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In addition to the topics I’ll talk about
there are several other ideas we’re interested in

inf
lati

on
flavor

dark photons = very light Z’

alternatives to freeze-out DM

that I’d be happy to discuss



Using Higgs kinematic distributions to look for 
new physics



We’ve seen a Higgs boson!
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Figure 3: The diphoton invariant mass distribution with each event weighted by the S/(S+ B)
value of its category. The lines represent the fitted background and signal, and the coloured
bands represent the ±1 and ±2 standard deviation uncertainties in the background estimate.
The inset shows the central part of the unweighted invariant mass distribution.

Motivation



But nothing else



within the SM, all Higgs couplings 
completely determined

so measuring any deviation in any Higgs 
coupling is a sign of new physics

are functions of mf, mW, mZ, v, mH

etc.



currently describe deviations from SM in terms of μ 
= ‘signal strength’

but what’s a signal strength?    what assumptions are involved?



signal strength

   =   ℒ σ(pp → h) BR(h → X) A ε 

μ = 
ℒ σ(pp → h) BR(h → X) A ε 
ℒ σ(pp → h)SM BR(h → X)SM ASM ε 

# events 
in final state 

 X

form ratio:

only if we take the acceptances to be the same:
μ =  the ratio of σ × BRdoes:

interpretation requires assumption about NP



assuming SM acceptance, deviations from SM coupling 
values ≲ 0.1



Are we really restricted to deviations < 0.1?

No! vertices have a much more general structure

hWW:

g mW

⇣
f1(q

2)⇥µ� + f2(q
2) qµq� + f3(q

2)(p · q ⇥µ� � p�qµ) + f4(q
2)�µ�⇥⇤ p⇥q⇤

⌘

p
q

bounds so far come from only looking at the 
momentum-independent piece of f1

[Isidori, Manohar,Trott ‘13], 
[Isidori & Trott ’13], 

 [Ellis, Sanz, You ’13]



when we allow a more general structure:

1.) different contributions can cancel (or add).. so 
individual terms could be larger

2.) contributions can depend on the momenta 
involved in the process, so different effects in 

different kinematical regions (A    Asm)

signal strength alone is insufficient

6=



(H†H)(QH dc)

⇤2

(H† !DµH)(Q†�µQ)

⇤2

rescales SM coupling, or new 
vertices with more Higgses

changes EW couplings 
(bounded!), vertices with Higgs 

+ EW gauge bosons

parameterize these effects with EFT:  higher 
dimensional operators, suppressed by some scale Λ

operators can have a variety of effects, e.g.



(H†H)Wµ�W
µ�

�2

Q†
L H�µ⌫uR Gµ⌫

⇤2

extra derivatives  
 

 non-SM momentum 
dependence

different kinematics  
 

 different acceptance

o

bounds from μ are less clear:  
what are the effects? what’s allowed?



Ex 1:  Higgs + jet

3
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Figure 1. The Feynman diagrams shown above exemplify non-standard Higgs, tt̄, and tt̄h processes resulting from the
chromomagnetic dipole and Higgs-gluon operators studied in this paper. Diagrams (a) and (b) show contributions to
Higgs production from Higgs-gluon coupling (Eq. 3) and the chromomagnetic dipole (Eq. 4), respectively. Top pair
production is also a�ected by the Higgs-gluon kinetic coupling and chromomagnetic dipole as illustrated in (c) and
(d). Finally, new processes producing tt̄h shown in (e) and (f) include vertices with the Higgs coupled to a gluon –
these vertices lead to a larger number of tt̄h events with boosted Higgs bosons.

Here mt is the top mass.
Studies of pp ⇥ h, tt̄ and tt̄h production at the LHC set limits on OHG and Ohgt. As shown diagrammati-

cally in Fig. 1, a chromomagnetic dipole will a�ect all these final states, and the Higgs-gluon kinetic coupling
will alter h and tt̄h at tree level. Indeed, in order to study large yet viable couplings for these operators,
the contributions from these two operators to inclusive Higgs production must nearly cancel out1. In Fig. 2
we show the constraints imposed on (cHG, chgt) parameter space by LHC studies of pp ⇥ h, pp ⇥ tt̄, and
pp ⇥ tt̄h.
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Figure 2. Bounds on the dimension-6 chromomagnetic dipole moment and Higgs-gluon kinetic coupling are shown.
The blue bands show parameter space allowed assuming that Higgs final state production has been limited to 0.8 <
µh < 1.2. Twelve model points surveyed in this study are plotted, along with their predicted µtt̄h values. Notice that
the CMS combined limit of µtth < 4.4 at 95% does not constrain these operators more than measurements of the
pp ⇥ tt̄ cross section. Bounds on chgt are given with dashed lines, assuming at most a 30% deviation from the SM tt̄
expected rate, 0.7 < µtt̄ < 1.3. Note that the only di�erence between the 8 TeV and 14 TeV constraints plotted on
the left and right are the µtth values.

