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Outline
 pp ➜ ttH  role at the LHC : see  Laura’s  talk  

➜ need to model irreducible bckgrs as 

   accurately as possible !

 top polarization effects in   pp ➜ tt        

 spin-correlations in tt and  ttH

 spin correlations in irreducible bckgrs for 

ttH ➜ ttγγ,	
 ttbb

 Outlook
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ttbb

	
 ttbb, ttγγ   are bound to become the hardest   
bckgrs  to separate from   ttH  (H➜bb,γγ)



Barbara Mele LNF,  12  March  2014

Top quark spin and spin correlations
top lifetime shorter than hadronization time

top spin info fully transferred to decay products;
their angular distributons are correlated with top spin axis
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Top-quark spin and correlation

Physics case

● Large top-quark mass leads to very short lifetime

● No bound states including top quarks (toponium, top-hadrons)

● Spin information (polarization and spin correlation) are passed on to decay
products and not diluted by hadronization effects.

● Angular distributions of final-state particles reveal information about the
top-quark spin and correlation

● Expect negligible top-quark polarization and finite spin correlation in the SM

● The amount of spin correlation is sensitive to the production mechanism

● Deviations from SM predictions can be caused by BSM models, e.g., models
including axigluons, W' bosons, extra right-handed top-quark couplings, etc.

top=
1

 top
≈5⋅10

−25
shad≈

1

QCD

≈3⋅10
−24

s
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Top-quark spin and correlation

Observables

● Information about top-quark polarization and spin correlation from angular
distributions of the decay products

● Angle θ
i
 between momentum direction

of particle i in the (anti-)top-quark rest
frame and a reference axis, e.g., beam
(Tevatron) or helicity axis (LHC)

1


d

2
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d cosid cos j
=
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4
1BicosiB jcos jC cosicos j

Top-quark polarization Antitop-quark polarization Spin correlation

See presentation by Oliver Maria Kind
on single-top polarization
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Figure 9: Left panel: The distributions in the semileptonic decay angle ✓` for the tHj final
state for the indicated values of ⇣t. In the right panel we display the variation of the forward-
backward asymmetry in ✓`, Al, with ⇣t for tHj (t̄Hj) production in red (blue): the shading
represents an estimate of the measurement error with 100/fb of integrated luminosity at
14 TeV.

direction in the following way [43–45]:

1

�f

d�f

d cos ✓f
=

1

2
(1 + !fPt cos ✓f ) , (5)

where f is the type of top decay product: f = b, `, ..., ✓f is the angle between the decay

product f and the top spin quantization axis measured in the rest frame of the top, and Pt

is the degree of the top polarization:

Pt =
N(")�N(#)
N(") +N(#) . (6)

The coe�cient !f depends on the type of decay product, e.g., !W = �!b = 0.41 and !` = 1

at tree level.

We consider first the angle ✓` between the direction of the t and the final-state lepton

` measured at the rest frame of the top in tHj production events. The left panel of Fig. 9

displays the cos ✓` distributions. As previously, the distribution for the Standard Model case

⇣t = 0 is shown in black, and the distributions for |⇣t| = ⇡/4 and ⇡/2 in dotted and solid red,

respectively. We can see that the lepton momentum in the Standard Model case strongly

prefers the opposite direction to the top’s boost direction at the top’s rest frame, meaning

that tops are negatively polarized, Pt < 0. As |⇣t| increases this preference is weakend. For
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top spin axis 
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Top-quark polarization

Observables and predictions

● Information about top-quark polarization can be obtained from differential
cross section

● P is the degree of polarization

● α
i
 is the spin analyzing power of the final-state particle:

● α =  1.0 for charged lepton and down-type quark

● α = -0.4 for the bottom quark

● α = -0.3 for the neutrino and the up-type quark

● LHC analyses use charged leptons and the helicity axis

● SM prediction: 

1


d

d cosi
=

1

2
12i P cos i

B
i
 in previous formula

CMS uses a “2”

P≈0.003 Driven by weak corrections
arXiv:1305.2066

See poster by Kamil Augsten
for ‘work-in-progress’ D0 studies
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Top-quark polarization

Observables and predictions
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● α = -0.4 for the bottom quark
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in SM ttbar :

(at LHC one takes 
top helicity axis)

driven by EW corr.s
arXiv:1305.2066
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spin configurations in ttbar at LHC 

   dominant at 
 m(tt) < 400 GeV 
  (➜  tLtL + tRtR)

6

The square of the color-propogator factor, summed over
the gluon and top quark colors, is given by

X

color

!!!!!!!!
½Ta1Ta2"!{i
ð2t $ p1Þ

þ ½Ta2Ta1"!{i
ð2t $ p2Þ

!!!!!!!!
2

¼ 4

3

4ðt $ p1Þ2 þ 4ðt $ p2Þ2 ( ðt $ p1Þðt $ p2Þ
ðt $ p1Þ2ðt $ p2Þ2

: (15)

When evaluated in the ZMF, this sum reduces to the form

X

color

!!!!!!!!
½Ta1Ta2"!{i
ð2t $ p1Þ

þ ½Ta2Ta1"!{i
ð2t $ p2Þ

!!!!!!!!
2
¼ Yð!; c"Þ

#4m4
t

; (16)

with

Y ð!; c"Þ ¼
4

3

7þ 9!2c2"
ð1( !2c2"Þ2

: (17)

In these expressions ! is the ZMF speed of the top quarks
and c" is the cosine of the ZMF scattering angle ".

The reduced matrix element for on-mass-shell top
quarks, Mðg1g2 ! t!tÞ, is simply given by

MðgRgL! t!tÞ¼2hp2þ jtjp1þi
2p1 $p2

) !UðtÞfjp1þihp2þ jþ jp2(ihp1( jgVð!tÞ
(18)

for unlike-helicity gluons and by

MðgRgR ! t!tÞ ¼ 2mt
hp1 ( jp2þi
hp1 þ jp2(i

!UðtÞ#LVð!tÞ

where #L;R * 1

2
ð1+ #5Þ

(19)

for like-helicity gluons. Note the similarity in the spinor
structure for gRgL ! t!t and qR !qL ! t!t. Also, the spinor
structure for gRgR ! t!t is particularly simple, !UðtÞ#LVð!tÞ;
it contains no s-channel pole. In a later section of this
paper, we use these two expressions to give a simple
analytic expression for gg ! t!t including the decay of
the two top quarks. However, in the next section we will
evaluate these expressions using the spinors for polarized
top quarks given in Eq. (8).

A. Unlike-helicity gluons

For unlike-helicity gluons the reduced matrix element
MðgRgL ! t" !t"Þ is given by

MðgRgL ! t" !t"Þ ¼
2hp2 þ jtjp1þi
mtð2p1 $ p2Þ

) fht1 þ jt2jp1þihp2 þ j!t1(i
( ht1 þ jp2(ihp1 ( j!t2j!t1(ig; (20)

which, when evaluated in the ZMF using the spin vectors
described in the previous section, becomes

MðgRgL ! t" !t"Þ , ! sin"fð1( cos"Þ sinð$=2Þ cosð$0=2Þ
( ð1þ cos"Þ cosð$=2Þ sinð$0=2Þ
þ #(1 sin"½cosð$=2Þ cosð$0=2Þ
( sinð$=2Þ sinð$0=2Þ"g: (21)

Here the coefficients in front of the products of the
$-dependent trigonometric functions are the appropriate
helicity amplitudes whereas the products of the
$-dependent trigonometric functions themselves are prod-
ucts of Wigner d-functions (see Appendix A). The relative
signs between the various components of these expressions
are important and care must be taken to make sure they are
correct.
Using a different spin angle for the t and !t allows for

manipulation of the spin of the top independent of the
antitop and vice versa. Thus, all of the spin amplitudes
for gRgL ! t!t can be simply obtained from gRgL ! t" !t" as
follows:

jM#"ð$;$0Þj¼ jM""ð$-%;$0Þj¼
!!!!!!!!
"

d

d$=2

#
M""ð$;$0Þ

!!!!!!!! (22)

jM"#ð$;$0Þj¼ jM""ð$;$0-%Þj¼
!!!!!!!!
"

d

d$0=2

#
M""ð$;$0Þ

!!!!!!!! (23)

jM##ð$;$0Þj ¼ jM""ð$- %;$0 - %Þj

¼
!!!!!!!!
"

d

d$=2

#"
d

d$0=2

#
M""ð$;$0Þ

!!!!!!!!: (24)

Flipping the spin of a particle is accomplished by one of
two equivalent methods:
(i) Addition or subtraction of % from the spin angle $.
(ii) Differentiation of the amplitude with respect to $=2.

A detailed discussion with examples of how to use these
techniques for arbitrary spins is given in Appendix A.
At this stage we can make the spin axes of the top quark

pair back-to-back in the ZMF by setting $0 ¼ $. Thus, for

⇒⇒
q

q

t

⇒

t
⇒

(a) β → 0

⇒⇒
q

q

t

⇒

t

⇐

(b) β → 1

⇐

⇒

FIG. 2. The spin configurations for the process qR !qL ! t!t are
best described by the off-diagonal basis which interpolates
between the beam line basis at low ! to helicity at very high
! as given by Eq. (12). (a) is the limit ! ! 0 where the top
quark spins are aligned in the same direction as the incoming
quark spins whereas (b) is the limit ! ! 1 where the helicity
state tR !tL dominates for scattering angles less than 90 degrees.
The relative probability of tR !tL to tL !tR is given by ð1þ
cos"Þ2:ð1( cos"Þ2.

GREGORY MAHLON AND STEPHEN J. PARKE PHYSICAL REVIEW D 81, 074024 (2010)
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unlike-helicity gluons we obtain

jAðgRgL! t" !t" and t# !t#Þj2¼Yð!;"Þ!2sin2"

$ð#%1 sin"cos$%cos"sin$Þ2;
(25)

jAðgRgL!t" !t#ort# !t"Þj2¼Yð!;"Þ!2sin2"

$ð#%1sin"sin$þcos"cos$'1Þ2;
(26)

and

jAðgLgR ! t" !t" and t# !t#Þj2

¼ jAðgRgL ! t" !t" and t# !t#Þj2; (27)

jAðgLgR ! t# !t" or t" !t#Þj2 ¼ jAðgRgL ! t" !t# or t# !t"Þj2;
(28)

withX

all

jAðgRgL ! t!tÞj2 ¼
X

all

jAðgLgR ! t!tÞj2

¼ 2Yð!; "Þ!2sin2"ð2% !2sin2"Þ:
(29)

As in q !q ! t!t, a great simplification occurs for the off-
diagonal basis [5], tan$ ¼ #%1 tan", where

jAðgLgR ! t" !t" and t# !t#Þj2

¼ jAðgRgL ! t" !t" and t# !t#Þj2 ¼ 0: (30)

The off-diagonal basis is the basis that interpolates from
the beamline basis at threshold to the helicity bases at
ultrarelativistic energies for the q !q ! t!t process. Thus,
for unlike-helicity gluons we have a very similar situation
to that of q !q ! t!t: the only nonzero amplitudes are given
by

jAðgRgL ! t" !t# or t# !t"Þj2 ¼ jAðgLgR ! t# !t" or t" !t#Þj2

¼ Yð!; "Þ!2sin2"

$ ð1'
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1% !2sin2"

q
Þ2; (31)

as illustrated in Fig. 3.

