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The Higgs & Naturalness                                                                                                .

(uniÞcation! dark matter! nu masses! CP violation! gravity !É)

New Physics see"saw problem from e#ective Þeld theory point of view:
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How can this be?



Where to expect a low cutoff                                                                                        .

Besides Higgs (and derivatives) operatorsÉ
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The top connection

NP
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A heavy (strongly coupled) top is very important$

Figure 1:

1 A

yt ! 1

µ2 =
3y2

t

8! 2
m2

÷t log
!

M 2
susy

m2
÷t

"
+ á á á

" =
g2 + g!2

8
+

3y4
t

16! 2
log

!
m2

÷t

m2
t

"
+ á á á

1

Figure 1:

1 A

yt ! 1

µ2 =
3y2

t

8! 2
m2

÷t log
!

M 2
susy

m2
÷t

"
+ á á á

" =
g2 + g!2

8
+

3y4
t

16! 2
log

!
m2

÷t

m2
t

"
+ á á á

1

but alsoÉ
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A heavy (strongly coupled) top is the key ingredient$

COMPOSITE"HIGGS

but alsoÉ

The top connection
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The top (and Higgs) should show behaviour of composite particles.



Figure 1:

1 A

1

The SM has not been fully tested                                                                                .

e$g$ R"handed quark sector:

Due to small couplings to the Z boson:
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bounds from LEP were very weak:

Having solved the ßavor problem the main constraints arise from precision measurements and

compositeness bounds to which we now turn.

3.1.1 ModiÞed Couplings

Contrary to the anarchic scenario where only the mixing ofbL is large, some of the light quarks have

sizable mixing due to the ßavor symmetry which relates their mixing to the ones of third generation

quarks. This leads to a modiÞcation of the couplings of the light generations which like the one of the

b is very constrained.

The hadronic width and the b partial width of the Z are measured with per mille precision at

LEP [25]. Experimentally

Rb =
�(Z ! bøb)
�(Z ! qøq)

= .21629± .00066 (3.4)

The SM value is 1! below the LEP measurement. From eq. (2.10) it follows that the mixing reduces

the coupling at least for the simple choices of representations that we are considering. As a conse-

quence,Rb constrains "gZ ! bL øbL
/gZ ! bL øbL

to be less than 2.5 per mille allowing a 2! deviation from

the experimental value. As explained in section2.1, in our models there is no shift of the couplings

due to the up left mixing due to the Z2 symmetry. The bound on Rb is then easily satisÞed since the

shift of the couplings in controlled by #Ld which is naturally small. In general all our bounds will arise

from the up sector where sizable shifts are possible.

For the total hadronic width we have [25],

Rh =
�(Z ! qøq)
�(Z ! µøµ)

= 20.767± .025 (3.5)

which is again 1! above the SM value. At tree level in the SM we have,

�(Z ! øqq) " 2(g2
Lu + g2

Ru ) + 3( g2
Ld + g2

Rd). (3.6)

While the mixings in the down sector are naturally small some of the light quark in the up sector will

have large mixings in order to reproduce the top mass and these are strongly constrained byRh. The

relative change in the hadronic width due to a common variation of the couplings in the up and down

sector is,

"Rh

Rh
=

4gLu "gLu + 4gRu "gRu + 6gLd "gLd + 6gRd"gRd

2(g2
Lu + g2

Ru ) + 3( g2
Ld + g2

Rd)

# .57
"gLu

gLu
+ .11

"gRu

gRu
+ 1 .28

"gLd

gLd
+ .04

"gRd

gRd
(3.7)

Since as before the corrections to the couplings reduce the SM result allowing for a 2! deviation from

the experimental value we Þnd,
"gLu

gLu
< .002 (3.8)

13

Figure 1:

1 A

guR,dR = ± g
cw

Qu,ds2
w

q̄R�
µqRH †DµH
⇤2

qR

1

NP

Figure 1:

1 A

guR ,dR = ±
g

cw
Qu,ds

2
w

øqR! µqRH
 DµH

⇤2
qR

qR

Z

1

Figure 1:

1 A

guR ,dR = ±
g

cw
Qu,ds

2
w

øqR! µqRH
 DµH

⇤2
qR

qR

Z

1

Figure 1:

1 A

guR ,dR = ±
g
cw

Qu,ds2
w

øqR! µqRH   DµH
! 2

qR

qR

Z

1

Figure 1:

1 A

guR ,dR = ±
g
cw

Qu,ds2
w

øqR! µqRH   DµH
! 2

qR

qR

Z

! uR ! 1 TeV

! dR ! 0.5 TeV

1

or even the LEP anomaly:

Having solved the ßavor problem the main constraints arise from precision measurements and

compositeness bounds to which we now turn.

