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Composite	
   Higgs:	
   a	
   larger	
   global	
   symmetry	
   is	
   considered	
   and	
   the	
  

SM	
   scalar	
   parCcle	
   arises	
   as	
   a	
   (massless)	
   GB.	
   In	
   this	
   case	
   the	
  

resonance	
  corresponds	
  to	
  a	
  composite	
  object.
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Content

SM	
  Higgs	
  and	
  d=6	
  linear	
  effecCve	
  Lagrangian	
  

A	
  dynamical	
  Higgs	
  (composite	
  state):	
  

The	
  Appelquist-­‐Longhitano-­‐Feruglio	
  basis	
  (no	
  Higgs)	
  

The	
  bosonic	
  basis	
  for	
  a	
  light	
  dynamical	
  h	
  

Disentangling	
  a	
  dynamical	
  Higgs	
  from	
  an	
  elementary	
  one
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The	
  d=6	
  linear	
  effec7ve	
  Lagrangian

With	
  no	
  evidence	
  of	
  specific	
  beyond	
  SM	
  theories,	
  NP	
  effects	
  above	
  the	
  

TEV	
  scale	
  can	
  be	
  parametrised	
  by	
  wriCng	
  the	
  Linear	
  Effec7ve	
  Lagrangian	
  

including	
  up	
  to	
  d=6	
  operators	
  in	
  terms	
  of	
  the	
  Higgs	
  doublet:
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Llinear = LSM +

X

i

fi
⇤

2
Oi + higher orders

with	
  Λ	
  (≥	
  few	
  TeV)	
  the	
  NP	
  scale.	
  

Once	
  restricCng	
  only	
  to	
  the	
  bosonic	
  sector,	
  the	
  effecCve	
  Lagrangian	
  is	
  

built	
  using	
  the	
  SM	
  gauge	
  fields	
  strengths	
  	
  	
  	
  	
  	
  	
  	
  ,	
  	
  	
  	
  	
  	
  	
  	
  	
  and	
  	
  	
  	
  	
  	
  	
  ,	
  and	
  the	
  

Higgs	
  doublet	
  	
  	
  	
  	
  (plus	
  covariant	
  derivaCves).	
  

Wµ⌫ Bµ⌫

�

Gµ⌫
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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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  (2010)]	



OGG = �†�Ga
µ⌫G

aµ⌫ OWW = �†Ŵµ⌫Ŵ
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†Ŵµ⌫(D⌫�) OB = (Dµ�)

†B̂µ⌫(D⌫�)

O�,4 = (Dµ�)
† (Dµ�)

�
�†�

�

O⇤� = (DµD
µ�)† (D⌫D

⌫�)

O�,1 = (Dµ�)
† � �† (Dµ�)

[Hagiwara-­‐Ishihara-­‐Szalapski-­‐Zeppenfeld	
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These	
  operators	
  describe	
  pure	
  gauge,	
  gauge-­‐h	
  and	
  pure-­‐h	
  interac)ons	
  and	
  
several	
  correla7ons	
  among	
  observables	
  are	
  predicted:	
  i.e.	
  triple	
  gauge	
  
couplings	
  vs.	
  HVV	
  couplings.	
  	
  	
  SMOKING	
  GUNS!!!
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M(x) ⌘
p
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⇣
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V (M) =
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4
�
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1
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�

◆2

SU(2)L ⇥ SU(2)R ⇠ O(4)invariant	
  under	
  a	
  global

	
   The	
  symmetry	
  of	
  the	
  scalar	
  poten)al	
  can	
  be	
  easier	
  iden)fied	
  wri)ng

M ! LMR†

[Longhitano,	
  PRD22	
  (1980)]

José	
  San)ago’s	
  talk

The	
  matrix	
  	
  	
  	
  	
  	
  	
  	
  contains	
  the	
  3	
  GBs	
  and	
  the	
  physical	
  h.	
  	
