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Strongly Interacting Light Higgs (SILH)

Guudice, Grojean, Pomarol and Rattazzi (2007)

Higgs doublet is associated with a global symwmetry breaking

Little Higgs
(Holoqraqhic Hiqqs) — Nonlinear sigma model (NLZM)

2/20




Strongly Interacting Light Higgs (SILH)

Guudice, Grojean, Pomarol and Rattazzi (2007)

Higgs doublet is associated with a global symwmetry breaking

Little Higgs
(Holoqraqhic Hiqqs) —» Nonlinear sigma wmodel (NL2ZM)

Mass & self int are generated from the explicit breaking
(gavge int, Yukawa int)

2/20




Strongly Interacting Light Higgs (SILH)

Guudice, Grojean, Pomarol and Rattazzi (2007)

Higgs doublet is associated with a global symwmetry breaking

Little Higgs
(Holoqraghic Hiqqs) —» Nonlinear sigma wmodel (NL2ZM)

Mass & self int are generated from the explicit breaking
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Pseudo NG Higgs doublet Lagrangian
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Strongly Interacting Light Higgs (SILH)

Guudice, Grojean, Pomarol and Rattazzi (2007)
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Contents of my talk

Focus on the dim 6 derivative interactions

—» Generalize to N Higgs doublets case

t Dim 6 derivative int from the NL2ZM
Perive SU(2), > U(l)y inv form of the int
Count degrees of freedom (POF) of the int

1 Scatterings of Vi and Higgs in N=2
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Nonlinear representation

Think global symmetry G breaks into 7

X?: broken generators
T : unbroken generators

Mavurer-Cartan 1-form
UTo,U =ia% , X +iaj  T* where U = eiﬂ{X“/f

| : : NG field
Nonlinear sigma model Lagrangian

2
ENLEM = ?Tl“ [cu“oz‘i]
1 1
= 5 (0,11)(0T17) + FT“deH“Hb((B?MHC)(WHd) + -
A R
dim 6

| |
Tabcd — __ faci bdi ace rbde
( - ot ol — e
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Higgs NL2ZM Lagrangian

N=1 G — HDSM
Pick up only Higgs fields as NGBs (11* — 1)
L — % (0, h") (O h) + %Tmhahb(auhc)(@“hd) e

(Tabcd == 1 facifbdz' 1 facefbde\
R Hrrod BE

SO SO (4
~ > 75 (4)Tg (4)

C SOOI ]

Kdim (]

a,b,c,d=1~4
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Higgs NL2ZM Lagrangian

N=1 G — HDSM
Pick up only Higgs fields as NGBs (11* — 1)
LRI = GO OR) + TR GO 4

A )

(Tabcd I _lf%i bdi if%efbde
6 24

oD Z TiO(él)

SOOI

Kdim (]

SO(4)
Ty

a,b,c,d=1~4

Tabcdha hb (QLL h(:) (a,u hd) L1 Z (E)T (TSO(4))3ME>> (ﬁT (TSO(4))8NE>)

SO(4) N -




Higgs NL2ZM Lagrangian

General N Gl— H D SM

Pick up only Higgs fields as NGBs (11* — 1)

19ggs 1 a a 1 abed i a -
CNSh = 5(0uh®)(0%h%) + 5T bedpapb(9,h¢)(0*hY) + - - -

f2A
N
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6 24

SO(4N)pSO(4N)
o TE ORI

SO T = I

k\dim (]

a,b,c,d=1~ 4N

Tabcdha hb (QLL h(:) (a,u hd) ! Z (WT (TSO(LLN))@ME)) (XT (TSO(4N))8ME>)

SO(4N)

hi
7 = AR N (
T 5 =7
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h3ya(i—1) + thayai—1)

720




Classification of SO(4) generator

N=1
Tabcdhahb(a,uhC)(a,uhd) L Z (ha(TSO(4))a08MhC> (hb(TSO(él))bdauhd)

SO(4)

—p Want to identify SU(2) xU(l)yinvariant form

Classify SO(4) generators (o, 3=1,2,3)
[391] [193] SU(Z)LXSU(Z)K

{ng?)(él) } _ {TLe TRA)
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Classification of SO(4N) generator

General N
Tabcdhahb (a,uhC) (a,uhd) L Z (ha (TSO(4N))aca'LLhC) (hb(TSO(ZlN))bda/J,hd)

SO(4N)

—p Want to identify SU(2) xU(l)yinvariant form

Classify SO(4N) generators (a,5=1,2,3)

