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So far data consistent with the SM — linear SU(2), doublet
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Crucial to keep looking for possible departures!
dynamica) origin?

the
chiral effective Lagrangian

is the most generic way to couple the Higgs
to the SM Goldstone bosons

linear EW doublet every BSM scenario generic singlet
[elementary Higgs] y [dilaton]

pGB EW doublet pGB EW singlet
[composite Higgs] [exotic]

corresponds to a specific limit of the chiral EFT description
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Crucial to keep looking for possible departures!
dynamical origi,,

the
chiral effective Lagrangian

is the most generic way to couple the Higgs
to the SM Goldstone bosons

linear EW doublet generic singlet
[elementary Higgs] [dilaton]

pGB EW doublet pGB EW singlet
[composite Higgs] [exotic]

[different BSM signals expected!]
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Chiral EFT: basic formalism

Appelquist,Carazzone (1980)
Goldstone bosons: in a bidoublet of SU(2), x U(1)y Longhitano (1980,1981)

U(x) = ™™o/ U(x) — LU(X)RT.
Higgs boson: generically a gauge singlet h(x) .
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Appelquist,Carazzone (1980)
Goldstone bosons: in a bidoublet of SU(2); x U(1)y Longhitano (1980,1981)

U(x) = ™™o/ U(x) — LU(X)RT.
Higgs boson: generically a gauge singlet h(x) .

Important: three scales! € = vz/fz non-linearity parameter
(not physical!)
N new resonances

&=1 technicolor
f Goldstone bosons i (non-linear EWSB)
v EWSB &=0 linear EWSB

Building blocks for the Lagrangian:

GBs vV, =D,UU', V, — LV, L
T = Us3UT, T~ LTLT — Custodiatsym.
Higes F(h)= 1423t +b5 4.0 0,F(h) it s ()
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The non-linear effective Lagrangian

With this notation, the SM Lagrangian reads

Zsm = (kinetic terms for v, W, Z.G)+
1

GB kinetic terms
gauge bosons’ masses

v+ h)?2
—7( i ) Tr[V,VH] +

v+h

V2

[QZ}LU Yir + h-C-] Yukawas

llaria Brivio (UAM/IFT Madrid) Unravelling the Higgs nature with EFTs 4/23



The non-linear effective Lagrangian

With this notation, the SM Lagrangian reads

Zsm = (kinetic terms for v, W, Z.G)+
1

Fec(h)

GB kinetic terms
gauge bosons’ masses

Tr[V,V*] +

Fy(h)
V2

[QZ}LU Yir + h-C-] Yukawas
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The non-linear effective Lagrangian

With this notation, the SM Lagrangian reads

Zsm = (kinetic terms for v, W, Z.G)+

+ %aﬂhaﬂh - V(h)+

]'—C(h) GB kinetic terms
B 4 Tr[VMV”] + gauge bosons’ masses
~ Fy(h)

72 [Q,[_)LU Yir + h.C.] Yukawas

BSM effects: effective operators with up to 4 derivatives

AL = Z ci'Pi

llaria Brivio (UAM/IFT Madrid) Unravelling the Higgs nature with EFTs 4/23



The non-linear basis

Pw = —&- W2, W Fy(h)
2
Pg = — & By, B F(h)
2
Pe =—%G,G™" Fe(h)
Pr = 10,hd" hFw(h)

Por = & (6,hd"h)* Fou(h)

Pan = 5 (0,he" h) o Fan(h)

Por = & (ah) (ah) Fon(h)
Pe = —2 Tr(V V,,) Fe(h)

Pr =2 Tr(TV,) Tr(TV*) Fr(h)
P1=gg’' B Tr(TWH") Fi(h)
Py = ig’ B Tr(T[V#, V¥ ]) Fa(h)
Ps = ig Tr(W, [V*, VV]) Fs(h)
Pa = ig’ By Tr(TVH) 3" Fa(h)
Ps = ig Tr(W,, V*) 8" Fs(h)

Ps = (Tr(V.V*))> Fo(h)
Pr=Tr(V,.V*)0,0" Fr(h)

Py = Tr(V,.V, )" Fo(h)d” F4(h)
Py =Tr((DuV*)?) Fo(h)

llaria Brivio (UAM/IFT Madrid)

Alonso,Gavela,Merlo,Rigolin, Yepes (2013)

Pro =Tr(V,DuV*)0" Fro(h)
Pu = (Tr(V,.V.))* Fua(h)
Pr2 =g Tr(TW,))* Frz(h)
Pz = ig Tr(TW.) Tr(T[V*, V¥]) Fis(h)
Pra = ge"P> Tr(TV,,) Tr(V, W, ) Fua(h)
P15 =Tr(TD.V*) Tr(TD, V) Fis(h)

Pio = TH([T, Vo ID,V#) Tr(TV) Fig ()
Pr7 = ig Tr(TW,u) Tr(TV*)0" Faz (h)
Prg=Tr(T[Vy, Vo ]) Tr(TV*)0" Fs(h)
Pro=Tr(TD, V") Tr(TV,)0" Fag(h)

Pao = Tr(Vu V)8, Fao ()" Fao(h)

Par = (Tr(TV,.))?0u Far (h)0” Fiy (h)

P2 =Tr(TV,) Tr(TV,)0" Faa(h) 0" Fpa(h)
Pz = Tr(V.V*)(Tr(TV,.))* Fas (h)

Pos =Tr(V,V,) Tr(TVH) Tr(TV”) Fas(h)
Pos = (Tr(TV,.))? 0,0 Fas (h)

Pas = (Tr(TV,.) Tr(TV.,))> Fas (h)

Bosonic sector
CP even
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The non-linear basis

