||I ||||||||I L

2 : _ iz
10 I :"I ------- I I 1 I |. |H'.'-"|
107 10°
M, [GeV]

CMS collab., arXiv:1103.0030 [hep-ex]



o(pp = W) Br(W — e /u+v) (pb)

0

1400
W’ mass (GeV)

1600

1800

2000



W’ mass (TeV)

1.75

1.5

1.25

ey

0.75

0.5

0.25

CLL L LT L T T T T

T T

Exduded

i

sin’ (0]

0.4 0.5

Direct bounds
are obtained and
compatible

to the CKM

unitarity bounds.



Summary

 The LHC data begin testing the new physics beyond the
SM directly.

* The non-universal SU(2), X SU(2), X U(1)y model predict
s many distinct features and has been constrained by va
rious experiments.

« Early LHC data provides direct bounds on this model whi
ch is already compatible to the indirect bounds.