  M



Moving	
  to	
  the	
  non-­‐linear	
  case
gauge SU(2)L ⇥ U(1)Y	
   The	
  SM	
  scalar	
  boson	
   �(x)
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The	
  non-­‐linear	
  	
  	
  	
  -­‐model	
  nota7on�
	
   Thinking	
  at	
  a	
  very	
  heavy	
  Higgs	
  par7cle,	
  all	
  the	
  remaining	
  d.o.f.	
  are	
  the	
  
longitudinal	
  components	
  of	
  the	
  gauge	
  bosons	
  and	
  are	
  described	
  by

U(x) ! LU(x)R† under SU(2)L ⇥ U(1)Y

U(x) ⌘ M(x)/v = e

i�a⇡
a(x)/v
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Why	
  is	
  this	
  limit	
  interes)ng?	
  Because,	
  only	
  the	
  3	
  d.o.f.	
  are	
  needed	
  in	
  the	
  
theory	
  in	
  order	
  to	
  give	
  mass	
  the	
  the	
  SM	
  gauge	
  bosons!
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  non-­‐linear	
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DµU(x) ⌘ @µU(x) +
ig

2
W

a
µ (x)�aU(x)� ig

0

2
Bµ(x)U(x)�3

Wri)ng	
  the	
  covariant	
  deriva)ve	
  as:

Vµ ⌘ (DµU)U†

T ⌘ U�3U
†

we	
  can	
  define	
  the	
  vector	
  and	
  the	
  scalar	
  chiral	
  fields

T ! LTL†

V ! LVL†
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  interac)ons,	
  
with	
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  Higgs	
  involved	
  and	
  considering	
  only	
  CP-­‐even	
  structures:

SU(2)L ⇥ U(1)Y
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  Basis

LALF = Lp=2
ALF + Lp=4
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The	
  func)ons	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  are	
  generic	
  func)ons	
  of	
  h/f	
  (and	
  can	
  be	
  derived	
  
only	
  once	
  a	
  fundamental	
  model	
  is	
  chosen).	
  It	
  is	
  common	
  to	
  write,	
  	
  

Fi(h) ⌘ g(h, f)

If	
  we	
  consider	
  the	
  SM	
  as	
  a	
  reference,	
  the	
  combina)ons	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  become:ciFi(h)

Fi(h) = 1 + 2↵i
h

v
+ �i

h2

v2
+ . . .

with	
  	
  	
  	
  	
  	
  	
  ,	
  	
  	
  	
  	
  	
  	
  generic	
  func)ons	
  of	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  .	
  ↵i �i ⇠ ⌘ v2/f2

c1 =
fBW

8
⇠ ↵1 = 1 �1 = 1with

fBW

f2
OBW =

fBW

f2
�†B̂µ⌫Ŵ

µ⌫�

= fBW
gg0

8
Bµ⌫Tr(TWµ⌫)

✓
v + h

f

◆2

= fBW ⇠
gg0

8
Bµ⌫Tr(TWµ⌫)

✓
1 +

h

v

◆2

= c1 gg
0Bµ⌫Tr(TWµ⌫)F1(h) = c1P1(h)

�(x) =
v + hp

2
U

✓
0

1

◆

[Brivio,Corbef,Eboli,Gavela,Gonzalez-­‐Fraile,Gonzalez-­‐Garcia,LM&Rigolin,	
  1311.1823]	
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We	
  can	
  repeat	
  the	
  previous	
  exercise	
  and	
  see	
  the	
  connec)on	
  among	
  the	
  bases:

F(h) = 1 + 2
h

v
+

h2

v2
with

PH(h) =
1

2
(@µh)(@

µh)FH(h) P⇤H =
1

v2
(@µ@

µh)2F⇤H(h)

We	
  added	
  two	
  pure-­‐h	
  operators	
  (only	
  the	
  first	
  was	
  previously	
  considered	
  by	
  
Buchalla,Cata,&Krause	
  (2013)):