Pw = —& W2, W Fyy(h)
Pp— _TB,“,B’“’]-'B(h)

P

2
—&GA,6% Fe(h)

Pr = 10, hd" hFu(h)

Pon

Pan

PoH
Pc
Pr

P2
Ps
Po

2 (8.ho" h) Fon(h)
i(a hé*h) o Fan(h)
% (oh)(ah)Fou(h)

—2 Tr(VAV,,) Fe(h)

= 2 Tr(TV,,) Tr(TV#) Fr(h)
P1=gg’' B Tr(TWH") Fy(h)

Po=
Ps =
Py =
Py =
PG =

ig' By Tr(T[V*,V*]) Fa(h)
ig Tr(W,u [V*, V¥ ]) Fs(h)
ig' By, Tr(TV™)0" Fa(h)

ig Tr(W,, V") 2" Fs(h)
(Tr(V,.V*))? Fo(h)

= Tr(V,.V")0, 0" F(h)
=Tr(V,V,) 0" Fo(h)d* Fi(h)
= TH(DuV*)?) Fo(h)
llaria Brivio (UAM/IFT Madrid)

Alonso,Gavela,Merlo,Rigolin, Yepes (2013)

Appelquist,Bernard (1980)
P1o=Tr(V,D.V")0" Fio(h) Longhitano (1980,1981)

Pu1 = (Tr(V,V,))2Fu(h)  Feruglio (1993)
Pro = g2 Tr(TW,))?Fra(h) No h:
Pz = ig Tr(TW,) Tr(T[V*,V*]) Fis(h) ALF basis
Pra = ge"PA Tr(TV,,) Tr(V, W,2) Fra(h)

Pis = Tr(TD,VH) Tr(TD, V") Fis(h)

Pis = Tr([T, V,]D,.VH) Tr(TV?) Fis (h)

Prr = ig TH(TW,) Tr(TV#)0” Far (h)

Pig = Tr(T[V,, V..]) Tr(TVH)d" Fig(h)

Piro = Tr(TD V) Tr(TV,, )" Fio(h)

Pao = Tr(V,VH), Fao(h) 8" Fho(h)

Por = (Tr(TV )20, Fau (h) 0" Fhu(h)

Pay = Tr(TV,,) Tr(TV,) 0" Fao (h) 0" Fi(h)

Poz =Tr(V, VH)(Tr(TV,.))2 Fas(h)

Poa = Tr(V, V) Tr(TVH) Tr(TVY) Fas(h)

Pos = (Tr(TV,.))28,0" Fas (h)

Pas = (Tr(TV,,) Tr(TV,))? Fas (h)
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PW:
Pg =
PG:
Ph =

1
PoH = 7=

Pan=
Pon =
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Pr=
P
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The non-linear basis

—E W2, W Fy(h)
2
—£-B,., B" Fg(h)
2
—&G4,G% Fo(h)
$0,ho" hFp(h)

(0,.ho* h)? Fou(h)
1(9.ho" h) o Fan(h)

2 (2h) (oh) Fon(h)

—2 Tr(VAV,,) Fe(h)

2 Te(TV,.) Tr(TV*) Fr(h)

=gg'Buy Tr(TWH) Fi(h)
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= Tr(V,V,) 0" Fo(h)a" Fo(h)
= TH(DuV*)?) Fo(h)
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Alonso,Gavela,Merlo,Rigolin, Yepes (2013)

Pro=Tr(V,DuV*) 3" Fio(h) Custodial
P = (Tr(V,. V)2 Fui(h) symmetry
Pro=g> Tr(TW,.))* Fra(h) imposed

Pis = ig Te(TW,u) Tr(T[VH,V¥]) Fis ()
Pra = ge"P> Tr(TV,,) Tr(V, W,2) Fra(h)
P15 =Tr(TD.V*) Tr(TD, V) Fis(h)

Pis = Tr([T, VoD V) Tr(TV") Fis(h)
Pr7 = ig Tr(TW,u) Tr(TV*)0" Faz (h)
Prg=Tr(T[Vy, Vo ]) Tr(TV*)0" Fs(h)
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P2 =Tr(TV,) Tr(TV,)0" Faa(h) 0" Fpa(h)
Pas = Tr(V, V) (Tr(TV.,))* Fas ()

Pos =Tr(V,V,) Tr(TVH) Tr(TV”) Fas(h)
Pas = (TH(TV,)20,0" Fas ()

Pas = (Tr(TV,.) Tr(TV.,))* Fas (h)
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The non-linear basis
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Ps = ig Tr(W,., V") 0" Fs(h)
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Pr = Tr(V,.V*)8,0" Fr(h)
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P =TV R
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P‘” _I_\ \; \7 iz ;1”‘ 4 Massless
= (Tr v .
1= (Tr(ViVo ) Fuu(h) fermions

P12 = g2 Tr(TWuV))z}—IZ(h)
Pis = ig Tr(TW,,)) Te(T[V#, V*]) Fis(h)
Pra = ge"P> Tr(TV,,) Tr(V, W,2) Fra(h)

Pr= LLANLIEZ/MA AV ELLANLIESO D e L))
“Pre=Tr{{ TN D) Tr(TVY) Fis(h)
Pr7 = ig Te(TW,,) Tr(TV#) 0" Fiz(h)
Pig =Tr(T[V,, V. ]) Tr(TV*)0" Frs(h)
% T (T \/XL) Ty{Tv AV (k)

Pao = Tr(V, V*)d, Fao(h)0” Fo(h)

Por = (Tr(TV,.))20, For (h) 8" Fhy (h)

P =Tr(TV,) Tr(TV,)d" Faz (h)0* Fhy(h)
Pz = Tr(V V*)(Tr(TV,))2Fas(h)

