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Relation between U and Higgs Couplings

Scaling Factors

SM
R = )‘hFF/)‘hFF

2 TSM 5
e - M 2 TS MR

Note : fermionic (& gluonic via Yukawa) decay dominate (~75%)



Relation between U and Higgs Couplings

Scaling Factors

SM
R = AhFF/AhFF

Production  Decay LO SM
\ig H->bb ~(Ky2xKe2) /K2 K2
ttH H->bb ~(Ke2xK2) /K2 K2

VBF/VH H->t ~(K2xKe2) /K2 K2
ggH H->tt ~(Ke2xK2) /K2 K2
ggH H->z7z ~(Ke2xK, 2) /Kg2 K2
ggH H>ww ~(Ke2xK,2) /K2 K2

VBF/VH H->ww ~(Ky2xK,2) /K2 =Ky K2
ggH H>vy ~K2(8.6K-1.8Kp)2/K:2 K,2
VBE * Hovy -~K,2(8.6K,-1.8K.)2/K2 -K4/K?




Higgs Coupling @ L HC

ATLAS Prelim.

N SM Vs=7TeV, 4.54.7 fi”
e AhFF/)\hFF Vs=8TeV,20.3 b

7 m, = 125.36 GeV . K’V S 115 :I: 008

099017

* SM - 68% CL
+ Best fit ===95% CL
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Do we arbitrary choose Higgs coupling?

Ad hoc deviations may violate theory consistency 7



Role of Higgs boson(s)

® Unitarization of Amplitudes

If the Higgs boson is absent

+ crossed.
Ed E? Gauge Sym.
My = QWWWW{WL%Xl 3 Xz} | : 2y =
Mo = gwww{—mT%+ %2) g Lot )} cancel E4 behavior
W W
4 F*
Mgauge F 2 Ao ( )

Amplitude violates perturbative unitarity at high energy (>1TeV)



Role of Higgs boson(s)

® Unitarization of Amplitudes

If the Higgs boson exists

Kw?=1 is required to cancel E? behavior

4E2 4E2
MgaUge:—Y+(-..) ./\/lHiggS:—/Q%VU—QY_'_(...)



Role of Higgs boson(s)

® Stabilization of Quantum Corrections

If the Higgs boson is absent

e Bl

Electroweak Oblique Parameters ( Peskin-Takeuchi parameters ) diverge

I 2
S —m IHA

3 912/ 2
T I
% 4(4r)2

without Higgs boson(s), we cannot perform EW precision study




Role of Higgs boson(s)

® Stabilization of Quantum Corrections

If the Higgs boson exists

N 1

( Peskin-Takeuchi parameters ) diverge

1 A? K22 | - 2
b S T e -=1 Is required to cancel In/x
s, L R T M2
3 'l
ol gy 'A%/ 23 gy In

4 (41)2 4(4m)2 " M?



Obligue Parameters s

Tatsu Takeuchi

Finite combinations (S, T, U)
after the renormalization of
My (p*) =Ty (0)+ pThiyy (0)+-+- EW parameters, e.g., agy, M5, Ge

HZZ(pZ) = sz(0)+ pZHlZZ(O)+ ..

Tatsu Takeuchi

I, (p°) = p°Ily, (0)+-+

2 21!
Hyy(p )=p Hyy(o)-l_"'

2 2
as = 4s2c2[H'ZZ 0)-<~°

IT,, (0)-1IT., (O
sC Zy( ) yy( )

Mass Renormalizations

= piparameter o < Lww (0) 177 (0)
My, Mj

_ ik aU = 457 [y (0) - T (0) - 25¢TT, (0) - 57T, (0)]
Wave Function Renormalizations




Success of Obligue Parameters

® [ (~0) 10.1%precision]

Predict M, Predict M,,

March

The LEP EWWG,
Phys. Rep. 427,257 (2006)

1990 1995 2000 2005
Year

® S Kill the techni-color models, 5% generations, -

SM is tested at loop level !!



Unitarity vs Obligue Parameters

® hgy (Ky unitarizes V,V, scattering, and
stabilize oblique corrections, simultaneously.