3.1.1 ModiÞed Couplings

Contrary to the anarchic scenario where only the mixing ofbL is large, some of the light quarks have

sizable mixing due to the ßavor symmetry which relates their mixing to the ones of third generation

quarks. This leads to a modiÞcation of the couplings of the light generations which like the one of the

b is very constrained.

The hadronic width and the b partial width of the Z are measured with per mille precision at

LEP [25]. Experimentally

Rb =
! (Z ! bøb)
! (Z ! qøq)

= .21629± .00066 (3.4)

The SM value is 1! below the LEP measurement. From eq. (2.10) it follows that the mixing reduces

the coupling at least for the simple choices of representations that we are considering. As a conse-

quence,Rb constrains "gZ ! bL øbL
/g Z ! bL øbL

to be less than 2.5 per mille allowing a 2! deviation from

the experimental value. As explained in section2.1, in our models there is no shift of the couplings

due to the up left mixing due to the Z2 symmetry. The bound on Rb is then easily satisÞed since the

shift of the couplings in controlled by #Ld which is naturally small. In general all our bounds will arise

from the up sector where sizable shifts are possible.

For the total hadronic width we have [25],

Rh =
! (Z ! qøq)
! (Z ! µøµ)

= 20.767± .025 (3.5)

which is again 1! above the SM value. At tree level in the SM we have,

! (Z ! øqq) " 2(g2
Lu + g2

Ru ) + 3( g2
Ld + g2

Rd). (3.6)

While the mixings in the down sector are naturally small some of the light quark in the up sector will

have large mixings in order to reproduce the top mass and these are strongly constrained byRh. The

relative change in the hadronic width due to a common variation of the couplings in the up and down

sector is,

"Rh

Rh
=

4gLu "gLu + 4gRu "gRu + 6gLd "gLd + 6gRd"gRd

2(g2
Lu + g2

Ru ) + 3( g2
Ld + g2

Rd)

# .57
"gLu

gLu
+ .11

"gRu

gRu
+ 1 .28

"gLd

gLd
+ .04

"gRd

gRd
(3.7)

Since as before the corrections to the couplings reduce the SM result allowing for a 2! deviation from

the experimental value we Þnd,
"gLu

gLu
< . 002 (3.8)
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can be avoided if a ßavor symmetry is imposed in the BSM sector. For example we can assume a

ßavor symmetry for the three left-handed quarksqL , the three right-handed down-quarksdR, and

the two lightest right-handed up-quarksuR, given by

GF ! U(3)q " U(3)d " U(2)u , (5)

and similarly for the lepton sector. Due to the absence of important constraints on the ßavor physics

for the right-handed top tR, we can consider it a singlet of the ßavor symmetry. This allows us

to treat the tR independently of the other quarks; its physical implications, some of them already

studied in Ref. [14], are left for a future publication. Yukawa couplings break theGF symmetry,

but it can be shown, by using a spurionÕs power counting, that ßavor constraints on dimension-six

operators can be easily satisÞed for! slightly above the electroweak scale [15]. From now on, we

will consider BSM that, up to Yukawa couplings, fulÞll the ßavor symmetryGF .

At LEP the properties of the leptons! = lL , lR were very well measured, putting bounds at the

per-mille level on deviations from the SM predictions either arising from vertex corrections or new

four-lepton contact interactions. From [16], one gets! / (
!

|" lL,R |), ! / (
!

|#lL,R |) ! 3 # 4 TeV. This

implies, for example, that the scale of compositeness of the leptons is larger than 40# 50 TeV for

" lL,R $ g2
⇢ $ 16$2. Thus, the leptonic sector has been very well tested at LEP and recent LHC

data, having only quarks in the initial state, cannot provide better bounds.

For the left-handed quark sector! = qL , there are very strong constraints on interactions of the

second type of Eq. (4). The most important ones arise from Kaon and#-decays [16] which have

allowed to measure very precisely quark-lepton universality of theW interactions. This leads to

bounds on deviations from theW coupling to left-handed quarks as strong as those for leptons,

! / (
!

|#qL |) ! 3 # 4 TeV, which we do not expect to be improved substantially at the LHC.

Similar limits are obtained from measurements at LEP of theZ decay to hadrons [16]. Bounds

on four-qL interactions are weaker, with the main constraint coming from Tevatron and giving

! / (
!

|" qL |) ! 1 TeV [16]. Clearly, the LHC can increase these bounds considerably as we will show

later. While theories of composite Higgs and compositeqL , where one expects large" qL and #qL

coe" cients (since" qL $ #qL $ g2
⇢ " 16$2) [6, 8, 14], are very constrained by present experimental

data, theories with onlyqL composite (and elementary Higgs, as those for example in Ref. [9]) where

only " qL is expected to grow withg2
⇢, are not so constrained. LHC dijets can then, as we will see,

probe these scenarios at an unprecedented level.