Poa = Tr(V V) Tr(TVH) Tr(TVY) Faa(h)
Pos = (Tr(TV,.))?0,0" Fas(h)

Pas = (Tr(TV,,) Tr(TV.))>Fas(h)
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Ay WHEW =
Coupling

generic singlet 2@ + c

A WHEW =R Zw WHEW Y
hs o W+ w
X 2~
A w- w-

2 cap + - —2t§. + ¢

ZWWHWVh
Z w-

—2t2 gay + (czaz

Aun Z"0"h

A
h ___<
V4

generic singlet 2 ca; + -

Coupling

A Z"hé” h Z,, 2" h
ha oA z
>< h N _<
h V4 V4

2. + csbs 2ty cpaq — -

Z, Z"hd” h
h \ < Z
AY
\
7/
7/
h V4

2t9. — csbs
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Example |
Ay WHEW A WH W h Zo WHW ZW WHW—vh
Wt b o W w+ ha o w+
A~ s 2 X
w- A w- W~ Z w-
generic singlet 2@ + c 2 0a +(Gag —2tg. + —2t2 gay + (czaz

A ZHd"h AuwZ"hdh Z,, 740" h Z,,Z"ho" h
A AN A z h z

h ___< \\< h ___< \\<
z h' Lz z ' Lz

generic singlet 2. ca; + (@8 2. + asbs  2t) caas — (E85) 2t9. — csbs

Coupling

Coupling

. » P2345 are independent
Decorrelations: _
» Fa345(h) are arbitrary
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If the Higgs is an elementary SU(2), doublet

How is the linear SU(2) doublet described in the chiral formalism?
» The chiral expansion shall converge to the linear one
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If the Higgs is an elementary SU(2), doublet

How is the linear SU(2) doublet described in the chiral formalism?
» The chiral expansion shall converge to the linear one

For example: Buchmiiller, Wyler (1986)

HISZ Iinear baSiS Hagiwara, Ishihara,Szalapski,Zeppenfeld (1993)
Occ = —-5010G,, G Oww = —E0TW, Wie
Ops = —5 0B, B"o Opw = —%01B, Wro
Ow = %(D,0)fwmD,0) 0= %(D,®)'B"(D,0)
Op1 = (D,®)' & of (Do) Opy = 301 (dTd) 0, (oT0)
Op3 = 1(o10)° Ovs = (Do) (D) (¢70)
Oup = (D#DWD)T (D, D" ®) Grzadkowski, Iskrzynski, Misiak,Rosiek (2010)

> see talk by J. Gonzalez-Fraile
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Linear - chiral correspondence

Two towers of operators:

Linear Non-linear
| I

- .
- N A £ N I p
a )
I d=12
o
2 d=10 o
g d=38
: @-¢ 40

{0} {Pi}

Correspondence O; — P;
h
Replace in O;: & — v U(O)
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Linear - chiral correspondence

Two towers of operators:

Linear Non-linear

60

40

more suppressed

{0} {Pi}

Correspondence O; — P;
h
Replace in O;: & — v U(O)
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The non-linear basis

Pw = — & W2, W Fy(h)
Pg = —£ B, B* Fg(h)
P = — 56/, G Fo(h)
Pr = 10, ho" hFu(h)
PBH = L (0,.h0" h)* Fou(h)
Pak = 5 (3,ho"h) o Fan(h)
%(

Pori = % (oh) (ch) Fon(h) & y TV
- A A Pis = Tr([T, V., ]D,.V*) Tr(TV*) Fig(h)

Pz = ig Te(TW,,) Tr(TV#)0” Fiz (h)
Pr =2 Tr(TV,.) Tr(TVH) Fr(h)
€ , Prs = Tr(T[V,,, V..]) Tr(TV#)3" Fis(h)
P1 = gg' By, Tr(TW")Fi(h)
Pro = Tr(TD,V*) Tr(TV,)8" Fio(h)
Py = ig’ B Tr(T[V*, V¥ ]) Fa(h) o
) ) Pao = Tr(V,V*)d, Fao(h)0” Fao(h)
P = ig Tr(Wu [V*,V"]) F3(h) . o
., Po1 = (Tr(TV,.))0u Far(h)d” Fu (h)
Ps = ig' Buy Tr(TVH)0" Fa(h) ,
) P = Tr(TV,,) Tr(TV,) 0" Faz(h) 0" Fhy(h)
Ps = ig Tr(W,., V*)0" Fs(h) s
2 Poz = Tr(V, V) (Tr(TV.))* Faz(h)
Ps = (Tr(V,.VH*))* Fes(h)
P24 = Tr(V V TI’(TVH) Tr(TVV)]:u(h)

. )
[ )jlafﬁ( ! Pas = (TH(TV,.))%0,2" Fas )
|~ TT(VuV)o Fa(h) ) Tr(TV,))2 Fas (h)

o Fi(
s( B% - (T (Tv
Po = Tr((D,V*)?) Folh
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Pio = Tr(V., D, V*)3" Fio(h)
Pu = (Tr(VuVV))z]:ll(h)
Pro = g* Tr(TW,..)))> Fia(h)
Piz = ig Tr(TW,.,) Tr(T[VH,V*]) Fis(h)
Pra = ge"*P Tr(TV,,) Tr(V, W,») Fia(h)
Pis = Tr(TDLVH) Tr(TD,VY) Fis(h)

Expected &
weights



The non-linear basis

Pw = — & W2, W Fy(h)
2
Ps = — &~ B, B Fa(h)
2
Po = — %0/, 9" Fo(h)
Ph = 10,ho" hFu(h)