B. Like-helicity gluons

For like-helicity gluons the reduced matrix element
MðgRgR ! t" !t"Þ is simply given by the following combi-
nation of spinor products

MðgRgR ! t" !t"Þ ¼ 2mt
hp1 % jp2þi
hp1 þ jp2%i ht1 þ j!t1%i; (32)

which when evaluated in the ZMF using the spin vectors
described in the previous section is just

MðgRgR ! t" !t"Þ ( #%1fð1% !Þ cosð$=2Þ cosð$0=2Þ
þ ð1þ !Þ sinð$=2Þ sinð$0=2Þg: (33)

Treating these expressions in a manner similar to the
unlike-helicity case discussed in the previous section we
obtain

jAðgRgR ! t" !t" or t# !t#Þj2 ¼Yð!;"Þ#%2ð1'!cos$Þ2;
(34)

jAðgRgR ! t" !t# and t# !t"Þj2 ¼ Yð!;"Þ#%2!2sin2$: (35)

Similarly, it is easy to show that for left-handed like-
helicity gluons

jAðgLgL ! t# !t# or t" !t"Þj2 ¼ jAðgRgR ! t" !t" or t# !t#Þj2;
(36)

jAðgLgL ! t" !t# and t# !t"Þj2

¼ jAðgRgR ! t" !t# and t# !t"Þj2: (37)

Summing over all of the final spins givesX

all

jAðgRgR ! t!tÞj2 ¼
X

all

jAðgLgL ! t!tÞj2

¼ 2Yð!; "Þð1% !4Þ; (38)

independent of the spin axis used for the top quarks.
Clearly, a great simplification occurs for like-helicity

gluons if one uses the helicity basis ($ ¼ 0 or %) for the
top quarks. In the helicity basis

jAðgLgL ! tR !tL and tL !tRÞj2

¼ jAðgRgR ! tR !tL and tL !tRÞj2 ¼ 0 (39)

for all values of !. Conventional wisdom states that helic-
ity provides a simple description for most processes only at
ultrarelativistic energies. However, as illustrated in Fig. 4,
t!t production from like-helicity gluons is an exception to
this expectation: in this case, the helicity basis provides a
simple description for all !, with the only nonzero ampli-
tudes given by
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FIG. 3. The spin configurations for the process gRgL ! t!t are
best described by the off-diagonal basis, which interpolates
between the beamline basis at low ! and the helicity basis at
very high ! [see Eq. (31)]. As far as the spins of the top quarks
are concerned, this process, gRgL ! t!t, is identical to top quark
production via quark-antiquark collisions, qR !qL ! t!t, see Fig. 2.
(a) illustrates the limit ! ! 0 where the top quark spins are
aligned in the same direction as the incoming gluon spins
whereas (b) illustrates the limit ! ! 1 where the helicity state
tR !tL dominates for scattering angles less than 90 degrees. The
relative probability of tR !tL to tL !tR is given by ð1þ cos"Þ2:ð1%
cos"Þ2.
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q
Þ2; (31)

as illustrated in Fig. 3.
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for all values of !. Conventional wisdom states that helic-
ity provides a simple description for most processes only at
ultrarelativistic energies. However, as illustrated in Fig. 4,
t!t production from like-helicity gluons is an exception to
this expectation: in this case, the helicity basis provides a
simple description for all !, with the only nonzero ampli-
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FIG. 3. The spin configurations for the process gRgL ! t!t are
best described by the off-diagonal basis, which interpolates
between the beamline basis at low ! and the helicity basis at
very high ! [see Eq. (31)]. As far as the spins of the top quarks
are concerned, this process, gRgL ! t!t, is identical to top quark
production via quark-antiquark collisions, qR !qL ! t!t, see Fig. 2.
(a) illustrates the limit ! ! 0 where the top quark spins are
aligned in the same direction as the incoming gluon spins
whereas (b) illustrates the limit ! ! 1 where the helicity state
tR !tL dominates for scattering angles less than 90 degrees. The
relative probability of tR !tL to tL !tR is given by ð1þ cos"Þ2:ð1%
cos"Þ2.
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The square of the color-propogator factor, summed over
the gluon and top quark colors, is given by

X

color

!!!!!!!!
½Ta1Ta2"!{i
ð2t $ p1Þ

þ ½Ta2Ta1"!{i
ð2t $ p2Þ

!!!!!!!!
2

¼ 4

3

4ðt $ p1Þ2 þ 4ðt $ p2Þ2 ( ðt $ p1Þðt $ p2Þ
ðt $ p1Þ2ðt $ p2Þ2

: (15)

When evaluated in the ZMF, this sum reduces to the form

X

color

!!!!!!!!
½Ta1Ta2"!{i
ð2t $ p1Þ

þ ½Ta2Ta1"!{i
ð2t $ p2Þ

!!!!!!!!
2
¼ Yð!; c"Þ

#4m4
t

; (16)

with

Y ð!; c"Þ ¼
4

3

7þ 9!2c2"
ð1( !2c2"Þ2

: (17)

In these expressions ! is the ZMF speed of the top quarks
and c" is the cosine of the ZMF scattering angle ".

The reduced matrix element for on-mass-shell top
quarks, Mðg1g2 ! t!tÞ, is simply given by

MðgRgL! t!tÞ¼2hp2þ jtjp1þi
2p1 $p2

) !UðtÞfjp1þihp2þ jþ jp2(ihp1( jgVð!tÞ
(18)

for unlike-helicity gluons and by

MðgRgR ! t!tÞ ¼ 2mt
hp1 ( jp2þi
hp1 þ jp2(i

!UðtÞ#LVð!tÞ

where #L;R * 1

2
ð1+ #5Þ

(19)

for like-helicity gluons. Note the similarity in the spinor
structure for gRgL ! t!t and qR !qL ! t!t. Also, the spinor
structure for gRgR ! t!t is particularly simple, !UðtÞ#LVð!tÞ;
it contains no s-channel pole. In a later section of this
paper, we use these two expressions to give a simple
analytic expression for gg ! t!t including the decay of
the two top quarks. However, in the next section we will
evaluate these expressions using the spinors for polarized
top quarks given in Eq. (8).

A. Unlike-helicity gluons

For unlike-helicity gluons the reduced matrix element
MðgRgL ! t" !t"Þ is given by

MðgRgL ! t" !t"Þ ¼
2hp2 þ jtjp1þi
mtð2p1 $ p2Þ

) fht1 þ jt2jp1þihp2 þ j!t1(i
( ht1 þ jp2(ihp1 ( j!t2j!t1(ig; (20)

which, when evaluated in the ZMF using the spin vectors
described in the previous section, becomes

MðgRgL ! t" !t"Þ , ! sin"fð1( cos"Þ sinð$=2Þ cosð$0=2Þ
( ð1þ cos"Þ cosð$=2Þ sinð$0=2Þ
þ #(1 sin"½cosð$=2Þ cosð$0=2Þ
( sinð$=2Þ sinð$0=2Þ"g: (21)

Here the coefficients in front of the products of the
$-dependent trigonometric functions are the appropriate
helicity amplitudes whereas the products of the
$-dependent trigonometric functions themselves are prod-
ucts of Wigner d-functions (see Appendix A). The relative
signs between the various components of these expressions
are important and care must be taken to make sure they are
correct.
Using a different spin angle for the t and !t allows for

manipulation of the spin of the top independent of the
antitop and vice versa. Thus, all of the spin amplitudes
for gRgL ! t!t can be simply obtained from gRgL ! t" !t" as
follows:

jM#"ð$;$0Þj¼ jM""ð$-%;$0Þj¼
!!!!!!!!
"

d

d$=2

#
M""ð$;$0Þ

!!!!!!!! (22)

jM"#ð$;$0Þj¼ jM""ð$;$0-%Þj¼
!!!!!!!!
"

d

d$0=2

#
M""ð$;$0Þ

!!!!!!!! (23)

jM##ð$;$0Þj ¼ jM""ð$- %;$0 - %Þj

¼
!!!!!!!!
"

d

d$=2

#"
d

d$0=2

#
M""ð$;$0Þ

!!!!!!!!: (24)

Flipping the spin of a particle is accomplished by one of
two equivalent methods:
(i) Addition or subtraction of % from the spin angle $.
(ii) Differentiation of the amplitude with respect to $=2.

A detailed discussion with examples of how to use these
techniques for arbitrary spins is given in Appendix A.
At this stage we can make the spin axes of the top quark

pair back-to-back in the ZMF by setting $0 ¼ $. Thus, for

⇒⇒
q

q

t

⇒

t
⇒

(a) β → 0

⇒⇒
q

q

t
⇒

t

⇐

(b) β → 1
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FIG. 2. The spin configurations for the process qR !qL ! t!t are
best described by the off-diagonal basis which interpolates
between the beam line basis at low ! to helicity at very high
! as given by Eq. (12). (a) is the limit ! ! 0 where the top
quark spins are aligned in the same direction as the incoming
quark spins whereas (b) is the limit ! ! 1 where the helicity
state tR !tL dominates for scattering angles less than 90 degrees.
The relative probability of tR !tL to tL !tR is given by ð1þ
cos"Þ2:ð1( cos"Þ2.
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jAðgRgR ! tR !tR or tL !tLÞj2 ¼ jAðgLgL ! tL !tL or tR !tRj2

¼ Yð!;"Þ#$2ð1% !Þ2: (40)

Both the like and unlike gluon helicity amplitudes agree
with those found in the appendix of Ref. [13].

C. Combining like- and unlike-helicity gluons

At the LHC we must combine the like-helicity and
unlike-helicity gluon cases since there is noway to polarize
the incoming gluons. By looking at Eqs. (26) and (35), it is
clear that there is no basis which makes the top quark spins
purely "" þ ## OR "# þ #" at the LHC because the constant
term appears in "" þ ## for like-helicity gluons and in
"# þ #" for unlike-helicity gluons.

However, there are regions of the ðcos";!Þ plane for
which the like-helicity gluon amplitude or the unlike-
helicity amplitude dominates. Along the curve given by

!# sin" ¼ 1 or; equivalently; !2 ¼ 1=ð2$ cos2"Þ
(41)

the like-helicity and the unlike-helicity contribute equally
to top quark pair production. On this curve

X

all

jAðgRgR ! t!tÞj2 ¼
X

all

jAðgLgL ! t!tÞj2

¼
X

all

jAðgRgL ! t!tÞj2

¼
X

all

jAðgLgR ! t!tÞj2:

In the region !# sin"< 1 the like-helicity gluon ampli-
tudes dominate the cross section, whereas in the region
!# sin"> 1 the unlike-helicity gluon amplitudes domi-
nate the cross section. Thus, it is clear that one should
use the helicity basis when !# sin" ' 1 and the off-
diagonal basis when !# sin" ( 1. In the next section we
will optimize the basis choice to maximize the spin corre-
lations in the intermediate region, !# sin") 1.

