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Method:	HEFT

Chiral	Higgs	EffecOve	Field	Theory

is	the	most	generic	way	to	describe	the	couplings	of	a	singlet	Higgs!

Without	any	evidence	of	New	Physics:

It	 encodes	 the	 low-energy	 couplings	 of	 several	 theories,	 including	 those	

with	the	Higgs	being	a	(exact)	doublet!
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is	the	most	generic	way	to	describe	the	couplings	of	a	singlet	Higgs!

Without	any	evidence	of	New	Physics:

It	 encodes	 the	 low-energy	 couplings	 of	 several	 theories,	 including	 those	

with	the	Higgs	being	a	(exact)	doublet!

Bosonic	Lagrangian Dark	MaMer	Lagrangian

(first	part	of	the	talk) (second	part	of	the	talk)

works	with:	Alonso,	Brivio,	CorbeM,	Eboli,	

		Gavela,	Gonzalez-	Fraile,		

		Gonzalez-Garcia,	Hierro,		

		Rigolin,	Yepes	

work	with:	Brivio,	Gavela,	Mimasu,	

No,	Rey,	Sanz	

TODAY	on	arXiv
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The	linear	effecOve	Lagrangian

4

[Buchmuller&Wyler	1984]	

[Gradkoski,Iskrzynski,Misiak&Rosiek	2010]

See	talks	by	Perelstein,	Sanz,	TroM,	Eboli…



The	d=6	linear	effecOve	Lagrangian
NP	 effects	 above	 the	 TEV	 scale	 can	 be	 parametrised	 by	 wricng	 the	

Linear	Effeccve	Lagrangian	including	up	to	d=6	operators	in	terms	of	the	

Higgs	doublet:

with	Λ	(≥	few	TeV)	the	NP	scale.	

Llinear = LSM +

X

i

fi
⇤

2
Oi + higher orders

LSM =� 1

4
W a

µ⌫W
aµ⌫ � 1

4
Bµ⌫B

µ⌫ � 1

4
Ga

µ⌫G
aµ⌫ � V (h)

+ (Dµ�)
†(Dµ�) + iQ̄ /DQ+ iL̄ /DL

�
�
Q̄L�YDDR + h.c.

�
�

⇣
Q̄L�̃YUUR + h.c.

⌘

�
�
L̄L�YLLR + h.c.

�
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The	d=6	linear	Lagrangian:	HISZ

OGG = �†�Ga
µ⌫G

aµ⌫ OWW = �†Ŵµ⌫Ŵ
µ⌫�

OBB = �†B̂µ⌫B̂
µ⌫� OBW = �†B̂µ⌫Ŵ

µ⌫�

O�,2 =
1

2
@µ

�
�†�

�
@µ

�
�†�

�

O�,3 =
1

3

�
�†�

�3

OW = (Dµ�)
†Ŵµ⌫(D⌫�) OB = (Dµ�)

†B̂µ⌫(D⌫�)

O�,4 = (Dµ�)
† (Dµ�)

�
�†�

�

O⇤� = (DµD
µ�)† (D⌫D

⌫�)

O�,1 = (Dµ�)
† � �† (Dµ�)

Llinear = LSM +

X

i

fi
⇤

2
Oi + higher orders
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[Hagiwara,Ishihara,Szalapski,Zeppenfeld	1993]



The	d=6	linear	Lagrangian:	HISZ

These	operators	describe	pure	gauge,	gauge-h	and	pure-h	interaccons	and	
several	correlaOons	among	observables	are	predicted:	i.e.	triple	gauge	

couplings	vs.	HVV	couplings.			SMOKING	GUNS!!!
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�
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X

i

fi
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2
Oi + higher orders
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[Hagiwara,Ishihara,Szalapski,Zeppenfeld	1993]
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OB = (Dµ�)
†B̂µ⌫(D⌫�)Example:

Example	of	CorrelaOon
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OB = (Dµ�)
†B̂µ⌫(D⌫�)

OB =

ieg2

8

Aµ⌫W
�µW+⌫

(v + h)2 � ie2g

8 cos ✓W
Zµ⌫W

�µW+⌫
(v + h)2

� eg

4 cos ✓W
Aµ⌫Z

µ@⌫h(v + h) +
e2

4 cos

2 ✓W
Zµ⌫Z

µ@⌫h(v + h)

In	unitary	gauge	can	be	rewriMen	as:

Example I

Coupling
AµνW

`µW´ν AµνW
`µW´νh ZµνW

`µW´ν ZµνW
`µW´νh

A

W´

W`

A

h

W´

W`

Z

W´

W`

Z

h

W´

W`

generic singlet 2 c2 ` c3 2 c2a2 ` c3a3 ´2t2θ c2 ` c3 ´2t2θ c2a2 ` c3a3

Coupling
AµνZ

µBνh AµνZ
µhBνh ZµνZ

µBνh ZµνZ
µhBνh

h

Z

A

h

h

Z

A

h

Z

Z

h

h

Z

Z

generic singlet 2 c4a4 ` c5a5 2 c4b4 ` c5b5 2tθ c4a4 ´ c5a5 2tθ c4b4 ´ c5b5

Ilaria Brivio (UAM/IFT Madrid) Unravelling the Higgs nature with EFTs 6/23
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Ilaria Brivio (UAM/IFT Madrid) Unravelling the Higgs nature with EFTs 6/23

All	these	couplings	are	correlated!!