A combination of Higgs production studies from the ATLAS collaboration finds µh = 1.43±0.21 (1⇥) [21],
while the CMS combination finds µh = 0.87± 0.23 (1⇥) [22]. In Fig. 2 we shade blue parameter space in the
(chgt, cHG) plane that is consistent with a Higgs production of ±20% of the Standard Model expectation.
Note that this is the part of the parameter space where new Higgs production contributions of the two
dimension-6 operators cancel. The two bands correspond to the two di�erent solutions of the quadratic
equation that relates the coe⇤cients of the new physics operators to the total cross-section.

1 Had we included Oyu (Eq. (5)) the cancellation among new physics contributions to pp � h would involve cyu as well as
cHG and chgt. See Ref. [7].

if there are competing new physics 
effects such that 

 hGμνGμν ~ hGμνGμνSM,  

this happens in many composite Higgs/little Higgs 
theories!

 pp → h  will look just like SM 

[Banfi, AM, Sanz ’13],  
[Azatov & Paul ‘13],  
 [Grojean et al ‘13]



these models contain a top-quark partner TL,R = (3,1)-2/3

mixes with SM tR

• top-Higgs coupling changed from SM value 
• new colored fermion that couples to Higgs

t T

t
=

SM

effects compensate each other (provided only one top-partner)

} mixing angle 
θR



t T

t
=

SM

cos

2
(✓R) F

⇣ ŝ

4m2
t

⌘
+ sin

2
(✓R) F

⇣ ŝ

4M2
T

⌘

when ŝ = m²H ≪ 4 m²t, 4 M²T,  F ∼ F(0) = const.
effect of mixing vanishes

⇠
=

⇣
sin

2
(✓R) + cos

2
(✓R)

⌘
F (0)

don’t see the effects of the extra state



but: cancellation breaks breaks down once we include 
energetic radiation

q² q²

once ŝ ∼ q² ∼ 4m²t , F(ŝ/4m²t) ≠ F(0),   
h + jet becomes sensitive to θR

cos

2
(✓R) F

⇣ ŝ

4m2
t

⌘
+ sin

2
(✓R) F

⇣ ŝ

4M2
T

⌘
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Figure 4. (Left panel) di✏erential cross section d⌅/dpT at a
⇤
s = 8 TeV LHC for the SM (top

and bottom quarks) in blue, and including a top-partner. Three di✏erent top-partner masses are
shown, 600 GeV.1 TeV and 2 TeV and two di✏erent top-mixing angles sin2(⇥R) = 0.1, 0.4. (Right
panel) same spectra, zoomed in to the high-pT range 500 GeV � 1 TeV.

experimentally more tractable observable is the net Higgs plus jet cross section for all events
that satisfy a given pT cut, i.e.

⌅(pT > pcutT ) =

�

pcutT

dpT
d⌅

dpT
. (4.8)

Using ⌅(pT > pcutT ), we define a new variable �,

�(pcutT ,MT , sin ⇥) =
⌅t+T (pT > pcutT , µ,MT , sin ⇥)� ⌅t(pT > pcutT , µ)

⌅t(pT > pcutT , µ)
. (4.9)

which encapsulates the eect of a top-partner in the cross section. Here, ⌅t+T is the
cross-section in a theory with a top-partner of a given mass and mixing angle, while ⌅t
is the cross-section for the SM. In Fig. 5 we show the value of � as a function of pcutT for
dierent values of MT and the mixing angle. Obviously, the eect increases with the top-
mixing angle. As in the dierential distributions, heavier top-partners lead to a harder pT
spectrum, but the eect � is negligible until pT > MT . To generate this plot, we have taken
µR = µF = µ = 1

2(pT +
⇥
p2T +m2

h) and
⇤
s = 8 TeV.

While gluon-initiated subprocess dominate pp ⇥ h+j for low pT , it is interesting to see
how the breakdown of the cross section into partonic subprocesses changes as we increase
the pT . In Fig. 6 we plot the ratio

d⌅i
dpT

/
d⌅tot
dpT

, i = gg, gq + q̄g, orqq̄ (4.10)

in the SM and in the theory with a 1 TeV top-partner (here, d�tot
dpT

is the dierential dis-
tribution including all channels in the respective theory). The dominant cross section

– 11 –

SM

[Banfi, AM, Sanz 1308.4771]

so, Higgs + jet can reveal new physics that gg → h misses
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Figure 8. � as a function of pcutT for di⌃erent values of MT and the mixing angle for
⇥
s = 14 TeV.

jet. The topology we are looking at, with a Higgs recoiling against a high-pT jet tends
to produce very central events. This is just because at high pT there is not enough phase
space to produce high rapidity jets. Indeed, our Herwig implementation, in which we have
integrated over all rapidities, is in agreement with MCFM with a cut |⇥| < 5. We have
checked in MCFM that moving the cut on jet rapidity from |⇥| < 5 to |⇥| < 2.5, which
corresponds to the acceptance of the CMS and ATLAS central trackers, does not alter our
results.

5 Stability against higher order corrections and experimental uncertain-
ties

In Sec. 4 we discussed the stability of the results when changing the renormalization scale
and PDF sets, finding that the e⌧ect is at the percent level. In this section we will focus
on the e⌧ect of adding higher order corrections and experimental uncertainties.

