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The discovered Higgs boson may be the end
.... Or the start

W It's a scalar, CP even ? hierarchy, triviality, vacuum
stablility

?  origin of EWSB

v/ Couplings agree with the SM

?  Dark Matter

? m,, gravity, baryogenesis. . .

Disclaimer: some beautiful insertions and drawings taken from Brivio, Saa
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Method: Effective field theory
— connection between EW symmetry breaking and EFT



The discovered Higgs boson may be the end
.... Or the start

. ¢ It's a scalar, CP even ?

v/ Couplings agree with the SM
{ ?  origin of EWSB
a good place to study their

interplay: ?
Higgs portal to scalar DM Y ey &

S2(dt o) ?

the Higgs portal for scalar Dark Matter in detail.
— the Higgs nature can have a relevant impact on the DM phenomenology!



Higgs sector: the chiral EFT
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Which Higgs?

Hierarchy Problem

EXACT EW DOUBLET —> LINEAR

’ Composite composite

Scalar Higgs state
Resonance

Dilaton > NON-LINTEAR

NOT EXACT EW DOUBLET




Measurements compatible with the Standard Model.
Higgs compatible with an exact doublet at 20-30%

> Still quite large uncertainties: all the possibilities
= . -
TU above are still viable
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Higgs EFTs

Linear or Chiral (= non-linear)



Higgs EFTs

Physical h and Goldstone bosons 1@ together in the ¢ doublet
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Higgs EFTs

Physical h and Goldstone bosons 1@ together in the ¢ doublet
7r1+i7r2 -~ iwaaa/v(()) —(v + h U(O)
¢:(v+h+ﬂ3>N(V+h)e 1 ( ) 1
® —>L P under SU(2)L transformations L

Expansion in canonical dimensions: @/A , Dy/A :

_____________

6.9.6 %=1 O =1 (D) B(D,®) d = 10

N2 N2
= NNLO
[Buchmuller&Wyler 1984] d = NLO

|Gradkoski,Iskrzynski,Misiak&Rosiek 2010]

O — LO




Example of LINEAR Correlation

Op = (D,®)'B"(D,®)

In unitary gauge can be rewritten as:

. 9 . 2
_eg” —py/ TV 2 €’ g 12V, Vi 2
Op = 3 A WTHEW™ (v + h) 3 cos Oy ZuwW HFW™ (v + h)
9 A L ZP0"h(v 4+ h) 4 2 Z ZP0"h(v + h)
4dcosOw " 4cos? Oy M



Example of LINEAR Correlation

Op = (D,®)'B*(D,®)

In unitary gauge can be rewritten as:

OB zeég /,LUW_MW+V ('U -+ h,)2
€g
W Aalo h
4cosOw/) " (v+h)

ElAII these couplmss are correlated 0
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) Mg) \\\ X --_< \\){ Z
‘h z h' L7z



Higgs EFTs

.

0

in linear: ¢ = (v + h) (1>
ohysical Hig@s/ ‘\

Godstone bosons = e

im?c? /v



Higgs EFTs

.

nchiral: ¢ = @ u(f)

it becomes a generic function

Vv V2 V

2 n
J-’(h):1+2aﬁ+bh—+---# <1+ﬁ>

with arbitrary coefficients a, b...

h is included as a generic singlet
SM Higgs doublet recovered for a=b="

Grinstein, Trott PRD76 073002
Contino et al. JHEP 1005 089



Generic F(h) is typical of composite Higgs models

h as a pseudo-goldstone boson

Georgi, Kaplan (1984)

Dynamical
breaking

at scale f

(like £ in QCD)



Generic F(h) is typical of composite Higgs models

h as a pseudo-goldstone boson

Agashe, Contino, Pomarol (2005)

[Scalars and heavy fermions]

Dynamical

breaking massive o

at scale f — e 4 Massless GBs:
(like fr in QCD) (h, 1, 72, 73)

S0O(4)



Generic F(h) is typical of composite Higgs models

h as a pseudo-goldstone boson

Agashe, Contino, Pomarol (2005)

[Scalars and heavy fermions]

explicit
Coupling of (soft) breaking Dynamical
SM fermions ’\/’ breaking massive o
and gauge bosons at scale | =3 4 massless GBs:

(like = in QCD) (h, w1, T2, 73)