Regarding right-handed quarksuR and dR, their couplings to gauge bosons are still poorly

measured, due to their small coupling toW and Z . For example, one of the best bounds, arising

from LEP, are on the Z coupling to bR which reads 0" %gbR /g bR " 0.2 [17]. Furthermore these

vertices can be protected by symmetries of the BSM sector [18]. The strongest constraints on

" uR ,dR are again coming from Tevatron and, as for the left-handed case, LHC can improve them

3
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The SM has not been fully tested                                                                                .

LHC high energy capabilities
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Furthermore, processes with other families in the Þnal states but havingu, d in the initial state,

such asuu ! ss, cc, do not arise from the four-quark operators of A.1.1 due to the ßavor symmetry

GF . We are then led to consider partonic processes involving only Þrst family quarks,uu ! uu,

dd ! dd and ud ! ud, that allow us to reduce the set of operators of Eq. (36) to

O(1)
uu = (øuR! µuR)(øuR! µuR)

O(1)
dd = ( ødR! µdR)( ødR! µdR)

O(1)
ud = (øuR! µuR)( ødR! µdR)

O(8)
ud = (øuR! µT AuR)( ødR! µT

AdR)

O(1)
qq = (øqL ! µqL )(øqL ! µqL )

O(8)
qq = (øqL ! µT AqL )(øqL ! µT

AqL )

O(1)
qu = (øqL ! µqL )(øuR! µuR)

O(8)
qu = (øqL ! µT AqL )(øuR! µT

AuR)

O(1)
qd = (øqL ! µqL )( ødR! µdR)

O(8)
qd = (øqL ! µT AqL )( ødR! µT

AdR) (8)

where here we do not sum over ßavor indices and from now onqL = ( uL , dL ). Apart from Eq. (8),

there are other dimension-six operators (see the lists of A.1.2, A.2 and A.3) that can contribute

to dijets. Nevertheless, these other operators are either suppressed byv2/p2 or Yukawa couplings

with respect to those of Eq. (8), or can be rewritten, by use of equations of motion, as four-quark

operators plus other operators not relevant for dijet physics. Therefore Eq. (8) exhausts the list of

all leading operators contributing to dijets.

At the partonic level the SM di! erential cross section ofpp ! jj is dominated by QCD interac-

tions [21]:

ös2

"# 2
s

d$

döt
(qi qi ! qi qi )SM =

4
9

ös2 + öu2

öt2
+

4
9

ös2 + öt2

öu2
� 8

27
ös2

ötöu
, (qi = u, d)

ös2

"# 2
s

d$

döt
(ud ! ud)SM =

4
9

ös2 + öu2

öt2
,

ös2

"# 2
s

d$

döt
(gqi ! gqi )SM = (ös2 + öu2)

!
1
öt2

� 4
9

1
ösöu

"
,

ös2

"# 2
s

d$

döt
(gg ! gg)SM =

9
2

!
3� ötöu

ös2
� ösöu

öt2
� ösöt

öu2

"
,

ös2

"# 2
s

d$

döt
(gg ! qi øqi )SM =

3
8

(öt2 + öu2)
!

4
9

1
ötöu

� 1
ös2

"
, (9)

where ös, öt and öu are the partonic Mandelstam variables, and we are working in the massless quark
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Operator ! �/
p

ci ! +/
p

ci ( TeV)

O(1)
uu 4.5 3.0

O(1)
dd 2.4 2.0

O(1)
ud 2.2 2.2

O(8)
ud 1.8 1.3

O(1)
qq 5.0 3.5

O(8)
qq 3.4 2.0

O(1)
qu 2.5 2.5

O(8)
qu 1.9 1.5

O(1)
qd 1.9 1.9

O(8)
qd 1.4 1.2

Table 4: Bounds at 95% CL on the scale suppressing the four-quark interactions corresponding to the 2011 dijet
data set by CMS. We denote by⇤± the bound on this scale obtained when taking the coe�cient in front of the
operator ci = ±1, and considering the e↵ects of the operators one by one.

Composite States f ( TeV)
dR 1.5
uR 3.2

uR, dR 3.6
qL 3.8

qL , dR 4.0
qL , uR 4.9

qL , uR, dR 5.2

Table 5: 95% CL bounds on the scalef = m⇢/g⇢ for di↵erent composite quark scenarios corresponding to the
2011 dijet data set by CMS.
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e$g$ R"handed quark sector:
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Probing top sector                                                                                                             .