Example:

Example	of	CorrelaOon



The	chiral	effecOve	Lagrangian

[Alonso,	Gavela,	LM,	Rigolin	&	Yepes,	JHEP	1206	(2010)	076	
	Alonso,	Gavela,	LM,	Rigolin	&	Yepes,	Phys.LeM.	B722	(2013)	330-335	
	Alonso,	Gavela,	LM,	Rigolin	&	Yepes,	Phys.Rev.	D87	(2013)	055019	
	Gavela,	Gonzalez-Fraile,	Gonzalez-Garcia,	LM	Rigolin	&	Yepes,	Phys.LeM.	JHEP	1410	(2014)	44]

8

spires-open-journal://


Moving	to	the	non-linear	case
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2
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i�a⇡
a(x)/v

✓
0
1

◆
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U(x) = e
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a(x)/vGBs:h

Singlet

Higgs:

�(x) =
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2
e
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0
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		Being																								independent,	many	more	operators	can	be	constructedU(x) hvs.

Independent!!

h		Being							a	singlet:	generic	funccons	of	h Fi(h) = 1 + 2↵i
h

v
+ �i

h2

v2
+ . . .



L0 =Dµ�
†Dµ�� V (h)+

� 1

4
W a

µ⌫W
aµ⌫ � 1

4
Bµ⌫B

µ⌫ � 1

4
Ga

µ⌫G
aµ⌫+

� Q̄L�YdDR � Q̄L�̃YuUR + h.c.+ . . .

L0 =
1

2
@µh@

µh+
v2

4

✓
1 +

h

v

◆2

Tr[VµV
µ]� V (h)+

� 1

4
W a

µ⌫W
aµ⌫ � 1

4
Bµ⌫B

µ⌫ � 1

4
Ga

µ⌫G
aµ⌫+

� vp
2

✓
1 +

h

v

◆
Q̄LUYQQR + h.c.+ . . .

�(x) =
v + hp

2
U

✓
0

1

◆

The	SM	Lagrangian	can	be	rewriMen	as	

Vµ ⌘ (DµU)U†

V ! LVL†

SM	Lag	in	

chiral	notaOon

10

See	talk	by	Alonso



L0 =
1

2
@µh@

µh+
v2

4

✓
1 +

h

v

◆2

Tr[VµV
µ]� V (h)+

� 1

4
W a

µ⌫W
aµ⌫ � 1

4
Bµ⌫B

µ⌫ � 1

4
Ga

µ⌫G
aµ⌫+

� vp
2

✓
1 +

h

v

◆
Q̄LUYQQR + h.c.+ . . .
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Fi(h) = 1 + 2↵i
h

v
+ �i

h2

v2
+ . . .

L0 =
1

2
@µh@

µh+
v2

4
FCTr[VµV

µ]� V (h)+

� 1

4
W a

µ⌫W
aµ⌫ � 1

4
Bµ⌫B

µ⌫ � 1

4
Ga

µ⌫G
aµ⌫+

� vp
2
FY Q̄LUYQQR + h.c.+ . . .

↵i �i						,						are	independent	coefficients!!

L0 =
1

2
@µh@

µh+
v2

4

✓
1 +

h

v

◆2

Tr[VµV
µ]� V (h)+

� 1

4
W a

µ⌫W
aµ⌫ � 1

4
Bµ⌫B

µ⌫ � 1

4
Ga

µ⌫G
aµ⌫+

� vp
2

✓
1 +

h

v

◆
Q̄LUYQQR + h.c.+ . . .