Currently, there is no available computation of Higgs plus jet at next-to-leading order
(NLO) including finite mass e⌧ects6. This calculation is beyond the scope of this paper,
but given its importance for constraining new physics, one would hope that it becomes
available in the near future. Given this situation, the best one can do is to evaluate the
NLO e⌧ects, di⌧erentially, in the infinite top mass limit. We have evaluated the K-factor,
the LO and NLO Higgs plus jets using MCFM [38] in the infinite top mass limit in the
di⌧erential distribution d⌅/dpT . The K-factor is rather flat (roughly O(2)) as a function of
pT for µ =

�
p2T +m2

H , but has a slope for µ = mH .
We expect the higher order corrections to produce changes in shape once the finite

mass e⌧ects are taken into account. Nevertheless, as our observable is an integrated cross
6In fact, there exists a calculation of Higgs plus one jet at NLO, but contains only top-mass e✏ects in

the heavy-top limit up to 1/mt corrections, so it can be used only at moderately low pT [44].

– 14 –

δ = how many 
Higgses with  

pT > pT,cut  
compared to SM



Ex. 2: chromomagnetic dipole for heavy quarks

yb Q
†
L H�µ⌫bR Gµ⌫

⇤2

‘chromo-magnetic moment’ 
operator.. new 4-point vertex 

between b b ̅, H and G

5

(a) (b)

Figure 3. Two s-channel processes demonstrate how the chromomagnetic dipole operator shifts Higgs pT to higher
values in tt̄h events. The first (a) is a Standard Model process, which has an internal top propagator (indicated by
an arrow) that is proportional to a factor of � 1/P (where P is the 4-momentum of the top and Higgs) as compared
to the new physics process (b) which creates tt̄h at a single vertex with strength proportional to (ph + pt + pt̄).

in parameter space are marked with stars in Fig. 2. Much of our analysis focuses on these points in param-
eter space, though a wider set of parameters will be studied in Sec. V. These points are an ideal training
ground for a targeted new-physics search strategy because their predicted tt̄h and Higgs production rates at⇤
s = 8 TeV and

⇤
s = 14 TeV are nearly the same as those expected for the Standard Model despite the

fact that cHG, chgt ⇥= 0. While the total pp � h and pp � tt̄h cross sections for these points are SM-like, the
pT distributions of the Higgs bosons is not, as shown in Fig. 4. Accompanying this shift in the Higgs pT is
a shift in the angular distributions of the t, t̄ and h, which we show in the lower panels of Fig. 4. A highly
boosted Higgs could be balanced by just one of the tops, or the Higgs could recoil against the tt̄ pair. The
former configuration would be characterized by an imbalance in the two top momenta, while the latter is
characterized by a decrease in the top and anti-top separation. The angular distributions in Fig. 4 indicate
the latter scenario – energetic Higgses recoiling against the top pair – is more prevalent in the presence of
cHG and chgt.

IV. FERRETING OUT HIGH pT HIGGS IN SAME SIGN AND TRILEPTON tt̄h EVENTS

In order to discriminate new top-Higgs distributions from Standard Model tt̄h events, we design and
implement new variables aimed at the kinematic features in Fig. 4 – namely that momentum-dependent new
physics leads to a higher fraction of events with a high-pT Higgs recoiling against the top anti-top system. To
exploit the di�erences shown in Fig. 4 , we must first recast the physics of these pT and angular distributions
in terms of objects actually identified in the detector, i.e. jets, leptons, and missing energy. To do this, we
need to specify the parton-level final state, which depends on how the Higgs, top, and anti-top decay.

We will focus primarily on tt̄h final states containing two or more leptons and at least one pair of same-
sign leptons (SSDL). A separate discussion about the possibilities to study boosted Higgses in tt̄h, h � ��
events will be presented later, in Sec. VI. We do not study the possibilities for fermionic Higgs decays
(h � b̄b, h � ⇤+⇤�), modes that are often used in jet-substructure based studies of boosted Higgses, both
in the SM [27, 28] and beyond [29], leaving these for future work.

The CMS collaboration has searched for tt̄h events with at least two same charge isolated leptons, one
or more b-jets passing the medium CSV working point, at least four hadronic jets [30], and placed a 95%
confidence bound of µtt̄h < 6.4. For studies like this, cuts are made to find Higgs bosons that decay through
electroweak bosons to at least one lepton (h � WW ⇥/ZZ⇥ � �+X) that are produced alongside a leptonic
top or anti-top decay. The requirement of at least two same sign (same charge) leptons tends to exclude
electroweak boson backgrounds such as W±/Z+jets and tt̄. The dominant backgrounds to same-sign lepton
tt̄h events come from tt̄W±+jets (irreducible) and tt̄+jets with one of the jets in the event faking a lepton.