D. Optimizing the choice of spin basis

For unpolarized gluons, the fraction of top quark pair
events at a given point in the ðcos";!Þ plane that have "" or
## spins is

fð";!Þ *

P
""þ##

jAðgg ! t!tÞj2
P
all
jAðgg ! t!tÞj2 ¼ #$2ð1þ !2cos2$Þ þ !2sin2"ð#$1 sin" cos$$ cos" sin$Þ2

ð1$ !4Þ þ !2sin2"ð2$ !2sin2"Þ :

It is a straightforward analytic exercise2 to find the extrema of this function with respect to the angle $. The maxima,
fsameð";!Þ, gives the maximum fraction of "" þ ## whereas the minima, foppoð";!Þ, gives the minimum fraction of "" þ ##
or, equivalently, the maximum fraction of "# þ #" . These fractions are given by

ffsame;oppogð";!Þ *
#$2 þ 1

2!
2ðsin2"cos2"þ #$2sin4"þ #$2Þf1%

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1$ ð2#$1 cos" sin"Þ2

ðsin2"cos2"þ#$2sin4"þ#$2Þ2
q

g
ð1$ !4Þ þ !2sin2"ð2$ !2sin2"Þ : (42)

Both extrema occur when $ satisfies

tan2$fsame;oppog ¼
2#$1sin3" cos"

sin2"cos2"$ #$2sin4"$ #$2 ; (43)

they are related as follows: $oppo ¼ $same þ %=2. The
contours of fsameð";!Þ in the ðcos";!2Þ plane are given
by the solid lines in Fig. 5(a) whereas for foppoð";!Þ see
Fig. 5(b).

At any given point in the ðcos";!2Þ plane, the basis
which exhibits the strongest correlations is the one whose
spin fraction has the largest difference from 1

2 . If

jfoppoð";!Þ $ 1=2j is larger than jfsameð";!Þ $ 1=2j then
one should use $oppo; otherwise, $same should be used. The
condition that must be satisfied for both fsameð";!Þ and
foppoð";!Þ to have equal difference (but opposite sign)
from 1=2 occurs when

fsameð";!Þ þ foppoð";!Þ ¼ 1; or !# sin" ¼ 1: (44)

Not surprisingly this is the same curve that also separates
the dominance of the contribution of like-helicity from
unlike-helicity gluons. Thus, when !# sin"< 1 the like-
helicity gluons dominate and $same should be used to max-
imize the "" þ ## fraction, whereas if !# sin"> 1 the
unlike-helicity gluons dominate and we should use $oppo

⇐⇒g g

t

t

(a) β → 0 ⇐
⇒

⇒
⇐ ⇐⇒g g

t

⇒

t

⇒

(b) β → 1

FIG. 4. The spin configurations for the process gRgR ! t!t are
best described by the helicity basis for all ! [see Eq. (40)].
(a) illustrates the limit ! ! 0 where the relative probability of
tR !tR to tL !tL is ð1þ !Þ2:ð1$ !Þ2 whereas (b) illustrates the limit
! ! 1 where tR !tR completely dominates. For gLgL ! t!t, flip the
spins on both the gluons and the top quarks.

2The numerical solution was studied in Ref. [14].
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clear that there is no basis which makes the top quark spins
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In the region !# sin"< 1 the like-helicity gluon ampli-
tudes dominate the cross section, whereas in the region
!# sin"> 1 the unlike-helicity gluon amplitudes domi-
nate the cross section. Thus, it is clear that one should
use the helicity basis when !# sin" ' 1 and the off-
diagonal basis when !# sin" ( 1. In the next section we
will optimize the basis choice to maximize the spin corre-
lations in the intermediate region, !# sin") 1.
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For unpolarized gluons, the fraction of top quark pair
events at a given point in the ðcos";!Þ plane that have "" or
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by the solid lines in Fig. 5(a) whereas for foppoð";!Þ see
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At any given point in the ðcos";!2Þ plane, the basis
which exhibits the strongest correlations is the one whose
spin fraction has the largest difference from 1

2 . If

jfoppoð";!Þ $ 1=2j is larger than jfsameð";!Þ $ 1=2j then
one should use $oppo; otherwise, $same should be used. The
condition that must be satisfied for both fsameð";!Þ and
foppoð";!Þ to have equal difference (but opposite sign)
from 1=2 occurs when

fsameð";!Þ þ foppoð";!Þ ¼ 1; or !# sin" ¼ 1: (44)

Not surprisingly this is the same curve that also separates
the dominance of the contribution of like-helicity from
unlike-helicity gluons. Thus, when !# sin"< 1 the like-
helicity gluons dominate and $same should be used to max-
imize the "" þ ## fraction, whereas if !# sin"> 1 the
unlike-helicity gluons dominate and we should use $oppo
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FIG. 4. The spin configurations for the process gRgR ! t!t are
best described by the helicity basis for all ! [see Eq. (40)].
(a) illustrates the limit ! ! 0 where the relative probability of
tR !tR to tL !tL is ð1þ !Þ2:ð1$ !Þ2 whereas (b) illustrates the limit
! ! 1 where tR !tR completely dominates. For gLgL ! t!t, flip the
spins on both the gluons and the top quarks.

2The numerical solution was studied in Ref. [14].
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FIG. 4. The spin configurations for the process gRgR ! t!t are
best described by the helicity basis for all ! [see Eq. (40)].
(a) illustrates the limit ! ! 0 where the relative probability of
tR !tR to tL !tL is ð1þ !Þ2:ð1$ !Þ2 whereas (b) illustrates the limit
! ! 1 where tR !tR completely dominates. For gLgL ! t!t, flip the
spins on both the gluons and the top quarks.

2The numerical solution was studied in Ref. [14].
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Higgs emission changes top chirality
in the chiral limit (mtop ➜ 0) :
tLtL + tRtR ➜ tLtR + tRtL

tLtR + tRtL ➜ tLtL + tRtR

in contrast,
in the chiral limit,
irreducible ttγγ,	
 ttbb
bckgrs behave like ttbar !
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spin configurations in  ttH  at LHC 
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Figure 2: Leading diagrams contributing to t̄tH production at the LHC (upper panel) and
to single t or t̄ production (lower panel). The red and blue dots correspond to the t̄tH and
WWH couplings, respectively.

relative magnitude and sign of the scalar t̄tH and WWH couplings, with the result that

�(tH) and �(t̄H) are minimized around the Standard Model value t = 1 [36].3 As in the

case of �(t̄tH), iso-� contours for tH and t̄H production are also ellipses whose major axes

are aligned with the ̃t axis, as we see in the right panel of Fig. 3, where colour-coding is

used to represent the ratio to the Standard Model cross section. As a consequence, �(tH)

and �(t̄H) increase along the 68% CL crescent as t decreases and ̃t increases in magnitude.

3 Disturbing the t̄tH coupling modifies the UV behaviour of the theory and may lead to a violation of
the perturbative unitarity at some scale ⇤UV. It has been shown in [37] that this e↵ect is most pronounced
at t = �1 but ⇤UV >⇠ 9 TeV even in that case. This implies that the perturbative calculation used in our
paper is still reliable.
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Fig. 146: A subsample of the relative Feynman graphs illustrating the three types of tt̄γγ processes.

Table 27: Cross-sections at leading order (statistical errors in parentheses), number of events generated, numbers of events and
statistical weight/generated event for 30 and 100 fb−1 of integrated luminosity for the irreducible backgrounds considered.

Process σ× BR
(1 W→ lν) Ngen N 30 fb−1 Wgt 30 fb−1 N 100 fb−1 Wgt 100 fb−1 Generator

ttγγ 1 1.6 fb (≤ 1/mil) 9296 48 .0052 160 .0172 AL,MG
ttγγ 2 6.1 fb (≤ 1%) 2310 183 .0792 610 .2641 AL
ttγγ 3 4.9 fb (≤ 1%) 914 147 .1608 490 .5361 AL
bbγγ 318.1 fb 159829 9543 .0597 31810 0.1990 MG
Wγγ 4j 11.5 fb (1.2%) 4587 345 0.0752 1150 .2507 AL
Zγγ 29.0 fb 50005 870 0.0174 2900 0.0580 MG
Wγγ 23.6 fb 112000 708 0.0063 2360 0.0211 MG

identified due to incomplete detector coverage or other instrumental effects. This could arise if one or
more electrons or jets are misidentified as photons, or a jet as an electron or a muon. Therefore possible
background processes can be grouped into the following signature categories: llγ, llj, ljj, lγj, γγj, γjj,
jjj, where l is a lepton and j is a jet. Table 28 lists the reducible background processes to be considereed
for each category. It should be noted that several processes could contribute to more than one signature
category.

During the time horizon of the workshop, due to the implementation of the many new generator
processes, it has been possible to study only the irreducible backgrounds with acceptable statistics, so
only these will be presented in this report. Low-statistics tests on most of the processes in Table 28 have
been performed, and as many of these processes as possible will be included with high statistics in a
definitive study now in progress with events fully simulated and reconstructed in the CMS detector.

All generated signal and background events were fragmented and hadronized with PYTHIA [27,
284] version 6.227.

25.4 Description of preselections
No generator-level preselections were made on signal events. For the irreducible background events, the
following preselection was made:

• mγγ ≥80 GeV + where applicable:
• pTγ ≥ 20 GeV, |ηγ | ≤ 2.5 or pTγ ≥ 15 GeV, |ηγ | ≤ 2.7
• pTj,l,b ≥ 15 GeV, |ηj,l,b| ≤ 2.7, ∆R(l,j or j,j or b,b or γ,j or γ, γ) ≥ 0.3
where pT refers to the transverse momentum of the particle, η its rapidity and ∆R =√

(∆η2 + ∆φ2) where φ is the azimuthal angle.
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for each category. It should be noted that several processes could contribute to more than one signature
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During the time horizon of the workshop, due to the implementation of the many new generator
processes, it has been possible to study only the irreducible backgrounds with acceptable statistics, so
only these will be presented in this report. Low-statistics tests on most of the processes in Table 28 have
been performed, and as many of these processes as possible will be included with high statistics in a
definitive study now in progress with events fully simulated and reconstructed in the CMS detector.

All generated signal and background events were fragmented and hadronized with PYTHIA [27,
284] version 6.227.