W,

\%\%

: , Finiteness of

Unitarit ;
Y & oblique parameters

What relation in more general framework of the Higgs couplings



Mass-Coupling Relations
® EWSB and Mass generation

o I\/Iass—CoupIing relation is required

¥
MV—%TV”UQ MF:7I%U, e — 2)\v°

19.7 ' (8 TeV) + 5.1 fb' (7 TeV)

Sources of (possible) coupling deviations : cMS
v Higgs mixing (universal shift) e

S SR ' === 68% CL
v' VEV mixing (many variations)

Coupling deviation = 2"d Higgs

New d.o.f. is required for the theory consistency 2 345 10 20 100 200

mass (GeV)
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Custodial Symmetry

before going to the unitarity and oblique corrections



What is Custodial Symmetry?

MwﬁMZ

® M,, and M, are nearly degenerate
- Underlying symmetry?

e g 0 limit: My = Mz(Mws)

® Define the measure of the (custodial) symmetry
My,

— 12,2 =1 p=1 is guaranteed by this symmetry
C
Z M

P



Chiral Sym. Breaking

Consider 2 component fermions D : 2 X 2 matrix

L=iT "D, Uy +iTpy"D, Vg —y (TLdTp + Tpdv))

L is invariant under SU(2), x SU(2)g

Su@ice | Ve e il BUEs e — U] U, Up ¢
Up - Up Up >UrVYp [Fe2 1 2(x2)
folaal 2. - 19( %2
d— ULd ® — ULe -0
Different view : SU(2),, x SU(2) 5
Parallel [ &, — U W Opposite - Wp, — V Wy, U, Up 0
s 0, W s/ T, © TTERERT o -3
; LR 2. 143
o - UdU ®— VoV

As the global symmetries, they are equivalent.
In the SM, only the SU(2), is gauged.



Chiral Sym. Breaking

® : 2 x 2 matrix
L=iT "D, U +i gy D, U — y (TrdTp + Tpd 0 ;)

\IJL—>UL\IJL \I}L_>\I}L
UVp — Ygr W pir il Wi
O — Upd ® — UL

VEV breaks both SU(2), and SU(2)x

b — (D)



Chiral Sym. Breaking

Consider 2 component fermions D : 2 X 2 matrix

L=iT "D, Uy +iTpy"D, Vg —y (TLdTp + Tpdv))

To keep “Parallel” symmetry : SU(2)y

=0

b — <q)> —3 This is automatically realized in the SM EWSB.
O 1 Caution : This is the specialty of the SU(2), doublet
Parallel \IJL sdey 8 \IJL Opposite \I/L —V ‘IfL
Up > UTp {\IJR—H/T\I!R
® — UdUT ® - VoV

SU(2), remains SU(2), is broken



Chiral Sym. Breaking

Consider 2 component fermions D : 2 X 2 matrix

L=iT "D, Uy +iTpy"D, Vg —y (TLdTp + Tpdv))

To keep “Parallel” symmetry : SU(2)y

=0

(I) = <q)> — This is automatically realized in the SM EWSB.
' O 1 Caution : This is the specialty of the SU(2), doublet
Parallel [ U, — U W Fiélds are classified by remaining sym.
{ UVp —>UWVp @L Up ¢
T e LW 1%
SU(2), remains o e e o g



Why Mw ~ Mz in the SM

® Higgs pot. is invariant under SU(2), x SU(Z2)s & — U; & Ué

G

i = (i_ ZZO)I V() = %/f Tr(®'®) + ik [Tr(27®))?

Embed 4 components (a complex doublet)

Usual notation :

A (%)= V(H) = > H'H + X (HTH)?

P° po + i1
| SO(4) = SU(2) x SU(2)
Correspondence HTH = |¢°|2 + ¢t~
= @5 + V1 + ¢35 + ¥3 Lsu(2)y 35U(2)y
= 1Tr(97®) ({po) +¢0)" + 03 + ¢3 + @3

\ )
I

SO(3) = SU(2)

EWSB



Why Mw ~ Mz in the SM

® BEH mechanism W H
i i 3 20D
R 1 2x2
D, H|? = (8, i g aalli (2 RS 143

2
= [0, H|* + %(Wf + W2+ W2)H'H + (+ig HIT,0,HW"/2 + H.c)

\ )
|
/ SU(2), triplet after EWSB
(1 IR S

Kinetic terms of Higgs (& NGB) (A x1)+(3x3) (1Xx3%x3w)+(3x1xX3w)
Quartic int of Higgs(NGB)-VV Higgs(NGB) derivative int

(1x1) term gets VEV — BEH mech.