[3 1] [1 3] [1 1] [393] SU(Z)LXSU(Z)K
{T(m } {Tm)’T(w)’UW)’S(z',j)}
4 4 4

4 Tay Tao - Tan
41 T2y 122

4 \T<N,1) T(N,N>) 9/20




SU(2),xU(), invariant form

How to construct SU(2), xU(1)y invariant terms
1 Sum over left & right indices

Lo Lo af af
e.g. (T(z’J)) ac (T(k’l)> bd ’ <S(Z’J)) ac (S(k’l)) bd au

t Leave only a? of SU(2)y

R3 R3 a3 a3
e.g. (T(i’j)>ac (T<k’l)) bd 7 (S(Z’J)) ac (S(k’l)) bd im
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SU(2),xU(), invariant form

How to construct SU(2), xU(1)y invariant terms
1 Sum over left & right indices

Lo Lo o al
e.d. (Tu,j))ac (T<k,1>) AR (Sa,j))ac (S(k,l)) SPLERS

t Leave only a? of SU(2)y

R3 R3 a3 a3
e.g. (T(i’j)>ac (T<k’l)) bd 7 (S(Z’J)) ac (S(k’l)) bd Jua

N’] Low, Rattazzi and Vichi (2009)

Tabcd i} aL(TLa)ac(TLa)bd E aR(TRa)aC(TRa)bd + 6(TR3)ac(TR3)bd
) 1} *

Determined by symwmetry breaking pattern G/H
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SU(2),xU(), invariant form

How to construct SU(2), xU(1)y invariant terms
1 Sum over left & right indices

e.d. (T@ g>) (T<k w) (Sgﬁﬁ) (Sﬁﬁo)
t Leave only a? of SU(2)y

e.d. (705), (76),, (56%),. (Si),,

I g RS Rp Y R3 R3
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G IN
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+aly (T),, (T65),,+ a8 (T8),,, Ve

111 L Lo Lo R R R
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R

IEJ(T(5> (T<Rf>> (53%)%(533)) +aj; (5< a)) (S(f;))bd
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Degrees of freedom

Ns] Low, Rattazzi and Vichi (2009) Ee = (69162 4 §936°4) — (a o ¢)
L R L R
a” + o a” — « 15}
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Degrees of freedom
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Degrees of freedom

Ns] Low, Rattazzi and Vichi (2009) Foe = (59152 4 5354

— (a <)
L R L R
R LN NN MR RNl (0 H W Y AR S a e m
) Gk mes AREERA () eaRRE EEL ) maeRay a1 e
. Bose sym
Higgs bed b d
I D sza “*h*h’(0,h°) (0" A7)
0, (HTH)o"(H'H)

f2

T

Re |Im |/
—HTH(D H)"(D*H)

fundamental —» Only SU(2), xUl)y inv | 3 |G

C

f2

(HT D H)(HT DH"H)

0, (H'H)(H' D" H)

composite —» Nonlinear rep 2 0
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Degrees of freedom

General N

- 1
o708 s FT“dehGhb(ﬁuhc)(al‘hd)

Re Im

Only SUIZYxUINy| 5NN +1) | N2GN? 1)

. 1
Nonlinear rep %N2(N2 +3) | SNENZ - 1)

— DOF reduction in the Nonlinear rep case !
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Contents of my talk

Focus on the dim 6 derivative interactions

—» Generalize to N Higgs doublets case

1 Scatterings of Vi and Higgs in N=2
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Dim 6 derivative int in 2ZHDM

Consider the custodial invariant theory

H H H H

dim6 _ €1111 AHH C1112 ( ~H H C1122 ~H C1221 ~HH
Loubum ~or Ofy11 + 2 (O1112 + O1101) + 2 O1199 + T2 O1991
C:‘}1L1212 H H 051221 H H 051222 H
+ 2f2 (O1212 + O3191) + Bzl (02212 + Og91) + 252 03229
H H 7 iz H H
e T Fi2l2 oT & C1221 Y M 3Ci221 — Ci221 + Ci212 (OT L or )
372 5157 2 1221 62 1212 51211

ngl A GM(HJH]-)(‘?“(H,ZHZ)
<—> <—>
G ERmaSS N NG AN AaT N ANB TSI i

T

ik 8 real DOF

Coefficients
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Scatterings of V and Riggs

Wi,z h,H, A H*

s -
Wi, 21 Equivalence theorem
S

- 4
- 4
-~ L4
- ’

4
-
-~ L4
L4
N
< XS

W[:,tazL

i h,H, A H*

High E region (s,t > mv, mpuiggs)

—» Massless approximation
— Dim 0 derivative int dominates

H,T
Parawmeters © s B 10 real POF

(h) _(cosa sina) (h%) e _ [ cospB sinf h4
H —sina cosa ) \ hf A \—sinBcosB) \ h® 16720




Scatterings of V and Riggs

Cross sections
L VLV[/, — LI

MWW, = WFWL )eust :sf—ttcl(ﬂ)
MWW = hh)cust =%C2(0475)
MWW = ZLZ1)cust :%01(5)‘
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VLV£ — LH EEEEEEE
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F