With these preliminaries in mind, an obvious first place to look for high-pT Higgs is in the pT distributions
of the Higgs decay products. For the same-sign dilepton and trilepton final states of interest here, we
therefore look at the scalar sum over final state lepton transverse momenta,

LpT =
�

isolated leptons

p⌅T . (8)

In addition to being a proxy for a boosted Higgs, LpT is a clean variable and does not require reconstructing
the Higgs or top/anti-top. Reconstructing these heavy particles out of detector-level jets and leptons might
get us closer to the distributions of Fig. 4, but this procedure is fraught with combinatorial error. In
addition to the O(10) final state particles coming from the full tt̄h decay, reconstruction must contend with
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Figure 3. Two s-channel processes demonstrate how the chromomagnetic dipole operator shifts Higgs pT to higher
values in tt̄h events. The first (a) is a Standard Model process, which has an internal top propagator (indicated by
an arrow) that is proportional to a factor of � 1/P (where P is the 4-momentum of the top and Higgs) as compared
to the new physics process (b) which creates tt̄h at a single vertex with strength proportional to (ph + pt + pt̄).

in parameter space are marked with stars in Fig. 2. Much of our analysis focuses on these points in param-
eter space, though a wider set of parameters will be studied in Sec. V. These points are an ideal training
ground for a targeted new-physics search strategy because their predicted tt̄h and Higgs production rates at⇤
s = 8 TeV and

⇤
s = 14 TeV are nearly the same as those expected for the Standard Model despite the

fact that cHG, chgt ⇥= 0. While the total pp � h and pp � tt̄h cross sections for these points are SM-like, the
pT distributions of the Higgs bosons is not, as shown in Fig. 4. Accompanying this shift in the Higgs pT is
a shift in the angular distributions of the t, t̄ and h, which we show in the lower panels of Fig. 4. A highly
boosted Higgs could be balanced by just one of the tops, or the Higgs could recoil against the tt̄ pair. The
former configuration would be characterized by an imbalance in the two top momenta, while the latter is
characterized by a decrease in the top and anti-top separation. The angular distributions in Fig. 4 indicate
the latter scenario – energetic Higgses recoiling against the top pair – is more prevalent in the presence of
cHG and chgt.

IV. FERRETING OUT HIGH pT HIGGS IN SAME SIGN AND TRILEPTON tt̄h EVENTS

In order to discriminate new top-Higgs distributions from Standard Model tt̄h events, we design and
implement new variables aimed at the kinematic features in Fig. 4 – namely that momentum-dependent new
physics leads to a higher fraction of events with a high-pT Higgs recoiling against the top anti-top system. To
exploit the di�erences shown in Fig. 4 , we must first recast the physics of these pT and angular distributions
in terms of objects actually identified in the detector, i.e. jets, leptons, and missing energy. To do this, we
need to specify the parton-level final state, which depends on how the Higgs, top, and anti-top decay.

We will focus primarily on tt̄h final states containing two or more leptons and at least one pair of same-
sign leptons (SSDL). A separate discussion about the possibilities to study boosted Higgses in tt̄h, h � ��
events will be presented later, in Sec. VI. We do not study the possibilities for fermionic Higgs decays
(h � b̄b, h � ⇤+⇤�), modes that are often used in jet-substructure based studies of boosted Higgses, both
in the SM [27, 28] and beyond [29], leaving these for future work.

The CMS collaboration has searched for tt̄h events with at least two same charge isolated leptons, one
or more b-jets passing the medium CSV working point, at least four hadronic jets [30], and placed a 95%
confidence bound of µtt̄h < 6.4. For studies like this, cuts are made to find Higgs bosons that decay through
electroweak bosons to at least one lepton (h � WW ⇥/ZZ⇥ � �+X) that are produced alongside a leptonic
top or anti-top decay. The requirement of at least two same sign (same charge) leptons tends to exclude
electroweak boson backgrounds such as W±/Z+jets and tt̄. The dominant backgrounds to same-sign lepton
tt̄h events come from tt̄W±+jets (irreducible) and tt̄+jets with one of the jets in the event faking a lepton.

With these preliminaries in mind, an obvious first place to look for high-pT Higgs is in the pT distributions
of the Higgs decay products. For the same-sign dilepton and trilepton final states of interest here, we
therefore look at the scalar sum over final state lepton transverse momenta,

LpT =
�

isolated leptons

p⌅T . (8)

In addition to being a proxy for a boosted Higgs, LpT is a clean variable and does not require reconstructing
the Higgs or top/anti-top. Reconstructing these heavy particles out of detector-level jets and leptons might
get us closer to the distributions of Fig. 4, but this procedure is fraught with combinatorial error. In
addition to the O(10) final state particles coming from the full tt̄h decay, reconstruction must contend with
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Figure 3. Two s-channel processes demonstrate how the chromomagnetic dipole operator shifts Higgs pT to higher
values in tt̄h events. The first (a) is a Standard Model process, which has an internal top propagator (indicated by
an arrow) that is proportional to a factor of � 1/P (where P is the 4-momentum of the top and Higgs) as compared
to the new physics process (b) which creates tt̄h at a single vertex with strength proportional to (ph + pt + pt̄).

in parameter space are marked with stars in Fig. 2. Much of our analysis focuses on these points in param-
eter space, though a wider set of parameters will be studied in Sec. V. These points are an ideal training
ground for a targeted new-physics search strategy because their predicted tt̄h and Higgs production rates at⇤
s = 8 TeV and

⇤
s = 14 TeV are nearly the same as those expected for the Standard Model despite the

fact that cHG, chgt ⇥= 0. While the total pp � h and pp � tt̄h cross sections for these points are SM-like, the
pT distributions of the Higgs bosons is not, as shown in Fig. 4. Accompanying this shift in the Higgs pT is
a shift in the angular distributions of the t, t̄ and h, which we show in the lower panels of Fig. 4. A highly
boosted Higgs could be balanced by just one of the tops, or the Higgs could recoil against the tt̄ pair. The
former configuration would be characterized by an imbalance in the two top momenta, while the latter is
characterized by a decrease in the top and anti-top separation. The angular distributions in Fig. 4 indicate
the latter scenario – energetic Higgses recoiling against the top pair – is more prevalent in the presence of
cHG and chgt.