We	now	introduce	the	

hypothesis	of	h	as	a	singlet:
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>>>:

Appelquist-Longhitano-Feruglio	basis

	 	 	 	 	 	 	is	a	2x2	adimensional	matrix.	This	leads	to	a	fundamental	difference	

between	the	linear	and	chiral	Lagrangians:

U(x)

-model�

The	 	 	 	 	 	 	 	 	 	 	matrix	is	adimensional	

and	any	 its	extra	 insercons	do	not	

lead	to	any	suppression

U(x)

SM

The	GBs	are	in	the	Higgs	doublet	
					has	dimension	1	in	mass	

d=4+n	operators	are	suppressed	

by	⇤n
NP

�
�
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for	a	purely	linear	and	a	non-linear	regime
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h

@µh

8
>>><

>>>:

	 Introducing	a	light	CP-even	singlet	scalar	h,	with	an	associated	scale	f
[Grinstein&TroM	2007;	

Concno	et	al.	2010;	
Azatov	et	al.	2012]
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Lchiral = L0 +�L

The	complete	CP-even	pure-gauge	&	gauge-h	basis
[Alonso,	Gavela,	LM,	Rigolin	&	Yepes,	Phys.LeM.	B722	(2013)	330-335]	
[CP-Odd:	Gavela,	Gonzalez-Fraile,	Gonzalez-Garcia,	LM	Rigolin	&	Yepes,	Phys.LeM.	JHEP	1410	(2014)	44]

[Compare	with	Buchalla,Cata&Krause	2013]

L0 =
1

2
@µh@

µh+
v2

4
FCTr[VµV

µ]� V (h)+

� 1

4
W a

µ⌫W
aµ⌫ � 1

4
Bµ⌫B

µ⌫ � 1

4
Ga

µ⌫G
aµ⌫+

� vp
2
FY Q̄LUYQQR + h.c.+ . . .

See	talk	by	Krause

spires-open-journal://
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�L =
X

ciPi

Lchiral = L0 +�L

The	complete	CP-even	pure-gauge	&	gauge-h	basis
[Alonso,	Gavela,	LM,	Rigolin	&	Yepes,	Phys.LeM.	B722	(2013)	330-335]	
[CP-Odd:	Gavela,	Gonzalez-Fraile,	Gonzalez-Garcia,	LM	Rigolin	&	Yepes,	Phys.LeM.	JHEP	1410	(2014)	44]

[Compare	with	Buchalla,Cata&Krause	2013]

PB(h) =
g0

4
Bµ⌫B

µ⌫FB(h)

...

P1(h) = gg0Bµ⌫Tr(TWµ⌫)F1(h)

P2(h) = ig0Bµ⌫Tr(T[Vµ,V⌫ ])F2(h)

...

P4(h) = ig0Bµ⌫Tr(TVµ)@⌫F4(h)

...

See	talk	by	Krause

spires-open-journal://
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33	
parameters

�L =
X

ciPi

New	Effects!!

To	compare	with	10	in	the	linear	case

Lchiral = L0 +�L

The	complete	CP-even	pure-gauge	&	gauge-h	basis
[Alonso,	Gavela,	LM,	Rigolin	&	Yepes,	Phys.LeM.	B722	(2013)	330-335]	
[CP-Odd:	Gavela,	Gonzalez-Fraile,	Gonzalez-Garcia,	LM	Rigolin	&	Yepes,	Phys.LeM.	JHEP	1410	(2014)	44]

[Compare	with	Buchalla,Cata&Krause	2013]

PB(h) =
g0

4
Bµ⌫B

µ⌫FB(h)

...

P1(h) = gg0Bµ⌫Tr(TWµ⌫)F1(h)

P2(h) = ig0Bµ⌫Tr(T[Vµ,V⌫ ])F2(h)

...

P4(h) = ig0Bµ⌫Tr(TVµ)@⌫F4(h)

...

See	talk	by	Krause

spires-open-journal://


Disentangling	a	dynamical	Higgs	
from	an	elementary	one:	
Pure-gauge	&	Gauge-Higgs

[Brivio,CorbeM,Eboli,Gavela,Gonzalez-Fraile,Gonzalez-Garcia,LM&Rigolin,	JHEP	1403	(2014)	024	
	Brivio,Eboli,Gavela,Gonzalez-Garcia,LM&Rigolin,	JHEP	12	(2014)	004	]	
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Correspondence between first orders

Linear

d “ 6

Non-linear

4B

10 linear operators of d “ 6

correspond to

17 chiral operators with 4B

Ilaria Brivio (UAM/IFT Madrid) Unravelling the Higgs nature with EFTs 10/23

Fi(h) 6=
✓
1 +

h

v

◆2
Invescgate	on	the	signals	of	decorrelacons:	due	to	the	nature	of	 the	

chiral	expansion	vs.	the	linear	one,	and	due	to
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Figure 2: Left:A BSM sensor irrespective of the type of expansion: constraints from TGV
and Higgs data on the combinations ⌃B = 4(2c2+a4) and ⌃W = 2(2c3�a5), which converge
to cB and cW in the linear d = 6 limit. The dot at (0, 0) signals the SM expectation.
Right:A non-linear versus linear discriminator: constraints on the combinations �B =
4(2c2�a4) and �W = 2(2c3+a5), which would take zero values in the linear (order d = 6)
limit (as well as in the SM), indicated by the dot at (0, 0). For both figures the lower
left panels shows the 2-dimensional allowed regions at 68%, 90%, 95%, and 99% CL after
marginalization with respect to the other six parameters (aG, aW , aB, cH , �B, and �W )
and (aG, aW , aB, cH , ⌃B, and ⌃W ) respectively. The star corresponds to the best fit point
of the analysis. The upper left and lower right panels give the corresponding 1-dimensional
projections over each of the two combinations.

see Eq. (4.7). Presently, the best direct limits on this anomalous coupling come from the
study ofW+W� pairs and singleW production at LEP II energies [120–122]. Moreover, the
strongest bounds on gZ5 originate from its impact on radiative corrections to Z physics [123–
125]; see Table 5 for the available direct and indirect limits on gZ5 .

