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Quest of BSM

® Many people attracted by particle physics because
the standard model is not incomplete.

® SM Higgs sector is not natural(fine tuning
problem)

e Dark matter candidate does not exist in SM.

® Why three interactions? Why matter contents
consistent with gauge unifications

® origin of Baryon number in our universe is not
explained.
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New Physics, Clue |

Fine tuning in the Higgs sector

/ hlggs y
S |
!
/
/

s —%A?AQ ~ —(2 TeV)?
S e oo o) 64%T2 g?A*  ~ (700 GeV)?
Higgs loop — ~ (500 GeV)2.
Others are reasonable Why Higgs vev is O(200) GeV?¢?
ms log A fermion mass gaug]%e two point
unction

HMV = (g,uz/p2 B pup,,)H
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New Symmetry = New Particle

® Need control on the radiative correction to the
Higgs sector

® ideas AQ_

e chiral symmetry (extended to boson sector)

e olobal symmetry(little Higgs model)

® gauge symmetry (gauge higgs unification)
® Or planck scale is low ( Extra dimension model)

® On the other hand< we see no effect of BSM in

radiative correction ST — (thl/Zgh)2 A > 5TeV
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Some remark

e “quadratic divergence” is regularization
dependent

® (Cut off scheme
® dimensional regularization

® Supersymmetry O(MSUSY) --Later

/ «No A2 momentum cut off > « MSUSY

Aok 1 N dh i

2
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Crikz+mg  2J) CrP R+ ml dimensional regularization

\()\OM_%) or 1 i

= e
3272 mol e+fy n(4m%)]

only log part remains



anything in higgs 4 point coupling ?

are we in meta stable vacuum or there

are new physics in between?
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anything in higgs 4 point coupling ?

are we in meta stable vacuum or there
are new physics in between?
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120 292 124 126 128 130 1 3¥fg. 18. The temperature dependent potential for myy,,, = 50 GeV and
for m, =240 GeV. Here, V=8V/my, . and units of o =1 are used.
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DI\/\ requires lots to
particle physics

Why they are stable/How they appear in our Universe

100 years=10"" sec 22104 GeV-! while 1GeV /Mpl? =10-38
GeV-!

The big bang —thermal relic density requires weakly
interacting particles.

for SM, proton and electron is stable due to the gauge
symmetry.
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New Physics Clue Il

® SM particle contents = grand unification

gauge group SUQ3)xSU(2)x U(1)-> SU(5) . ( = )
U(l): —

bl =(d;et —1.)

matter (SU(?‘)), SU(Z))U(1) E 0 c3 c2 1

quark (3,2)1/6, 3,1).43 (3,1)23 10—/ 2 = e 0 ud o8

IeptOn (1 /2>-1/2 (1 /’I )-1 g dt d? d3z—c 0
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Prediction of GUT
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http://www.pha.jhu.edu/~gbruhn/IntroSUSY.html
http://www.pha.jhu.edu/~gbruhn/IntroSUSY.html
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We need something
beyond
standard mode
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Classic Solution:Supersymmetry

® exchange boson and fermion.

¢ P

® sfermions(0), gaugino(1/2), higgsinos(1/2)

® boson and fermion is in the same multiplet. chiral
symmetry extended to bosons

® No new dimensionless coupling and no quadratic
divergence Ay ypH — AprvrH + \prorH

e SUSY change “dimension” (1 for boson 3/2 for fermion),

relate mass and couplings

1
® = — + M6* SWW = —F,, F* + Mgg
g g

® R parity conservation. New stable particle—= DM
candidate.



What 1s SUPERSYMMETRY

1Qq Qg} — Q(O'M)agp,u {Qa Qp) = {Qa Qﬁ} =0
[Qa P,U] — [Qdap,u] =0
Q: spin 1/2 mass dim 1/2

a, B =1,2(corresponding two spin up and down

operation to massive state

{Qa Qs} = 0,352M two fermion system (as quantum mechanics)
| : massive
spin 1/2 up spin 1 gauge boson
0> (Q1Q2)|0> 172> (Q1Q2)[1/2>
spin 0 spin 0 spin 1/2
: spin O
spin 1/2 down higgs?