SO(4)



Generic F(h) is typical of composite Higgs models

h as a pseudo-goldstone boson

Agashe, Contino, Pomarol (2005)

[Scalars and heavy fermions]

Coupling of
SM fermions
and gauge bosons

explicit
(soft) breaking Dynamical
’\/’ breaking massive o
at scale f — e 4} massless GBs:
(like £ in QCD) (h, 1, 2, 73)

generates scalar potential at loop level

which breaks EW symmetry at scale V # f



Generic F(h) is typical of composite Higgs models

h as a pseudo-goldstone boson
For instance:

instead of the SM coupling ( D®TDr @) D 1/4 (v+h)2 ( D,UDHU )

SO(5)—> SO(4) leads 1o - L in? H ( DyU+DHU )

Agashe et al Nucl.Phys.B719 165



Generic F(h) is typical of composite Higgs models

h as a pseudo-goldstone boson
For instance:

instead of the SM coupling ( D®TDr @) D 1/( DuU+DRU )
f2 D.U+DHU )
SO(5)—> SO(4) leads to " 7K .

which impliesvV Zf : £ =

: ® v h v? h
where: sin| — | = = B 1 — — sin [ ——
(21‘) 2 (2f> " \/ i " (Zf)
f2sin® [ £ ] (eI £h v2+2hv\/1+%+h2 (1—%) + o # (v + h)?

Agashe et al Nucl.Phys.B719 165
Alonso et al JHEP 1412 034




Alonso, Brivio,
Merlo, Rigolin, B.G.
hep-ph/1409.1589

SU(5)/S0(5)

ciFi(h) SO(5)/S0(4) SU(3)/SU(2) x U(1) linear d < 6
Fo(t) {sin? dsin? L+ G,
Fr (h) 1 1 14 K%GL? (co1 + 2ca2 + co4)
Fr(h) 1 —49’263200325“} l—gﬂéﬁn (1+3cos 3}‘3) 1+ %@zg’?cBB
Fw(h) 1 — 4¢%Gyyy; cos? 57 1 —2¢%Cwy cos % 1+ ";,\h : geww
conFou(h) —285¢ —285¢ rcoe
canFan(h) - - -
cpuFpr (h) 4 (& + &) € 2 (264 + 285 + &7) €2 -
a1 Fi(h) ¢y sin? :5 ‘:;} sin? 5; (%'{,ECBW
caFa(h) &y sin? G sin? Cd-en
caF3(h) 2¢4 sin® 57 & sin? g %’;}Ecw
esFa(h) &y /Esin § 2 esin % o) o
¢sFs(h) ~263/sin § ~28;VEsin § — 2w
ceFe(h) 1624 sin” 5 — %ae sin” % 8(264 + &r)sin’ 7 — %56 sin® % %}’;)-’cm
crF1(h) 28V sin § 28V sin § ATl cre
csFa(h) | —16&:€sin® 5 + 4Gs€cos® ff  —4(48 + &)Esin? § + 48€ cos? ~ % coo
cgFg(h) 4 sin? ;5- 46 sin® ff - ";X’ 20;4,
c10F10(h) 426\/Esin § 426\/Esin § ~Hene
e11Fii(h) 16&; sin® ;}} 16&; sin® {} -
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Geometric interpretation of F(h)

Alonso, Jenkins, Manohar 1511.00724

Linear= flat GB metric «——> Chiral= curved GB metric

1 : :
Z = 594(9) Dug' D"

Riemann curvature tensor, Ricci tensor and Ricci scalar....

U

f2

=¢

curvature param.—> tp,2,4 ~
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Vv V2 V
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with arbitrary coefficients a, b...
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Higgs EFTs

.

In chiral: = v * h 1
it becomes a generic function independent !
h o K A\ \
F(h)=1+ 23; T b? - F 1+ > some couplings decorrelate:

more operators

with arbitrary coefficients a, b...

h is included as a generic singlet
SM Higgs doublet recovered for a=b="



Higgs EFTs

o

PRI
¢ = (vh) U(J

N\,

independent !

N

some couplings decorrelate:
more operators

in linear, correlations: in chiral, decorrelations:
D,® ~ (v+ h)D,U + 9,,hU : D, U and 0, h independent



Higgs EFTs

.