IV. FERRETING OUT HIGH pT HIGGS IN SAME SIGN AND TRILEPTON tt̄h EVENTS

In order to discriminate new top-Higgs distributions from Standard Model tt̄h events, we design and
implement new variables aimed at the kinematic features in Fig. 4 – namely that momentum-dependent new
physics leads to a higher fraction of events with a high-pT Higgs recoiling against the top anti-top system. To
exploit the di�erences shown in Fig. 4 , we must first recast the physics of these pT and angular distributions
in terms of objects actually identified in the detector, i.e. jets, leptons, and missing energy. To do this, we
need to specify the parton-level final state, which depends on how the Higgs, top, and anti-top decay.

We will focus primarily on tt̄h final states containing two or more leptons and at least one pair of same-
sign leptons (SSDL). A separate discussion about the possibilities to study boosted Higgses in tt̄h, h � ��
events will be presented later, in Sec. VI. We do not study the possibilities for fermionic Higgs decays
(h � b̄b, h � ⇤+⇤�), modes that are often used in jet-substructure based studies of boosted Higgses, both
in the SM [27, 28] and beyond [29], leaving these for future work.

The CMS collaboration has searched for tt̄h events with at least two same charge isolated leptons, one
or more b-jets passing the medium CSV working point, at least four hadronic jets [30], and placed a 95%
confidence bound of µtt̄h < 6.4. For studies like this, cuts are made to find Higgs bosons that decay through
electroweak bosons to at least one lepton (h � WW ⇥/ZZ⇥ � �+X) that are produced alongside a leptonic
top or anti-top decay. The requirement of at least two same sign (same charge) leptons tends to exclude
electroweak boson backgrounds such as W±/Z+jets and tt̄. The dominant backgrounds to same-sign lepton
tt̄h events come from tt̄W±+jets (irreducible) and tt̄+jets with one of the jets in the event faking a lepton.

With these preliminaries in mind, an obvious first place to look for high-pT Higgs is in the pT distributions
of the Higgs decay products. For the same-sign dilepton and trilepton final states of interest here, we
therefore look at the scalar sum over final state lepton transverse momenta,

LpT =
�

isolated leptons

p⌅T . (8)

In addition to being a proxy for a boosted Higgs, LpT is a clean variable and does not require reconstructing
the Higgs or top/anti-top. Reconstructing these heavy particles out of detector-level jets and leptons might
get us closer to the distributions of Fig. 4, but this procedure is fraught with combinatorial error. In
addition to the O(10) final state particles coming from the full tt̄h decay, reconstruction must contend with
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Figure 1. The Feynman diagrams shown above exemplify non-standard Higgs, tt̄, and tt̄h processes resulting from the
chromomagnetic dipole and Higgs-gluon operators studied in this paper. Diagrams (a) and (b) show contributions to
Higgs production from Higgs-gluon coupling (Eq. 3) and the chromomagnetic dipole (Eq. 4), respectively. Top pair
production is also a�ected by the Higgs-gluon kinetic coupling and chromomagnetic dipole as illustrated in (c) and
(d). Finally, new processes producing tt̄h shown in (e) and (f) include vertices with the Higgs coupled to a gluon –
these vertices lead to a larger number of tt̄h events with boosted Higgs bosons.

Here mt is the top mass.
Studies of pp ⇥ h, tt̄ and tt̄h production at the LHC set limits on OHG and Ohgt. As shown diagrammati-

cally in Fig. 1, a chromomagnetic dipole will a�ect all these final states, and the Higgs-gluon kinetic coupling
will alter h and tt̄h at tree level. Indeed, in order to study large yet viable couplings for these operators,
the contributions from these two operators to inclusive Higgs production must nearly cancel out1. In Fig. 2
we show the constraints imposed on (cHG, chgt) parameter space by LHC studies of pp ⇥ h, pp ⇥ tt̄, and
pp ⇥ tt̄h.
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Figure 2. Bounds on the dimension-6 chromomagnetic dipole moment and Higgs-gluon kinetic coupling are shown.
The blue bands show parameter space allowed assuming that Higgs final state production has been limited to 0.8 <
µh < 1.2. Twelve model points surveyed in this study are plotted, along with their predicted µtt̄h values. Notice that
the CMS combined limit of µtth < 4.4 at 95% does not constrain these operators more than measurements of the
pp ⇥ tt̄ cross section. Bounds on chgt are given with dashed lines, assuming at most a 30% deviation from the SM tt̄
expected rate, 0.7 < µtt̄ < 1.3. Note that the only di�erence between the 8 TeV and 14 TeV constraints plotted on
the left and right are the µtth values.