Some New Physics deformations a#ecting the top sector are enhanced 
at high energies & can be e&ciently probed at the LHC$

Leading deformations: tt scattering
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A.1 First class operators

A.1.1 Four-quark operators

O(1)
dd = (d̄R�

µdR)(d̄R�µdR)

O(1)
ud = (ūR�

µuR)(d̄R�µdR) O(1)
td = (t̄R�

µtR)(d̄R�µdR)

O(1)
uu = (ūR�

µuR)(ūR�µuR) O(1)
ut = (ūR�

µuR)(t̄R�µtR)

O(1)
tt = (t̄R�

µtR)(t̄R�µtR)

O(1)
qu = (q̄L �

µqL )(ūR�µuR) O(1)
qt = (q̄L �

µqL )(t̄R�µtR)

O(1)
qd = (q̄L �

µqL )(d̄R�µdR)

O(1)
qq = (q̄L �

µqL )(q̄L �µqL )

O(3
W

)
qq = (q̄L �

µ⌧ I qL )(q̄L �µ⌧
I qL )

O(8
F

)
qq = (q̄L �

µT P qL )(q̄L �µT
P qL )

O(8)
uu = (ūR�

µT AuR)(ūR�µT
AuR) O(8)

ut = (ūR�
µT AuR)(t̄R�µT

A tR)

O(8)
dd = (d̄R�

µT AdR)(d̄R�µT
AdR)

O(8)
ud = (ūR�

µT AuR)(d̄R�µT
AdR) O(8)

td = (t̄R�
µT A tR)(d̄R�µT

AdR)

O(8
C

)
qq = (q̄L �

µT AqL )(q̄L �µT
AqL )

O(8)
qu = (q̄L �

µT AqL )(ūR�µT
AuR) O(8)

qt = (q̄L �
µT AqL )(t̄R�µT

A tR)

O(8)
qd = (q̄L �

µT AqL )(d̄R�µT
AdR) (36)

For physics involving only the first family quarks, that as explained in section 3 mainly corresponds

to the LHC dijet data pp ! jj, we can reduce the above set of four-quark operators to the set of

Eq. (8). In this reduction, we have

c(1)uu +
1

3
c(8)uu ! c(1)uu

c(1)dd +
1

3
c(8)dd ! c(1)dd

c(1)qq �
1

12
c(3W )

qq +
1

3
c(8F )

qq ! c(1)qq

c(8C)
qq + c(3W )

qq ! c(8)qq (37)

A.1.2 Higgs-quark operators

OHu = i(H   !D µH)(ūR�µuR) OHt = i(H   !D µH)(t̄R�µtR)

OHd = i(H   !D µH)(d̄R�µdR)

O(1)
Hq = i(H   !D µH)(q̄L �µqL )

O(3)
Hq = i(H   ⌧ I !D µH)(q̄L �µ⌧

I qL ) (38)
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Furthermore, processes with other families in the final states but having u, d in the initial state,

such as uu ! ss, cc, do not arise from the four-quark operators of A.1.1 due to the flavor symmetry

GF . We are then led to consider partonic processes involving only first family quarks, uu ! uu,

dd! dd and ud ! ud, that allow us to reduce the set of operators of Eq. (36) to

O(1)
uu = (ūR! µuR)(ūR! µuR)

O(1)
dd = (d̄R! µdR)(d̄R! µdR)

O(1)
ud = (ūR! µuR)(d̄R! µdR)

O(8)
ud = (ūR! µTA uR)(d̄R! µTA dR)

O(1)
qq = (q̄L ! µqL )(q̄L ! µqL )

O(8)
qq = (q̄L ! µTA qL )(q̄L ! µTA qL )

O(1)
qu = (q̄L ! µqL )(ūR! µuR)

O(8)
qu = (q̄L ! µTA qL )(ūR! µTA uR)

O(1)
qd = (q̄L ! µqL )(d̄R! µdR)

O(8)
qd = (q̄L ! µTA qL )(d̄R! µTA dR) (8)

where here we do not sum over flavor indices and from now on qL = (uL , dL ). Apart from Eq. (8),

there are other dimension-six operators (see the lists of A.1.2, A.2 and A.3) that can contribute

to dijets. Nevertheless, these other operators are either suppressed by v2/p 2 or Yukawa couplings

with respect to those of Eq. (8), or can be rewritten, by use of equations of motion, as four-quark

operators plus other operators not relevant for dijet physics. Therefore Eq. (8) exhausts the list of

all leading operators contributing to dijets.