O

In chiral: = v * h 1
it becomes a generic function mdependent |
h o K A\ \
F(h)=1+ 23; T b? - F 1+ v some couplings decorrelate:

more operators

with arbitrary coefficients a, b...

o N | no bias about the
h is included as a generic singlet e aEien (e e e

physical h and the field

SM Higgs doublet recovered for a=b=" that triggers EWSB



Example of LINEAR Correlation

Op = (D,®)'B"(D,®)

In unitary gauge can be rewritten as:

. 2 o
Op AT W, WHW* (v + h)? 2 W FW* (v + h)?

€g
A, ZHO"h h) -
4cosOw/) " 9"h(v +h)

(W O a



Example of CHIRAL Decorrelation

Op = (D,®)B*(D,®)

Chiral basis ) 2 \ g h |

Pr = ig' B, Tr(T[VH,VV])F2(h) Pa = ig' By, Tr(TVH)0” Fa(h)

V, = (D, U)U"
T = Us3UT



Example of CHIRAL Decorrelation

Op = (D,®)B*(D,®)

Chiral basis [ DU \ dh |
P2 = ig'By, Tr(T[VH,V"])F2(h) Py = ig' By, Tr(TVH)0” Fa(h)
V, = (D, U)U’
Decorrelations appear T = Us*Ut

because of the F(h

1)
v\{ F(h) ,f< M—< L :’< v
A 4 <+> >
W~ Z W~
\ 4 h ~ Z
\ F(h) \
A '\/\,{ 4%:( ) /J:(\,J h —--< <+> /){
“h A “h 4

|sidori, Trott, 1307.4501



Example of CHIRAL Decorrelation

Op = (D,®)B*(D,®)

Chiral basis DU \ dh
l }
P2 = ig'By, Tr(T[VH,V"])F2(h) Py = ig' By, Tr(TVH)0” Fa(h)
V, = (D, U)U’
Decorrelations appear T = Us*Ut

2) because of the UNNAATES

Rt
A
% W XA %
A '\r\({' 4—/L>F( ) }((I h ---< <+>F(h) ><

S h A “h ) Z h 7 Z

in fact, all decor related related vertically



Higgs EFTs

.

INn chiral; ¢ -> F(h)

Godstone bosons = e

U adimensional
Expansion in derivatives: Dy// :

In EFT, the weight of h is arbitrary
we use h/v, but the conclusions
would be the same with h/f

80
60
40
20

im?c? /v

—————————————

NNLO

NLO

LO




Some recent bibliography

bosonic sector only

with fermionic sector

NLO (40) basis

phenomenology

connection to composite
Higgs models

one-loop renormalization

complete NLO basis

Alonso et al. Phys.Lett.B722 330

Brivio et al. JHEP 1403 024
Brivio et al. JHEP 1412 004
Gavela et al. JHEP 1410 44

Alonso et al. JHEP 1412 034
Hierro et al. 1510.07899

Gavela et al. JHEP 1503 043

Buchalla et al. Nucl.Phys.B880 552



Higgs EFTs

. Chia

Equivalent when considering the whole tower: all couplings contained.

The expansions are physically ineguivalent.

Linear l Chiral 1
- I » l | )
% ___________________ // ‘
o o 60
2 d =10
o
> Jd—8 40
: d=6 ‘_
- d=24 20




Higgs EFTs

. Chia

Equivalent when considering the whole tower: all couplings contained.

The expansions are physically ineguivalent.

Linear l Chiral l
- | // | | )
% _________ O e // ‘
% e 60
Q. d =10
Q_ P
> d=8 = 40
: d=6 — |

correlations: decorrelations:

D, ~ (v+ h)D,U + 0, hU D, U and 0, h independent



Higgs EFTs

. Chia

Equivalent when considering the whole tower: all couplings contained.

The expansions are physically ineguivalent.