SR Y

Pro = Tr(V, D, V)" Fio(h) Corresponding
R to linear
d=256

Pori = 5 (oh) (ch) Fon 2
Pc =2 Tr(VAV,) Fe(h)
¢ Pr =2 Tr(TV,.) Tr(TVH) Fr(h)
P1 = gg’ By, TH(TW") Fi(h)
P = ig’ By, Tr(T[V*, V")) Fa(h)
Ps = ig Tr(W,u, [V, V¥]) Fs(h)
Py = ig’ By, Tr(TVH) 0" Fa(h)
Ps = ig Tr(W,, V*)0" Fs(h)
Ps = (Tr(V,V*))* Fo

) Fa(h) Ny ‘
Pr = Tr(V, V) 0,0" Fr (h)
Py = Tr(V, V) 0" Fa(h)o” Fi(h) .&(\ \
Po = Tr((D,V*)2) Fo(h) R
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Correspondence between first orders

Linear Non-linear
|
| !
| |
: | ‘ ‘
| |
T
d=6 — | > 40

10 inear operators of d = 6

correspond to

17 chiral operators with 40
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Linear doublet vs generic singlet

Already at LO the linear EFT has fewer parameters than the chiral one!
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Linear doublet vs generic singlet

Already at LO the linear EFT has fewer parameters than the chiral one!
Requirements:
1. Linearity of EWSB » £ —0
— chiral op. weighted by ¢
— §2

64

linear op.

v

F(h) = (1+ h/v)" = constraint on a;, b;
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Linear doublet vs generic singlet

Already at LO the linear EFT has fewer parameters than the chiral one!
Requirements:

1. Linearity of EWSB » £ —0
— chiral op. weighted by ¢
— §2

64

linear op.

v

F(h) = (1+ h/v)" = constraint on a;, b;

°- )

» fixes the relative weight of some operators to reproduce
the structure of D,® o (v + h) D,U + d,hU = constraint on ¢;

2. Gauge structure:
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Linear doublet vs generic singlet

For instance, consider

~

Op = £ (D"0)!B,, (D"®)
Ow = £(D*®)'W,, (D" o)
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Linear doublet vs generic singlet

For instance, consider

Op = & (D"9)B,, (D)
Ow = &(DHo)tw,, (Do)

NS

g v+h 0
Replacing & — \% U (5) we get

. :
Op = %BW Te(T[VH, VY ]) (v + h)? + %BW Te(TV*)0" h(v + h)

(3
16 8 J ppmm(rrmpvp?

T (W IV VD (v + 1) — & Te (WL, M) 0v h(v + h
8 K 2 K

S
<
I

o (Ps Ps 2C2—: “ (—: =2
= (=22 = 2c3=—c (= cw/4)
8 4 ) mem=rnpp ai=b=1
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Back to example |

Coupling

generic singlet

linear doublet

Ay WHEW Y

Wt ha o W
4
w- A w-

2¢ + ¢3

%(CB +Cw)

A WHW R

2cpay + c3as3

%(CB +Cw)

Z, WHHWw—v
W+
7 Av\<
wW-
—2t92C2 + 3

(-t2@B + Ew)

Z WHHW™"h
h f< N
AY
N\,
V4 %=
—2t€2C232 + c3a3

H(—t2@B + Ew)

Coupling

generic singlet

linear doublet

AuwZ"" h

A
h ___<
z

2¢4a4 + Csas

1(@B — ew)

A Z"hd” h

h~ < A
he' ‘Lz
2¢c4by + c5bs

(@B — ew)

Z,, 2" h

V4
h ___<
V4

2t92C4a4 — Cpas

%(tg cg + Cw)

Z,,Z"ho"h

h~ < V4
he' %tz
2t364b4 — cgbs

%(tg cg + Cw)
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Back to example |

llaria Brivio (UAM/IFT Madrid)

A WHEW ™
Coupling

generic singlet 2cp + c3

linear doublet %( cg) + (ew))

A WHW R

2cpay + c3as3

%(CB +Cw)

Z WHW

Wt ha o W w+
e S S
w- A w- w-

—2t92C2 + 3

(-t2@B + Ew)

Z WHHW™"h
h ;{ N
AY
N\,
V4 %=
—2t02C232 + c3a3

H(—t2@B + Ew)

Complete equivalence for

2cp = ¢4 = cg/8
2c3 = —c5 = cy /4
a; = b,' =1

generic singlet  2cjas + csas

linear doublet %( cg) — (ew))

A ZVhe"
h~ < A
he' ‘Lz
2¢c4by + c5bs

(@B — ew)

Z,, 2" h

V4
h ___<
V4

2t92C4a4 — Cpas

%(tg cg + Cw)

Zu,Z"ho" h
h~ V4
N
N\,
X
4
h Z
2t364b4 — cgbs

%(tg cg + Cw)

Unravelling the Higgs nature with EFTs
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Back to example |

Coupling

generic singlet

linear doublet

Ay WHEW Y

W+ h \\ W+
A~ Py
w- A w-

2¢ + ¢3

(@B + (ew)

A WHW R

2cpay + c3a3

1@+ @w)

ZWHEw=v
W+
7 Av\<
w-
—2t5cz + 3

F(—12@B) + Ew)

Zuw WHW = h
h~ w+
AY
Py
V4 W=
—2t92cQ32 + c3a3

%(—tg cg + Cw)

linear doublet: h

couplings correlated!

generic singlet

linear doublet

A
=

zZ
2¢4a4 + Csas

1@ — ew)

A Z"hd” h

h~ < A
he' ‘Lz
2¢4 by + c5bs

1@ — ew)

Z,,2"3"h

Z
h ___<
V4

2t€2C4a4 — Cpas

%(tg cg + Cw)

