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newly discovered state

SU
SY

Composite models

extra dimensions

spin?
CP?
couplings?

Direct study EWSB
after ~50 years candidate to be SMS

new ideas

Our goal: study the couplings of the new state using 
a bottom-up approach and largest possible dataset
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Reasonable assumptions

• There is a mass gap 
between SM and NP

SM

New Physics

En
er

gy

• one new state: CP even and spin 0

• new state belongs to SU(2) doublet �

• SU(2) x U(1) realized linearly as in the SM

• Building blocks of Le↵

� Dµ�

B̂µ⌫ = i g
0

2 Bµ⌫ Ŵµ⌫ = i g2�
aW a

µ⌫ Ga
µ⌫

· · · · · · · · ·
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• There are 59 “independent” dimension-six operators
[Buchmuller & Wyler; Grzadkowski et al.  arXiv: 1008.4884]

• To measure departures of the SM predictions we write

Le↵ = LSM +
X

n

fn
⇤2

On + · · ·

dimension-6 operators 
summarizing NP effects

• There is a freedom in choosing the operator basis

• We picked the basis to make better use of all available data
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• Operators de modify the SMS interaction to gauge bosons

OGG = �†� Ga
µ⌫G

aµ⌫ ,

HV V ; V V V ; V V V V · · ·

OBB = �†B̂µ⌫B̂µ⌫� , OBW = �†B̂µ⌫Ŵµ⌫� , OWW = �†Ŵµ⌫Ŵµ⌫�

�S / fBW
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• operators containing stress tensors and SMS covariant derivatives 

OB = (Dµ�)†B̂µ⌫(D⌫�) , OW = (Dµ�)†Ŵµ⌫(D⌫�)

HV V ; V V V ; V V V V · · ·

• operators involving doublets and their derivatives

O�,1 = (Dµ�)
† ��† (Dµ�) , O�,2 = 1

2@
µ
�
�†�

�
@µ

�
�†�

�
, O�,4 = (Dµ�)

† (Dµ�)
�
�†�

�

�T / f�,1
field redefinition is needed

 rescale of SM couplings + new ones
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• A partial list of operators is

OGG = �†� Ga
µ⌫G

aµ⌫ , OWW = �†Ŵµ⌫Ŵµ⌫� , OBB = �†B̂µ⌫B̂µ⌫� ,

OBW = �†B̂µ⌫Ŵµ⌫� , OW = (Dµ�)†Ŵµ⌫(D⌫�) , OB = (Dµ�)†B̂µ⌫(D⌫�) ,

O�,1 = (Dµ�)
† ��† (Dµ�) , O�,2 = 1

2@
µ
�
�†�

�
@µ

�
�†�

�
, O�,4 = (Dµ�)

† (Dµ�)
�
�†�

�
,

but they are not independent when 
we consider fermionic operators
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• The SMS couplings to fermions are modified by

Oe�,ij = (�†�)(L̄i�eRj ) O(1)
�L,ij = �†(i

�
Dµ�)(L̄i�µLj) O(3)

�L,ij = �†(i
�
Da

µ�)(L̄i�µ⇥aLj)

Ou�,ij = (�†�)(Q̄i�̃uRj ) O(1)
�Q,ij = �†(i

�
Dµ�)(Q̄i�µQj) O(3)

�Q,ij = �†(i
�
Da

µ�)(Q̄i�µ⇥aQj)

Od�,ij = (�†�)(Q̄i�dRj) O(1)
�e,ij = �†(i

�
Dµ�)(ēRi�

µeRj )

O(1)
�u,ij = �†(i

�
Dµ�)(ūRi�

µuRj )

O(1)
�d,ij = �†(i

�
Dµ�)(d̄Ri�

µdRj )

O(1)
�ud,ij = �̃†(i

�
Dµ�)(ūRi�

µdRj )

these modify the couplings of 
 gauge bosons to fermions

these modify the 
Yukawa couplings

• all these operators containing the SMS are NOT 
independent when we consider the equations of 
motion
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• Idea: operators related by EOM lead to the same S matrix 
elements