A combination of Higgs production studies from the ATLAS collaboration finds µh = 1.43±0.21 (1⇥) [21],
while the CMS combination finds µh = 0.87± 0.23 (1⇥) [22]. In Fig. 2 we shade blue parameter space in the
(chgt, cHG) plane that is consistent with a Higgs production of ±20% of the Standard Model expectation.
Note that this is the part of the parameter space where new Higgs production contributions of the two
dimension-6 operators cancel. The two bands correspond to the two di�erent solutions of the quadratic
equation that relates the coe⇤cients of the new physics operators to the total cross-section.

1 Had we included Oyu (Eq. (5)) the cancellation among new physics contributions to pp � h would involve cyu as well as
cHG and chgt. See Ref. [7].
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Figure 1. The Feynman diagrams shown above exemplify non-standard Higgs, tt̄, and tt̄h processes resulting from the
chromomagnetic dipole and Higgs-gluon operators studied in this paper. Diagrams (a) and (b) show contributions to
Higgs production from Higgs-gluon coupling (Eq. 3) and the chromomagnetic dipole (Eq. 4), respectively. Top pair
production is also a�ected by the Higgs-gluon kinetic coupling and chromomagnetic dipole as illustrated in (c) and
(d). Finally, new processes producing tt̄h shown in (e) and (f) include vertices with the Higgs coupled to a gluon –
these vertices lead to a larger number of tt̄h events with boosted Higgs bosons.

Here mt is the top mass.
Studies of pp ⇥ h, tt̄ and tt̄h production at the LHC set limits on OHG and Ohgt. As shown diagrammati-

cally in Fig. 1, a chromomagnetic dipole will a�ect all these final states, and the Higgs-gluon kinetic coupling
will alter h and tt̄h at tree level. Indeed, in order to study large yet viable couplings for these operators,
the contributions from these two operators to inclusive Higgs production must nearly cancel out1. In Fig. 2
we show the constraints imposed on (cHG, chgt) parameter space by LHC studies of pp ⇥ h, pp ⇥ tt̄, and
pp ⇥ tt̄h.

⇥t t h ⇤ 1, 0.7, 0.7, 0.9, 1.3, 2.1

⇥t t ⇥ 1.3
⇥t t h ⇤ 1, 0.8, 0.8, 1, 1.5, 2.3

⇥t t � 0.7 8 TeV

⇤

�1.0 �0.5 0.0 0.5 1.0
�0.4

�0.3

�0.2

�0.1

0.0

0.1

0.2

Chromomagnetic dipole coupling, chgt

H
ig
gs
�
gl
uo
n
co
up
lin
g,
c H
G

⇥t t h ⇤ 1.5, 0.9, 0.7, 0.9, 1.4, 2.5

⇥t t ⇥ 1.3
⇥t t h ⇤ 1.5, 1, 0.8, 1, 1.6, 2.8

⇥t t � 0.7 14 TeV

⇤

�1.0 �0.5 0.0 0.5 1.0
�0.4

�0.3

�0.2

�0.1

0.0

0.1

0.2

Chromomagnetic dipole coupling, chgt

H
ig
gs
�
gl
uo
n
co
up
lin
g,
c H
G

Figure 2. Bounds on the dimension-6 chromomagnetic dipole moment and Higgs-gluon kinetic coupling are shown.
The blue bands show parameter space allowed assuming that Higgs final state production has been limited to 0.8 <
µh < 1.2. Twelve model points surveyed in this study are plotted, along with their predicted µtt̄h values. Notice that
the CMS combined limit of µtth < 4.4 at 95% does not constrain these operators more than measurements of the
pp ⇥ tt̄ cross section. Bounds on chgt are given with dashed lines, assuming at most a 30% deviation from the SM tt̄
expected rate, 0.7 < µtt̄ < 1.3. Note that the only di�erence between the 8 TeV and 14 TeV constraints plotted on
the left and right are the µtth values.

A combination of Higgs production studies from the ATLAS collaboration finds µh = 1.43±0.21 (1⇥) [21],
while the CMS combination finds µh = 0.87± 0.23 (1⇥) [22]. In Fig. 2 we shade blue parameter space in the
(chgt, cHG) plane that is consistent with a Higgs production of ±20% of the Standard Model expectation.
Note that this is the part of the parameter space where new Higgs production contributions of the two
dimension-6 operators cancel. The two bands correspond to the two di�erent solutions of the quadratic
equation that relates the coe⇤cients of the new physics operators to the total cross-section.

1 Had we included Oyu (Eq. (5)) the cancellation among new physics contributions to pp � h would involve cyu as well as
cHG and chgt. See Ref. [7].
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Figure 1. The Feynman diagrams shown above exemplify non-standard Higgs, tt̄, and tt̄h processes resulting from the
chromomagnetic dipole and Higgs-gluon operators studied in this paper. Diagrams (a) and (b) show contributions to
Higgs production from Higgs-gluon coupling (Eq. 3) and the chromomagnetic dipole (Eq. 4), respectively. Top pair
production is also a�ected by the Higgs-gluon kinetic coupling and chromomagnetic dipole as illustrated in (c) and
(d). Finally, new processes producing tt̄h shown in (e) and (f) include vertices with the Higgs coupled to a gluon –
these vertices lead to a larger number of tt̄h events with boosted Higgs bosons.