Z,,Z"ho"h

h~ < V4
he' %z
2th4b4 — csbs

%(tg cg + Cw)
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Back to example |

Coupling

generic singlet

linear doublet

A WHEW Y

=

2¢ + ¢3

W+

wW-

%(CB +Cw)

A WTHW™"h
h J< .
AY
N\
A w-
2cpay + c3as3

%(CB +Cw)

Z WHW

w
2~

—2t92C2 + c3

wW-

(—t3@p + ew)

Z WHHEW™"h
h ﬁ( .
AY
N\,
V4 %
—2t€2C232 + c3a3

H(—t2@B + Ew)

Coupling

generic singlet

linear doublet

AuwZ"0" h

A
h ___<
V4

2c4a4 + Csas

(@B — (ew)

A Z"hd” h

h~ < A
he' ‘Lz
2¢c4by + c5bs

(@B — ew)

Z,,Z"0"h

Z
h ___<
zZ

2t92C4a4 — Cpas

%(tg cg + Cw)

Z,,Z"ho"h

h~ < V4
he' %tz
2t364b4 — cgbs

%(tg cg + Cw)
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Combining TGV 4+ Higgs data

A BSM sensor A linear vs non-linear discriminator
Y =4(2c + cpas) Ap =4(2¢) — cpaq)
Tw= 2(2C3 = C5a5) Ay = 2(2C3 + C5a5)
1.5 [ . 15 —_—
linear doublet
0.75 09 - ]
S 203
W 0 <
_03 [ -
-0.75
-0.9 | -
o7 o 7 RE 2 7
ZB AB

x> dependence after marginalizing over the other chiral parameters
Datasets: TGV (LEP) and HVV couplings (DO+CDF+LHC7+LHC8).
Colored areas: 68, 90, 95, 99% CL
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Example Il

In the linear Lagrangian
Ouo = (D, D*®)" (D, D" )
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Example Il

In the linear Lagrangian
Ouo = (D, D*®)" (D, D" )

Applying the EOM for & » c,¢ contributes to

Yukawa couplings - < <
4-fermions ><

scalar potential P P
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Example Il

In the chiral Lagrangian
Ocp = % (00" h) (0,0" h)

Applying the EOM for h » ¢, contributes to
Yukawa couplings ~ ----- < <
4-fermions ><
scalar potential < /
fermion-gauge >}<
4-gauge >{<
<

gauge-Higgs
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Example Il

In the chiral Lagrangian
Ocp = % (00" h) (0,0" h)

Applying the EOM for h » ¢, contributes to

Yukawa couplings ~ ----- < <
also from c.o

4-fermions ><
scalar potential < /
fermion-gauge >><
4-gauge ><
{

gauge-Higgs
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Example Il

In the chiral Lagrangian
Ocp = % (00" h) (0,0" h)

Applying the EOM for h » ¢, contributes to

Yukawa couplings ~ ----- < <
also from c.o

different pattern! — 4-fermions ><
scalar potential < /
fermion-gauge >}<
4-gauge ><
{

gauge-Higgs
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Example Il

In the chiral Lagrangian
Ocp = % (00" h) (0,0" h)

Applying the EOM for h » ¢, contributes to

r Yukawa couplings - < <
also from c.o

different pattern! — 4-fermions

A

\ scalar potential

4 fermion-gauge >}<
no contribution
in the linear EFT!

< 4-gauge >{<

. gauge-Higgs
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Example Il

Replacing ¢ — "\g’ U ((1’):

1 1 1 1
Oco — Pop + V2 (5736 + 2 Pr—Ps— ;Po— 57310>

G,c0 —  4-gauge ;Ki
cr,C8,C0,c0 — gauge-Higgs < ,,,,, <

where:
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Example Il

Replacing ¢ — "\g’ U ((1’):

1
8

G,c0 —  4-gauge ><
cr,C8,C0,c0 — gauge-Higgs < ,,,,, <

The chiral description is physically equivalent to the linear one iff:

1 1 1
— 2 P, Py — Py — =
O — Pop + v < Pe + 4737 Ps 4739 2731o>

where:

V2CD/-, = 8C6 = 4C7 = —Cg = —4C9 = —2C10
ai=b=1, i=6,...,10

contributions to QGV, gauge-Higgs and gauge-fermion couplings
signal deviations from the SU(2); doublet structure
» e.g. impact on off-shell gg — h* - VV  from P; = Tr[V,V*]0, 0" F7(h)
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Correspondence between first orders

Linear

Non-linear
| | /

d=6 | ———] > 40
o Pa Pa

10 inear operators of d = 6 Eha 16 8
Ps Ps
correspond to P )

P A

17 chiral operators with 40

Ps  Pr Py Pro
OD¢—>Puh+?+T—'P8—T—7
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Example Il

Linear Non-linear ‘
d=10 —
d=38
d=6

Effects that are expected to be
» leading-order corrections in the most general non-linear expansion
» higher-order corrections in the linear series
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Example Il

Linear Non-linear ‘

=
D0 SN

d
d
d
d

Effects that are expected to be
» leading-order corrections in the most general non-linear expansion
» higher-order corrections in the linear series

ghvPA <<|>T D d>) <<I>To—,- ﬁx"’) Wi d=38

P1a = g Tr(TV,) Tr(V, W) Fia(h) ¢
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Example Il

Linear Non-Hnear‘

aq

oy
=

D0 5o

Effects that are expected to be
» leading-order corrections in the most general non-linear expansion

» higher-order corrections in the linear series

W+

: g3c14
Pu 2> 4 —Q—Ceswma# W;f W, Zy+ h.c.
W,

Warning: this operator breaks custodial symmetry.
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Expected LHC sensitivity

