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Introduction
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Why Top-Yukawa coupling
« Why the Yukawa coupling ?

— Gauge interactions are well examined.

— To understand the mass generation

mechanism. It is necessary to measure mass
and Yukawa coupling separately.

« Why the top ?

— Large Y, is essentially important at future
colliders.

— Why the top exceptionally heavy ?
— Are the top and EWSB related ?

LCWS07 May 30-June 3 Top-quark might have new physics !?




Top-Yukawa coupling ata LC

* For lighter Higgs boson (SM or SUSY like scenario)

€+ t
— ee -> ttH associate production )
Ve >my+2my my S 150GeV “H
. e t
 For heavier or intermediate Higgs masses

m oy > 2my 2mg > my > 2my,

Kanemura, Nomura, KT PRD74,076007(2006)

— If theory has relatively heavy Higgs bosons. y
In the non-SM, non-SUSY such as LH, xD, TC, etc,
WW-fusion can be an useful probe.
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Top-Yukawa coupling ata LC

* For lighter Higgs boson (SM or SUSY like scenario)

— ee -> ttH associate production et

<
o ForVs 2>, mu T 2myymy 515 0GeV hasses

— \my > 2mp nu Lth > My > 2my, €

coupling in the wide range of Higgs boson mass.
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Effective theory description

Dimension-six operators as a new physics
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Effective theory

« Eff. Lagrangian below the new physics scale

f
L =Lgm + Lgim.6 + Ldimeg +

1
Ldim.6 =2 Z C;0;
1

— The non-SM interactions are characterized by dim.6
gauge invariant operators at leading order.

ThA“A (oY of oa BN - o N 228 %Y a AV A:m c A“A"n““ﬂ ‘A’A :“‘“AAI [ W a W oY
— 1HCIT A€ OV Ilidlly Uullll.V vpTidivlo. VVe HHilnvuuLe

these dim.6 ops. for 39 generation quarks.

 Bottom quark operators are strongly
constrained by Z—bb.

LCWSO07 May 30-June 3 KOJI TSUMURA 8



Dimension-six top-quark

2

operators

Oy = (CDTCD — %) (6LtRa-> -+ h.C.)

O = i(PTD,D)TpyHt p -

- h.C.

O3 = i(DTDLD) Ty b -

- h.C.

Opt = (GLDutr) (D*®) + h.c,

O = (qLO'“V'I_"tR)&')Wu

v+ h.C.
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Origin of dim.6 operators
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Experimental imits on dim.6 ops.

e Direct search

— No experimental bound for . Ct1

— C'pran be constrained by Tevatron.

|Cpt| < foit

LCWSO07 May 30-June 3

[ £dt = 100fb~1

we /P ooy
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Experimental limits

* Precision data S. Kanemura, D. Nomura. KT PRD74, 076007(2006)

— Ctz,ts,Dt,tW,QB/@ oblique corrections. It can be
allowed in the SM-like situation with heavier Higgs
bosons.

— Ex.

Appy ~ —

orz (a6) {7 mn

Cn, N —= 4+ C2
1672 \ A2 Dt mt2+ Dt]
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Perturbative unitarity
o Amplitudes

i me  v2 Cyq n s Cp 2_ Zo &
— ——F | vuuv -+ ---
s — m% v V2N 2 /\2

r 1 m v2 C s C Ciy1 v
-2 4tt—hh t tl Dt N\ — tl _
1M ~ 5 ( " — \/§ /\2 -I— \/§ /\2 ) (—ZA)U’U:SI -I— Zﬁpuvzl

S — mh
— Imposing unitarity @ Vs = A
[Cy1] < 877( ) Cpt + \/_mt| < Veér

— Considering 2-body scatterlng channels (hh,
W W, ,Z Z, and t anti-t), chirality and coior

tht—)tt ~

factors.
16 /\ Ci ||Set A| Set B | Set C |Set D|Set E
v
C ) Yoo Yoo
Cul<375 (5 Ca| 0 |id%e|+322 0 | o
— 6.2 S CDt S 10.2 Cpt 0 0 0 +10:2|j 6:2

We will use above sample values of dim.6 couplings.
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e Operators t1 and Dt only contribute to the Top-

Yukawa coupling

O = ((DTCD — g) (&LtR&-) -+ h.C.)

Opp = i(®TD, )Tyt 5 + h.c.

O3 = i(DTD, D)oy b

h.cC.

Op¢ = (qLDutg) (DH®) + h.c.
OtWCb — (ELO'HV'FtR)&SWuV + h.cC.
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Effect of dim.6 on Higgs decay

o Eff. Top-Yukawa

ff

(— q A) = ySM 2Otl _

/\2

.2 Cpt
2A2

— y?™ iw rbstricted by m, .