We can use the relation in Table 1 to translate the existing bounds on gZ5 into limits
on P14(h). The corresponding limits can be seen in the last column of Table 5. We note
here that these limits were obtained assuming only a non-vanishing gZ5 while the rest of
anomalous TGV were set to their corresponding SM value.

At present, the LHC collaborations have presented some data analyses of anomalous
TGV [126–130] but in none of them have they included the e↵ects of gZ5 . A preliminary
study on the potential of LHC 7 to constrain this coupling was presented in Ref. [131]
where it was shown that the LHC 7 with a very modest luminosity had the potential of
probing gZ5 at the level of the present indirect bounds. In Ref. [131] it was also discussed
the use of some kinematic distributions to characterize the presence of a non-vanishing
gZ5 . So far the LHC has already collected almost 25 times more data than the luminosity
considered in this preliminary study which we update here. Furthermore, in this update
we take advantage of a more realistic background evaluation, by using the results of the

29
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Collaboracons	at	7	TeV	and	8	TeV	for	final	states	γγ,	W+W−,	ZZ,	Zγ,	b	b̄,	and	ττ	 ̄
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New	Signals
Signals	expected	in	the	chiral	basis,	but	not	in	the	linear	one	(d=8)
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Figure 3: The left (right) panel displays the number of expected events as a function of the Z
transverse momentum for a center–of–mass energy of 7 (14) TeV, assuming an integrated
luminosity of 4.64 (300) fb�1. The black histogram corresponds to the sum of all back-
ground sources except for the SM electroweak pp ! W±Z process, while the red histogram
corresponds to the sum of all SM backgrounds, and the dashed distribution corresponds to
the addition of the anomalous signal for gZ5 = 0.2 (gZ5 = 0.1). The last bin contains all the
events with pZT > 180 GeV.

Two procedures have been used to estimate the LHC potential to probe anomalous gZ5
couplings. In the first approach, we performed a simple event counting analysis assuming
that the number of observed events correspond to the SM prediction (gZ5 = 0) and we look
for the values of gZ5 which are inside the 68% and 95% CL allowed regions. As suggested
by Ref. [131], the following additional cut was applied in this analysis to enhance the
sensitivity to gZ5 :

pZT > 90 GeV. (4.41)

On a second analysis, a simple �2 was built based on the contents of the di↵erent bins of
the pZT distribution, in order to obtain more stringent bounds. The binning used is shown
in Fig. 3. Once again, it was assumed that the observed pZT spectrum corresponds to the
SM expectations and we sought for the values of gZ5 that are inside the 68% and 95%
allowed regions. The results of both analyses are presented in Table 7.

We present in the first row of Table 7 the expected LHC limits for the combination of
the 7 TeV and 8 TeV existing data sets, where we considered an integrated luminosity of
4.64 fb�1 for the 7 TeV run and 19.6 fb�1 for the 8 TeV one. Therefore, the attainable
precision on gZ5 at the LHC 7 and 8 TeV runs is already higher than the present direct
bounds stemming from LEP and it is also approaching the present indirect limits. Finally,
the last row of Table 7 displays the expected precision on gZ5 when the 14 TeV run with
an integrated luminosity of 300 fb�1 is included in the combination. Here, once more,
it was assumed that the observed number of events is the SM expected one. The LHC
precision on gZ5 will approach the per cent level, clearly improving the present both direct
and indirect bounds.
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number	of	expected	events	(WZ	
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@95%	CL:	
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Much	more	pheno	in:

Brivio,Gonzalez-Garcia,LM,		

		to	appear	in	the	next	weeks	



The	Dark	Mager	Lagrangian

[Brivio,Gavela,LM,Mimasu,No,Rey,Sanz,	TODAY	on	arXiv:	1511.01099]	
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A Feynman rules

This Appendix provides a complete list of the Feynman rules resulting from the non-linear Higgs
portal e↵ective Lagrangian, Eq. (14), computed in unitary gauge and with momenta understood
to flow inwards. The right column shows for comparison the Feynman rules for the case of the
linear Higgs portal �
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New	Portals:

Observable Parameters contributing
b c

1

c

2

c

3

c

4

c

5

Thermal relic density ⌦
S

h

2 X X X X X X
DM-nucleon scattering in direct detection �

SI

� � X � X �
Invisible Higgs width �

inv

� � X � � �
Mono-h production at LHC �(pp ! hSS) X � X � X X
Mono-Z production at LHC �(pp ! ZSS) � X X X X X
Mono-W production at LHC �(pp ! W

+

SS) � X X � X �

Table 1: Non-linear Higgs portal parameters a↵ecting each of the observables considered. The standard
Higgs-DM portal corresponds to b = 1 and all ci=0.