25.4 Description of preselections
No generator-level preselections were made on signal events. For the irreducible background events, the
following preselection was made:

• mγγ ≥80 GeV + where applicable:
• pTγ ≥ 20 GeV, |ηγ | ≤ 2.5 or pTγ ≥ 15 GeV, |ηγ | ≤ 2.7
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3 Disturbing the t̄tH coupling modifies the UV behaviour of the theory and may lead to a violation of
the perturbative unitarity at some scale ⇤UV. It has been shown in [37] that this e↵ect is most pronounced
at t = �1 but ⇤UV >⇠ 9 TeV even in that case. This implies that the perturbative calculation used in our
paper is still reliable.
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these naive predictions 
are spoilt by mtop effects !
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ttbar  versus  ttH at LHC (14 TeV)

integrated pT top distribution for like-helicity (LL+RR) 
versus  unlike-helicity (LR+RL) top pairs

chiral limit hard to reach in tth : 
needs extreme (unpopulated) pTtop values !
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ttH (LL+RR,LR+RL) :  signal  vs  bckgrs

nevertheless one finds a trend towards chiral-limit 
expectations in integrated cross sections :

9

LL+RR LR+RL

ttH 61% 39%

ttγγ 28% 72%

ttbb 50% 50%

populations 
more than 
reversed in 
ttγγ bckgd
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spin correlations 

10

top pair spins correlated 
in tt, ttH production

decay products 
correlated with 

top spin

decay products of 
t and tbar are correlated
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Fig. 145: Typical s- and t-channel diagrams for tt̄H production with H → γγ and at least one charged lepton from the decay
of a top or antitop quark.

Signal events were generated with both the MADGRAPH [325,395,396] and ALPGEN [397–399]
LO exact matrix element generators, for each of the Higgs masses shown in Table 1 (at least 30000
events per mass value with statistical error below 1%). Events from both generators were found to yield
comparable LO cross-section results and kinematical distributions. The LO cross-sections were also
found to agree with those from the program HQQ [400] at the percent level.

It should be noted that for the current study all signal events have been generated such that exactly
one of the two W bosons from the two top quarks decays leptonically. It can be assumed, however,
that the event selection which will be described below will also have some efficiency for events where
both W bosons yield leptons, thus potentially increasing the total number of signal events expected to be
observed. This will be evaluated in a later study.

25.3 Identified background processes and event generation
Standard Model processes resulting in both irreducible and reducible backgrounds have been identified.
A background is called irreducible if it is capable of giving rise to the same signature on the particle level
as that searched for in a signal event, that is to say, a lepton and two photons (lγγ). Among the irreducible
processes, special care has been taken to properly treat the t̄tγγ background. Feynman diagrams of three
possible types of t̄tγγ processes considered are shown in Figure 146. In the first case, called “Type 1”,
both photons are radiated from either outgoing top quark or incoming parton lines. In the third case,
called “Type 3”, both are radiated from top quark decay products. The second case, “Type 2” combines
one photon radiated according to “Type 1” with the second radiated according to “Type 3”. (A fourth
process arises from both photons being radiated from different decay products of the same top quark;
for the relevant event selection (see pertinent section below) with mγγ >70 GeV we have verified that
this contribution is completely negligible). Since at the time of undertaking the study no matrix element
generator included either the Types 2 or 3 processes, a collaboration was begun with the authors of
ALPGEN to add them. Also added to ALPGEN was the process Wγγ+ 4 jets. The performance of this
sample versus an inclusive Wγγ sample (with all possible extra jets coming from parton showering), also
considered, is evaluated in subsequent sections. Where applicable in the ALPGEN samples, top quarks
and W bosons are decayed within ALPGEN which assures preservation of spin correlation information
which could impact kinematical distributions.

Table 27 lists the considered irreducible background processes, the generators used to either gen-
erate or cross-check event samples, the LO cross-section with statistical errors, the number of events
expected for 30 (100) fb−1 of integrated luminosity, the number of events generated and the statistical
weight of each generated event for 30 (100) fb−1 of integrated luminosity. The cross-sections reflect
preselection criteria imposed at generator-level which are described in the next section. In the processes
involving real top quarks as well as in the Wγγ+ 4j process, one top quark/the W boson was forced to
decay leptonically, and the stated cross-section therefore implicitly includes the relevant branching ratio.
It can be seen that the effect of the inclusion of background Types 2 and 3 is to augment the total initial
contribution (before selection) from t̄tγγ by approximately one order of magnitude.

A background is called reducible if at least one element of the final-state signature is mistakenly
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Fig. 145: Typical s- and t-channel diagrams for tt̄H production with H → γγ and at least one charged lepton from the decay
of a top or antitop quark.

Signal events were generated with both the MADGRAPH [325,395,396] and ALPGEN [397–399]
LO exact matrix element generators, for each of the Higgs masses shown in Table 1 (at least 30000
events per mass value with statistical error below 1%). Events from both generators were found to yield
comparable LO cross-section results and kinematical distributions. The LO cross-sections were also
found to agree with those from the program HQQ [400] at the percent level.
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one of the two W bosons from the two top quarks decays leptonically. It can be assumed, however,
that the event selection which will be described below will also have some efficiency for events where
both W bosons yield leptons, thus potentially increasing the total number of signal events expected to be
observed. This will be evaluated in a later study.

25.3 Identified background processes and event generation
Standard Model processes resulting in both irreducible and reducible backgrounds have been identified.
A background is called irreducible if it is capable of giving rise to the same signature on the particle level
as that searched for in a signal event, that is to say, a lepton and two photons (lγγ). Among the irreducible
processes, special care has been taken to properly treat the t̄tγγ background. Feynman diagrams of three
possible types of t̄tγγ processes considered are shown in Figure 146. In the first case, called “Type 1”,
both photons are radiated from either outgoing top quark or incoming parton lines. In the third case,
called “Type 3”, both are radiated from top quark decay products. The second case, “Type 2” combines
one photon radiated according to “Type 1” with the second radiated according to “Type 3”. (A fourth
process arises from both photons being radiated from different decay products of the same top quark;
for the relevant event selection (see pertinent section below) with mγγ >70 GeV we have verified that
this contribution is completely negligible). Since at the time of undertaking the study no matrix element
generator included either the Types 2 or 3 processes, a collaboration was begun with the authors of
ALPGEN to add them. Also added to ALPGEN was the process Wγγ+ 4 jets. The performance of this
sample versus an inclusive Wγγ sample (with all possible extra jets coming from parton showering), also
considered, is evaluated in subsequent sections. Where applicable in the ALPGEN samples, top quarks
and W bosons are decayed within ALPGEN which assures preservation of spin correlation information
which could impact kinematical distributions.

Table 27 lists the considered irreducible background processes, the generators used to either gen-
erate or cross-check event samples, the LO cross-section with statistical errors, the number of events
expected for 30 (100) fb−1 of integrated luminosity, the number of events generated and the statistical
weight of each generated event for 30 (100) fb−1 of integrated luminosity. The cross-sections reflect
preselection criteria imposed at generator-level which are described in the next section. In the processes
involving real top quarks as well as in the Wγγ+ 4j process, one top quark/the W boson was forced to
decay leptonically, and the stated cross-section therefore implicitly includes the relevant branching ratio.
It can be seen that the effect of the inclusion of background Types 2 and 3 is to augment the total initial
contribution (before selection) from t̄tγγ by approximately one order of magnitude.
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Signal events were generated with both the MADGRAPH [325,395,396] and ALPGEN [397–399]
LO exact matrix element generators, for each of the Higgs masses shown in Table 1 (at least 30000
events per mass value with statistical error below 1%). Events from both generators were found to yield
comparable LO cross-section results and kinematical distributions. The LO cross-sections were also
found to agree with those from the program HQQ [400] at the percent level.

It should be noted that for the current study all signal events have been generated such that exactly
one of the two W bosons from the two top quarks decays leptonically. It can be assumed, however,
that the event selection which will be described below will also have some efficiency for events where
both W bosons yield leptons, thus potentially increasing the total number of signal events expected to be
observed. This will be evaluated in a later study.

25.3 Identified background processes and event generation
Standard Model processes resulting in both irreducible and reducible backgrounds have been identified.
A background is called irreducible if it is capable of giving rise to the same signature on the particle level
as that searched for in a signal event, that is to say, a lepton and two photons (lγγ). Among the irreducible
processes, special care has been taken to properly treat the t̄tγγ background. Feynman diagrams of three
possible types of t̄tγγ processes considered are shown in Figure 146. In the first case, called “Type 1”,
both photons are radiated from either outgoing top quark or incoming parton lines. In the third case,
called “Type 3”, both are radiated from top quark decay products. The second case, “Type 2” combines
one photon radiated according to “Type 1” with the second radiated according to “Type 3”. (A fourth
process arises from both photons being radiated from different decay products of the same top quark;
for the relevant event selection (see pertinent section below) with mγγ >70 GeV we have verified that
this contribution is completely negligible). Since at the time of undertaking the study no matrix element
generator included either the Types 2 or 3 processes, a collaboration was begun with the authors of
ALPGEN to add them. Also added to ALPGEN was the process Wγγ+ 4 jets. The performance of this
sample versus an inclusive Wγγ sample (with all possible extra jets coming from parton showering), also
considered, is evaluated in subsequent sections. Where applicable in the ALPGEN samples, top quarks
and W bosons are decayed within ALPGEN which assures preservation of spin correlation information
which could impact kinematical distributions.

Table 27 lists the considered irreducible background processes, the generators used to either gen-
erate or cross-check event samples, the LO cross-section with statistical errors, the number of events
expected for 30 (100) fb−1 of integrated luminosity, the number of events generated and the statistical
weight of each generated event for 30 (100) fb−1 of integrated luminosity. The cross-sections reflect
preselection criteria imposed at generator-level which are described in the next section. In the processes
involving real top quarks as well as in the Wγγ+ 4j process, one top quark/the W boson was forced to
decay leptonically, and the stated cross-section therefore implicitly includes the relevant branching ratio.
It can be seen that the effect of the inclusion of background Types 2 and 3 is to augment the total initial
contribution (before selection) from t̄tγγ by approximately one order of magnitude.

A background is called reducible if at least one element of the final-state signature is mistakenly
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In Table 1 the observed yields in data are compared to the expectation from the background and
the tt̄ signal normalized to �tt̄ = 177+10

�11 pb calculated at NNLO in QCD including resummation of
next-to-next-to-leading logarithmic soft gluon terms with Top++ v2.0 [62–67] for a top quark mass of
172.5 GeV. Significantly lower yield in the dielectron channel compared to the dimuon one is due to the
tight isolation and higher pT cut on the electrons. The yield di↵erence between tt̄ signal with SM spin
correlation and without spin correlation is found to be negligible.

6 Spin Correlation Observables

The spin correlation of pair-produced top quarks can be extracted by analyzing the angular distributions
of the top quark decay products in t ! Wb followed by W ! `⌫. The di↵erential distribution of the
decay width � is given by

1
�

d�
d cos ✓±

= (1 + ↵± cos ✓±)/2 , (1)

where ✓± is the angle between the positively (negatively) charged lepton from the top (antitop) quark
decay and the top (antitop) quark spin quantization axis in the top (antitop) quark rest frame. The factor
↵± represents the spin analyzing power, which can be between �1 and 1. For positively (negatively)
charged leptons, the spin-analyzing power to the order ↵s is predicted to be ↵± = ±0.999 [68]. As a
consequence the dilepton final state o↵ers an excellent sensitivity to analyze tt̄ spin correlation [69]. In
the SM, polarization of the pair-produced top quarks in pp scattering is negligible [26]. The correlation
between the positively charged lepton and the negatively charged lepton can be expressed by

1
�

d�
d cos ✓+ d cos ✓�

=
1
4

(1 + A↵+↵� cos ✓+ cos ✓�) , (2)

with
A =

Nlike � Nunlike

Nlike + Nunlike
=

N("") + N(##) � N("#) � N(#")
N("") + N(##) + N("#) + N(#") (3)

where N("") + N(##) represents the number of events where the top quark and antitop quark spins are
parallel, and N("#)+N(#") is the number of events where they are anti-parallel. The strength of the spin
correlation is defined by

C = �A↵+↵� (4)

and is the physical observable of interest to measure and to compare to the SM prediction. It is directly
related to the expression in Eq. 2 via

C = �9 hcos ✓+ cos ✓�i. (5)

In this note, however, the full distribution of cos ✓+ cos ✓� as defined in Eq. 2 is used. In dilepton final
states where the spin-analyzing power is e↵ectively 100%, C ⇡ A. To allow for a comparison to previous
results, in this note the results are given in terms of A.