Current best bound at 95% CL
V4 2 2
‘gs =8 C14/2C9 ’ gf € [—0.08,0.04]
Dawson, Valencia (1994)

Simulation analysis
é » WZ pair production
§ ool q oF
w W V4 o
wit Jiks
_______ q v
background | > binned analysis of pZ distribution
25 50 75 100 125 150 175 200 225
p% (GeV) » Result (95% CL)
dataset: 7+8+14 TeV g% € [—0.033,0.028]

(4.7419.6+300 fb~1)
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If the Higgs is a pGB embedded in a doublet

So far we have compared the phenomenology of the Higgs as a

linear SU(2), doublet Vs,

But what if the Higgs is a pseudo Goldstone boson ?
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If the Higgs is a pGB embedded in a doublet

So far we have compared the phenomenology of the Higgs as a

linear SU(2), doublet Vs,

But what if the Higgs is a pseudo Goldstone boson ?

General expectations:

1. the functions F(h) contain an infinite series of ; = \/Zﬁ
v

e.g. trigonometric

in concrete models, the linear

2. if h embedded in a SU(2); doublet = expansion is recovered for £ — 0
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Results from specific CH models

Georgi, Kaplan (1984)

In SpeCIfIC models: Agashe, Contino,Pomarol (2004)

SU(5)/S0(5) and SO(5)/50(4)

_x a2 P Alonso, |B,Gavela,Merlo,Rigolin (2014)
c2Fa(h) = & sin® [hep-ph/1409.1589]

9z «in2 ¥
caFa(h) =28& sin of "> see talk by R. Alonso

llaria Brivio (UAM/IFT Madrid) Unravelling the Higgs nature with EFTs 21/23



Results from specific CH models

Georgi, Kaplan (1984)

In SpeCIfIC models: Agashe, Contino,Pomarol (2004)

SU(5)/S0(5) and SO(5)/50(4)

_x a2 P Alonso, |B,Gavela,Merlo,Rigolin (2014)
c2Fa(h) = & sin® [hep-ph/1409.1589]

9z «in2 ¥
caFa(h) =28& sin of "> see talk by R. Alonso

> .7:2(/7) = Fua(h) # (1 + /'I/V)2
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Results from specific CH models
Georgi, Kaplan (1984)

In SpeCIfIC models: Agashe,Contino,Pomarol (2004)

U(5)/SO(5) and SO(5)/SO(4)

2 P Alonso, |B,Gavela,Merlo,Rigolin (2014)
c2Fa(h) = & sin® [hep-ph/1409.1589]
_9z 29
caFa(h) =28& sin of "> see talk by R. Alonso

» Fo(h) = Fa(h) # (1 + h/v)?

» expanding:
. 2
st = § L BVI-E £ (1-5) | roe) - 558 o

» £ is a parameter of the model
» F(h) —» &1+ h/v)2 for £€—0

21/23
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Results from specific CH models

Georgi, Kaplan (1984)

In SpeCIfIC models: Agashe,Contino,Pomarol (2004)

SU(5)/SO(5) and SO(5)/SO(4)

2 P Alonso, |B,Gavela,Merlo,Rigolin (2014)
c2Fa(h) = & sin® [hep-ph/1409.1589]
_9z 29
caFa(h) =28& sin of "> see talk by R. Alonso

» Fo(h) = Fa(h) # (1 + h/v)?

» expanding:
. 2
st = § L BVI-E £ (1-5) | roe) - 558 o

» £ is a parameter of the model
» F(h) > &1+ h/v)®2 for £€—0

» the condition ' 2¢; = ¢4 is verified exactly
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Back again to example |

A WHHw—v A WHHW="h ZWHew—v ZuwWHHW ™" h
Coupling W R W+ W+ R W+
w- A w- w- V4 w-
linear doublet é(CB +cw) %(CB + cw) %(_tch + cw) é(_thB +cw)
pGB doublet 128 + &) leg+an/1-§  1(—285+8&) L(-282&+&)4/1-4
AuwZ"d"h A Z"ho” h Z,,Z"0"h Z,Z"ho" h
Coupling A ha oA z h, o2
h ___< >< h ___< :<
7/ /
z h V4 V4 h V4
linear doublet %(CB —cw) %(CB —cw) %(tgqg +cw) %(tch +cw)

PGB doublet (28 — &)4/1—§ (26— 63)(1 - g) Q26 +an/1-§ (2 + 53)(1 - g)
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Back again to example |

A WHEW Y A WHW—h Zu WHW Zuw WHW—h
Coupling W R W W R W
w- A w- w- V4 w-
linear doublet é(cs + cw) %(CB +cw) %(7t§cs +cw) é(ftgcs + cw)
pGB doublet 128 + &) leg+an/1-§  1(—285+8&) L(-282&+&)4/1-4
ST T Z,,Z"0" h Z,,Z"ho" h
pGB constraints il ol
~ | z h V4
20=c=0C a=az=as=as= 1—% " ___< \{
7/
2c3=—C5=0C3 b4=b5=1—§ [ Z h’/ V4
linear doublet %(CB —cw) %(CB —cw) %(tgcs + cw) %(tgcs + cw)

PGB doublet (25 — G)4/1—-§ (28 — 53)(1 - g) Q25 +an/1-§ 26+ 53)(1 - g)
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Back again to example |

A WHEW Y A WHEW ™ h ZwWHw— Zuw WHW ™" h
Coupling W R W W b« W
w- A w- w- z w-
linear doublet $(ce + cw) $(ce + cw) $(—t3ce + cw) $(—t3ce + cw)
pGB doublet 1025+ &) 102& + 53)\/1—7% 1228+ &)  L(-2826+&)4/1-4

oo AuvZ"hé" h Z,, 210" h Z,Z"hd" h
pGB doublet: all couplings " " *

correlated! h~

5 A 7 h Xy V4
extra h legs are weighted by a ){: L "_< ,:<
h’ V4

factor containing & z h Z

linear doublet 1(ce —cw) 1(ce —cw) 1(técg + cw) 3(técg + cw)