Weak bosons are the triplet under the custodial symmetry

MW I MZ (MWS ) Caution : This is the specialty of the SU(2), doublet



Why Mw ~ Mz in the SM

® Yukawa interations

@H bR? QLFI tR

Yukawa int. breaks the custodial symmetry

Let us symmetrize it

QrPQr

M, = M, is the consequence of the sym.

The breaking effect appears in o parameter

Qr=

tr
bR

) b,

e 2 1, 1
s e 0 d0 o) - 2
- RS T e

:

Hm:i;

& Tevatron
[ SM constraint
68% CL

The LEP EWWG,
Phys. Rep. 427,257 (2006)

Direct search lower limit (95% CL)

1995 2000
Year

2005




Why Mw ~ Mz in the SM

® U(1)y also breaks the custodial symmetry

We define the p parameter by caring this point M2
W

P MZ&,

However, the breaking effect appears at 1-loop level

6) _
AO(ha\d -

h %L —0.02750:0.00033

M:
L% --0.02749:0.00010  ff ¢
W 5 % e incl. low Q° data
W, Z Ly

3 = m2 5 *
5p h = (log —Zh e _> Iéffluded \"\ ,cz'i"".. echuLdI—é%
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What happen if we begin with Unitarity 7



The MOdel (EW chiral Lagrangian w/ Higgs bosons)

® A non-linear realization of SU(2), x U(1)y > U(1)gy

Appelquist-Bernard 1980, 1981
2

b= %tr[(DMU)T (DEE - %tr[UT (DPU)m3)te[UT (DHU ) 73]

P eXp(i ;JaTa) Pion (NGBs) absorbed by W, Z
a 3

DMU:8MU+igW§%U—igYUBM%

| DEEENE (D e

Unitarity Gauge (U=1)

g2v2

4
9% = 9> + g%
0% = (1 - 28)07

i)
1
WoW -y

L o)




The MOdel (EW chiral Lagrangian w/ Higgs bosons)

® A non-linear realization of SU(2), x U(1)y > U(1)gy

Appelquist-Bernard 1980, 1981
2

b= %tr[(DMU)T (DEE - %tr[UT (DPU)m3)te[UT (DHU ) 73]

o0 parameter ( at tree-level )

Gne - 1t
0 P e —
‘ Gce

(%
wee. 128

(0 is kept arbitrary unlike the SM; o ggu=T1)

Unitarity Gauge (U=1)

92?}2

4

Ly

DD
+r—b , 9zV7 l m
L AL e T o s



The MOdel (EW chiral Lagrangian w/ Higgs bosons)

® Higgs boson(s) as matter

Appelquist-Bernard 1980, 1981

N
Lo=—vY &ipy & t[UT(DLU)r Jte[UT (DFU) ]

n=1
N
o % Z ¢O tr[UT (D, U)7s]tr[UT (D U ) 73]

arbitrary number (N), arbitrary coupling (K, and K, are independent) of scalar bosons

This treatment is more general than the SM with arbitrary multiplets of Higgs fields,
such like additional singlet(s), doublet(s) , triplet(s), ---, septet(s), -

K is defined relative to the SM Higgs coupling, i.e., K'=1, Kr=0 (n=2)
Fua SM 0 + g 1L
Unitarity Gauge (U=1) L 7. () li qb (Z s W ) ( %4 )
¢ Ww /2 \@
(kg e :
B Ky 1 (Z 9z Zu) (Z 9z ZM)
0 0

1 =h, kg =rzz =1




The MOdel (EW chiral Lagrangian w/ Higgs bosons)

® Higgs boson(s) as matter

Appelquist-Bernard 1980, 1981

B Z ki 0 te[U (DU e [UT (DEU )]

~ 53 k8 6 U (DU lU N (DU
n=1

arbitrary number (N), arbitrary coupling (K, and K, are independent) of scalar bosons

Most general interactions up to mass dimension 4 ;

(62 8,60 tr[UT (DFU) 1]
koo 6060 tr(UT (D, U) 7y |te[UT (DHU)r_]

ko™ @0 0 tr[UT (D, U)msltr[UT (DU )74



Implication of Unitarity

W W, scattering :

Absence of perturbative unitarity violation
at ( very ) high energy

N
5 0
4t =+ (sigw)* =0
0

n=1

A “unitarity” sum-rule among Higgs couplings is found!!