OBB/f
2 =

⇠

2
PB(h) OWW /f2 =

⇠

2
PW (h)

OGG/f
2 = �2⇠

g2s
PG(h) OBW /f2 =

⇠

8
P1(h)

OB/f
2 =

⇠

16
P2(h) +

⇠

8
P4(h) OW /f2 =

⇠

8
P3(h)� ⇠

4
P5(h)

O�,1/f
2 =

⇠

2
PH(h)� ⇠

4
F(h)PT (h) O�,2/f

2 = ⇠PH(h)

O�,4/f
2 =

⇠

2
PH(h) +

⇠

2
F(h)PC(h)

O⇤�/f
2 =

⇠

2
P⇤H(h) +

⇠

8
P6(h) +

⇠

4
P7(h)� ⇠P8(h)� ⇠

4
P9(h)� ⇠

2
P10(h)
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PC(h) = �v2

4
Tr(VµVµ)FC(h) P12(h) = g2(Tr(TWµ⌫))

2F12(h)

PT (h) =
v2

4
Tr(TVµ)Tr(TVµ)FT (h) P13(h) = igTr(TWµ⌫)Tr(T[Vµ,V⌫ ])F13(h)

PB(h) = �g02

4
Bµ⌫B

µ⌫FB(h) P14(h) = g"µ⌫⇢�Tr(TVµ)Tr(V⌫W⇢�)F14(h)

PW (h) = �g2

4
W a

µ⌫W
aµ⌫FW (h) P15(h) = Tr(TDµV

µ)Tr(TD⌫V
⌫)F15(h)

PG(h) = �g2s
4
Ga

µ⌫G
aµ⌫FG(h) P16(h) = Tr([T,V⌫ ]DµV

µ)Tr(TV⌫)F16(h)

P1(h) = gg0Bµ⌫Tr(TWµ⌫)F1(h) P17(h) = igTr(TWµ⌫)Tr(TVµ)@⌫F17(h)

P2(h) = ig0Bµ⌫Tr(T[Vµ,V⌫ ])F2(h) P18(h) = Tr(T[Vµ,V⌫ ])Tr(TVµ)@⌫F18(h)

P3(h) = igTr(Wµ⌫ [V
µ,V⌫ ])F3(h) P19(h) = Tr(TDµV

µ)Tr(TV⌫)@
⌫F19(h)

P4(h) = ig0Bµ⌫Tr(TVµ)@⌫F4(h) P20(h) = Tr(VµV
µ)@⌫F20(h)@

⌫F 0
20(h)

P5(h) = igTr(Wµ⌫V
µ)@⌫F5(h) P21(h) = (Tr(TVµ))

2@⌫F21(h)@
⌫F 0

21(h)

P6(h) = (Tr(VµV
µ))2F6(h) P22(h) = Tr(TVµ)Tr(TV⌫)@

µF22(h)@
⌫F 0

22(h)

P7(h) = Tr(VµV
µ)@⌫@

⌫F7(h) P23(h) = Tr(VµV
µ)(Tr(TV⌫))

2F23(h)

P8(h) = Tr(VµV⌫)@
µF8(h)@

⌫F 0
8(h) P24(h) = Tr(VµV⌫)Tr(TVµ)Tr(TV⌫)F24(h)

P9(h) = Tr((DµV
µ)2)F9(h) P25(h) = (Tr(TVµ))

2@⌫@
⌫F25(h)

P10(h) = Tr(V⌫DµV
µ)@⌫F10(h) P26(h) = (Tr(TVµ)Tr(TV⌫))

2F26(h)

P11(h) = (Tr(VµV⌫))
2F11(h) PH(h) =

1

2
(@µh)(@

µh)FH(h)

P⇤H =
1

v2
(@µ@

µh)2F⇤H(h)
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aµ⌫FG(h) P16(h) = Tr([T,V⌫ ]DµV

µ)Tr(TV⌫)F16(h)
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P3(h) = igTr(Wµ⌫ [V
µ,V⌫ ])F3(h) P19(h) = Tr(TDµV

µ)Tr(TV⌫)@
⌫F19(h)