3 Dark Matter phenomenology

A wide variety of experimental data allows to constrain the DM parameter space of Higgs portal
scenarios described by the Lagrangian (14). The precise measurement of the DM density today
⌦
DM

performed by Planck [63] provides an upper bound on the relic abundance of S particles
⌦
S

. Direct detection experiments provide complementary limits on the strength of the DM-
nucleon interactions, the current most stringent bounds coming from the Large Underground
Xenon (LUX) experiment [64]. Upcoming experiments like XENON1T [65, 66] will increase the
sensitivity in DM direct detection even further. The DM couplings to SM particles may be also
probed at the LHC, and potential avenues include searches of invisible decay modes of the Higgs
boson, and searches for mono-X signatures, namely final states where one physical object X is
recoiling against missing transverse energy /

E

T

.
In the following we explore the rich phenomenology of non-linear Higgs portals. We first

analyse the current constraints on the DM properties coming from the DM relic abundance,
direct detection limits from LUX and bounds on the invisible decay width of the Higgs boson.
Then we study the prospects for mono-X signatures, with X = h, W±, Z, at the 13 TeV run of
the LHC. We also comment on the astrophysical signatures the non-linear realisation presents,
but defer a more detailed study of indirect detection in these models to a future work. While our
phenomenological study does not intend to exhaustively explore the parameter space of non-linear
Higgs portals to DM, we do showcase all salient features of these scenarios and confront them
with the standard Higgs portal. A list of the observables a↵ected by each of the new terms in the
DM Lagrangian2 (14) is shown in Table 1.

The non-linear DM-Higgs portal from Eq. (14) is implemented in FeynRules [67] and inter-
faced to MicrOMEGAs [68] and MadGraph5 aMC@NLO [69] to compute the relevant observables. For
the analysis of mono-X signatures at the LHC, we use in addition the 1-loop FeynRules/NLOCT

implementation of gluon-initiated mono-X signatures via an s-channel mediator from [70], in or-
der to capture the full momentum dependence in the production of mono-X signatures via gluon
fusion. In all cases, the standard portal corresponds to the choice b = 1, c

i

= 0, and we compare
it with di↵erent non-linear portal setups in which one of the parameters of the set {b, c

i

} is varied
at a time. This approach ensures a clear and conservative phenomenological comparison between

2Our analysis has some overlap with the singlet scalar case of [55], which focuses on DM candidates that arise
as pseudo-Goldstone bosons in specific composite Higgs models. While it is possible to identify a correspondence
between our description and theirs for the case of A1 and A2: �S ! �̄, c1 ! d4 (v/f)

2, c2 ! ad1 (v/f)
2, in

the basis of [55] there is no equivalent of the operators A3, A4, A5. Moreover, the (v/f)2 suppression in the
analysis of [55] (where f = 800 GeV, f = 2.5 TeV are considered) leads to a scan over values |ad1 |⇥ (v/f)2 < 0.1,
|d4|⇥ (v/f)2 < 0.1, corresponding to a small subset of the parameter space probed in this work.
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Figure 1: Regions excluded by the condition ⌦Sh
2  0.12 for DM masses mS � 100GeV. The medium

green region corresponds to the standard Higgs portal case b = 1, while the light/dark green regions
(superimposed) correspond respectively to b = 0.5 and b = 2.
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Figure 2: Regions in the (mS , �S) plane excluded by the constraint ⌦Sh
2  0.12 from Planck [63], in

presence of non-linear operators A1 (Left) and A2 (Right) with ci 6= 0. The region below the black line
is excluded for the standard Higgs portal. Left: excluded regions for c1 = 0.1 (yellow), c1 = �0.1 (light
blue), |c1| = 1 (red). Right: excluded regions for c2 = 0.1 (yellow), c2 = 1 (red), c2 = �1 (green).

custodially-preserving and CP-even operators A
1

and A
2

, with c

1

, c
2

in the range [�1, 1]. It shows
the drastic increase resulting in the parameter space for DM masses larger than tens of GeV, as
compared with the allowed region for the standard portal above the black curve. For simplicity,
in this figure the dependence on the Higgs field is fixed to be F

1

(h) = F
2

(h) = (1 + h/v)2,
corresponding to a

1

= b

1

= a

2

= b

2

= 1; we have checked that varying these values does not
change noticeably the impact on the dark matter relic density ⌦

S

h

2, as expected 4.