The following four observables are measured to extract the spin correlation strength:

• The azimuthal di↵erence �� between the charged lepton momentum directions in the laboratory
frame. This observable is straightforward to measure and very sensitive at the LHC, where like-
helicity gluon-gluon initial states dominate [70]. It has been utilized in Ref. [36] to observe a
non-vanishing spin correlation, consistent with the SM prediction.

5

In Table 1 the observed yields in data are compared to the expectation from the background and
the tt̄ signal normalized to �tt̄ = 177+10

�11 pb calculated at NNLO in QCD including resummation of
next-to-next-to-leading logarithmic soft gluon terms with Top++ v2.0 [62–67] for a top quark mass of
172.5 GeV. Significantly lower yield in the dielectron channel compared to the dimuon one is due to the
tight isolation and higher pT cut on the electrons. The yield di↵erence between tt̄ signal with SM spin
correlation and without spin correlation is found to be negligible.

6 Spin Correlation Observables

The spin correlation of pair-produced top quarks can be extracted by analyzing the angular distributions
of the top quark decay products in t ! Wb followed by W ! `⌫. The di↵erential distribution of the
decay width � is given by

1
�

d�
d cos ✓±

= (1 + ↵± cos ✓±)/2 , (1)

where ✓± is the angle between the positively (negatively) charged lepton from the top (antitop) quark
decay and the top (antitop) quark spin quantization axis in the top (antitop) quark rest frame. The factor
↵± represents the spin analyzing power, which can be between �1 and 1. For positively (negatively)
charged leptons, the spin-analyzing power to the order ↵s is predicted to be ↵± = ±0.999 [68]. As a
consequence the dilepton final state o↵ers an excellent sensitivity to analyze tt̄ spin correlation [69]. In
the SM, polarization of the pair-produced top quarks in pp scattering is negligible [26]. The correlation
between the positively charged lepton and the negatively charged lepton can be expressed by

1
�

d�
d cos ✓+ d cos ✓�

=
1
4

(1 + A↵+↵� cos ✓+ cos ✓�) , (2)

with
A =

Nlike � Nunlike

Nlike + Nunlike
=

N("") + N(##) � N("#) � N(#")
N("") + N(##) + N("#) + N(#") (3)

where N("") + N(##) represents the number of events where the top quark and antitop quark spins are
parallel, and N("#)+N(#") is the number of events where they are anti-parallel. The strength of the spin
correlation is defined by

C = �A↵+↵� (4)

and is the physical observable of interest to measure and to compare to the SM prediction. It is directly
related to the expression in Eq. 2 via

C = �9 hcos ✓+ cos ✓�i. (5)

In this note, however, the full distribution of cos ✓+ cos ✓� as defined in Eq. 2 is used. In dilepton final
states where the spin-analyzing power is e↵ectively 100%, C ⇡ A. To allow for a comparison to previous
results, in this note the results are given in terms of A.

The following four observables are measured to extract the spin correlation strength:

• The azimuthal di↵erence �� between the charged lepton momentum directions in the laboratory
frame. This observable is straightforward to measure and very sensitive at the LHC, where like-
helicity gluon-gluon initial states dominate [70]. It has been utilized in Ref. [36] to observe a
non-vanishing spin correlation, consistent with the SM prediction.
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Figure 9: Left panel: The distributions in the semileptonic decay angle ✓` for the tHj final
state for the indicated values of ⇣t. In the right panel we display the variation of the forward-
backward asymmetry in ✓`, Al, with ⇣t for tHj (t̄Hj) production in red (blue): the shading
represents an estimate of the measurement error with 100/fb of integrated luminosity at
14 TeV.

direction in the following way [43–45]:

1

�f

d�f

d cos ✓f
=

1

2
(1 + !fPt cos ✓f ) , (5)

where f is the type of top decay product: f = b, `, ..., ✓f is the angle between the decay

product f and the top spin quantization axis measured in the rest frame of the top, and Pt

is the degree of the top polarization:

Pt =
N(")�N(#)
N(") +N(#) . (6)

The coe�cient !f depends on the type of decay product, e.g., !W = �!b = 0.41 and !` = 1

at tree level.

We consider first the angle ✓` between the direction of the t and the final-state lepton

` measured at the rest frame of the top in tHj production events. The left panel of Fig. 9

displays the cos ✓` distributions. As previously, the distribution for the Standard Model case

⇣t = 0 is shown in black, and the distributions for |⇣t| = ⇡/4 and ⇡/2 in dotted and solid red,

respectively. We can see that the lepton momentum in the Standard Model case strongly

prefers the opposite direction to the top’s boost direction at the top’s rest frame, meaning

that tops are negatively polarized, Pt < 0. As |⇣t| increases this preference is weakend. For
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↵f↵f

[ttbar spins (anti)parallel]

strength of 
spin correl. :

In Table 1 the observed yields in data are compared to the expectation from the background and
the tt̄ signal normalized to �tt̄ = 177+10

�11 pb calculated at NNLO in QCD including resummation of
next-to-next-to-leading logarithmic soft gluon terms with Top++ v2.0 [62–67] for a top quark mass of
172.5 GeV. Significantly lower yield in the dielectron channel compared to the dimuon one is due to the
tight isolation and higher pT cut on the electrons. The yield di↵erence between tt̄ signal with SM spin
correlation and without spin correlation is found to be negligible.

6 Spin Correlation Observables

The spin correlation of pair-produced top quarks can be extracted by analyzing the angular distributions
of the top quark decay products in t ! Wb followed by W ! `⌫. The di↵erential distribution of the
decay width � is given by
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where ✓± is the angle between the positively (negatively) charged lepton from the top (antitop) quark
decay and the top (antitop) quark spin quantization axis in the top (antitop) quark rest frame. The factor
↵± represents the spin analyzing power, which can be between �1 and 1. For positively (negatively)
charged leptons, the spin-analyzing power to the order ↵s is predicted to be ↵± = ±0.999 [68]. As a
consequence the dilepton final state o↵ers an excellent sensitivity to analyze tt̄ spin correlation [69]. In
the SM, polarization of the pair-produced top quarks in pp scattering is negligible [26]. The correlation
between the positively charged lepton and the negatively charged lepton can be expressed by
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where N("") + N(##) represents the number of events where the top quark and antitop quark spins are
parallel, and N("#)+N(#") is the number of events where they are anti-parallel. The strength of the spin
correlation is defined by

C = �A↵+↵� (4)

and is the physical observable of interest to measure and to compare to the SM prediction. It is directly
related to the expression in Eq. 2 via
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In this note, however, the full distribution of cos ✓+ cos ✓� as defined in Eq. 2 is used. In dilepton final
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results, in this note the results are given in terms of A.

The following four observables are measured to extract the spin correlation strength:

• The azimuthal di↵erence �� between the charged lepton momentum directions in the laboratory
frame. This observable is straightforward to measure and very sensitive at the LHC, where like-
helicity gluon-gluon initial states dominate [70]. It has been utilized in Ref. [36] to observe a
non-vanishing spin correlation, consistent with the SM prediction.
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spin correlations in ttbar measured at LHC
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Figure 4: Distributions of �� (a), S -ratio (b), cos ✓+ cos ✓� in the helicity basis (c) and cos ✓+ cos ✓� in
the maximal basis (d). The result of the fit to data (blue) is compared to the templates for background
plus tt̄ signal with SM spin correlation (red dashed) and without spin correlation (black dotted).
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ATLAS NOTE
ATLAS-CONF-2013-101

September 16, 2013

Measurements of spin correlation in top-antitop quark events from
proton-proton collisions at

p
s=7 TeV using the ATLAS detector

The ATLAS Collaboration

Abstract

Measurements of spin correlation in top quark pair production are presented using data
collected with the ATLAS detector at the LHC with proton-proton collisions at a center-
of-mass energy of 7 TeV, corresponding to an integrated luminosity of 4.6 fb�1. Events
are selected in final states with two charged leptons and at least two jets. Four di↵erent
observables sensitive to di↵erent properties of the production mechanism are used to extract
the correlation between the top and antitop quark spins. Some of these observables are
measured for the first time. All measurements are in good agreement with the next-to-
leading-order Standard Model prediction.

c� Copyright 2013 CERN for the benefit of the ATLAS Collaboration.
Reproduction of this article or parts of it is allowed as specified in the CC-BY-3.0 license.
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Figure 2: Result of the fit (solid line) performed on data (triangles) after the combination of
the three channels. The data are also compared to the Dfl+ l� distribution of tt̄ events with and
without spin correlation. The background components are included in the plot.

tion is used to estimate the systematic uncertainty. The effects of the systematic sources on
the measurement of f are presented in Tab.1. The resulting measured value of f is 0.74 ±
0.08(stat.)±0.24(syst.).

uncertainty D f absolute relative (%)
statistic uncertainty 0.08 11%
MC stat uncertainty 0.07 9%

experimental
Lepton selection 0.01 1%
Lepton energy scale 0.01 1%
JES/JER 0.02 3%
all backgrounds 0.07 9%
PU 0.02 3%
b-tagging 0.01 1%

tt̄ modelling
FastSim vs FullSim 0.06 8%
Fact. and renorm. scales 0.15 20%
t decay 0.12 16%
top mass 0.02 3%
PDF 0.07 9%

Table 1: Uncertainty on the fraction of events with spin correlation D f , as predicted by the fit.

Considering the top spin correlation used in the MC@NLO simulation, Asimu, the measured
spin correlation coefficient is f ⇥ Asimu. The spin correlation coefficient from MC@NLO tt̄
signal events, in the helicity basis, Asimu

hel , is estimated at matrix element level and is found to
be 0.33. This value of the spin correlation coefficient is close to the standard model prediction
(NLO calculation) of ASM

hel = 0.31 from Ref.[34], while the measurement yields a spin correlation
coefficient of Ameas

hel = 0.24 ± 0.02(stat.)±0.08(syst.).