— Dim.6 couplings are only constrained by unitarity.
Kanemura, Nomura, KT PRD74,076007(2006)

 Decay width

— At the tree level, top-pair production

— Loop induced decays

=
Ci ||Set A| Set B | Set C |Set D|Set B
L.:
Z8s) 28]
Cu| O |i P5¢v +§1'§_§V 0 0
Cpill O 0 0 |+10:2]; 6:2
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New physics effect on the Top-
Yukawa coupling at a LC
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ee -> ttH Associate production

 For lighter Higgs boson

— ee -> ttH associate production can be a useful
probe to constrain the new physics effect on
dim.6 Top-Higgs interaction.

(a) (b) (©) (d)
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ee -> ttH associate production

C,V/A’=-0.16 (a)

Ot1 ’

my=100GeV
m,=120GeV
my=140GeV

[
e b by e b by b Ly
600 800 10001200 14001600 18002000
E+.- (GeV)
(b)

d Co*/A’=-0.40

E+.- (GeV)

1 IVI\AJ UV VUl W IN\wvI1

O py

The X sections of the
process ee -> ttH as a

function of CM energy . /s
for m; = 100,120,140 GeV

The dashed curves are the
SM predictions.

New physics effect can be
easily observed in the ee ->
ttH process.



ofb)

ofb)

ee -> ttH associate production

1.6 Eete-=05TeV (a)
1.4 B * my dependence of the X
1‘? N N \/g — 0.5 TeV sections of the process ee -> ttH
0.8k with operators
0.6 £ ™ML Ry Ol . Opy
g'j g « When m,, becomes large, the X
0 e e L sections and its deviation from
4100 105 110 115 120 125 130 ;33}@1{]40 the SM are quickly decrease.
Eete-=1TeV (b)
3.5
3E
2.5 _ How to study the top-Yukawa
5 coupling for relatively heavy
1.5 my ?

100 105 110 115 120 125 130 135 140
mH(GeV]
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Top-Yukawa coupling ata LC

Kanemura, Nomura, KT PRD74,076007(2006)

In thistalk, we examine the possibility to study
the new physics effect on the top-Yukawa coupling
In the W-boson fusion processfor large m,,.

 For heavier or intermediate Higgs masses

Kanemura, Nomura, KT PRD74,076007(2006)
— If theory has relatively heavy Higgs bosons.

In the non-SM, non-SUSY such as LH, xD, TC, etc
WW-fusion can be an useful probe.
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W boson fusion (WBF) -~

— At the high energy LC, WBF is an
important Higgs production channel.

— A few thousands of top-pair events
produced via WBF.

— BGs have been studied.

mg = 500 QeV | | " Kajemura, Nomura, KT PRD74,076007(2006)

b 3 T

The X sections for WBF sub

-process are calculated in

e { the SM, longitudinally

& 10t 1 polarized W-boson gives
o 1 dominant contribution

0 . . . ~—— .
10400 500 600 700 800 900 1000
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A= my =500GeV,A =1TeV

w—wt = tvith dim.6 ops.

ﬁ —Ranenmion@ay Nermidra, KT PRD74,076007(2006)

. E
"""" Cpy¢
10 10+ 1
5 i
+.a 1
= 1 \B.q
g =
S e
1071 ]
-1 ‘ H
10 500 V3[CeV] 1000 500 Vi[GeV] 1000
« Cutoff scale /\ setto be 1TeV.
e DimMm.6 counllnus can chanae the cross sections bv a factor.

Since Higgs decay width grow wider, X sections canfpe, =500GeV
enhanced not only the sub-process energy equal to mHHpoIe.

Ci ||Set A| Set B | Set C |Set D|Set E

Cptf| O 0 0 |[+10:2| 6:2

b b
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Check (by usmg ET)

» ~KaheritiSs Natii¥a, KT PRD74,076007(2006)
C' s . E C
D
10 - _10 - t |

1 =3
0 3
E &)
© 1071

107! 500 VaGeV] 1000 500 Va[GeV] 1000

. Our calculations can be checked by ET.

— S-matrix for W, scattering is equivalent to those for

NG-boson up to m/E. Dotted curves indicate the
process

ww — tt
MWW — tt) ~ M(ww — tt) + O(myy /+/3)

LCWSO07 May 30-June 3 KOJI TSUMURA
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Wi vie — ttvir)[fb]
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Effect of dim.6 on tot.X section in WBF