In the presence of A
1

, DM can directly interact with SM gauge bosons via the vertices SSZZ

and SSW

+

W

�. The new interactions induced by A
1

do not modify the allowed parameter space
for m

S

. 65 GeV, where DM annihilates dominantly into bb̄, while they have a strong impact
on the DM annihilation process into two gauge bosons, which becomes important as m

S

grows,
as shown in Figure 2 (Left). For negative values of c

1

, the positive interference with the linear
amplitude (see the Feynman rules in Appendix A) increases the total annihilation cross-section
everywhere and some of the points ruled out in the standard Higgs portal scenario become viable.
On the other hand, if c

1

> 0 the interference is destructive and spurious cancellations may happen
in regions of the parameter space that are allowed for standard Higgs portals, but become now
excluded. As an example, the yellow “branch” structure in Figure 2 (Left) for 60 GeV . m

S

. 130
GeV is traversed by a curve on which ↵

s

(SS ! V V ) = 0 for V = Z, W

±.

The impact of the operator A
2

, shown in Figure 2 (Right), can be understood in an analogous
way: the coe�cient c

2

enters the couplings SShh and SSh, with the double e↵ect of boosting
the SS ! hh process for c

2

> 0 and generating local cancellations when c

2

< 0 on one side, and
also altering the annihilation SS ! bb̄ through an s�channel Higgs, which significantly a↵ects
the annihilation cross section below m

S

' m

h

/2.

The operator A
3

has a similar phenomenology to that of A
1

, although restricted exclusively

4a1 (b1) parametrises vertices SSV V h (SSV V hh), with V = Z, W±, whose tree-level contribution to the DM
annihilation cross section is very much suppressed due to phase space considerations; a variation of a2 can be
reabsorbed in the normalisation of c2; finally, b2 enters the SS ! hh cross-section for masses mS > mh, but its
e↵ect is only significant for unrealistically large values of b2.
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Figure 5: Current excluded region in the (mS , �S) plane for the standard Higgs portal (grey) versus the
non-linear one for c1 = 0.1 (blue) and c2 = 0.1 (orange), from DM relic abundance, direct detection and
invisible decay width of the Higgs.

3.3 Invisible Higgs decay width

A very powerful probe of Higgs portal DM in the mass region m

S

< m

h

/2 is given by searches
for an invisible decay width of the Higgs boson at the LHC. The decay h ! SS is open for
m

S

< m

h

/2, and contributes to the Higgs invisible width �
inv

as

�
inv

=
�

2

S

v

2

2⇡m
h

s

1 � 4m2

S

m

2

h

✓
1 +

c

2

a

2

m

2

h

�

S

v

2

◆
2

. (27)

As is clear from Eq. (27), the presence of A
2

gives a further contribution to �
inv

w.r.t. the standard
Higgs portal, such that, if c

2

a

2

6= 0, then �
inv

> 0 even for �
S

! 0. Current experimental searches
by ATLAS [73, 74] and CMS [75] constrain the h ! invisible branching fraction, the strongest
limit being [74]

BR
inv

=
�
inv

�
inv

+ �
SM

< 0.23 (95%CL) (28)

where the SM width is �
SM

' 4MeV. Conveniently setting the parameter a

2

= 1 (as it can
always be reabsorbed in the normalization of c

2

), we present the exclusion region obtained from
Eqs. (27) and (28) as a black hatched area in Figures 3 and 4a for c

2

= 0, and Figure 4b for
c

2

= 0.1. For Figure 4a the limit coincides with the one derived for the standard Higgs portal
plotted also in Figure 3 (see e.g. [71]), while Figure 4b illustrates the e↵ect of c

2

6= 0: even for
small values of this coe�cient, the bound becomes very stringent, with practically all the region
m

S

< m

h

/2 being excluded.

It is important to stress that, even though the non-linear operator A
4

generates a SSZ vertex,
the Z invisible width is not a↵ected by it, since a vector cannot decay into two scalars. Indeed,
the would-be contribution from A

4

is CP-odd and vanishes whenever the Z is on-shell.

The impact of non-linear contributions on the parameter space of Higgs portals, combining
the information from the DM relic density, direct detection experiments and searches for invisible
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p
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3.4.1 Mono-h signatures

Mono-Higgs searches [81–84] have been proposed recently as a probe of the DM interactions
with the SM, particularly in the context of Higgs portal scenarios. This proposal has led the
ATLAS experiment to perform a search for mono-h signatures in the /

E

T

+ �� final state [85]
with 20.3 fb�1 of LHC 8 TeV data, yielding a 95% C.L. limit on the mono-h fiducial cross section
�

��

mono-h

 0.7 fb (with h ! ��) after the selection /

E

T

> 90 GeV.