Available on the CERN CDS information server CMS PAS TOP-12-004

CMS Physics Analysis Summary

Contact: cms-pag-conveners-top@cern.ch 2012/07/13

Measurement of Spin Correlations in tt̄ events in the
dilepton channels in pp collisions at

p
s = 7 TeV

The CMS Collaboration

Abstract

We present a measurement of the top spin correlation in tt̄ production in the dilepton
channels in pp collisions at

p
s =7 TeV. The data sample used for the measurement

corresponds to an integrated luminosity of 5.0±0.1 fb�1 collected with the CMS detec-
tor at the LHC. The measurement is performed in events with two leptons (electrons
or muons) in the final state, and at least two jets where at least one is identified as
originating from a b-quark. In addition the presence of missing transverse energy
is required. The spin correlation in tt̄ events is extracted from a fit to the angular
distribution between the two selected leptons. In the helicity basis, the correlation
coefficient is found to be 0.24±0.02(stat.)±0.08(syst.). The spin correlation is also in-
vestigated through other variables and for different tt̄ invariant masses. All measure-
ments are found to be in agreement with the standard model predictions.

(and at Tevatron !)
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Warning on spin-correlation observables

many possible basis (helicity, maximal, off-diagonal,...) 
as top quantization axis : 
spin correlation strength depends on basis choice !
many different angular observables can be 
constructed (involving also different decay products)
try to look at the most sensitive ones
structure of spin correlations varies significantly 
over top production phase space
optimization can require “cumbersome” procedures
(ex. additional cuts can increase correlation strength...)
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Bernreuther, Brandenburg, Si and Uwer, 
Mahlon and Parke,
Baumgart and Tweedie , ...
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Reference-frame  (other than LAB) definitions : 
(assume ttbar can be fully reconstructed,cf.”ν weighting technique”)

➜ angle between directions of flight of 
     ℓ+ (b) in top rest system 
  and ℓ− (bbar) in antitop rest system. 
➜ two different rest systems are involved 
➜ to avoid ambiguities one has to specify the 
common initial frame  where Lorentz boosts are 
applied to separately bring the t and tbar at rest :
FRAME 1 ➜ start from  ttbar cm frame
FRAME 2 ➜ start from Lab frame
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(LO) Correlated vs Uncorrelated predictions :

for both signal and  ttbb, ttγγ   bckgd,
top decays are performed in MadGraph5 
by retaining full spin information

top decays are implemented by interfacing 
MadGraph5 (production) with PYTHIA (no spin info)
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∆ηℓ (top right), cos θbb̄ (bottom left) and ∆ηb (bottom right) distributions in the laboratory
frame. Spin effects are quite milder in this case and in general do not improve much the signal-
background separation. Signal and background in this case have similar distributions, in both
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Figure 8: The cos θℓℓ (top left), ∆ηℓ (top right), cos θbb̄ (bottom left), and ∆ηb (bottom right)
distributions for the signal tt̄H(H → bb̄) (red) and tt̄bb̄ background (green), with (solid) and
without (dashed) spin information, in the Lab frame. Same cuts as in Fig. 7 have been imposed.

correlated and uncorrelated cases. The advantage of employing a full spin-correlated analysis
in the Lab frame is quite modest.

Finally, in Fig. 9 we explore the boosted top regime, by imposing that the highest top pT
satisfies the cut pT > 250 GeV in the laboratory frame. In particular, we plot the cos θℓℓ distri-
butions for the signals tt̄H (H → γγ) (left) and tt̄H (H → bb̄) (right) with their corresponding
backgrounds tt̄γγ and tt̄bb̄, imposing the cuts pT > 20 GeV, |η| < 2.5 and ∆R > 0.4 on the
final state photons or b quarks (where b’s are not from top decays) in addition to the invariant
mass cut 123 GeV< mγγ < 129 GeV, and mbb̄ > 100 GeV, respectively. The left and right
plots in Fig. 9 should be compared with the top-left plots of Fig. 4 and Fig. 8, respectively.
Requiring a boosted top increases the lepton-pair angular separation in general. Then, in the
H → γγ, one obtains practically identical correlated and uncorrelated curves. There is instead
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∆ηℓ (top right), cos θbb̄ (bottom left) and ∆ηb (bottom right) distributions in the laboratory
frame. Spin effects are quite milder in this case and in general do not improve much the signal-
background separation. Signal and background in this case have similar distributions, in both
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Figure 8: The cos θℓℓ (top left), ∆ηℓ (top right), cos θbb̄ (bottom left), and ∆ηb (bottom right)
distributions for the signal tt̄H(H → bb̄) (red) and tt̄bb̄ background (green), with (solid) and
without (dashed) spin information, in the Lab frame. Same cuts as in Fig. 7 have been imposed.

correlated and uncorrelated cases. The advantage of employing a full spin-correlated analysis
in the Lab frame is quite modest.

Finally, in Fig. 9 we explore the boosted top regime, by imposing that the highest top pT
satisfies the cut pT > 250 GeV in the laboratory frame. In particular, we plot the cos θℓℓ distri-
butions for the signals tt̄H (H → γγ) (left) and tt̄H (H → bb̄) (right) with their corresponding
backgrounds tt̄γγ and tt̄bb̄, imposing the cuts pT > 20 GeV, |η| < 2.5 and ∆R > 0.4 on the
final state photons or b quarks (where b’s are not from top decays) in addition to the invariant
mass cut 123 GeV< mγγ < 129 GeV, and mbb̄ > 100 GeV, respectively. The left and right
plots in Fig. 9 should be compared with the top-left plots of Fig. 4 and Fig. 8, respectively.
Requiring a boosted top increases the lepton-pair angular separation in general. Then, in the
H → γγ, one obtains practically identical correlated and uncorrelated curves. There is instead
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 tt γγ :    S vs B     (Frame 1 and 2)
solid (dashed) lines (do not) include spin correlations
 red ➜ signal , green ➜ bckgr
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cosϑbb    in  tt γγ    (Frame 1 [~2])

not much gain  (almost flat distributions !)
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 Lab  frame  (does not need top reconstruction !)
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including γγ emission from tt decay products

extra emission from charged                 decay  products
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T > 20 GeV and pℓT > 10 GeV (3)

|ηb| < 4.7, |ηℓ| < 2.7 and |ηγ| < 2.5 (4)

∆R(bb, ℓℓ, γγ, b ℓ, bγ, ℓγ) > 0.4 (5)

123 GeV < mγγ < 129 GeV .
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⇒ℓν
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1 Introduction

At the LHC, top quarks are produced abundantly, mainly in pairs by gluon fusion. The top
quark mass has been measured to be 172.9 ± 0.6 ± 0.9 GeV/c2 [1] and the width of the top
quark is found to be Gt = 2.0+0.7

�0.6 GeV[1]. This implies a lifetime much shorter than the hadron-
ization time-scale, mt/L2

QCD. Therefore, the spin of the top quark at production is transferred
to its decay products and can be accessed by the distribution of angular observables. The study
of the spin correlation of the tt̄ pairs then become possible [2]. The investigation of spin corre-
lation in the tt̄ system probes the bare quark at production, and by this the top pair production
processes and perturbative QCD. At the LHC, for low invariant mass of the tt̄ pair, the produc-
tion is dominated by the fusion of like-helicity gluon pairs, resulting in top pairs with aligned
orientations ("" or ##) of top and anti-top spins. At higher invariant masses, the dominant
production switches to unlike-helicity gluons, producing tt̄ pairs in anti-aligned orientations
("# or #"), which give identical configurations than the ones produced by qq̄ annihilation at
the Tevatron [3]. In the dileptonic decay through tt̄ ! l+nl�n̄bb̄, the charged leptons are cor-
related in azimuthal angle (Dfl+ l�) in the laboratory frame [3] and can be measured precisely
by the LHC experiments without reconstructing the full event kinematics. CDF and D0 mea-
sured the strength of the tt̄ spin correlation to be in agreement with the standard model (SM)
expectation using template fit methods to angular distributions[4–6]. The ATLAS experiment
reported a measurement of the spin correlation using the Dfl+ l� distributions and found it to
be in agreement with next-to-leading order SM predictions [7].

This analysis uses data corresponding to an integrated luminosity of 5 fb�1 of proton-proton
collisions at

p
s = 7 TeV, provided by the LHC and recorded by the CMS detector [8]. The

measurement of the spin correlation in tt̄ events is compared to the SM expectation.

In addition to the measurement of the spin correlation coefficient, performed using the Dfl+ l�

distribution, we present the measurement of asymmetries related to the spin correlation.

The description of the data-sets and simulated samples is given in Sec. 2. The baseline event
selection is presented in Sec. 3. A short presentation of the data-driven techniques used to
estimate the background contamination can be found in Sec. 4, while the description of the
systematic effects are discussed in Sec. 5. The measurements are presented in Sec. 6, followed
by our conclusion in Sec. 7.

2 Simulation of signal and backgrounds

The tt̄ signal events are simulated with either MC@NLO [9] or POWHEG [10] Monte Carlo
(MC) packages. Four samples are produced with and without spin correlation through
MC@NLO. Parton showering and hadronization of the events is simulated by HERWIG6 for
MC@NLO and by PYTHIA [11] for POWHEG. The simulated tt̄ signal events produced with
and without spin correlation are processed with the fast detector simulation [12] (FastSim),
while all other simulated events are processed with the GEANT4-based [13] CMS detector
simulation (FullSim). All events are reconstructed using the same software as used for colli-
sion data. The samples processed with FastSim detector simulation are validated by compar-
ing distributions obtained from events processed with full detector simulation. The kinematic
variables of muons and electrons, and the invariant lepton pair masses, the missing transverse
energy and the b-tagging information are compatible within uncertainties. Some discrepancies
between FastSim and FullSim are observed on the multiplicity of selected jets. These differ-
ences are treated as a systematic uncertainty in the analysis.
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Warning

extra photon emission from ttbar decay products 
could eventually be suppressed by requiring
(mtop)  invariant mass reconstruction of 
the top system
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including γγ emission from tt decay products

 cosϑℓℓ  in  tt γγ  (Frame 1 and 2)
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differences from extra emission at   
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Figure 5: The cos θℓℓ distribution for the signal tt̄H(H → γγ) (red) and full γγ background
(including radiation from t,t̄ decay products, as defined in the text) (green), with (solid) and
without (dashed) spin information, in Frame 1 (left) and Frame 2 (right). The set of cuts listed
in Eq.(3-6) have been applied to both signal and background.

kinematic cuts are required for photon and b-jet isolation

p
b,γ1,2
T > 20 GeV and pℓT > 10 GeV (3)

|ηb| < 4.7, |ηℓ| < 2.7 and |ηγ| < 2.5 (4)

∆R(bb, ℓℓ, γγ, b ℓ, bγ, ℓγ) > 0.4 (5)

123 GeV < mγγ < 129 GeV . (6)

In Fig. 5 we show the effects of including both photon radiation from t,t̄ decay products and the
new set of kinematical cuts defined in Eq.(3-6) on signal and background. We show the cos θℓℓ
distributions in Frame-1 (left) and Frame-2 (right), to be compared to the ones not including
extra background radiation in Fig. 2. One can see that the cos θℓℓ distributions for signal
are basically unaffected by the new selection cuts, while in the background the extra photon
radiation tends to reduce the gap between the correlated and uncorrelated cos θℓℓ distributions.
In Frame-1 one gets an improvement by 14% in S/B.