Implication of Unitarity

A set of “unitarity sum-rules”

e W
Wi W, - W, W, At +z:1 “WW -

Wi Wi — ZZy, ——pOZm whey =0
\ —I— O L ¢0 ¢0 ¢0
Wi W, — Z1,0, : Z ks =0 and " kR — pokyn =0
m=l
+ 7 0. 0L, 0 / ' /

0 .0 0 2
ZLZL = ¢n¢n/ : po/{qZSZKJZZ (b ¢n - Z =)

Minimal conditions for Higgs couplings from Unitarity



Implication of Unitarity

Slmpllﬂed conditions : ( Neutral Higgs bosons only )

— Charged Higgs boson(s) are required in order to have CP odd Higgs boson

og = 1 Custodial Sym. is NOT imposed !!

p0=1 is known as a consequence of the custodial symmetry

(at least, many textbooks say so)

N

E : /{WW =1 = KV < ] (Ky 2 1 is possible if we introduce H*+)
=1

oHE D Do Do

RwwhRww = fww Gauge Sym. is NOT imposed for Higgs int.

0 0
/_i?b ben’ /£¢ ¢ / (Relations between 3- and 4 vertices)
Vi R G i e VA



Models without Custodial symmetry



,O — ] as a guiding principle

® Mass of weak bosons

5(/2%29%%7“ 2 9@23’23“
My = 2[j (i) = ¥— M M%)
SM : J=1/2, Y=1/2 M2, = #71\@ 9%4@%
DD
Pure Triplet Model : J=1, Y=1 MY%V g %aMé = %Ug
2 (02 14992 %30 D
Higgs Triplet Model (Sum) : i ! (02: ”3),M§ gZ(%: vs)
® |et p=1 as a guiding principle
. . 2
2[]¢(]¢—|—1) _Y¢] 9 o=
=5 =1 T o — |

(2Y)?
Redefine to make them integers

x =29+ 1,y=2Y,



=0 1,y =2Y;

Pell’'s EqQuation wwmse e

T ] ) — 3)

< Trivial Solution : (x, y)=(1,0) for arbitrary n  SMsinglet : (j,Y)=(0,0)

< Fundamental Sol. : (x;, y;)=(2,1) for n=3 SM doublet : (j,Y)=("2,)%)
< General Sol. : 1 k k
& ka=§[($1 +y1v/n)" + (21 — 1v/n)”]
i

i ylf)k W yl\/ﬁ)k]

Bhaskara Il (1150)

ykzz\/—

> Next Minimal Sol.: (x,,y,)=(7,4)
Septet with Y=2

- Next to Next Minimal Sol. : 26plet w/ Y=15/2



0O = I chiedial Sym.

2ralr b 1) =Y 1
i (2Yy)? -

- Minimal sol. / SM Higgs doublet with Y=)2
- Next to :+ [/ Higgs septet witn Y=2 (n, HO, Ht Het Sl -, H++++)

Ry = Ky - and =see= g

©0o=1 and its quantum stability, K=K, are no longer

the consequence of the Custodial Symmetry.

We want to know what is really needed!!
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What happen It we begin
with Oblique Corrections 7



Implication of Finiteness

Oblique Corrections :

N N
lo s TG 9 S 40 1
Se= I s Sl B0 }
Absence of divergence in the S parameter
(S [and U] is finite even if poy#1 unlike T)
N N
2 1 D i
Sl e d Y] (Fz7) i Z )
Po Po =1 g —

A condition among Higgs couplings is found!!



Implication of Finiteness

A set of Conditions Foria o1

S(log A%): +Z-%-m3 (-

Minimal conditions for Higgs couplings from Finiteness

N | —
il g
I
()

n 1

T(AZ): S {+if-2edhr - r2ehre 3
T (logAZ): X |{-nf i et - - 3
—z{gz(ffﬁw)z,—gﬁ(ﬁﬁ?‘zf} +i(9 ~9z)=0
Y . X 1 N
U (log A%) T {62~ Gw?f+5 X — 0

3
Il
-

S
3
Il
=1




Implication of Finiteness

Simplified conditions : (for o,=1)

— The same condition from unitarity is found !!