Number of boson and fermion are the same s
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supersymmetric representation Il

massless multiplet P = (p,0,0,p)

{Qa,Qs} = 2(ou)qaPH = 410( (1) 8 ) (1)

a=Q1/Vap, o =Qi/Vap
b= Q2/Vap, bl =Qs/\/4p
{a,a’} =1, {bb} =0 (2)

mass less state Is Helicity eigenstate

A) = [A+1/2),bTA) =bA) =0  (3)
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matter content of MSSM

quark squarks Normal elementary particles
~ - | ‘u
(3,2)1/6 qr, = (u,d)p, | g, = (ardp) Qe ¢
(3% 1)_2/3,1/3 u®, d° i, d° €, %% H
lepton slepton W ;ﬁ;:’a’“"e‘
_— T ol s, ¢ Leptons
(1, 2)1/2 lL o (V, 8)L lL o (VL’ €L> Supel’-svmmetfy - G:nge particles
” (SUSY) particles
(1; 197 lp =€ €%
niggsino higgs
70 17— i 0 —
(1,2) 12 (H{,Hy) |Hi1=(H{,Hy) ot
(1.2)1/2 (ﬁ;ﬁg) H2 — (H;—’ Hg) ¢ Squarks
vector multilets @ sieptons
~ e s SUSY gauge
Gu, Wy, By < G,W, B (gluino, wino, bino) particies

gravity ¥* (gravitino), gu (graviton)
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Supersymmetric field theory |
Compact notation (superfield) nl
® 1y (yT,0) = exp (—i090) ¢4y (x,0) ‘I

Kinetic terms T Fi(x) = &+ /20y + 09F E
0600" + ooy +FF | D' ®logag 3 ()= ¢* + oGP 4 08F* |

transformation |
56 = V2arp (S + aS) ®(y",0) i

0y = —iv2dpa +|vV2Fa . 9 + i(90). L

SF = —iv2ady 0
Interactions |
(Fy (2)62(2)5(2) + Fa(a)on (2)6s(2) + F3(@)61 ()62() B, ByDspg ll
— 1 () h2(2)P3(2) — Y2(x)Y3(2)P1(x) — Y3(w)h1(x)da(T)) |

(F1(z)p2(z) + Fa(y)d1(z)) — ¥1(z)h2(x)) SR |99 1"':
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Matter interaction
W = —uHy - Hy — YoHy - ESL — YyHy - D°Q — Yy Ho - UQ

quark squarks
R=1: SM particles - =
R=-1: SUSY particles (3. 2)1/6 q, = (u,d), | g, = (@rdp)
O—- R=-1 (3*? 1)_2/{3.1/3 ut, d° na dC¢
lepton slepton
o . (1,2)1/5 I, = (we)p |1, = (p.ep)
R parity violating interactions are lepton . i
and baryon number violating and (1,1); IR = €f °R
W; = L-Ho+ L-E°L (1,2)_12 (AY, ) | Hy= (HY, Hy)
Wo = L-D°Q+ DRDRUE | (1,2)1 (AFA9) | Hp=(HF, HY)

vector multilets
G, Wy, By + G, W, B (gluino, wino, bino)
gravity ¢¥* (gravitino), gu, (graviton)
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R parity, SUSY relation

® R parity conservation

e SUSY particles will be pair W fL = _I—{ fL
produced. g /
] B
® SUSY particles decay into SUSY = = 2 11
particles -> Lightest SUSY particle  _ /L W _J_[@
can be dark matter Y: &
g ML H
® There are no new dimensionless s H
couplings . Y \JR

Higgino-gaugino mix
sfermion left night also
mix due to sclar 4 point

couplings

® gaugino interaction Is gauge
coupling

e Higgsino matter interaction is
yukawa coupling
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from kinetic term and
super potential

FF* + FOW/0¢ + F(OW/0¢)! =0

scalar 4 point equation is
proportional to (yukawa)/\2
(stop loop cancel top loop)

There is something similar
for gauge interactions
Higgs 4 point interaction
is proportional to g/\2

12F10H20H L EH

cancellation of divergence
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BSM scenario 2
Dynamical symmetry breaking ?