Vs = 1TeV, My > 400GeV g— Vs = 1TeV, Myt > 400GeV
N ole"eT 5 W WTui — tiup) Cpi
10 SR~ (U
*f
+§q
1 |3 1
~ M AX ?
C ;
| L
1071 ‘ - - : ‘ s . . ‘ . v
500, GeV] 1000 107! 00, e ;
w- t
Solid A — 1Te\/d AN=3TeVv \t
We only impose cut M,y > 400GeV ,7
The total cross section can be enhanced by factor of 2 in the
range 400GeV < m; < 500GeV
The effects of become large for heavier Higgs compare to
those of . Opy
O Ci ||Set A| Set B | Set C |Set D |Set E
t1 el
Cul| 0 [i PE5|+3%%5| O 0
Cotll O 0 0 |[+10:2|; 6:2
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Effect of dim.6 on tot.X section in WBF

A= /s =1TeV, My > 400GeV A = /s =1TeV, My > 400GeV
g _ ‘ ‘ ‘ ' ' + —I— J J 06)
- N ole"em — W W VU — ttvy) Cht
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At the ILC with /s = 1TeV, and [Ldt = 500fb—!, several
hundred events are expected. Statistical error islessthan 10 %.
Thereforethe effect of dim.6 couplings can be observed.

Ci |[Set A| Set B | Set C |Set D|Set E
Cul| 0 [i PE5|+3%%5| O 0

Cotl| O 0 0 |[+10:2 6:2
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Summary
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Summary

 We discuss the W-fusion with the non-SM Y, which are v
characterized by dim.6 operators. e
t
yteff(_qz N) = ytSM — v2@ _ 2Dt /
) A2 2A2 ot o \,\ .

 They are constrained by EXP. data and unitarity.
— Our calculations have been checked by ET.
— Dim.6 couplings can enhance cross sections.

Conclusion

Dim.6 couplings can enhance cross sections,
the effect can be observed in the WBF for heavier
Higgs bosons.
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Thank you for your listening !!
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Feynman rules

 Feynman rules for dimension-six operators.

__»-_<’ iy (mt Cpv® | Cpy s )

AN v V2A2 T 2/2N%
/
9z N _Cpt v
,\/\/\(\ 5 {'Y'u(vt a't75) z/\2 \/iKu}

LCWC .. ., - c o ¢ KOJI TSUMURA
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Origin of dim.6 ops.

tr dr,

N 2
M O = (chcb -

) (thR&S -+ h.C.)

S~y (7 Pptr) N () 0)(®Td))

1 L
~ YN 571, - Plp(PTD)
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Origin of dim.6 ops.

O M

Opt = (GLDutg) (D*®) + h.c.

o

S~y (Q_L ‘ &)HtR) Yp (AP HOR) Yb (BRQL ' CT))
o 1 1 1
~ ytybyb/dk 5qr, - P
S — My kK —mglt —my
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Higgs decay branching ratios
|_

e Higgs decay branching ratio in the SM
10~ :
/>_<\ _"'“'“"“'"""""'l'lllu"’:”.“,/f/’//,,//
1072¢ i
10_3 . .I\‘\\\\ :?_:2 : . . .
100 m [GeV] 500 1000
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1

Br(H — X)
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Higgs decay b
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ranching ratios with dim.6 coupling
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W boson fusion (WBF)
— At the high energy LC, W-fusion

IS an important probe.

— A few thousands of top-pair events
produced via vector boson fusion.

— BGs have been studied.

o i — _|_ —
eeT — ¢ e e - Iy
t -
G ., e £ - mg«-j\j {
e *, A
;}-"tf SN M tf ?‘: \/E ;}&u.q_,.ﬂg\wﬁ A br Z 20GeV
’ A ) A - *,
'ﬂ \' Fj [ L
= \ - . \\A 7
e"et — thup e"et o ttvy
8 A P o
&= ! e ]
¥ 1'127 : I;-E -
{ , = Y
' A
_ Er > 50GeV 1\}“\;’1_;1."‘1.«“\_.{':} My # mz
Bl { . Iy w7 \k
5 . - =
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S. Dawson, Nucl. Phys. B249, 42 (1985)

Effective W approximation (EWA :

« W-bosons are treated as a parton which are emitted = ~""

by initial electron and positron. ‘@ ™~

cle— et = W Wtus — thi: /3)
1 1
= diy f dzafepw, (®1) e, (22)(WWT — ¢, V/3)

« At the leading order, parton distributions for W, consists
the process e~ et s gupXimatiopr < /s

— The validity of EWA will
be shown by using the
package CalcHEP.

W t WY t WEANAM—— ¢ |
H Y Z ¢ E
T 4
W ;W . W . 10°
i LYYV, ;
LCWS07 May 30-June 3 KoJ Tsumuka wo [Ge\;’]"“ 800 900 1000

| Mg = 500 GeV




The valldltv of EWA

A=—— /5= lTVMtt>4OOGVA ITV

QW
_
o

v)[fb]

ole”em — tiv
—

1071

500 mg[GeV] 1000

« Dotted curves are calculated by using the package
CalcHEP.

— The EWA results agree with those of CalcHEP in about
20-30 % error for heavier Higgs boson.