Linear , Chiral ,
© | // | 1
s419. T4  L_o______4 | .
d ' 60
Q_ i
> d=8 - 40
: d=6 |
= d=4 20




Disentangling LINEAR signals

from CHIRAL signals

Isidori, Trott; hep-ph/1307.4051
Brivio, Corbett, Evoli, Gonzalez-Garcia, Gonzalez-Fraile, Merlo, Rigolin, BG; JHEP 1403 (2014) 024

Brivio, Corbett, Evoli, Gonzalez-Garcia, Gonzalez-Fraile, Merlo, Rigolin, BG; JHEP 1412 (2014) 004



New Signals

A coupling that appears at NLO in the chiral and NNLO (d=8) in linear

PR, W W, ZaFra(h) 2

number of expected events (WZ q
production) with respect to the Z pr

« 18003
<
‘91"“” B Bockground
c
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Higgs EFTs

. Chia

Equivalent when considering the whole tower: all couplings contained.

The expansions are physically ineguivalent.

Linear l Chiral 1
O | ’ | | 1
% ___________________ 7’ ‘
2 d =10
Z
> Jd—8 40
: d=6 ‘_
£ d=4 20

The chiral expansion is more general than the linear one

* It contains the linear EFT in a specific limit
* It allows to ask the question of whether the Higgs field
is an exact doublet or not



Higgs portals to Dark Matter

hep-ph/1511.01099
|. Brivio, L. Merlo, K. Mimasu, J.M. No,
R. del Rey, V. Sanz, BG



Dark Energy

69% baryons
5%

* The presence of DM is only inferred through gravitational effects

*1It is (mainly?) a singlet under the SM

—> Does DM interact sizeably with visible matter?
We don’t know, but worth exploring
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SM portals to the dark sectors

Only three singlet combinations in SM with d < 4:

SM Higgs
doublet OMO Scalar
Buv Vector
L H Fermionic

Any hidden sector, singlet under SM, can couple to the
dark portals

120



SM portals to the dark sectors

Only three singlet combinations in SM with d < 4:

ORMOXS Scalar
BlJV VI-IV Vector
LHWY Fermionic

Any hidden sector, singlet under SM, can couple to the
dark portals

120



SM portals to the dark sectors

Only three singlet combinations in SM with d < 4:

¢+ ¢ 32 Scalar (stable DM)
pr AN Vector
LHWY Fermionic

Any hidden sector, singlet under SM, can couple to the
dark portals

120



Silveira + Zee ;

SM Standard Higgs portal tO DM Veltman+ Yndurain;

Patt + Wilczek
Consider a singlet scalar DM particle S
¥ 2
P PS
(Vv + h)2=v2 +2vh + h?
S . S~ , h
Smmmh 25V < \s
s’ s 4 N oh

correlated: fixed relative strength v
which impacts directly on the DM relic abundance



Silveira + Zee ;

SM Standard Higgs portal tO DM Veltman+ Yndurain;

Patt + Wilczek

Consider a singlet scalar DM particle S

L= Ly + L portal

1 7 HS 2
25—28,“985 25

correlated: fixed relative strength



SM Higgs portal

&z — %apsaﬂs 7552 - 2sS? (2vh 4 ) 4.

very little viable to be probed in

space will remain ‘ the next few
{ years
iy
|
\
Do \
107§ p
102 103
@D Gev)
Exclusion regions inferred from different eperimental measurements. recent analyses:
el 0 : as » Cline et al. PRD88 055025
Yellow : within the 95% CL projected sensitivity of XenonlT Feng et al. JHEP 1503 045

|. Brivio
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Brivio et al. 1511.01099

SN Chira

A (D"'d) S2 »  AsF(h) S2

T

(2vh 1 h2) (X = (2vh -+ Iéhz) S?

\

arbitrary coefficient




Relic abundance

Dominant contributions imposing Qs < Qpuy

for ms > mp
S \ , h B standard (b= 1)
I 107"} o b=05
S K h " Bl H-=2
S -~ - h
or
S
s --7 >~ p 1072 '
Excluded region
S~ o h
b
TN

S - N h 102
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Brivio et al. 1511.01099

SN Chira

A (D"'d) S2 »  AsF(h) S2

T

(2vh + h?) S2 —  (2vh+ B)S?