Here mt is the top mass.
Studies of pp ⇥ h, tt̄ and tt̄h production at the LHC set limits on OHG and Ohgt. As shown diagrammati-

cally in Fig. 1, a chromomagnetic dipole will a�ect all these final states, and the Higgs-gluon kinetic coupling
will alter h and tt̄h at tree level. Indeed, in order to study large yet viable couplings for these operators,
the contributions from these two operators to inclusive Higgs production must nearly cancel out1. In Fig. 2
we show the constraints imposed on (cHG, chgt) parameter space by LHC studies of pp ⇥ h, pp ⇥ tt̄, and
pp ⇥ tt̄h.

⇥t t h ⇤ 1, 0.7, 0.7, 0.9, 1.3, 2.1

⇥t t ⇥ 1.3
⇥t t h ⇤ 1, 0.8, 0.8, 1, 1.5, 2.3

⇥t t � 0.7 8 TeV

⇤

�1.0 �0.5 0.0 0.5 1.0
�0.4

�0.3

�0.2

�0.1

0.0

0.1

0.2

Chromomagnetic dipole coupling, chgt

H
ig
gs
�
gl
uo
n
co
up
lin
g,
c H
G

⇥t t h ⇤ 1.5, 0.9, 0.7, 0.9, 1.4, 2.5

⇥t t ⇥ 1.3
⇥t t h ⇤ 1.5, 1, 0.8, 1, 1.6, 2.8

⇥t t � 0.7 14 TeV

⇤

�1.0 �0.5 0.0 0.5 1.0
�0.4

�0.3

�0.2

�0.1

0.0

0.1

0.2

Chromomagnetic dipole coupling, chgt

H
ig
gs
�
gl
uo
n
co
up
lin
g,
c H
G

Figure 2. Bounds on the dimension-6 chromomagnetic dipole moment and Higgs-gluon kinetic coupling are shown.
The blue bands show parameter space allowed assuming that Higgs final state production has been limited to 0.8 <
µh < 1.2. Twelve model points surveyed in this study are plotted, along with their predicted µtt̄h values. Notice that
the CMS combined limit of µtth < 4.4 at 95% does not constrain these operators more than measurements of the
pp ⇥ tt̄ cross section. Bounds on chgt are given with dashed lines, assuming at most a 30% deviation from the SM tt̄
expected rate, 0.7 < µtt̄ < 1.3. Note that the only di�erence between the 8 TeV and 14 TeV constraints plotted on
the left and right are the µtth values.

A combination of Higgs production studies from the ATLAS collaboration finds µh = 1.43±0.21 (1⇥) [21],
while the CMS combination finds µh = 0.87± 0.23 (1⇥) [22]. In Fig. 2 we shade blue parameter space in the
(chgt, cHG) plane that is consistent with a Higgs production of ±20% of the Standard Model expectation.
Note that this is the part of the parameter space where new Higgs production contributions of the two
dimension-6 operators cancel. The two bands correspond to the two di�erent solutions of the quadratic
equation that relates the coe⇤cients of the new physics operators to the total cross-section.

1 Had we included Oyu (Eq. (5)) the cancellation among new physics contributions to pp � h would involve cyu as well as
cHG and chgt. See Ref. [7].
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Figure 1. The Feynman diagrams shown above exemplify non-standard Higgs, tt̄, and tt̄h processes resulting from the
chromomagnetic dipole and Higgs-gluon operators studied in this paper. Diagrams (a) and (b) show contributions to
Higgs production from Higgs-gluon coupling (Eq. 3) and the chromomagnetic dipole (Eq. 4), respectively. Top pair
production is also a�ected by the Higgs-gluon kinetic coupling and chromomagnetic dipole as illustrated in (c) and
(d). Finally, new processes producing tt̄h shown in (e) and (f) include vertices with the Higgs coupled to a gluon –
these vertices lead to a larger number of tt̄h events with boosted Higgs bosons.

Here mt is the top mass.
Studies of pp ⇥ h, tt̄ and tt̄h production at the LHC set limits on OHG and Ohgt. As shown diagrammati-

cally in Fig. 1, a chromomagnetic dipole will a�ect all these final states, and the Higgs-gluon kinetic coupling
will alter h and tt̄h at tree level. Indeed, in order to study large yet viable couplings for these operators,
the contributions from these two operators to inclusive Higgs production must nearly cancel out1. In Fig. 2
we show the constraints imposed on (cHG, chgt) parameter space by LHC studies of pp ⇥ h, pp ⇥ tt̄, and
pp ⇥ tt̄h.
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Figure 2. Bounds on the dimension-6 chromomagnetic dipole moment and Higgs-gluon kinetic coupling are shown.
The blue bands show parameter space allowed assuming that Higgs final state production has been limited to 0.8 <
µh < 1.2. Twelve model points surveyed in this study are plotted, along with their predicted µtt̄h values. Notice that
the CMS combined limit of µtth < 4.4 at 95% does not constrain these operators more than measurements of the
pp ⇥ tt̄ cross section. Bounds on chgt are given with dashed lines, assuming at most a 30% deviation from the SM tt̄
expected rate, 0.7 < µtt̄ < 1.3. Note that the only di�erence between the 8 TeV and 14 TeV constraints plotted on
the left and right are the µtth values.