At the ILC with /s = 500GeV, andeyealdl kusdesddvents
are expected. Statistical error is less than 10%.
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Amplitudes with dim.6 couplings for
WW scattering

2m2 /’U my Ctl ’02 CDt S
M, = W/ 7 e, . — ey - ex )u.
h s—m%—kz’mhrh‘(v \/§A2+2\/§/\2 (ex-23)
. R
ZQtG —
My = — p A’;\wauv
2im2 /’02 Cp; v
My=—-""W"__ A'u U v+ a — 1K L v.
Z s — m% [7,“( t + t75) KA A2 2\/5
2im3, [v? Cpt v C’D v
M, = — W o Hery —t—k P — kPP =2t

AlS = (ex-ex) PH + 2(ex - 9)85 — 2(85 - )e

w+ t Wt t WraapnN——— 1
H 7, Z
--- 2 p
W P W P WavwwWw——
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Amplitudes with dim.6 couplings (NG-
bosons)

My = — %%ﬂv
2 \v m Ciq v2 Cpt s\ _
Mn =" m? + imy, ( vt N \/til/\? T 2\1/)%/\2> o
My = — iQt€2P”ﬂmﬂ)
-S 2 /.,2 i
My =-— %A/;;ﬂ _W’,u(vt + atys) — ZK,LL%%] v.
Mp = — » _ange’iéﬁﬂ [ n;t + f;\tzp’ : k) Pryp(p — )P PR (’m + \/C;\Zp : k’)] v.
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Sub-process X section vs dim.6 couplings

* Cross sections for the sub-process W Wt ¢

104_, | J\/g =7nIH = I500 éeV | 104_\/§ =g = 500 GeV
=y Ik —
= L—+L
A LL — B 103 s_)Ly-L
103} . 10 M=
® il w® pap
T M += T — —
.l_ [
+.« 107 —+ — e 107
3 =
| e ~<
= =
T 10 5 10'
e ol . A
10— 0 s0—20—10 0 10 20 30 40 W —4 -2 0 2 4 6 8 10
Cﬂ th
— DIim.6 coupling can give negative contributions.
w+ t W+ t Wiaa N N———
H Y, 4
R Ab
W P W i VavwwWh——
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Equivalence theorem

e Our calculations can be checked by equivalence
theorem.

— S-matrix for longitudinally polarized W boson
scattering is equivalent to those for NG-boson up to

mass/energy.
MW Wi — tt) ~ M(ww — tt) + O(?’I’LW/\/E)
* BRSidentity gup+

I3

— imwwi =0
 Equivalence between longitudinal pol. and scalar

pol. at high energies.
1

ey = ——p" = (1,0,0,5y). e} = (By,0,0,1)
W _
/s . _4mﬁ,

WW_ QmWwBW_ \/1 s
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sigma(WW-->tt) with SM

Unitarity cancellation

mh=500 GeV mh=500 GeV
10000 T T . T .
SM.dat 30000 "LL-Dt-Max.dat"
"LL-hh-SM.dat "LL-hh-Dt-Max.dat"
"LL-hb-SM.dat "LL-hb-Dt-Max.dat"
LL-gammab-SM.dat’ LL-gammab-Dt-Max.dat"
"LL-Zb-SM.dat 20000 "LL-Zb-Dt-Max.dat"
"LL-bb-SM.dat B "LL-bb-Dt-Max.dat"
5000 |
3
= 10000
a
£
.................................... x 0 :
........................... =
=S
]
E -10000 |
-5000
-20000 |- T,
-10000 -30000

1000

1000
sqrt(s)

sqrt(s)

In the SM, the amplitude for WW scattering does not divergent at high
energies due to unitarity cancellation.

The effects of dimension-six operator  raOpy grow higher energy.
However, the SM-like unitarity cancellation can take place, the total

Cross section is stabilized up to the cutoff scale.
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Tot.X section vs dim.6 couplings

« Total cross section for the process

|
<
-

—
S S S

ole”et — Wy Wivw — ttvv) [fb]

[
(=]
N

e"et S W WHus — thvb

 /3=1TeV,my = 500GeV, My > 400GeV V3 = 1 TeV, mg = 500GeV, My > 400GeV

tfv7) [fb)

10 3
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+
Wiu
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—
=
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New Physics effect on the Top-Yukawa coupling

— WBF process with the non-SM Y, which
are characterized by dim.6 operators is

discussed.
— They are constrained by EXP. data .
and unitarity. O = (chcb - 1)2—2> (@rtr® +h.c.) etc
4 —
e Dim.6 couplings can E—
enhance cross sections, 5 10 |
the effect can be ?
observed in the WBF. ﬁj 1
% . a(e_e_ll' — W_W_ll_yﬁ — tfyﬁ)

500 m p[GeV] 1000
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