In the Lab frame, Fig. 6 shows the cos θℓℓ (top left), ∆ηℓ (top right), cos θbb̄ (bottom left) and
∆ηb (bottom right) distributions including extra photon radiation and new selection cuts. One
can see that the effects of photon emission from the top decay products do not dramatically
affect the previous results where these contributions where ignored (cf. Fig. 4). Differences
are found mainly for low separations of lepton and b pairs (that is for cos θℓℓ, cos θbb̄ ∼ 1
and ∆ηℓ,∆ηb < 1), where the new set of cuts is more effective. In conclusion, we find that the
analysis of the cos θℓℓ distributions for the channel tt̄H(H → γγ) and its irreducible background
in a study that correctly takes into account spin-correlation effects could significantly help in
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distributions in Frame-1 (left) and Frame-2 (right), to be compared to the ones not including
extra background radiation in Fig. 2. One can see that the cos θℓℓ distributions for signal
are basically unaffected by the new selection cuts, while in the background the extra photon
radiation tends to reduce the gap between the correlated and uncorrelated cos θℓℓ distributions.
In Frame-1 one gets an improvement by 14% in S/B.

In the Lab frame, Fig. 6 shows the cos θℓℓ (top left), ∆ηℓ (top right), cos θbb̄ (bottom left) and
∆ηb (bottom right) distributions including extra photon radiation and new selection cuts. One
can see that the effects of photon emission from the top decay products do not dramatically
affect the previous results where these contributions where ignored (cf. Fig. 4). Differences
are found mainly for low separations of lepton and b pairs (that is for cos θℓℓ, cos θbb̄ ∼ 1
and ∆ηℓ,∆ηb < 1), where the new set of cuts is more effective. In conclusion, we find that the
analysis of the cos θℓℓ distributions for the channel tt̄H(H → γγ) and its irreducible background
in a study that correctly takes into account spin-correlation effects could significantly help in

9arXiv:1403.1790
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tt bb : cosϑℓℓ and cosϑbb in Frame 1 and 2
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tt bb : cosϑℓℓ and cosϑbb in Lab (Scorr and Bcorr get closer !)
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∆ηℓ (top right), cos θbb̄ (bottom left) and ∆ηb (bottom right) distributions in the laboratory
frame. Spin effects are quite milder in this case and in general do not improve much the signal-
background separation. Signal and background in this case have similar distributions, in both
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Figure 8: The cos θℓℓ (top left), ∆ηℓ (top right), cos θbb̄ (bottom left), and ∆ηb (bottom right)
distributions for the signal tt̄H(H → bb̄) (red) and tt̄bb̄ background (green), with (solid) and
without (dashed) spin information, in the Lab frame. Same cuts as in Fig. 7 have been imposed.

correlated and uncorrelated cases. The advantage of employing a full spin-correlated analysis
in the Lab frame is quite modest.

Finally, in Fig. 9 we explore the boosted top regime, by imposing that the highest top pT
satisfies the cut pT > 250 GeV in the laboratory frame. In particular, we plot the cos θℓℓ distri-
butions for the signals tt̄H (H → γγ) (left) and tt̄H (H → bb̄) (right) with their corresponding
backgrounds tt̄γγ and tt̄bb̄, imposing the cuts pT > 20 GeV, |η| < 2.5 and ∆R > 0.4 on the
final state photons or b quarks (where b’s are not from top decays) in addition to the invariant
mass cut 123 GeV< mγγ < 129 GeV, and mbb̄ > 100 GeV, respectively. The left and right
plots in Fig. 9 should be compared with the top-left plots of Fig. 4 and Fig. 8, respectively.
Requiring a boosted top increases the lepton-pair angular separation in general. Then, in the
H → γγ, one obtains practically identical correlated and uncorrelated curves. There is instead
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boosted tops (pT>250 GeV)

24

pt1T or pt2T > 250 GeV

tt̄γγ : uncor
tt̄γγ : corr

tt̄h(γγ) : uncor
tt̄h(γγ) : corrLab Frame

cos θℓℓ

1 N
d
N

d
c
o
s
θ
ℓ
ℓ

10.60.2-0.2-0.6-1

1.1

1

0.9

0.8

0.7

0.6

0.5

0.4

0.3

pt1T or pt2T > 250 GeV

tt̄bb̄ : uncor
tt̄bb̄ : corr

tt̄h(bb̄) : uncor
tt̄h(bb̄) : corrLab Frame

cos θℓℓ

1 N
d
N

d
c
o
s
θ
ℓ
ℓ

10.60.2-0.2-0.6-1

1.1

1

0.9

0.8

0.7

0.6

0.5

0.4

0.3

Figure 9: The cos θℓℓ distributions for the signals (red) tt̄H (H → γγ) (left) and tt̄H (H → bb̄)
(right) with their corresponding backgrounds (green) tt̄γγ and tt̄bb̄ in the Lab frame, after
demanding one highly-boosted top by imposing that the highest top pT satisfies the cut pT > 250
GeV. Same cuts as in Fig. 2 and 7 have been applied, respectively.

some advantage for the H → bb̄ signal, where the separation of cos θℓℓ distributions for signal
and background increases both in the correlated and uncorrelated case.

Summing up, as for the H → γγ signal, we can see that the most significant deviations be-
tween the correlated and uncorrelated analysis is observed in the cos θℓℓ distributions, evaluated
in Frame-1 and Frame-2. Hence, also for the H → bb̄ signal, an analysis taking into account
spin correlations in a suitable frame could significantly help in enhancing the S/B ratio with
respect to the uncorrelated analysis.

5 Conclusions

The top-quark polarization observables are quite powerful tools that can be used to enhance
the sensitivity to the dynamics involved in the top-production processes. The main purpose
of the present study was to investigate the advantages of taking into account the full tt̄ spin-
correlation effects in the measurement of the tt̄H process versus its irreducible backgrounds,
using a simplified framework (not including NLO QCD corrections and parton-shower effects).
We found that, for the two processes tt̄H (H → γγ) and tt̄H (H → bb̄), where irreducible
backgrounds are bound to have a dominant role when increasing the LHC data set at 14 TeV,
there are indeed angular variables defined in dedicated reference frames that sizably increase
the separation of signal and background, with a gain of about 15% in S/B. We conclude that
spin-correlation features in the tt̄H production should be definitely included in future analysis
of the process at high luminosities to enhance the signal sensitivity over the background.
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NLO effects vs spin correlations in ttH
 in ttH, spin correlations have much more dramatic 
effects on shapes than NLO QCD corrections 
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Fig. 45: Next-to-leading-order cross sections differential in pT(l+) (left panel) and in and cosφ (right panel) for
ttH events with or without spin correlation effects. For comparison, also the leading-order results without spin-
correlation effects are shown. Events were generated with AMC@NLO, then decayed with MADSPIN, and finally
passed to HERWIG for parton showering and hadronization.

distribution can easily be understood from the fact that the inclusion of the spin correlations is a unitary
procedure: a small change at low pT, where the cross section is large, needs to be compensated by a
larger (relative) effect at high pT.

It is interesting that spin correlations have a much more dramatic influence on the shape of these
distributions than NLO corrections: the leading order results fall directly on top of the NLO results for
these normalized distributions (both without spin correlations), as can be seen by comparing the dotted
blue and dash-dotted red curves. We can therefore conclude that preserving spin correlations is more
important than including NLO corrections for these observables. Naturally, the inclusion of both, as is
done here, is preferred: it retains the good features of a NLO calculation, i.e., reduced uncertainties due
to scale dependence (not shown), while keeping the correlations between the top-quark decay products.
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Fig. 46: Next-to-leading-order cross sections differential in pT(l+) (left panel) and in and cos(φ) (right panel) for
ttA events with or without spin-correlation effects. Events were generated with AMC@NLO, then decayed with
MADSPIN, and finally passed to HERWIG for parton showering and hadronization.

The results for the pseudoscalar Higgs boson are shown in Figure 46. The effects of the spin
correlations on the transverse momentum of the charged lepton are similar as in the case of a scalar
Higgs boson: about 10% at small pT, increasing to about 40% at pT = 200 GeV. On the other hand,
the cos(φ) does not show any significant effect from the spin-correlations. Therefore this observable
could possibly help in determining the CP nature of the Higgs boson, underlining the importance of the
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CP violations vs spin correlations in ttH

gives information on both 
magnitude and sign of
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Figure 1: The regions of the (t, ̃t) plane allowed by the analysis of [40] at the 68 and 95%
CL (solid and dotted red contours, respectively). Also shown for comparison is the region
discussed in [29] (solid black contour). Black dots represent the simulated model points.

We display in Fig. 1 the regions of the (t, ̃t) plane that are allowed at the 68, and 95%

CL according to the analysis of [40]. At the 68% CL, the allowed region is a crescent with

apex close to the Standard Model point (t, ̃t) = (1, 0), bounded by the solid red contour,

whereas at the 95% CL a complete annulus is allowed, bounded by the dotted red contour.

For convenience we define the CP violation phase in the t̄tH coupling by

⇣t ⌘ arctan
⇣ ̃t

t

⌘
. (4)

For comparison, we also display the (smaller) crescent discussed in [29, 38], bounded by the

solid black contour. As already mentioned, if one assumes the Standard Model value of

the electron-H coupling and there are no other important contributions to the EDM of the

electron de, the experimental upper limit on its value imposes |̃t| < 0.01. Here we consider

the capability of future LHC measurements to constrain t and ̃t directly, considering for

illustration the full crescent allowed by the analysis of [40] at the 68% CL.
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Model and the production cross section is sensitive to the deviation of the couplings from

the the Standard Model values. The dependences on these couplings of the cross section and

Higgs branching ratios as well as the search strategy have been studied in [36, 37] assuming

CP-conserving interactions.

The structure of this paper is as follows. In Section 2 we introduce the scalar and pseu-

doscalar H-top couplings t and ̃t and discuss the current indirect experimental constraints,

paying particular attention to those provided by LHC constraints on the H-gluon-gluon and

H-�-� couplings, taking their correlations into account [40]. Section 3 presents calculations

of the total cross sections for H production in association with t̄t, single t and single t̄. We

show that, within the region of the (t, ̃t) plane allowed at the 68% CL, the total cross sec-

tion for t̄tH production may be considerably smaller than in the Standard Model, whereas

the cross sections for tH and t̄H may be considerably larger. As we show in Section 4, the

t̄tH, tH and t̄H invariant mass distributions may also be very di↵erent from those expected

in the Standard Model. We proceed in Section 5 to discuss the possibilities for t polarization

measurements at the LHC.

Our results indicate that the LHC operating at 13/14 TeV may soon be able to provide

interesting direct constraints on t and ̃t, including direct constraints on CP violation in

the top sector.

2 Indirect Constraints on Top-Higgs Couplings

We write the top-H couplings in the form

Lt = �mt

v
(tt̄t+ i̃tt̄�5t)H , (1)

where v = 246 GeV is the conventional Higgs vacuum expectation value (v.e.v.) and t = 1

and ̃t = 0 in the Standard Model.