® Technicolor— Little Higgs model

® Higgs boson is goldstone boson of a large symmetry. SU(5)—SO(5)

e Decide we do not ask t&% ’ogr?gf’ﬁ ’gfzgymmetry breaking for a moment, but
it is dynamical symmetry breaking and around at 10Tev

® There are so many NG boson, extand Gauge symmetry:
SU(2)1xSU2)2xU(1)1xU(1)2

e quadratic correction to Higgs sector starts from 2 loop

® top sector must be extended (extra top quark). afterall top-higgs

coupling is the source of fine tuning. =
Xi= (b37 ts3, t) :
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Lessons from chiral lagrangian

QCD at Low energy ->Theory of meson and hadrons

below 1GeV— theory of pions, Goldstone boson of
SU@) >S9, — SUI@); - bicaking

symmetry transformation < goldstone boson
vev

From symmetry only , low energy action is given as ...

U(x) = exp|2in®(x)T,/ fx]

1
L= f2Trot*U0,U U — LU(z)R!

The mass of n is protected by the symmetry of the theory
Could this be Higgs boson?
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First of all what is Technicolo%r

Unknown strong C
, : Mass of proton, neutron comes
Interaction from strong dynamics, not from

(Technicolor) higgs boson
and technifermion

that couple to it

Instead of higgs boson, the
bound state of quark antiquark

> took vev
<qq>~200GelV

breaking of SM
> gauge symmetry

12F10H20H t#EH



The model

+ SU(2)LxU(1)xSU(3)CxSU(3)TC

AP F F

e matter content

( g"; ) ~(2,1/6,1,3) g

Ur ~ (1,2/3,1,3), Dr ~ (1,—1/3,1,3)
« Symmetry breaking and NG boson.
(QQ)#0 m =Q7'Q

i (¢%) (= (JHJTY)) = i(q® g™ — ¢*¢")T1(¢%)
—1 qdu4qv
q*(1 —1I(q?)) (g“” q° ) T

F2
I(q*) = q_2::> q2(1 —1II) — qg> — F?

23
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LEP precision measurement

» The sector that breaks SM gauge symmetry appears
in gauge two point function

W W
» The sector must be rather heavy
* Expand two point function by momentum and

identify leading deviation. t,
Z /
N(¢?) = N (64N (0)+new(0)g+, M"new (%) (4%)?
(1)

Peskin Takeuchi @ STU parameter VA Y

T = My11(0) — M33(0), S o MN33(0) — M3,(0)

(2)
one doublet O %45

Y Y
D T e 5% 3
S = = 1 -1 IOg(m_\,/m.,,;)] (3)
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explicit model

global: SU(5) — SO(5)
local: [SU(2) x U(1)]?2 = SU(2); x U(1)y
NGB: 19, 3g(absorbed by heavier gauge bosons)

2i1/2 hy— (h,‘*‘, ],,0), global symmetry when gauge

3 b = oTt, 07 /v2
= C (f)+/\/§ O

interaition 2 is killed

1oyx2
vev g = 1 =MW/, A=
1ox2
gauge generator
-3
a 2 1 ( _3 \
Qa=("° / , Y1 = — 2 symmetry when
: O3x3 10 . . o
2 interaction 1 is killed
\ >
=D
= \
1 03..3 - 1
622 ax [ ’ }2 — — -2 .. .
=) 10 3 radiative correction appears from two

\ 3 / loop
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cancellation of higgs radiative
correction

Mass eigenstate

W = sWyi+cWa, B = s'B14' By, (s = !/2/\"";'-‘/% +93)

2 g2 / Fo- i +
LW W) = ’4 {n”n’)/' S n';,'n"’/'l Tr |hThé%® 4+ 26T 4+ 25% 1o ¢ }
sc -
2 g % 4 .4
—-'(il [n',’,”n'“/’T,- hih 4+ 2¢7¢] - (2:;2 W,aW T [209¢t6bT }]

radiative correlction from WWhh and W’'W’hh has opposite

signs
W,
O T ~LOG
divergence
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L EP Anchor

Quadratic divergence is OK but there are still finite corrections
“difficulty” comes from tree level Heavy-Light mixing