For the standard Higgs portal, mono-h processes are gg-initiated and the amplitude receives
contributions from Feynman diagrams scaling as ⇠ �

S

and ⇠ �

2

S

, as depicted in Figure 6 (within
the frame), the latter providing a significant enhancement in the cross section when �

S

⇠ 1. We
note however that for �

S

= 1, satisfying the direct detection bound from LUX requires m
S

> 127
GeV (see Figure 3), and for that range of masses the mono-h cross section gets suppressed due to
the intermediate o↵-shell Higgs state and the steep fall of the gluon PDF at high

p
ŝ. Moreover,

limits from the invisible decay width of the Higgs require �

S

. 0.007 for m

S

< m

h

/2 in this
scenario (see Figure 3). Overall, the cross section for mono-h in the standard scalar DM Higgs
portal is predicted to be very small.

The presence of non-linear Higgs-DM interactions may significantly change the previous pic-
ture, as the suppression factors for the standard scenario can be overcome by the appearance of
new production channels – e.g. direct couplings of DM to Z-bosons which yield a q̄q-initiated
mono-h contribution (case of A

4

and A
5

) – and/or by the momentum dependence of the S-h,
S-Z and S-h-Z interactions (case of A

2

, A
4

and A
5

). A sample of the Feynman diagrams con-
tributing to mono-h in this case is shown in Figure 6. For A

2

, mono-h is gg-initiated, and the
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Figure 6: Sample of the main Feynman diagrams contributing to mono-h production. In the standard
Higgs case only those inside the frame are present: the process is entirely gg-initiated, with contributions
proportional to �S and to �

2
S . In the non-linear scenario all the diagrams contribute: both gg- and q̄q-

initiated processes are included. The proportionality of each diagram to the non-linear parameters is
indicated in the figure (overall factors and numerical coe�cients are not specified).

decay modes of the Higgs boson is exemplified in Figure 5, which shows the comparison between
the combined excluded region for the standard Higgs portal (grey region) and the combined
excluded regions in the presence of A

1

with c

1

= 0.1 (hatched-blue region) and in the presence
of A

2

with c

2

= 0.1 (hatched-orange region).

3.4 Dark Matter at the LHC: Mono-X searches

As already highlighted in the previous section, the LHC (and collider experiments in general)
constitutes a natural place to search for DM interactions with the SM, in particular if such
interactions involve the EW sector of the theory. LHC probes of DM provide an independent test
of the results from low-energy and astrophysical experiments, while being able to directly explore
a new energy regime.

A key probe of DM production at colliders are “mono-X” signatures, i.e. the associated
production of DM particles with a visible object X, which is seen to recoil against a large amount
of missing transverse energy /

E

T

. These signatures are in principle sensitive to relatively large
DM masses, but for the standard Higgs portal scenario the relevant cross sections at the LHC
drop very quickly for m

S

> m

h

/2, making it challenging to extract information on the DM
properties from these searches (see e.g. [25]). As we show below, the presence of non-linear Higgs
portal interactions A

1�5

has a dramatic impact on the LHC potential for probing such mono-X
signatures.

We focus our analysis on mono-h, mono-Z and mono-W signatures at the LHC, and present
a detailed comparison of the standard and non-linear Higgs portal DM scenarios in this con-
text. We stress that for the case of mono-h, Z signatures, both q̄q and gluon (gg) -initiated
processes are possible. The latter are characterised by loop-induced DM production processes,
which we compute using the FeynRules/NLOCT framework [78] interfaced to MadGraph5 aMC@NLO

and MadLoop [79, 80], to ensure that the momentum dependence of the loop is accurately de-
scribed. This particular aspect is crucial for a meaningful comparison between the standard and
non-linear Higgs portal scenarios.
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/2, making it challenging to extract information on the DM
properties from these searches (see e.g. [25]). As we show below, the presence of non-linear Higgs
portal interactions A
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Figure 12: Left: Cross section ratio RWZ ⌘ �(pp ! ZSS)/�(pp ! W

±
SS) at

p
s = 13TeV as a function

of mS in the standard Higgs portal scenario (black line) and for the non-linear operators A1 (green-line),
A2 (blue-line) and A4 (red-line), the latter ratio having been multiplied by 10�3 to be shown in the
Figure. Right: Normalized di↵erential PZ

T distributions for the process pp ! Z SS for A5 and DM masses
mS = 200 GeV (solid), 400 GeV (dashed), 600 GeV (dash-dotted) and 800 GeV (dotted).