P4(h) = ig0Bµ⌫Tr(TVµ)@⌫F4(h) P20(h) = Tr(VµV
µ)@⌫F20(h)@

⌫F 0
20(h)

P5(h) = igTr(Wµ⌫V
µ)@⌫F5(h) P21(h) = (Tr(TVµ))

2@⌫F21(h)@
⌫F 0

21(h)

P6(h) = (Tr(VµV
µ))2F6(h) P22(h) = Tr(TVµ)Tr(TV⌫)@

µF22(h)@
⌫F 0

22(h)

P7(h) = Tr(VµV
µ)@⌫@

⌫F7(h) P23(h) = Tr(VµV
µ)(Tr(TV⌫))

2F23(h)

P8(h) = Tr(VµV⌫)@
µF8(h)@

⌫F 0
8(h) P24(h) = Tr(VµV⌫)Tr(TVµ)Tr(TV⌫)F24(h)

P9(h) = Tr((DµV
µ)2)F9(h) P25(h) = (Tr(TVµ))

2@⌫@
⌫F25(h)

P10(h) = Tr(V⌫DµV
µ)@⌫F10(h) P26(h) = (Tr(TVµ)Tr(TV⌫))

2F26(h)

P11(h) = (Tr(VµV⌫))
2F11(h) PH(h) =

1

2
(@µh)(@

µh)FH(h)

P⇤H =
1

v2
(@µ@

µh)2F⇤H(h)

GREEN	
  
have	
   siblings	
   of	
   d=6	
   and	
   then	
   are	
  
weighted	
  by	
   ⇠
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PC(h) = �v2

4
Tr(VµVµ)FC(h) P12(h) = g2(Tr(TWµ⌫))

2F12(h)

PT (h) =
v2

4
Tr(TVµ)Tr(TVµ)FT (h) P13(h) = igTr(TWµ⌫)Tr(T[Vµ,V⌫ ])F13(h)

PB(h) = �g02

4
Bµ⌫B

µ⌫FB(h) P14(h) = g"µ⌫⇢�Tr(TVµ)Tr(V⌫W⇢�)F14(h)

PW (h) = �g2

4
W a

µ⌫W
aµ⌫FW (h) P15(h) = Tr(TDµV

µ)Tr(TD⌫V
⌫)F15(h)

PG(h) = �g2s
4
Ga

µ⌫G
aµ⌫FG(h) P16(h) = Tr([T,V⌫ ]DµV

µ)Tr(TV⌫)F16(h)

P1(h) = gg0Bµ⌫Tr(TWµ⌫)F1(h) P17(h) = igTr(TWµ⌫)Tr(TVµ)@⌫F17(h)

P2(h) = ig0Bµ⌫Tr(T[Vµ,V⌫ ])F2(h) P18(h) = Tr(T[Vµ,V⌫ ])Tr(TVµ)@⌫F18(h)

P3(h) = igTr(Wµ⌫ [V
µ,V⌫ ])F3(h) P19(h) = Tr(TDµV

µ)Tr(TV⌫)@
⌫F19(h)

P4(h) = ig0Bµ⌫Tr(TVµ)@⌫F4(h) P20(h) = Tr(VµV
µ)@⌫F20(h)@

⌫F 0
20(h)

P5(h) = igTr(Wµ⌫V
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⌫F 0

22(h)

P7(h) = Tr(VµV
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⌫F7(h) P23(h) = Tr(VµV
µ)(Tr(TV⌫))
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8(h) P24(h) = Tr(VµV⌫)Tr(TVµ)Tr(TV⌫)F24(h)

P9(h) = Tr((DµV
µ)2)F9(h) P25(h) = (Tr(TVµ))
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⌫F25(h)

P10(h) = Tr(V⌫DµV
µ)@⌫F10(h) P26(h) = (Tr(TVµ)Tr(TV⌫))
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P11(h) = (Tr(VµV⌫))
2F11(h) PH(h) =
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   siblings	
   of	
   d=8	
   and	
   then	
   are	
  
weighted	
  by	
   ⇠2
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PC(h) = �v2
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aµ⌫FW (h) P15(h) = Tr(TDµV