A combination of Higgs production studies from the ATLAS collaboration finds µh = 1.43±0.21 (1⇥) [21],
while the CMS combination finds µh = 0.87± 0.23 (1⇥) [22]. In Fig. 2 we shade blue parameter space in the
(chgt, cHG) plane that is consistent with a Higgs production of ±20% of the Standard Model expectation.
Note that this is the part of the parameter space where new Higgs production contributions of the two
dimension-6 operators cancel. The two bands correspond to the two di�erent solutions of the quadratic
equation that relates the coe⇤cients of the new physics operators to the total cross-section.

1 Had we included Oyu (Eq. (5)) the cancellation among new physics contributions to pp � h would involve cyu as well as
cHG and chgt. See Ref. [7].
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Figure 1. The Feynman diagrams shown above exemplify non-standard Higgs, tt̄, and tt̄h processes resulting from the
chromomagnetic dipole and Higgs-gluon operators studied in this paper. Diagrams (a) and (b) show contributions to
Higgs production from Higgs-gluon coupling (Eq. 3) and the chromomagnetic dipole (Eq. 4), respectively. Top pair
production is also a�ected by the Higgs-gluon kinetic coupling and chromomagnetic dipole as illustrated in (c) and
(d). Finally, new processes producing tt̄h shown in (e) and (f) include vertices with the Higgs coupled to a gluon –
these vertices lead to a larger number of tt̄h events with boosted Higgs bosons.

Here mt is the top mass.
Studies of pp ⇥ h, tt̄ and tt̄h production at the LHC set limits on OHG and Ohgt. As shown diagrammati-

cally in Fig. 1, a chromomagnetic dipole will a�ect all these final states, and the Higgs-gluon kinetic coupling
will alter h and tt̄h at tree level. Indeed, in order to study large yet viable couplings for these operators,
the contributions from these two operators to inclusive Higgs production must nearly cancel out1. In Fig. 2
we show the constraints imposed on (cHG, chgt) parameter space by LHC studies of pp ⇥ h, pp ⇥ tt̄, and
pp ⇥ tt̄h.
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Figure 2. Bounds on the dimension-6 chromomagnetic dipole moment and Higgs-gluon kinetic coupling are shown.
The blue bands show parameter space allowed assuming that Higgs final state production has been limited to 0.8 <
µh < 1.2. Twelve model points surveyed in this study are plotted, along with their predicted µtt̄h values. Notice that
the CMS combined limit of µtth < 4.4 at 95% does not constrain these operators more than measurements of the
pp ⇥ tt̄ cross section. Bounds on chgt are given with dashed lines, assuming at most a 30% deviation from the SM tt̄
expected rate, 0.7 < µtt̄ < 1.3. Note that the only di�erence between the 8 TeV and 14 TeV constraints plotted on
the left and right are the µtth values.

A combination of Higgs production studies from the ATLAS collaboration finds µh = 1.43±0.21 (1⇥) [21],
while the CMS combination finds µh = 0.87± 0.23 (1⇥) [22]. In Fig. 2 we shade blue parameter space in the
(chgt, cHG) plane that is consistent with a Higgs production of ±20% of the Standard Model expectation.
Note that this is the part of the parameter space where new Higgs production contributions of the two
dimension-6 operators cancel. The two bands correspond to the two di�erent solutions of the quadratic
equation that relates the coe⇤cients of the new physics operators to the total cross-section.

1 Had we included Oyu (Eq. (5)) the cancellation among new physics contributions to pp � h would involve cyu as well as
cHG and chgt. See Ref. [7].
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Figure 4. Kinematics distributions before cuts: In the upper plot, the transverse Higgs momentum is given for tt̄h
final states at

⇤
s = 8 TeV both in the SM (blue) and for a new physics scenario with dimension-6 e�ective operator

coe⇤cients chgt = �0.75 and cHG = 0.083 (red). The predicted pp ⇥ tt̄h and pp ⇥ h cross-sections for the new
physics scenario are nearly identical to the standard model – the di�erence in Higgs transverse momenta is a result
of non-standard kinematics. In the lower plots, the angular separation of partons for tt̄h events again for the SM and
for chgt = �0.75 and cHG = 0.083 are shown with blue dashed and solid red histograms, respectively.

contamination from initial state radiation and potential ambiguities in how to partition the missing energy.
For such complicated final states, these complications outweigh any benefits from reconstruction; we therefore
seek variables like LpT that do not require it.

Cutting on LpT alone is a marginally e�ective discriminant, as we will show explicitly in Sec. V. While a
cut requiring high LpT is sensitive to events with boosted Higgs bosons, it is not ideal since, taken alone,
high-LpT favors events which happen to have many isolated leptons. The Standard Model tt̄h events are

even if pp → h and t th̅ cross sections match SM values, 
Higgs kinematics differ

Higgs distributions break degeneracy

[Bramante, Delgado, AM 1402.5985]



Summarizing

in the SM, all couplings predicted

signals strengths tell us some things, but they are not 
the end of the story. Higgs distributions will tell us more

Higgs pT is a powerful observable

• reveals new physics not seen in rate alone (h+j, t th̅)
• useful way to test momentum-dependent effects (bbh) 



THANK YOU!