m

S

. Remarkably, the impact of each non-linear operator on this ratio is determined only by its
gauge and Lorentz structure, independently of the value of the coe�cient c

i

. Analogously, the
dependence on �

s

factors out in the standard case. While the e↵ect of the operator A
2

on this
observable cannot be e↵ectively disentangled from that of a standard Higgs portal (as can be seen
by comparing the black and blue curves in Figure 12 (Left)), the ratio R

WZ

is a very powerful
non-linear discriminator for the cases of A

1

and A
4

(also trivially for A
5

, for which the mono-W±

process is absent and R

WZ

⌘ 1), corresponding respectively to the green and red curves in
Figure 12 (Left). Moreover, recalling that the operator A

3

enters the mono-Z process with the
corresponding coe�cient in the combination (c

1

+2c
3

) (see Appendix A), while it does not enter
the mono-W± process, the green curve in Figure 12 (Left) will get rescaled by (c

1

+ 2c
3

)2/c2
1

in
the presence of A

3

. Thus, for sign(c
1

) = sign(c
3

), the green curve actually represents a lower
bound on the contribution of A

1

and A
3

to the ratio R

WZ

.
Importantly, it is in principle possible to infer the DM mass from the mono-Z/mono-W±

processes through the di↵erential information on the P

V

T

(V = W

±
, Z) as shown explicitly in

Figure 12 (right) for the case of A
5

(alternatively, the /

E

T

distribution may be used). Taking
this into account, the hypothetical observation of mono-Z and mono-W signals would allow to
extract at the same time a measurement of R

WZ

and of m

S

, i.e. to identify a unique point
(surrounded by a finite error region) in the parameter space of figure 12 (Left). Naively, the
further this point lies away from the black line, the more disvafored the standard portal scenario
will be. Employing this technique in a more thorough analysis, which would keep all the relevant
uncertainties into account, it would be possible to quantify a confidence level for the exclusion
of the standard portal. Therefore, the ratio R

WZ

can be an e�cient probe of the nature of the
DM portal to the SM. Notice that the non-linear scenario cannot be ruled out by this kind of
study, since any point in the (m

S

, R

WZ

) space corresponds to a whole set of combinations of the
coe�cients c

1�5

.
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s

factors out in the standard case. While the e↵ect of the operator A
2

on this
observable cannot be e↵ectively disentangled from that of a standard Higgs portal (as can be seen
by comparing the black and blue curves in Figure 12 (Left)), the ratio R

WZ

is a very powerful
non-linear discriminator for the cases of A

1

and A
4

(also trivially for A
5

, for which the mono-W±

process is absent and R

WZ

⌘ 1), corresponding respectively to the green and red curves in
Figure 12 (Left). Moreover, recalling that the operator A

3

enters the mono-Z process with the
corresponding coe�cient in the combination (c

1

+2c
3

) (see Appendix A), while it does not enter
the mono-W± process, the green curve in Figure 12 (Left) will get rescaled by (c

1

+ 2c
3

)2/c2
1

in
the presence of A

3

. Thus, for sign(c
1

) = sign(c
3

), the green curve actually represents a lower
bound on the contribution of A

1

and A
3

to the ratio R

WZ

.
Importantly, it is in principle possible to infer the DM mass from the mono-Z/mono-W±

processes through the di↵erential information on the P

V

T

(V = W

±
, Z) as shown explicitly in

Figure 12 (right) for the case of A
5

(alternatively, the /

E

T

distribution may be used). Taking
this into account, the hypothetical observation of mono-Z and mono-W signals would allow to
extract at the same time a measurement of R

WZ

and of m

S

, i.e. to identify a unique point
(surrounded by a finite error region) in the parameter space of figure 12 (Left). Naively, the
further this point lies away from the black line, the more disfavored the standard portal scenario
will be. Employing this technique in a more thorough analysis, which would keep all the relevant
uncertainties into account, it would be possible to quantify a confidence level for the exclusion
of the standard portal. Therefore, the ratio R

WZ

can be an e�cient probe of the nature of the
DM portal to the SM. Notice that the non-linear scenario cannot be ruled out by this kind of
study, since any point in the (m

S

, R

WZ

) space corresponds to a whole set of combinations of the
coe�cients c

1�5

.
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p
s = 13 TeV

p
s = 13 TeV

A4

qq̄0 ! V ⇤ ! V (h ! SS)

qq̄0 ! V ⇤ ! V SS The	Raco	is	independent	from	the	

operator	coefficients!!

The	 combined	measure	 of	 the	 Raco	

and	of	 the	distribucon	of	 the	 signal,	

allows	to	fix	a	point	in	the	parameter	

space!!

qq̄0 ! W ⇤ ! W (Z ! SS)

gg ! h⇤ ! ZSS

gg ! h⇤ ! ZSS
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It	is	fundamental	searching	for	it	with	dedicated	studies,	without	biases

Pure	Gauge,	Gauge-Higgs,	Pure-Higgs,	DM…