µ)Tr(TD⌫V
⌫)F15(h)

PG(h) = �g2s
4
Ga

µ⌫G
aµ⌫FG(h) P16(h) = Tr([T,V⌫ ]DµV

µ)Tr(TV⌫)F16(h)
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µ)@⌫F5(h) P21(h) = (Tr(TVµ))

2@⌫F21(h)@
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21(h)

P6(h) = (Tr(VµV
µ))2F6(h) P22(h) = Tr(TVµ)Tr(TV⌫)@

µF22(h)@
⌫F 0

22(h)

P7(h) = Tr(VµV
µ)@⌫@

⌫F7(h) P23(h) = Tr(VµV
µ)(Tr(TV⌫))

2F23(h)

P8(h) = Tr(VµV⌫)@
µF8(h)@

⌫F 0
8(h) P24(h) = Tr(VµV⌫)Tr(TVµ)Tr(TV⌫)F24(h)

P9(h) = Tr((DµV
µ)2)F9(h) P25(h) = (Tr(TVµ))

2@⌫@
⌫F25(h)

P10(h) = Tr(V⌫DµV
µ)@⌫F10(h) P26(h) = (Tr(TVµ)Tr(TV⌫))
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P11(h) = (Tr(VµV⌫))
2F11(h) PH(h) =

1
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1
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µh)2F⇤H(h)
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   of	
   d=12	
   and	
   then	
   are	
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  by	
  ⇠4
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Correla7ons	
  present	
  in	
  the	
  linear	
  basis	
  are	
  absent	
  in	
  the	
  chiral	
  basis

[Brivio,Corbef,Eboli,Gavela,Gonzalez-­‐Fraile,Gonzalez-­‐Garcia,LM&Rigolin,	
  1311.1823]	
  

OB/f
2 =

⇠
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P2(h) +

⇠

8
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  for	
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  present	
  in	
  the	
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  are	
  absent	
  in	
  the	
  chiral	
  basis

P2(h) = 2ieg2Aµ⌫W
�µW+⌫F2(h)� 2

ie2g

cos ✓W
Zµ⌫W

�µW+⌫F2(h)

P4(h) = � eg

cos ✓W
Aµ⌫Z

µ@⌫F4(h) +
e2

cos

2 ✓W
Zµ⌫Z

µ@⌫F4(h)

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)

[Brivio,Corbef,Eboli,Gavela,Gonzalez-­‐Fraile,Gonzalez-­‐Garcia,LM&Rigolin,	
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P2(h) = 2ieg2Aµ⌫W
�µW+⌫F2(h)� 2

ie2g

cos ✓W
Zµ⌫W

�µW+⌫F2(h)

P4(h) = � eg

cos ✓W
Aµ⌫Z

µ@⌫F4(h) +
e2

cos

2 ✓W
Zµ⌫Z

µ@⌫F4(h)

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)

due	
  to	
  the	
  decorrela)on	
  in	
  the	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  func)ons:	
  i.e.Fi(h)

� �W �W � h

Z �W �W � h

� �W �W

Z �W �W

[Brivio,Corbef,Eboli,Gavela,Gonzalez-­‐Fraile,Gonzalez-­‐Garcia,LM&Rigolin,	
  1311.1823]	
  

OB/f
2 =

⇠

16
P2(h) +

⇠

8
P4(h)

Fi(h) ⌘ g(h, f)

(similar	
  for	
  	
  	
  	
  	
  	
  	
  	
  	
  )OW



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

���19

Disentangling	
  a	
  Dynamical	
  Higgs	
  I
Correla7ons	
  present	
  in	
  the	
  linear	
  basis	
  are	
  absent	
  in	
  the	
  chiral	
  basis

P2(h) = 2ieg2Aµ⌫W
�µW+⌫F2(h)� 2

ie2g

cos ✓W
Zµ⌫W

�µW+⌫F2(h)