\

arbitrary coefficient

and also new couplings appear —>



At the leading chiral order (2 derivatives), other couplings appear:

5
s = 50,50"S - 952 -5 (2vh+ @F) + > @A+ ..
iI=1

T, 3 2 2
Ay = Tr(D,UD*UY)S2F (h) Az =Tr(D,Uo*UT)*S* F3(h)
Ay =i Tr(D,Uc?U")(9"5%) Fy(h)
As = i Tr(D, Uc*UT)S20+ F5(h)

Ao = S?0F»(h)

where: Fi(h) =1+ 2a2 + b,-ﬁ—i + ...

several different couplings:
S S~ , h S

\
S N\
)---- h ’<
7/
/

S0 OO0

S




At the leading chiral order (2 derivatives), other couplings appear:

5
s = 50,50"S - ?52 -5 (2vh+@F) + > @A+
iI=1

T 3111\2 Q2
A1 = Tr(D,UD*U")S2Fy (h) Az = Tr(D,Uc*UT)>S* F3(h)

Ay = S?

where: Fi(h) =1+ 2a2 + b,-C—i + ...

several different couplings:

S

\
\
Ymmm= h
7/

/

DO

S

Ay =iTr(D,Uc3UT)(0*S?) Fy(h)

1 N
F2R) As = i Tr(D, Ug®Ut)S28" Fs ()

only A3 contributes

to the p parameter
(at one-loop) ‘L

c3 < 0.1

S~ , h S

N 7’
N
7’

7’

<

N
N

S S h
DO

7’

S




At the leading chiral order (2 derivatives), other couplings appear:

5
s = 50,50"S - ?52 -5 (2vh+ @F) + > @A+ ..
iI=1

ustodial breaking

As = Tr(D,Uc?UT")25%2F3(h)

Ai1=Tr(D,UD+U")S2F (h)
Ay =iTr(D,Uc3UT)(0*S?) Fy(h)
As=iTr(D,Uc3UT)S%0" F5(h)

Ag = 52 Fa(h)

where: Fi(h) =1+ 2ah + b5 + ...

several different couplings:

S | S N L h S | S N W;
RESEEY < A 2, P

s’ S - ™ oh s 7 5 7 W
O] DO ® ©



At the leading chiral order (2 derivatives), other couplings appear:

5
s = 50,50"S - ?52 -5 (2vh+ @F) + > @A+ ..
iI=1

ustodial breaking

As = Tr(D,Uc?UT")25%2F3(h)

Ai1=Tr(D,UD+U")S2F (h)
Ay =iTr(D,Uc3UT)(0*S?) Fy(h
=i Tr(D, Uc?UT)S?0" F5(h

Ag = 52 Fa(h)

where: Fi(h) =1+ 2ah + b5 + ...

several different couplings:

s . S, . h S| S~ Z, S~ S~ w;t
aeen s o~z 5 ‘~ .

s’ s’ s Noh s’ W,
0 c c c




Relic abundance

The insertion of the two custodial preserving operators A; and A>

alters dramatically the exclusion regions!

109
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because more channels open:
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Relic abundance

The insertion of the two custodial preserving operators A; and A
alters dramatically the exclusion regions!

Excluded regions are under the curves imposing Qs < Qpm
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Most of the region
excluded by the
standard Higgs portal
iIs now allowed !



Relic abundance + Direct detection + Invisible h width

a2 zaazul a2zl i
—

103

to be compared with tje standard po

Most of the region excluded by the
standard Higgs portal is now allowed !

104}

A-01

Xenon1T

B LUX

B Planck
h
=4 liv.

standard

] XenoniT
0 LUX
] Planck

== M.

“o°
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Phenomenological analysis

0<®§1 @E[—l,l]

20 GeV < @ <1TeV ® ~ o(1)
Observable Parameters contributing

® 00 0 cs
Relic abundance Qg h? v v v v vV

Direct detection og;(SN — SN) _ : v - v

Invisible h width ['(h — inv.) - - v - . ;
o(pp — hSS) v - v - v v

Mono X

signatures o(pp — ZSS) - v v v v v

olpp — WTSS) - v v . v ,

—>Talk (Sunday) by J.M. No



Ratio (¢ /o )

o ( mono-Z) / o (mono-W) |asmoking gun

, o(pp — ZSS)
Ratio Rzyy =
O TIW = (pp — WSS)
lO L I I I 1 I I | 1 I 1
7= Standard .
L C d
sl . standard -

o W

u—

2
¢, (x10?)

| %
0.5 -
0.3+ _—
0.2 l I I 1 l 1 I 1 |

70 100 200 300 500 700 1000

at /s = 13 TeV

The standard Higgs portal
predicts a unique curve,
independently of Ag




Ratio (/5 )

o ( mono-Z) / o (mono-W) |asmoking gun

o(pp — ZSS)

Ratio R = t — 13 TeV
W= o o Wiss) VS ¢
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Or.... can a linear expansion mimic the same with higher dim. operators
and fine-tuning of coeffs.?