5D

Wi Wi h*

4(g7 + 95) 8 f2
(W = sWi + W)

Csaki et al hep-ph/0211124

16
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® Various v#/f? corrections. proportional
to the coupling difference, Ag=gi-g,

—_
N}

-
o

o M2(Wh)=(g1°+g2?) f2/4~(gf/2)*>2.7TeV

lower bound on f [TeV]
oo

o >4TeV m(t')>7TeV, (Hewett et al JHEP,
2003) Fine turning is reintroduced :
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Little Higgs with T-parity

Hubisz et al 0411264

5

® gauge groups and matter contents respect T
parity. SU2h=5U2), Ultlh=U )

® T-odd matters are introduced. Looks like
SUSY without gluino

Excluded by EW data [l

® | FP constraint is weaker. | i

‘ ‘ ‘ ‘ ‘ ‘ ‘ i
500 750 1000 1250 1500 1750 2000 |
f (GeV) !

® Heavy gauge bosons and triplet higgs
poson live in T-odd sector. No tree
evel mixing

mr_ = Aaf

¢ Need more attempts to construct a model including
symmetry breaking sector. ( cf. the study of SUSY
breaking sector. )

e UED has similar nature.
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The Lesson is ......
® | EP constraint (small radiative correction)
® New Physics scale A is high, suggesting fine tuning.
® Need symmetry to cancel divergence

® top partner = top must be involved in the
symmetry.

e “DM” and “radiative correction” —=parity
structure

L HC signature:strongly interacting particle decay into DM
(and flavor sector involving b quark.....)
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Each point has internal space

BSM scenario 3

4dim space to n dim

space

R

6 = eap(ipx) v (vs) ;[

~ Y 4

=) .

KK mode

12F10H20H L EH

coupling 5dim -> 4dim

1

drdrs— F,, F* — =
/ X 51359% U —) 94 \/E

Y4
§‘ >

*videntify :

simplification

psR = 27n— ps = 27Tﬁ/R

n
E2=p*+p=p°+ (27T)2(E)2

gravity— gauge and
scalar

(5 &)
A,p Rpp




New image of space Extra dimension

Planck brane FHYUIIN—KN2RIL) TlEERW,

TeV brane

all quantity is
O(Mw)

bulk where
gravity lives /
(and maybe |
some matters )

e_%ly'b(:’;)nwdx“d” — b(x)*dy”
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Extra dimension (History)

® Brane in string theory (gauge theory on it)

e Toy model that we live on boundary and gravity

live in the bulk i

0(z5) = o /dp5€33p(ip55135)

e the relation between 5dim gravitational coupling
and 4 dim gravitational coupling is

mimy _ mims e S(3+n) GN(4+4n)
r2 rn+2 N Aeas o Vn

e GN is large if extra dim is large! gravity KK mode
at collider (extremely light particles)

® Does not work after all, extra dim is too large

T* = 10(6n—15)/(n+5)M€V
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Randall Sundrum model

Assume 5 dim is non trivial

ds® = 6_2"(¢)77Wd$“dx” + r2de?

—A
D Sgra'vity _7|_T Svis S Shz’d 0 == k’?“c¢ — TC|¢’ \/24M3
St — / d'x / dpvV/G—A + 2M3R

Svis = /d4.5€\/ _gvis{Lvis e V’U’is}
/d433‘\/ o

ds? = e~ 2T (@) [N + By ()] datdz” + T (z)de?

Shid

fundamental parameter is planck scale

7 M3
Mg, = MPr. / dfesitiadl -

k [1 e 6—2]€TC7T]

V1S

5 / o/ Gome ™ x (g 2¥ren D HID,H — A(|H? — 2)2)

KK mode mass is TeV order with non trivial
profile peaked at visible brane



interactions are controlled by geometry

e Higgs boson lives only in TeV brane: Yukawa interaction are
controlled by geometric profile

e |ight KK mode has profile close to TeV brane.

ex. top yukawa large —
5D wavefunction profile overlap on TeV

|Ight heavy ex gauge KK decays
dominantly
into top quark
gluino KK-> ttbar

geometry Is important
ingredient of

:Mpl) KK gauge (TGV) model building
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