P4(h) = � eg

cos ✓W
Aµ⌫Z

µ@⌫F4(h) +
e2

cos

2 ✓W
Zµ⌫Z

µ@⌫F4(h)

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)

� �W �W � � Z � h
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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
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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

�B = 4(2c2 � a4) ! 0

�W = 2(2c3 + a5) ! 0

SM
BSM

Need	
  of	
  more	
  precision	
  for:	
  -­‐	
  discovering	
  BSM	
  physics	
  with	
  TGV	
  and	
  HVV	
  	
  
	
  	
  	
   	
   	
   	
   	
   	
   	
   	
  	
  	
  	
  -­‐	
  disentangling	
  dynamical	
  from	
  elementary

[Brivio,Corbef,Eboli,Gavela,Gonzalez-­‐Fraile,Gonzalez-­‐Garcia,LM&Rigolin,	
  1311.1823]	
  

⌃B = 4(2c2 + a4) ! fB⇠

⌃W = 2(2c3 � a5) ! fW ⇠



���21

Disentangling	
  a	
  Dynamical	
  Higgs	
  II
Specific	
  “relevant”	
  signals	
  are	
  expected	
  in	
  the	
  chiral	
  basis,	
  

but	
  not	
  in	
  the	
  linear	
  one	
  (and	
  vice	
  versa)



���21

Disentangling	
  a	
  Dynamical	
  Higgs	
  II
Specific	
  “relevant”	
  signals	
  are	
  expected	
  in	
  the	
  chiral	
  basis,	
  

but	
  not	
  in	
  the	
  linear	
  one	
  (and	
  vice	
  versa)
admits a polynomial expansion in h/v. The operator P14(h) contains the couplings

"µ⌫⇢�@µW
+
⌫ W�

⇢ Z�F14(h) , "µ⌫⇢�ZµA⌫W
�
⇢ W+

� F14(h) , (3.14)

which correspond to an anomalous Z�W �W triple vertex and to an anomalous ��Z�
W �W quartic vertex, respectively. The corresponding Feynman diagrams and rules read

Z⇢

W�
⌫

W+
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cos ✓W
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eg3
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(3.15)

These couplings are present neither in the SM nor in the d = 6 linear Lagrangian and are
anomalous couplings due to their Lorentz nature. A signal of these type of interactions
at colliders with a strength comparable with that expected for the couplings in the d = 6
linear Lagrangian would be a clear hint of a strong dynamics in the EWSB sector. More
details are given in the phenomenological sections below.

4 Phenomenology

Prior to developing the strategies suggested above to investigate the nature of the Higgs
particle, the renormalization procedure is illustrated next.

4.1 Renormalization Procedure

Five electroweak parameters of the SM-like Lagrangian L0 are relevant in our analysis,
when neglecting fermion masses: gs, g, g0, v and the h self-coupling �. The first four can be
optimally constrained by four observables that are extremely well determined nowadays,
while as a fifth one the Higgs mass mh can be used; in summary:

↵s world average [99],

GF extracted from the muon decay rate [99],

↵em extracted from Thomson scattering [99],

mZ extracted from the Z lineshape at LEP I [99],

mh now measured at LHC [11,12].

(4.1)

This ensemble of observables defines the so-called Z-scheme: they will be kept as input pa-
rameters, and all predictions will be expressed as functions of them. Accordingly, whenever
a dependence on the parameters g, g0, v (and e) or the weak mixing angle ✓W may appear
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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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experimental LHC analysis on other anomalous TGV couplings [126].
At the LHC, the anomalous coupling gZ5 contributes to WW and WZ pair production,

with the strongest limits originating from the last reaction [131]. Hence, the present study
is focused on the WZ production channel, where we consider only the leptonic decays of
the gauge bosons for a better background suppression, i.e., we analyze the reaction

pp ! `0±`+`�Emiss
T , (4.31)

where `(0) = e or µ. The main background for the gZ5 analysis is the irreducible SM
production of WZ pairs. There are further reducible backgrounds like W or Z production
with jets, ZZ production followed by the leptonic decay of the Z’s with one charged lepton
escaping detection and tt̄ pair production.