2O�,2 � 2O�,4 =
⇧

ij

�
ye

ijOe�,ij + yu
ijOu�,ij + yd

ij(Od�,ij)† + h.c.
⇥

2OB +OWB +OBB + g�2 �
O�,1 � 1

2O�,2

⇥
= g�2

2

⇧
i

⇤
1
2O

(1)
�L,ii � 1

6O
(1)
�Q,ii +O(1)

�e,ii � 2
3O

(1)
�u,ii + 1

3O
(1)
�d,ii

⌅

2OW +OWB +OWW + g2
�
O�,4 � 1

2O�,2

⇥
= � g2

4

⇧
i

⇤
O(3)

�L,ii +O(3)
�Q,ii

⌅

• The EOM lead to the relations

with this we can further eliminate 3 operators

[Politzer; Georgi; Artz; Simma]

• Very large operator basis        we must choose it to 
take full advantage of  the available data

• Avoid theoretical prejudice (tree vs loop, etc)

• Care is needed in the interpretation

•  The right of choice 
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• strongly constrained operators should be kept

Z,WO(1)
�L,ij = �†(i

$
Dµ�)(L̄i�µLj) O(3)

�L,ij = �†(i
$
Da

µ�)(L̄i�µ�aLj)

O(1)
�Q,ij = �†(i

$
Dµ�)(Q̄i�µQj) O(3)

�Q,ij = �†(i
$
Da

µ�)(Q̄i�µ�aQj)

O(1)
�e,ij = �†(i

$
Dµ�)(ēRi�

µeRj )

O(1)
�u,ij = �†(i

$
Dµ�)(ūRi�

µuRj )

O(1)
�d,ij = �†(i

$
Dµ�)(d̄Ri�

µdRj )

O(1)
�ud,ij = �̃†(i

$
Dµ�)(ūRi�

µdRj )

Z

Z pole physics,  LEP2, atomic parity violation, etc constrain

EWPT  bounds: ↵�S = �ê2
v2

⇤2
fBW and ↵�T = �1

2

v2

⇤2
f�,1

LHee
eff =

X

i,j

fe�,ij

⇤2
Oe�,ij + h.c. =)

LHee =
X

i,j

geHij h ēLieRj + h.c. with geHij = �me
i

v
�ij +

v2p
2⇤2

(fe�)ij

FCNC constrains the off-diagonal elements of
Oe�,ij = (�†�)(L̄i�eRj ) Ou�,ij = (�†�)(Q̄i�̃uRj ) Od�,ij = (�†�)(Q̄i�dRj )
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 The operators                       modify the TGV(OB , OW )

LWWV = �igWWV

⇤
gV
1

�
W+

µ�W�µV ��W+
µ V�W�µ�

⇥
+�V W+

µ W�
� V µ�

⌅
+ ...

�gZ1 = gZ1 � 1 = g2v2

8c2⇤2 fW

�� = � � 1 = g2v2

8⇤2

⇣
fW + fB

⌘

�Z = Z � 1 = g2v2

8c2⇤2

⇣
c2fW � s2fB

⌘

with

there are data on that.

[Hagiwara, Hikasa, Peccei,Zeppenfeld]
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n

OGG , OBW , OWW , OW , OB , O�,1 , Of� , O(1)
�f , O(3)

�f

o

• we choose the basis:
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n

OGG , OBW , OWW , OW , OB , O�,1 , Of� , O(1)
�f , O(3)

�f

o

• we choose the basis:
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n

OGG , OBW , OWW , OW , OB , O�,1 , Of� , O(1)
�f , O(3)

�f

o

• we choose the basis:

• after discarding the constrained operators        13: 

• 9 fermions:

• gauge bosons:

Oe�,jj , Ou�,jj , Od�,jj

OW , OB , OWW , OGG

• neglecting the effects of couplings to first two generations
•  due to small statistics we trade f

top

! f
g

and f
WW

• too many!
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• Summarizing:   

nice feature: dimension-six operators lead to 
relations between  anomalous couplings

supplemented by shifts in the Yukawa couplings (3rd family)

hgg h�� h�Z hZZ hW+W� �W+W� ZW+W�

OGG X

OWW X X X X

OB X X X X

OW X X X X X

coefficients related by gauge invariance
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• Summarizing:   

nice feature: dimension-six operators lead to 
relations between  anomalous couplings

supplemented by shifts in the Yukawa couplings (3rd family)

hgg h�� h�Z hZZ hW+W� �W+W� ZW+W�

OGG X

OWW X X X X

OB X X X X

OW X X X X X

Leff = �↵sv

8⇡

fg
⇤2

OGG +
fWW

⇤2

OWW +
fW
⇤2

OW +
fB
⇤2

OB +
f
bot

⇤2

Od�,33 +
f⌧
⇤2

Oe�,33

coefficients related by gauge invariance
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Fitting procedure
• Inputs: signal strength for the different channels µ =

�obs

�SM

• using all available data [outdate since today]

• The statistical analyses were done using 

⇤2 = min
�pull

⇤

j

(µj � µexp
j )2

⇥2
j

+
⇤

pull

�
�pull

⇥pull

⇥2
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• we also used that 

�SPDG = 0.00± 0.10 �TPDG = 0.02± 0.11 �UPDG = 0.03± 0.09

⇢ =

0

@
1 0.89 �0.55

0.89 1 �0.8
�0.55 �0.8 1

1

A

TGV bounds:

gZ1 � Z Ref Asummption

0.984+0.022
�0.019 0.973+0.044

�0.045 0.924+0.059
�0.056 PDG 1-par fit (others SM)

1.004+0.024
�0.025 0.984+0.049

�0.049 GI: Z = gZ1 � (� � 1)s2/c2 LEPEWWG 2-par fit with GI, ⇢ = 0.11

EWPT:
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Results
• First scenario: (f

GG

, f
WW

, f
W

, f
B

, f
bot

= 0 , f
⌧

= 0)

• Second scenario: (f
GG

, f
WW

, f
W

, f
B

, f
bot

, f
⌧

= 0)

interference with SM contribution leads to (near) degeneracy

SM compatible at 71% CL level
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SMS  + TGV + EWPT

f
bot

= f⌧ = 0

largest impact of 
TGV+EWPT 

strong correlation 
f
g

⌦ f
bot

  does not change the picturef⌧ 6= 0

f
bot

6= 0 , f
⌧

= 0

�(pp ! h ! ��) /
f2
g

f2
bot

17Wednesday, March 6, 13



cross sections and branching ratios
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interesting correlations

due to the diphoton channel
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Discussion
• we can constrain SMS couplings and TGV as well.

both measurements can profit from the basis choice

90% CL allowed regions

[Campos, Gonzalez-Garcia,Novaes]

20Wednesday, March 6, 13



THANK YOU

updated results at http://hep.if.usp.br/Higgs
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http://hep.if.usp.br/Higgs
http://hep.if.usp.br/Higgs


BACKUP SLIDES
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• The HVV new interactions are
LHVV

e� = gHgg HGa
µ⇥Gaµ⇥ + gH�� HAµ⇥Aµ⇥ + g(1)

HZ� Aµ⇥Zµ�⇥H + g(2)
HZ� HAµ⇥Zµ⇥

+g(1)
HZZ Zµ⇥Zµ�⇥H + g(2)

HZZ HZµ⇥Zµ⇥ + g(3)
HZZ HZµZµ

+g(1)
HWW

�
W+

µ⇥W�µ�⇥H + h.c.
⇥

+ g(2)
HWW HW+

µ⇥W�µ⇥ + g(3)
HWW HW+

µ W�µ

with

gHgg = fGGv
�2 ⇥ ��s

8⇤
fgv
�2

gH⇥⇥ = �
�

g2vs2

2�2

⇥
fBB+fW W

2

g(1)
HZ⇥ =

�
g2v
2�2

⇥
s(fW�fB)