At the partonic level the SM di! erential cross section of pp! jj is dominated by QCD interac-

tions [21]:

ŝ2

"# 2
s

d$

dt̂
(qi qi ! qi qi )SM =

4

9

ŝ2 + û2

t̂2
+

4

9

ŝ2 + t̂2

û2
� 8
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ŝ2

t̂ û
, (qi = u, d)

ŝ2

"# 2
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d$

dt̂
(ud ! ud)SM =

4

9

ŝ2 + û2

t̂2
,

ŝ2

"# 2
s

d$

dt̂
(gqi ! gqi )SM = (ŝ2 + û2)

!
1

t̂2
� 4

9

1

ŝû

"
,

ŝ2

"# 2
s

d$

dt̂
(gg! gg)SM =

9

2

!
3� t̂ û

ŝ2
� ŝû

t̂2
� ŝt̂

û2

"
,

ŝ2

"# 2
s

d$

dt̂
(gg! qi q̄i )SM =

3

8
(t̂2 + û2)

!
4

9

1

t̂ û
� 1

ŝ2

"
, (9)

where ŝ, t̂ and û are the partonic Mandelstam variables, and we are working in the massless quark

5

A.1 First class operators

A.1.1 Four-quark operators

O(1)
dd = ( ødR! µdR)( ødR! µdR)

O(1)
ud = (øuR! µuR)( ødR! µdR) O(1)

td = ( øtR! µ tR)( ødR! µdR)

O(1)
uu = (øuR! µuR)(øuR! µuR) O(1)

ut = (øuR! µuR)(øtR! µ tR)

O(1)
tt = ( øtR! µ tR)(øtR! µ tR)

O(1)
qu = (øqL ! µqL )(øuR! µuR) O(1)

qt = (øqL ! µqL )(øtR! µ tR)

O(1)
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O(1)
qq = (øqL ! µqL )(øqL ! µqL )

O(3W )
qq = (øqL ! µ" I qL )(øqL ! µ" I qL )

O(8F )
qq = (øqL ! µTP qL )(øqL ! µTP qL )

O(8)
uu = (øuR! µTA uR)(øuR! µTA uR) O(8)

ut = (øuR! µTA uR)(øtR! µTA tR)

O(8)
dd = ( ødR! µTA dR)( ødR! µTA dR)

O(8)
ud = (øuR! µTA uR)( ødR! µTA dR) O(8)

td = ( øtR! µTA tR)( ødR! µTA dR)

O(8C )
qq = (øqL ! µTA qL )(øqL ! µTA qL )

O(8)
qu = (øqL ! µTA qL )(øuR! µTA uR) O(8)

qt = (øqL ! µTA qL )(øtR! µTA tR)

O(8)
qd = (øqL ! µTA qL )( ødR! µTA dR) (36)

For physics involving only the Þrst family quarks, that as explained in section 3 mainly corresponds

to the LHC dijet data pp ! jj , we can reduce the above set of four-quark operators to the set of

Eq. (8). In this reduction, we have

c(1)
uu +

1
3

c(8)
uu ! c(1)

uu

c(1)
dd +

1
3

c(8)
dd ! c(1)

dd

c(1)
qq "

1
12

c(3W )
qq +

1
3

c(8F )
qq ! c(1)

qq

c(8C )
qq + c(3W )

qq ! c(8)
qq (37)

A.1.2 Higgs-quark operators

OHu = i (H †#!D µH )(øuR! µuR) OHt = i (H †#!D µH )(øtR! µ tR)

OHd = i (H †#!D µH )( ødR! µdR)

O(1)
Hq = i (H †#!D µH )(øqL ! µqL )

O(3)
Hq = i (H †" I #!

D µH )(øqL ! µ" I qL ) (38)
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O(8)
uu = (ūR�
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AuR) O(8)
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O(8)
dd = (d̄R�
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O(8)
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AdR) (36)

For physics involving only the first family quarks, that as explained in section 3 mainly corresponds

to the LHC dijet data pp ! jj, we can reduce the above set of four-quark operators to the set of

Eq. (8). In this reduction, we have
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1

3
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uu

c(1)
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1
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A.1.2 Higgs-quark operators

OHu = i(H   #!D µH)(ūR�µuR) OHt = i(H   #!D µH)(t̄R�µtR)

OHd = i(H   #!D µH)(d̄R�µdR)

O(1)
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Di&cult to probe at the LHC$ Current bounds are very weak$
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Some New Physics deformations! a#ecting the top sector! 
are NOT enhanced at high energies

Leading deformations: Modified Z,W couplings

Figure 1:

1 A

ic
(1)
L

⇤2
H  DµHøqL! µqL

ic
(3)
L

⇤2
H   " iDµHøqL! µ" iqL

icR
⇤2

H  DµHøtR! µtR

#gbL

gbL

=
c
(1)
L + c

(3)
L

1 ! 2
3s

2
W

v2

⇤2

#gtL
gtL

=
c
(3)
L ! c

(1)
L

1 ! 4
3s

2
W

v2

⇤2

#gtL bL

gtL bL

= c
(3)
L

v2

⇤2

#gtR
gtR

=
cR
4
3s

2
W

v2

⇤2

1

Figure 1:

1 A

ic(1)
L

⇤2
H   DµH øqL �

µqL
ic(3)

L

⇤2
H   �i DµH øqL �

µ�i qL
icR

⇤2
H   DµH øtR�

µtR

�gbL

gbL
=

c(1)
L + c(3)

L

1� 2
3s2

W

v2

⇤2

�gtL

gtL
=

c(3)
L � c(1)

L

1� 4
3s2

W

v2

⇤2

�gtLbL

gtLbL
= c(3)

L
v2

⇤2

�gtR

gtR
=

cR
4
3s2

W

v2

⇤2

!

v

1

Probing top sector                                                                                                             .