Linear Ls = Loy + L& + 75 1 -
gg’ i 5dﬂsc)ﬂs + s "’5 7562 4 AsS*(dTd) + wS*
— Z C; @OF

the basis {O;} contains 9 operators with 40 (e.g. g°S*W,,, W"") plus

— (o1 d)282 b
d= O = DNCDTD“d)Sz — A
—OTe)S? = A

>
— (¢! D, $)D"S? = A4
while the couplings in A3 and As only appear in ops. with d=8

The (de)correlation effect between couplings with different and with equal and
different numbers of h legs remains a disentangling tool



Conclusions

* The chiral Effective Field Theory:

—> Accounts for many different scenarios of EWSB

—> Good to explore whether the physical Higgs is an SU(2)L doublet,
essential question!
—> [t contains the linear expansion in a specific limit

—> Possible to disentangle from data linear from chiral EWSB
realisations: decorrelations and different dominant couplings

* We have defined the non-linear DM portal, and explored it

—> It has a dramatic phenomenological impact
—> Relic density, direct detection, collider signals ... smoking guns

—> Talk Sunday by J.M. No



The Higgs chiral Lagrangian: LO

It's useful to define two objects that transform nicely under SU(2);:
V;L — (DN,U)UT — %VV;' I — %Bp, 03
T = Us’UT =0

In unitary gauge

LO lagrangian: up to two derivatives.

Lew = [kinetic terms for W, Z, G] + %a,tha“h — V(h)+

2 V2

— 2TV, Fe(h) + cr g Ti(TV,) Tr(TV) Fr(h)

SM Lagrangian, up to the presence of arbitrary Fi(h) and of cr

2
in particular: D,®'DFd — %B,Lha“h _ vt h)

Tr(V,.V")

Brivio
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The Higgs chiral Lagrangian: LO

It's useful to define two objects that transform nicely under SU(2);:

V,=(D,UUT  =Ewisze_ERB s
in unitary gauge
T = Us?UT =0
LO lagrangian: up to two derivatives. - ~

2.2
—%—Z#Z”J’T(h)

breaks the custodial symmetry and
contributes to the p parameter

Zew = |[kinetic terms for W, Z, G] + %8#/78“,7% or ;10_3 )
2 2

— = Te(VuV*)Fe(h) + cr 7 Tr(TV,,) T(TV*) Fr(h)

SM Lagrangian, up to the presence of arbitrary Fi(h) and of ct

(v + h)?
4

in particular: D,dTD'd — %8,,h8“h— Tr(V,.V*)

Brivio



Example of CHIRAL Decorrelation

The linear coupling 0 = (D,®)'B*(D,®)

splits into two chiral ones:

Po(h) = 2ieg? A, W W Fo(h) — 2 ie"g Z, W W Fo(h)
COS@H

Pi(h) = Y9 A, 7O F (h) 4 e’ 2 10" Fu(h)

4\It) — COS HH v 4\1t) (3082 er 1% A\ 1

due to the decorrelation in the F;(h)  functions: i
[see also I5|dor|&Trott 1307.4051]




Example of CHIRAL Decorrelation

The linear coupling 0 = (D,®)'B*(D,®)

splits into two chiral ones:

ip2
Py (h) = 2ieg® A, W FW T Fo(h) — 22— Z,, W H W Fy(h)

COS 91,1/’
eg y e .
7?4(h) - — AWZ“a f4(h) | 052 O Z/“,Z’L'() f4(h)

due to the nature of the chiral operators (different ¢; coefficients): i.e.




Decorrelations

Bounds from TGV+nggs
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g Ag
23:4(202+a4)—>fB§ AB:4(2(;2—CL4)—)0

YW = 2(2(33 — a5) — fwf Aw = 2(263 -+ a5) — 0

Data: Tevatron DO and CDF Collaborations and LHC, CMS, and ATLAS
Collaborations at 7 TeV and 8 TeV for final states yy, W¥W~-, ZZ, Zy, b b, and tt”