2c

g(2)
HZ⇥ =

�
g2v
2�2

⇥
s[2s2fBB�2c2fW W ]

2c

g(1)
HZZ =

�
g2v
2�2

⇥
c2fW +s2fB

2c2

g(2)
HZZ = �

�
g2v
2�2

⇥
s4fBB+c4fW W

2c2

g(1)
HWW =

�
g2v
2�2

⇥
fW

2

g(2)
HWW = �

�
g2v
2�2

⇥
fWW
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interesting correlations

strong correlation

(�� data)

bb̄gap is filled without  
�gg(        decreases)

24Wednesday, March 6, 13



effect of the bottom Yukawa on correlations

lack of gg->bb data
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• To evaluate cross sections we write �ano
Y =

�ano
Y

�SM
Y

����
tree

�SM
Y

��
soa

• For widths �ano(h� X) =
�ano(h� X)
�SM (h� X)

����
tree

�SM (h� X)
��
soa

FeynRules/MadGraph5

• The statistical analyses were done using 

⇤2 = min
�pull

⇤

j

(µj � µexp
j )2

⇥2
j

+
⇤

pull

�
�pull

⇥pull

⇥2

we neglected correlation between the different channels

• use all available information

µF =
✏Fgg�

ano
gg (1 + ⇠g) + ✏FV BF�

ano
V BF + ✏FWH�ano

WH + ✏FZH�ano
ZH + ✏Ftt̄H�ano

tt̄H

✏Fgg�
SM
gg + ✏FV BF�

SM
VBF + ✏FWH�SM

WH + ✏FZH�SM
ZH + ✏Ftt̄H�SM

tt̄H

⌦ Brano[h ! F ]

BrSM [h ! F ]

[correlated theoretical error]
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EWPT: there anomalous contributions to the oblique parameters
[Hagiwara, et al.; Alam, Dawson, Szalapski]  

↵�S = �ê2
v2

⇤

2
fBW � 1

6

ê2

16⇡2

(
3(fW + fB)

m2
H

⇤

2
log

✓
⇤

2

m2
H

◆
+ 2 (f�,2 � f�,4)

v2

⇤

2
log

✓
⇤

2

m2
H

◆

+ 2

h
(5ĉ2 � 2)fW � (5ĉ2 � 3)fB

im2
Z

⇤

2
log

✓
⇤

2

m2
H

◆

�
h
(22ĉ2 � 1)fW � (30ĉ2 + 1)fB

im2
Z

⇤

2
log

✓
⇤

2

m2
Z

◆

� 24(ĉ2fWW + ŝ2fBB)
m2

Z

⇤

2
log

✓
⇤

2

m2
H

◆)
,

↵�T = �1

2

v2

⇤

2
f�,1 �

3

4ĉ2
ê2

16⇡2

(
fB

m2
H

⇤

2
log

✓
⇤

2

m2
H

◆
� (f�,2 � f�,4)

v2

⇤

2
log

✓
⇤

2

m2
H

◆

+ (ĉ2fW + fB)
m2

Z

⇤

2
log

✓
⇤

2

m2
H

◆

+

h
2ĉ2fW + (3ĉ2 � 1)fB

im2
Z

⇤

2
log

✓
⇤

2

m2
Z

◆)
,

↵�U =

1

3

ê2ŝ2

16⇡2

(
(�4fW + 5fB)

m2
Z

⇤

2
log

✓
⇤

2

m2
H

◆

+ (2fW � 5fB)
m2

Z

⇤

2
log

✓
⇤

2

m2
Z

◆)
,
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• Summarizing the results:

SMS (LHC+Tevatron) + TGV
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Collider  + TGV + EWPD
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• SMS production mechanisms and cross sections
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• 4th July, 2012 marks the dawning of new era 

•48 years between EWSB theory  and discovery

•1964: theory

• signal in many channels  AA, ZZ, WW... as for the SMS

[Englert&Brout; Higgs; Guralnik&Hagen&Kibble]

[Gfitter arXiv:1209.2716]the new state fits the global picture
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