[ e O Charged Higgs boson(s) are required in order to have CP odd Higgs boson ]




Implication of Finiteness

Simplified conditions : (for o,=1)

¢°, 0. GO0 e %, %,
(K“WW)Q Ryww — (ky%)? +ryp ™ =0

Wea ker conditions as compared to

il L unitarity sum-rules are obtained
KJWW Z ’fZZ =
m=1 =2k
/po = Custodial Sym. is NOT imposed !! \
X oK Pp=1is known as a consequence of the custodial symmetry

Rww = Rzz

N
0 ’
Z ("faywy =1 = KV < (Ky 2 1 is possible if we introduce H*+)
n=1
QZ)() ¢() QZS ¢0
"WwEww = Rww Gauge Sym. is NOT imposed for Higgs int.

60 92, ¢2 62, (Relations between 3- and 4 vertices)
\’%ZZ’%ZZ Vi /




Unitarity vs Obligue Parameters

Models with only neutral Higgs boson(s)

Summation inside loops makes conditions weaker

guarantee W

\4%

\%%

Unitarity Finiteness of
oblique parameters



Equivalence ?

® Renormalizability predicts Unitarity

Renormalizability
+ SSB

\%%

Unitarity MWWy — WrWi) ~ M(ww — ww) + O(M7,/s)

2

il
202
AN®TD)?

w : NGB absorbed by W - )\(+%h4 +wrw wiw™ +--+)



Unitarity vs Obligue Parameters

Models with only neutral Higgs boson(s)

Summation inside loops makes conditions weaker

guarantee W

\4%

\%%

Unitarity Finiteness of
oblique parameters

However, we don't specify other Higgs Potential
- Perfect renormalizability is not imposed



?

Is Unitarity too strong requirement?

Perturbative Unitarity may restore at the certain scale !I! (Remember 4-Fermi int.)



A POSSIblIIty consistent w/ Higgs data

Minimal conditions for finiteness : (for og=1) 1o o o keep e sucoess of EAFT.
ut, give up the unitarity

=0 OK:No CP odd Higgs boson is found

OK : No 4-vertex has been measured

7 "%

b5, o5, P, bo, b0, B2,
( )” — Rww = (“Zz>2 +hr77z " =0

ATLAS Prelim.

5! 0 N 0 Vs=7TeV,4.54.7 b
§ ¢ m it § ) N :E - 81 ;ev. 20.63 !
(KZWW) T (/‘{:Z ) == 1 ™ 5.36 GeV

ATLAS Preliminary [k, h,2,

197 bz sz‘,uz'Kcz'}”wz'ng;‘(z«,nz]
SM expected
— Observed

L Awz = 5% = 0927075,

Vs=7TeV, 4.5-4.7 b
Vs=8TeV,20.3 1"

* SM — 68% CL
+ Bestfit ===95% CL

Kz

We only know the relative sign between K, and K;

Kw = -K, can explain all Higgs data




Can we test K, = -K, 7

® \iolation of the Unitariry sum-rule(s)

True Theory

- . . . . . . . . . . sqgrt (s
1000 1500 2000 2500

We can see, in principle, an increasing behavior in My, !l



winave e Application to Phenomenology



Application to Phenomenology

Models with only neutral Higgs boson(s)

Summation inside loops makes conditions weaker

guarantee W

\4%

\%%

Unitarity Finiteness of
oblique parameters



Application to Phenomenology

® | esson from the SM  tee Quigg, Thacker (1977)

]\42 M?
ﬁ h
o [02 <47r]

MSM 0.6

( too large M,, breaks perturbativity 0

® A mass bound on the 29 Higgs boson
when the (SM-like) Higgs coupling is determined

M= M2
Ky — + (1 — Ky ) ——

A

V2 V2



Application to Phenomenology




Application to Phenomenology

Excluded region

99%C.L.
95%C.L.

Once unitarity sum-rules are imposed = Finiteness of EW oblique corrections (S, T)

EW precision Tests are applicable (New)



Conclusion

® \We discuss the requirement from
- Perturbative Unitarity
- Finiteness of quantum corrections

These conditions may be related each other

® \What does the experiment tell us ?

Custodial Sym. might be too strong requirement

( Tree level ) Unitarity might also be too strong requirement
[ | want to keep the success of the EWPT ]
An interesting possibility Ky = -K,



Outlook

® Our Framework Is very restricted situation!!

Next Step : inclusion of H*, H**, -

Sum-rules from Unitarity and Finiteness are changed drastically!!

Something new conditions would be required

What do the experimental results really tell us ?
( weaker than unitarity, custodial sym.,--- )