5+ 2t
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S
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Scatterings of V and Riggs

* 10 independent processes! |

I

10 real parameters!
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Scatterings of V and Riggs
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Only one Higgs doublet

o — (3 dependence can discriminate ZHPM from SILH !
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Toward collider experiments
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Toward collider experiments

e*e” — Wi W vV —hhvV process in S0(9)/S0(4)
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Toward collider experiments
e*e” — Wi W vV —hhvV process in S0(9)/S0(4)
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Summary

(Pseudo NG N Higgs doublet wmodels)

1 Analyzed dim 6 derivative interactions
—» SU(2).x Ull)y invariant form

—» DOF Re Im

SUIZIXULly | SNZ(N? 4 1)| IN2(38° 1)

: 1 T
honlinear rep | 5 N*(N? +3) | SN (V" —1)

1 Calculated scatterings o of Vi and Higgs (N = 2)

S

—» Growthwith energy o
—» Piscrimination ZHPM from SILH with o — 3

t Let’s study the collider signatures !! 20/20




Back up

Mavurer-Cartan 1-form
UT@LU =o)X A+ icuﬁuTi where [J = 11" X"/ f

Transformation law
ay, () % ay,(IT') = A(IL g)a, (A~ (1T, g) : homogeneous tr.

() % oy, (1) = A(IL, g)oy, A~ (I1, g) + i~ ' R(I1, g)0,h~ (I, g) : inhomogeneous tr.

Gavged

a, =i U8, —iA)U

Invariant combinations
f2Tr{ay, (o' (I1)}
Tr{F,, () F* (e}, Trio.,@F* (@)}




Bi-doublet notation
®, = (ic’H H;) where ®; — LO;R'
S0(4N) fundamental rep < Bi-doublet rep

ho (T(f;{;)) 8, he = %Tr [@jaaﬁucbj + cbj.aaﬁucbi} 3,1]
oo, T

7R [gah R SR R %Tr 2,079 40 + ;079 0] [1,3]
toswz, T

AU e %Tr 19,0 + ;9 ,0]] [1,1]

Ui e R Rt STr ©]0°'9 .00 + ©;07 D ,0l0°|  [3,3]




Titthe = ot (Thh),, (T ), + 2aue (%), (T3, + 20te (T3, (T63),,
+ab (T),, (Th), + 208 (T62),, (THD),, + o (T6),, (ThD),,
+afin (T03),, (703, + 20fhe (T, (705, + 2088 (78D, (783)),,
+atha (T03)),, (T83)),, + 208 (T8, (T63),,, + ot (783, ( 55),
+atan (S, (58, aff (50),,, (ST, + 201t (T3, (SE2),
+afsh (T6%) (S‘f’m)bd+2a§2m T(gcg) (s@y),, +20hm (7)) (T8),
+dai Tty o T2 (1),

vl e
+ 2a2907 ( (232)

Folf (1), U

Custodial invariant condition

YU YU

a1112 =0, a1212 =0, a2212 =0,
CL1112 =0, CL1212 =0, a2212 =0,
)%l B v ) ) el B 8 Y R “}
a1111 = 0, a1112 =0, a0 =0, ag99 =0,
Y
S _ Yy _ Q192
1912 = G1212 = 5

st 1),
)>b + afy (Uq, 2))aC (U(1,2))bd

+ daly]y (T(g,sz))a(: (U(LQ))bd

i R
1111 *5(“1111 + a1111);

H

3
= S p R
C1112 —5(%112 + a1112);

2 1 1Sk R s S8
C1122 —5(%212 + a1912 + aT212 + 2a7519),

710 B A R SS
1221 —5(01122 + @112 — a7512)s
3
Hi——t 1T R S SS
1212 *5(“1212 + 1122 — A7212 — A7312);
H _§ L 1 aR
2221 —2(%221 a3921);
H _3( L s R )
C2222 =3 Q2929 T 12222 ),

1
71 ] L L R R
C1122 —5(_6‘1122 + a1512 + G1790 — G121

1
T L i U
C1221 *5(*%212 + ay2 + aia12)s

pr—t—tli—p R S U
1212 —5(%212 — @i + 212 — A1212)-

S
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Back up

Effective boson approximation

. Belw

[Trea’r vector bosons as partons !]

Cross section
— /dxld-TZ f(.fl?l)f(.flfg) O sub-process

PDF of longitudinal mode  f.(x) ~ gv+oal-w

472 T




Back up

e* e — Wi W vV —hhvV process in SU(6)/Sp(6) model

[Preliminary]
— - o
: - E=0v2/f2 |g=05 ---- |
T ‘ 501 — -
500 1000 1500 2000 2500 3000
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