As observed in [29], the ̃t coupling makes an important contribution to the electric dipole

moment of the electron de via a two-loop diagram of the Barr-Zee type. Assuming that the

H coupling to the electron is the same as in the Standard Model, and that there are no other

significant contributions to de, the recent upper bound |de/e| < 8.7 ⇥ 10�29 cm [41] can be

used to set the indirect constraint |̃t| < 0.01. However, we note that there is no experimental

information on the electron-H coupling, that no direct information on this couplings is likely

to become available in the foreseeable future, and that there could in principle be other

contributions to de that might cancel the two-loop top contribution, e.g., in supersymmetric

models. We therefore seek bounds on t and ̃t that are less model-dependent.
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Figure 11: Left panel: The distributions in the angle ��`+`� between the leptons produced
in t and t̄ decay in t̄tH production, in the centre-of-mass of the t̄t system. We display the
distributions for ⇣t = arc tan(̃t/t) = 0 (in black), ±⇡/4 (in dotted red and blue) and ±⇡/2
(in solid red and blue). Right panel: the phase shift � as a function of ⇣t.

dependence of � on ⇣t can be very well fitted by the function � = 2⇣t � sin(2⇣t)/2.

6 Summary

We have shown in this paper that the cross sections and final-state distributions in t̄tH,

tH and t̃H production are sensitive to the ratio between the scalar and pseudoscalar top-

H couplings t and ̃t. In particular, the total cross section for t̄tH production decreases

significantly as the ratio ̃t/t increases within the ranges of values of these couplings that

are allowed by present data on the Hgg and H�� couplings. On the other hand, the total

cross sections for tH and t̃H production increase as the ratio ̃t/t increases.

We have also found that the invariant mass distributions for the three-body combinations

t̄tH, tHj and t̃Hj are sensitive to the ratio ̃t/t, becoming less peaked at small masses in

the t̄tH case and more peaked in the tHj and t̃Hj cases as the ratio ̃t/t increases. The

two-body invariant mass distributions also carry information about the top-H couplings.

Supplementary information on the ratio ̃t/t could be provided by angular distributions

in semileptonic t and t̄ decays. In particular, lepton decay angles from the top boost direction

could provide information on the magnitude of ̃t/t, and lepton decay angles against the

tHj (or t̄Hj) production plane provide information on the sign of ̃t/t. Information both
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Figure 10: Left panel: The distributions in the semileptonic decay angle ✓`? out of the tHj
plane for ⇣t = arc tan(̃t/t) = 0 (in black), ±⇡/4 (in dotted red and blue) and ±⇡/2 (in
solid red and blue). Right panel: the asymmetry perpendicular to the plane of tHj (t̄Hj)
production, Al?, as a function of ⇣t is indicated in red (blue): the shading represents an
estimate of the measurement error with 100/fb of integrated luminosity at 14 TeV.

5.2 Spin Correlation Measurements

We consider finally possible measurements of the t̄t spin correlation in t̄tH production. The

left panel of Fig. 11 shows the distribution in the angle ��`+`� between the two lepton

momenta projected onto the plane perpendicular to the t direction at the centre-of-mass

frame of the t̄t system. The sign of ��`+`� is defined as the sign of �!p t · (�!p `� ⇥�!p `+).6 As

previously, the distribution for the Standard Model case ⇣t = arc tan(̃t/t) = 0 is shown in

black, those for ⇣t = ±⇡/4 as dotted lines, and those for ±⇡/2 as solid lines (red and blue

for ⇣t >,< 0, respectively). We see that the distribution has the form

d�

d��`+`�
/ cos(��`+`� � �) + const. (8)

We see in the left panel of Fig. 11 that the phase shift � vanishes for the Standard Model

case ⇣t = 0, but takes non-zero values for ⇣t 6= 0, and we note that this phase shift is sensitive

to the sign of ⇣t. The right panel in Fig. 11 shows the value of � as a function of ⇣t. One

can see that the � varies from �⇡ to ⇡ as ⇣t varies from �⇡/2 to ⇡/2. We find that the

6 The ��`+`� variable is commonly used in the spin correlation measurement in the t̄t process [48, 49],
although ��`+`� is defined at the lab frame and its range is [0, ⇡]. In order to identify CP violation, it is
crucial to measure ��`+`� with respect to the top (or anti-top) axis in the range of [�⇡, ⇡].
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Figure 10: Left panel: The distributions in the semileptonic decay angle ✓`? out of the tHj
plane for ⇣t = arc tan(̃t/t) = 0 (in black), ±⇡/4 (in dotted red and blue) and ±⇡/2 (in
solid red and blue). Right panel: the asymmetry perpendicular to the plane of tHj (t̄Hj)
production, Al?, as a function of ⇣t is indicated in red (blue): the shading represents an
estimate of the measurement error with 100/fb of integrated luminosity at 14 TeV.

5.2 Spin Correlation Measurements

We consider finally possible measurements of the t̄t spin correlation in t̄tH production. The

left panel of Fig. 11 shows the distribution in the angle ��`+`� between the two lepton

momenta projected onto the plane perpendicular to the t direction at the centre-of-mass

frame of the t̄t system. The sign of ��`+`� is defined as the sign of �!p t · (�!p `� ⇥�!p `+).6 As

previously, the distribution for the Standard Model case ⇣t = arc tan(̃t/t) = 0 is shown in

black, those for ⇣t = ±⇡/4 as dotted lines, and those for ±⇡/2 as solid lines (red and blue

for ⇣t >,< 0, respectively). We see that the distribution has the form

d�

d��`+`�
/ cos(��`+`� � �) + const. (8)

We see in the left panel of Fig. 11 that the phase shift � vanishes for the Standard Model

case ⇣t = 0, but takes non-zero values for ⇣t 6= 0, and we note that this phase shift is sensitive

to the sign of ⇣t. The right panel in Fig. 11 shows the value of � as a function of ⇣t. One

can see that the � varies from �⇡ to ⇡ as ⇣t varies from �⇡/2 to ⇡/2. We find that the

6 The ��`+`� variable is commonly used in the spin correlation measurement in the t̄t process [48, 49],
although ��`+`� is defined at the lab frame and its range is [0, ⇡]. In order to identify CP violation, it is
crucial to measure ��`+`� with respect to the top (or anti-top) axis in the range of [�⇡, ⇡].
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Figure 1: The regions of the (t, ̃t) plane allowed by the analysis of [40] at the 68 and 95%
CL (solid and dotted red contours, respectively). Also shown for comparison is the region
discussed in [29] (solid black contour). Black dots represent the simulated model points.

We display in Fig. 1 the regions of the (t, ̃t) plane that are allowed at the 68, and 95%

CL according to the analysis of [40]. At the 68% CL, the allowed region is a crescent with

apex close to the Standard Model point (t, ̃t) = (1, 0), bounded by the solid red contour,

whereas at the 95% CL a complete annulus is allowed, bounded by the dotted red contour.

For convenience we define the CP violation phase in the t̄tH coupling by

⇣t ⌘ arctan
⇣ ̃t

t

⌘
. (4)

For comparison, we also display the (smaller) crescent discussed in [29, 38], bounded by the

solid black contour. As already mentioned, if one assumes the Standard Model value of

the electron-H coupling and there are no other important contributions to the EDM of the

electron de, the experimental upper limit on its value imposes |̃t| < 0.01. Here we consider

the capability of future LHC measurements to constrain t and ̃t directly, considering for

illustration the full crescent allowed by the analysis of [40] at the 68% CL.
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apex close to the Standard Model point (t, ̃t) = (1, 0), bounded by the solid red contour,

whereas at the 95% CL a complete annulus is allowed, bounded by the dotted red contour.

For convenience we define the CP violation phase in the t̄tH coupling by

⇣t ⌘ arctan
⇣ ̃t
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⌘
. (4)

For comparison, we also display the (smaller) crescent discussed in [29, 38], bounded by the

solid black contour. As already mentioned, if one assumes the Standard Model value of

the electron-H coupling and there are no other important contributions to the EDM of the

electron de, the experimental upper limit on its value imposes |̃t| < 0.01. Here we consider

the capability of future LHC measurements to constrain t and ̃t directly, considering for

illustration the full crescent allowed by the analysis of [40] at the 68% CL.
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Model and the production cross section is sensitive to the deviation of the couplings from

the the Standard Model values. The dependences on these couplings of the cross section and

Higgs branching ratios as well as the search strategy have been studied in [36, 37] assuming

CP-conserving interactions.

The structure of this paper is as follows. In Section 2 we introduce the scalar and pseu-

doscalar H-top couplings t and ̃t and discuss the current indirect experimental constraints,

paying particular attention to those provided by LHC constraints on the H-gluon-gluon and

H-�-� couplings, taking their correlations into account [40]. Section 3 presents calculations

of the total cross sections for H production in association with t̄t, single t and single t̄. We

show that, within the region of the (t, ̃t) plane allowed at the 68% CL, the total cross sec-

tion for t̄tH production may be considerably smaller than in the Standard Model, whereas

the cross sections for tH and t̄H may be considerably larger. As we show in Section 4, the

t̄tH, tH and t̄H invariant mass distributions may also be very di↵erent from those expected

in the Standard Model. We proceed in Section 5 to discuss the possibilities for t polarization

measurements at the LHC.

Our results indicate that the LHC operating at 13/14 TeV may soon be able to provide

interesting direct constraints on t and ̃t, including direct constraints on CP violation in

the top sector.

2 Indirect Constraints on Top-Higgs Couplings

We write the top-H couplings in the form

Lt = �mt

v
(tt̄t+ i̃tt̄�5t)H , (1)

where v = 246 GeV is the conventional Higgs vacuum expectation value (v.e.v.) and t = 1

and ̃t = 0 in the Standard Model.

As observed in [29], the ̃t coupling makes an important contribution to the electric dipole

moment of the electron de via a two-loop diagram of the Barr-Zee type. Assuming that the

H coupling to the electron is the same as in the Standard Model, and that there are no other

significant contributions to de, the recent upper bound |de/e| < 8.7 ⇥ 10�29 cm [41] can be

used to set the indirect constraint |̃t| < 0.01. However, we note that there is no experimental

information on the electron-H coupling, that no direct information on this couplings is likely

to become available in the foreseeable future, and that there could in principle be other

contributions to de that might cancel the two-loop top contribution, e.g., in supersymmetric

models. We therefore seek bounds on t and ̃t that are less model-dependent.
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Outlook 
ttbar Spin Correlations unique tool for studying interplay 
between EW and QCD physics in top physics
cleanest probe ➜ dilepton final states
(robust under higher orders and parton shower)
potential to probe New Physics effects in both tt and ttH 
we investigated the advantages of  including 
spin correlations in the analysis of ttH in channels 
ttH ➜ ttγγ,	
 ttbb  versus  irreducible bckgds 
(bound to become dominant for larger data sets at 14 TeV !)
we found angular variables that increase S/B by ~ 15 %
up to ~ 30 % in dedicated phase-space regions 
NLO QCD  and parton-shower effects to be included...

27

spin-correlation features should definitely be 
taken into account in high-luminosity studies of ttH !