Figure 1:

1 A

1

NP

Figure 1:

1 A

B

X 5/ 3

X 8/ 3

W +
L

t

1

Figure 1:

1 A

B

X 5/ 3

X 8/ 3

W +
L

t

1

Figure 1:

1 A

B

X 5/ 3

X 8/ 3

W +
L

t

1

Figure 1:

1 A

! uR ! 1 TeV

! dR ! 0.5 TeV

pp! tøtt øt

Z, W

b

1

Figure 1:

1 A

! uR ! 1TeV

! dR ! 0.5TeV

pp ! t t̄t t̄

Z, W

b

1

Figure 1:

1 A

ic(1)
L

! 2
H †DµH øqL ! µqL

ic(3)
L

! 2
H †" i DµH øqL ! µ" i qL

icR

! 2
H †DµH øtR! µtR

#gbL

gbL

=
c(1)

L + c(3)
L

1 ! 2
3s2

W

v2

! 2

#gtL

gtL

=
c(3)

L ! c(1)
L

1 ! 4
3s2

W

v2

! 2

#gtL bL

gtL bL

= c(3)
L

v2

! 2

#gtR

gtR

=
cR

4
3s2

W

v2

! 2

O
v

1

Figure 1:

1 A

ic(1)
L

! 2
H †DµH øqL ! µqL

ic(3)
L

! 2
H †" i DµH øqL ! µ" i qL

icR

! 2
H †DµH øtR! µtR

#gbL

gbL

=
c(1)

L + c(3)
L

1 ! 2
3s2

W

v2

! 2

#gtL

gtL

=
c(3)

L ! c(1)
L

1 ! 4
3s2

W

v2

! 2

#gtL bL

gtL bL

= c(3)
L

v2

! 2

#gtR

gtR

=
cR

4
3s2

W

v2

! 2

O
v

1

Figure 1:

1 A

ic(1)
L

! 2
H   DµH øqL ! µqL

ic(3)
L

! 2
H   " i DµH øqL ! µ" i qL

icR

! 2
H   DµH øtR! µtR

#gbL

gbL

=
c(1)

L + c(3)
L

1 ! 2
3s2

W

v2

! 2

#gtL

gtL

=
c(3)

L ! c(1)
L

1 ! 4
3s2

W

v2

! 2

#gtL bL

gtL bL

= c(3)
L

v2

! 2

#gtR

gtR

=
cR

4
3s2

W

v2

! 2

!

v

1

Figure 1:

1 A

ic(1)
L

! 2
H   DµH øqL ! µqL

ic(3)
L

! 2
H   " i DµH øqL ! µ" i qL

icR

! 2
H   DµH øtR! µtR

#gbL

gbL

=
c(1)

L + c(3)
L

1 ! 2
3s2

W

v2

! 2

#gtL

gtL

=
c(3)

L ! c(1)
L

1 ! 4
3s2

W

v2

! 2

#gtL bL

gtL bL

= c(3)
L

v2

! 2

#gtR

gtR

=
cR

4
3s2

W

v2

! 2

!

v

1



Figure 1:

1 A

ic(1)
L

⇤2
H   DµH øqL �

µqL
ic(3)

L

⇤2
H   �i DµH øqL �

µ�i qL
icR

⇤2
H   DµH øtR�

µtR

�gbL

gbL
=

c(1)
L + c(3)

L

1� 2
3s2

W

v2

⇤2

�gtL

gtL
=

c(3)
L � c(1)

L

1� 4
3s2

W

v2

⇤2

�gtLbL

gtLbL
= c(3)

L
v2

⇤2

�gtR

gtR
=

cR
4
3s2

W

v2

⇤2

!

v

1

direct bounds from LEP (Rb & AbFB) at per"mille:

for by taking the SM expressions for !T and !S in the heavy Higgs approximation, and replacing the

Higgs massmh with an e! ective mass [31]:

meff
h = mh

"
"

mh

# !

. (13)

The exponent accounts for the modiÞcation of the Higgs coupling to gauge bosons, that in the present

scenario is given byghW W =
!

1 " ! gSM
hW W , so that we have" = ! . Then, one has

# !T # "
3GF m2

W

4
!

2#2
tan2 $W log

$
meff

h

mref
h

%

, # !S #
GF m2

W

12
!