PGB doublet (25 — &)/1—§ (26 — E3)(1 - g) Q26 +an/1-§ 8+ 53)(1 - g)
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The chiral EFT is a powerful tool to study the Higgs nature:
every scenario corresponds to a specific region of the parameter space

Disentangling a linear SU(2), doublet from a generic singlet Higgs:

» correlation/decorrelation of TGV, HVV and HHVV

> the op. O.¢ does not affect QGV, gauge-Higgs or gauge-fermion couplings,
the op. P, does

> the g coupling is a NNLO (d=8)/NLO (40) effect

How to recognize a pGB Higgs embedded as a SU(2), doublet:

» vertices with different number of h legs have characteristic relative
weights that depend on £

» if £ > v there may be no visible difference from the linear scenario
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Backup slides



Triple gauge vertices

Lavwy = — fgwwv{g1v<WJVW7”VV - w VuW7‘“J) + ryWHEW, vy

— igy e PT (W o, W, — W, a,W,H) Vo +

+ g (B WHHW ™ — 3, W HWTY) v,}

gwwz = gcost, gwwy =e
Coeff. Chiral Linear
xe?/sa %
Ary 1 —2¢1 + 2¢2 + ¢c3 — 4cip + 2613 %(CW + cg — 2cBw)
Agg —Cg _
Aglz % 4:2?2329 cr + %Cl +c3 %CW ot %CBW — 16:227129&1’*1
Akz 1 ;szzsc-,—Jr %C17%§C2+C374C12 +2c13 écwf%63+ %cswf %C@p,l
Agé % c1q =
Agé % s3co — 16 =
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Lavy =ergs G G+ Ghoy A AP b+ 810 Apu ZP0" b+ g ApuZHh
1 v 2 v 3] 4
+ g/E/z)z Zuw ZH0" h + gl(-IZ)Z ZuwZ"h + g/E/z)z ZuZ"h + g/E/z)z ZuZ" o h
+8,0.2"Z,8" h+ g\, 0.Z"0,Z" h
+ g (WEWTEMh £ he) + g, WhHW ™ Hh+ gl WEW™Fh
Erww (Wouw )T Buww Wiw Brww Wi

4 = 5 = 6 -
gy WEW o+ glp) (0, WHHW, 8" h+ h.c) + glomy oW HTHa, W "h
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HVV vertices

Coeff. Chiral Linear
xe?/4v xv?
2
Agrige & —2ccac —4cee
Agriy~y 1 —2(cgag + cwaw) + 8ciar + 8cizan —(cBB + cww) + caw
Agf(flz)w é —8(csas + 2csas) — 16cr7any 2(cw — cs)
Agf(,ZZ)7 %Z 4%‘:533 —4cwaw + 8%2‘56131 + 16ci2a12 2%(‘35 —2cww + ?T;CBW
Dgl), % —4%5535 + 8csan — %(:17817 %Cw +cs
£g?) -9 2£ca +2cwa +855ca78(;a ic + ¢ +S§c
8hzz E4 csas waw + 8 ciar 12312 crces + cww + Fcaw

Ag,ffz)z —':;— —2cy + 2¢c(2ac — 1) — 8cr(ar — 1) — dmican Co,1 + 2Co 4 — 2Co 2
ngl, -% 16cra7 + 3202 -
Ag,(fz)z 7$ 16c10a10 + 32c19a19 -
Ag,(fz)z —;2179 16coa0 + 32ci5a15 -
AgIEIIV)VW é— —4csas cw
Agl(-lzl/)VW é —4cwaw —2cww
Ag,(_f,,)vw mézcg —4cy + 4ec(2ac — 1) + %q + lf;f cr — 8mican — % ci2 %iﬂg)coyl +4cos4 —4coo + %CEW
Dgimw —;15 8crar =
Ag}_,ﬁl,)vw 7$ 4cioaio -
Agliy *é 8coay -
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Quartic gauge vertices

_ €)) (1) +FWHEW— WY (2) +
Lax = { D(Z,Zm) + gl Wi WHeW, W — Wi wr)?
+ g0 WHIWT (VU VL + VLWL — g0 wiwr vy,
vv/ rYv IZhad 4204 ©
. (5) vpo + — !
+ igy et PTW W VLV
Coeff. Chiral Linear
x €% /4s} xv?
Dgliy 1 Lt + &b e +4cs + 20 — 16cr2 + 8ais e @CBW %;cm
Ag?) 1 S0 ey ”c + 40— 4cs — L cop — 2011 — 16c12 + 8¢ ”W+596 S
ww ey €T 1 3 —4C6 — 5 Con 11 12 13 oy CBW — oz €01
2
Ag(l) é Co + % Con + c11 + 2¢23 + 2c24 + 426 —
3 2 2 2 2
Agéz) % :2{'5:: T+ Csz” a1+ 4cies — 2s§co + 2c1 + 4sicis + 24 CWC” + ﬁcsw -2 Cze C®l
@ 1 22, 4
Ngyy x :252: T + e + 8ches — des — 2 con — 4ex cweg + 24629 cew — zjgc; co1
Agf,%,) s —2cg -
(3) s < &
Agz e = 2;;9 cr + ¢ L} SC1 4+ 4sicy — 4cig o cBW Toe? Co1
(4) s 253 1653 s2 E
Ag; = T+ olo+8es w + 225 cew — 525 Con
Ag-(ysz) i% 8cus —
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Coefficients of custodial preserving operators