2#2
log

$
meff

h

mref
h

%

, (14)

whereGF is the Fermi constant, $W the Weinberg angle, andmref
h # 117 GeV is the reference Higgs

mass that we adopted to deÞne the allowed experimental ranges for!T and !S.

The last of the primary EWPTs that our scenario faces is the correction to the Zbøb vertex.

Experimentally, the coupling of the Z boson to the left-handed bottom quark current is known at

the per mil level, " 15 ! 1000"gbL /g bL ! +2 at the 2%level [33], if one allows for variations ingbR

(the coupling of the Z to the right-handed bottom). 15 This suggests the introduction of a symmetry

in the EWSB sector, and in its couplings to the elementary SM particles, in order to prevent large

corrections to gbL . Such a symmetry has been identiÞed in [21]: the composite operator coupled to

bL must transform under SU(2)L $ SU(2)R as an eigenstate of the parityPLR exchanging SU(2)L
with SU(2) R, that is to say, it has TR

3 = TL
3 . This possibility is realized in one of the models we

shall consider later. In this case the corrections togbL due to the composite sector are absent, more

precisely "gbL = 0 at tree-level and for zero transferred momentum [21].

If one cannot enforce such symmetry protection mechanism, strong constraints on the parameters

of the model come from the limits on "gbL /g bL . This e! ect can be parametrized by the higher

dimensional operators

ic(1)
L

m2
"

&
H   D µH

'
(qL &µqL ) +

ic(3)
L

2m2
"

&
H   %i D µH

' (
qL &µ%i qL

)
+ h.c. ,

"gbL

gbL

=

&
c(1)

L + c(3)
L

'
!

2
(
1 " 2

3 sin2 $W
)

g2
"

,

(15)

where qL is the top-bottom quark doublet. The coe$ cients c(1) ,(3)
L depend on the coupling ofqL to

the composite sector, so that NDA givesc(1) ,(3)
L = ' 2

q $ O(1). Assuming no cancellations are present,

the estimate "gbL /g bL % (' q/g " )2! puts a strong bound on the degree of compositeness ofqL and/or

on ! . Actually, since tR is fully composite in our scenario,' q # yt is determined by the requirement

to reproduce the observed top Yukawa. This implies a boundm" " (1.4, 3.9) TeV, depending on the

sign of the correction, which we cannot predict. This bound therefore can be even stronger than the

one from !S. Nevertheless, the absence of a protection mechanism remains an open possibility. As a

matter of fact, the data on gbR suggests that beyond the SM physics might a! ect signiÞcantly the

SM Þt for gbL (see for instance Ref. [33]).

15 Actually, the measured value of gbR does not agree well with the SM prediction: the data on the forward-
backward asymmetry and the branching fraction of Z into b’s suggest that gbR should be larger than the SM value,
gSM

bR
! sin2 ! W / 3, by roughly 20%: the best fit is given by " gbR ! 0.016, with a 2# range " gbR " (0.000, 0.030) [33].

This is the interval we adopted to determine the allowed range for " gbL . If instead " gbR = 0 were enforced, the bound
would become 0 ! 1000 " gbL /g bL ! +2 at the 2# level.
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Leading deformations: Modified Z,W couplings
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Some New Physics deformations! a#ecting the top sector! 
are NOT enhanced at high energies
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direct bounds from ttZ production at LHC:

Leading deformations: Modified Z,W couplings

These bounds are very weak!

Probing top sector                                                                                                             .

Rontsch, Schulze  Ô15
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Leading deformations: Strong tW scattering
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Amplitudes grow with the energy (much like WW scattering)$

Some New Physics deformations a#ecting the top sector are enhanced 
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e.g. W–t scattering
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Probing top sector with tW scattering                                                                     .

e.g. W–t scattering

Figure 1:

1 A

Z, !

h

!
!M (W ! t ! W ! t)

!
!2

=

g4

24m4
W

s(s+ t)A2
L "

g4m2
t

12m4
W

t
"
AL CL + B 2

LR

#
"

g4m2
t

12m4
W

sAL C"
L + O(s/m 2

W ) + á á á

AL = c2
tL bL

" ctL (1 " 4
3s2

W ) " 4
3s2

W (1)

BLR =
1
2

"
ctcV " ctL (1 " 4

3s2
W ) + ctR

4
3s2

W " 2
3s2

W

#
(2)

CL = c2
tL bL

" ctcV (3)

C"
L = AL + CL (4)

(5)

1

Coe&cients associated with growing amplitudes:

Finite pieces:

Figure 1:

1 A

Z, !

h

!
!M(W ! t ! W ! t)

!
!2

=

g4

24m4
W

s(s+ t)A2
L "

g4m2
t

12m4
W

t
"
ALCL + B 2

LR

#
"

g4m2
t

12m4
W

sALC"
L + O(s/m 2

W ) + · · ·

AL = c2
tL bL

" ctL (1 " 4
3s2

W ) " 4
3s2

W (1)