GFi(h) SU(5)/S0(5) SU(3)/SU(2) x U(1) linear d = 6
Fg(h) 1—4g”Egy cos? & 1-gPor (1 + 3cos 2“’) 14 (0 pep,
Fw (h) 1—4g%&ys cos® & 1 — 2g%&ys cos £ 14 (v+h) b 20
canFur(h) —2&¢ —2g¢ 2o
caHFar(h) - _ _
conFor(h) 44+ &) € 2(28 + 28 + &) &2 .
aFi(h) & sin® £ Ssin? 2 (v+h) &
e F2(h) &sin® & & gin? ¢ %CB
csF3(h) 2&sin® £ Ssin2 ¢ (G2
caFah) &+/Esin £ %\/Esin %rgz MCB
s Fs(h) —283+/Esin £ —283\/Esin € _MCW
c6Fes(h) 16&; sin* £ — %6(, sin? £ 8(2& + &)sin* £ — %Eﬁ sin? £ %Cw
crF7(h) —2&+/Esin £ —28+/Esin £ vt ey
csFa(h) | —16&Esin® & + 4&Ecos? & —4(48 + &)Esin® & + 4 cos? & —v2ce
coFo(h) 4¢sin? £ 4% sin? £ (v+h) &
c10F10(h) 46+/Esin 7 486+/Esin £ —v(v+ h)co
cunFua(h) 168 sin* & 1685 sin® £ _
c20F20(h) —16&¢sin® £ —4(ac + E)Esin® £ _
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Coefficients of custodial breaking operators

ciFi(h) | SUB)/(SU@2) x UQM)) | ciFi(h) SU(3)/(SU(2) x U(1))
c12F12(h) Ews sin® £ c1F21(h) 8¢ sin* & — 2&,€ cos ¢ 2 £,
cisFa3(h) 2&sin* & cnFa(h) | 8EEsin® & + 268 sin? £ — 2&€sin? £ (1 + 2cos £)
S7G0) ~2Gsin' 5 <23F23(h) — 168, sin® & + & sin? & sin® £ +
ci6F16(h) 48 sin* o5 267 sin* 3 (COS = 3)
arFiz(h) 2834/Esin? & sin € coaFaa(h) —4(45 + &) sin® £ + & sin? £ sin? £
csFis(h) | 2(& — &)v/Esin? £sin 2 || co5Fas(h) 2851/ sin? £ sin £
c19F19(h) —4¢5+/Esin® £ sin £ 26 F26(h) 2(2(é + &) + G + &) sin® £
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Linear - chiral correspondence

v2 v2 2v2
Oss = 5 Pa(h) Oww = 5 Pw(h) Og6 = ——5Pg(h)
&s
2 2 2 2 2
Osw = 5 Pu(h) Op = gPa(h) + 5 Palh)  Ow = 5-Ps(h) = 5-Ps(h)
V2 V2 2 V2 V2
O¢1 = ?'PH(h) — T]:(h)PT(h) O¢p = viPu(h) O¢ 4 = ?'PH(h) + ?]:(h)'Pc(h)

V2 V2 V2
OD‘D = ?'PDH(h) + gpﬁ(h) + T'P7(h) = V2P8(h) =

Por(h), Pao(h) — [D,o'D* o]

(h) —[ ]
Pu1(h), Pig(h), Par(h) , Paa(h) , Paz(h) , Paa(h) — [D“d)TD"cb]z
Pra(h) — (<1>7‘W‘“’<1>)2
Pi3(h), Piz(h) — (&' W*o)D,o'D, o
Pra(h) — eeA (¢T(B>p¢) (d)TU,"B))xD) W‘i,,
Pis(h) , Pro(h) — [¢'D, Do — DMD'“’¢T¢']2
Pus(h), Pas(h) — (D"'D,D"® — D,D*0'D"0) (¢!D,)

Pas(h) — [(@Tﬁ#d)) <¢TB’V¢)]2
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Linear - chiral correspondence (SILH)

ogtH = oTe G2, G OFtH = oTB,, B
O = (oD, 0) 0,6 ofH = & 2 (¢70"D o) DLW
O3H = (D, )T (D, ®) B O = (DNCD)TWW(DUCD)
1
O - % (¢! Do) (07D 0) OffH = S0 (of0) o, (o10)
3
ogiLH _ % (¢T¢> oI (¢Tq>> fLOYfr + h.c.
OSILH _ v? 2o (h) OSILH _ V—203(h)
g 2g2 v 2
SILH v v v SILH v
o0z = g(Pz(h) + 2P4(h)) + §771(h) + ?PB(h) Opg" = E(Pz(h) +2P4(h))
SILH v v v SILH v
O™ = 4 (Ps(h) = 2Ps(h) + §7’1(h) + 5 Pw(h) Ohw = g(Pa(h) — 2Ps(h))
2
OFH = T F(hyPr(h) OFM = 2Py (h)
h)3 8V (h
O = 302Dy (h) + V2F(h)Pe (k) — LER V)
y

2 oh
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Best bounds on the chiral coefficients

-0.5 -0.1 0 0.1 0.5

CH I I I I I
cr | L |
cw | I

‘ | | | |
CB [ | | | |
c1 | \ I \ |

| | | |
@ | | | | 90% CL
a3 \ | \

\ | | | \
G4 \ ‘ ‘ ‘ \
G5 ‘ I !

| | | | |
Co | I |
C11 ‘ ‘ : ! From:
Ci4 } } | }
o | | i | red TGV+HVV
23 | | ‘ ‘ blue | QGV
Co4 I I | I
6 } } * } green | S, T par.
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