BLR =
1
2

"
ctcV " ctL (1 " 4

3s2
W ) + ctR

4
3s2

W " 2
3s2

W

#
(2)

CL = c2
tL bL

" ctcV (3)

C"
L = AL + CL (4)

(5)

1

Figure 1:

1 A

AL = c2
tL bL

! ctL (1 ! 4
3s2

W ) ! 4
3s2

W (1)

BLR =
1

2

!
ctcV ! ctL (1 ! 4

3s2
W ) + ctR

4
3s2

W ! 2
3s2

W

"
(2)

CL = c2
tL bL

! ctcV (3)

C!
L = AL + CL (4)

(5)

ctL bL

ctL , ctR

ct

cV

1

g = c " gSM

1

Figure 1:

1 A
!
!M (W ! t ! W ! t)

!
!2 =

g4

24m4
W

s(s+ t)A2

L "
g4m2

t

12m4
W

t
"
ALCL + B 2

LR

#
"

g4m2
t

12m4
W

sALC"
L + O(s/m 2

W ) + á á á

øt

q

g

1



Probing top sector with tW scattering                                                                     .

cL
!1"! " cL

!3" ! 0.2

cL
!1"! " cL

!3" ! " 0.2

cR ! 0.2

cR ! " 0.2

SM

1 2 3 4 5
0.1

1

10

100

1000

104

s #TeV$

#
#p

b$
W" t $ W" t, %%&& 2

Figure 2: Partonic cross section for the processW ! t ! W ! t as a function of the center
of mass energy

"
s. A rapidity cut |! | < 2 has been applied, to eliminate the collinear

singularity (cos" ! 1, t ! 0). The soft singularity s ! (mW + mt)2, t ! 0 is evident
from the plot. The values quoted for the coe! cients ci actually refer to ci v2/f 2; we set
c(1)

L + c(3)
L = 0, so that the correction to the ZbL bL coupling vanishes. Both red and green

curves diverge likes for large s. The SM cross section (blue) falls as 1/s at large s .
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e.g. W–t scattering
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Probing top sector with tW scattering                                                                     .

e.g. W–t scattering

CMS (1303.3239 ) & ATLAS (COM-CONF-2014-051 ) looked at this process in
Same Sign Leptons but they did NOT include our signal$
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We have ÒreproducedÓ their same analysis:
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SSL
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Figure 10: Left: the 68 and 95% CL contours from the 8 TeV 3L (blue) and SSL (red)
analyses, in the plane of coupling deviations {! L , ! R}. In the SSL analysis, the variation
of both t t̄W -EW and t t̄Z with the couplings is taken into account. Right: the 95% CL
contours for the 3L analysis (blue), the SSL analysis where the t t̄W -EW contribution
is omitted (orange), the SSL analysis where the variation of t t̄Z with the couplings is
neglected (green), and the full SSL analysis (red).

9 Unitarity constraints

We want to estimate the scale at which perturbative unitarity is lost when the Ztt
couplings are modified from their SM values. We make use of the W�t ! W�t amplitude,
but since we are keeping only the leading pieces that grow like ⇠ s, we may equivalently
use W + t ! W + t instead.

9.1 Zt RtR

For ! R 6= 0, the relevant part of the amplitude is
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which in the spinor basis (corresponding to the chiral states for mt ! 0)
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reads simply
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Including also ttZ production and Tri-lepton analysis:

We are doing better than “standard” analysis.
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Probing top sector with tW scattering                                                                     .

ttW (QCD) & ttZ
other irreducible
misID leptons

mismeasured charged

e.g. W–t scattering
To do better we should aim for the hard process (as in WW scattering)$
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Signal significance improves by factor 2-3.



Let us take advantage of the high energies accessible @ LHC 
to test the SM more accurately$

Summary                                                                                                                                .

The (relevant) properties of the top are still poorly known$
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Thank you for your attention

NP: Themes
1. Necessity for new particles at TeV mass

2. Candidate TeV particles
weakly coupled: SUSY, Dark Matter, Long-lived

strongly coupled/composite: Randall-Sundrum, KK 
and Z’ resonances, long-lived particles

evolution of robust search strategies

3. Connection to dark matter problem

4. Connection to flavor issues

the questions of fine tuning 
and dark matter are still open
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New particle searches at the current LHC.

current LHC searches

CMS Exotics Searches 

5!
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Axigluon/Coloron (qqbar)
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0 1 2 3 4 5 6
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MBH, Quantum BH, MD=3TeV, nED = 2
0 1 2 3 4 5 6Sh. Rahatlou 1
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*similar results obtained by ATLAS!

ATLAS Supersymmetry Searches 

4!*similar results obtained by CMS!
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