We simulated the signal and the SM irreducible background using an implementation of
the anomalous operator gZ5 in FeynRules [132] interfaced with MadGraph 5 [133] for event
generation. We account for the di↵erent detection e�ciencies by rescaling our simulation
to the one done by ATLAS [126] for the study of �Z , gZ1 and �Z . However, we also cross
checked the results using a setup where the signal simulation is based on the same Feyn-
Rules [132] and MadGraph5 [133] implementation, interfaced then with PYTHIA [134] for
parton shower and hadronization and with PGS 4 [135] for detector simulation. Finally,
the reducible backgrounds for the 7 TeV analysis were obtained from the simulations pre-
sented in the ATLAS search [126], and they were properly rescaled for the 8 TeV and 14
TeV runs.

In order to make our simulations more realistic, we closely follow the TGV analysis
performed by ATLAS [126]. Thus, the kinematic study of the WZ production starts with
the usual detection and isolation cuts on the final state leptons. Muons are considered
if their transverse momentum with respect to the collision axis z, pT ⌘ p

p2x + p2y, and

Measurement (±68% CL region) 95% CL region

Experiment gZ5 gZ5 c14⇠
2

OPAL [120] �0.04+0.13
�0.12 [�0.28, 0.21] [�0.16, 0.12]

L3 [121] 0.00+0.13
�0.13 [�0.21, 0.20] [�0.12, 0.11]

ALEPH [122] �0.064+0.13
�0.13 [�0.317, 0.19] [�0.18, 0.11]

90% CL region from indirect bounds [123–125] gZ5 : [�0.08, 0.04] c14⇠
2: [�0.04, 0.02]

Table 5: Existing direct measurements of gZ5 coming from LEP analyses [120–122] as well as
the strongest constraints from the existing indirect bounds on gZ5 in the literature [123–125].
In the last column we show the translated bounds on c14⇠

2. These bounds were obtained
assuming only gZ5 di↵erent from zero while the rest of anomalous TGV were set to the SM
values.
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68% CL range 95% CL range

Data sets used Counting pZT > 90 GeV pZT binned analysis Counting pZT > 90 GeV pZT binned analysis

7+8 TeV (�0.066, 0.058) (�0.057, 0.050) (�0.091, 0.083) (�0.080, 0.072)
(4.64+19.6 fb�1)

7+8+14 TeV (�0.030, 0.022) (�0.024, 0.019) (�0.040, 0.032) (�0.033, 0.028)
(4.64+19.6+300 fb�1)

Table 7: Expected sensitivity on gZ5 at the LHC for the two di↵erent procedures described
in the text.

4.4 Anomalous quartic couplings

As shown in Sect. 3.4, in the chiral expansion several operators weighted by ⇠ or higher
powers contribute to quartic gauge boson vertices without inducing any modification to
TGVs. Therefore, their coe�cients are much less constrained at present, and one can
expect still larger deviations on future studies of quartic vertices at LHC for large values
of ⇠. This is unlike in the linear expansion, in which the modifications of quartic gauge
couplings that do not induce changes to TGVs appear only when the d = 8 operators are
considered [83]. For instance, the linear operators similar to P6(h) and P11(h) are LS,0 and
LS,1 in Ref. [83].

Of the five operators giving rise to purely quartic gauge boson vertices (P6(h), P11(h),
P23(h), P24(h), P26(h)), none modifies quartic vertices including photons while all generate
the anomalous quartic vertex ZZZZ that is not present in the SM. Moreover, all these
operators but P26(h) modify the ZZW+W� vertex, while only P6(h) and P11(h) also
induce anomalous contributions to W+W�W+W�.

Presently, the most stringent bounds on the coe�cients of these operators are indirect,
from their one–loop contribution to the EWPD derived in Ref. [79] where it was shown
that the five operators correct ↵�T while render ↵�S = ↵�U = 0. In Table 8 we give the
updated indirect bounds using the determination of the oblique parameters in Eq. (4.24).

At the LHC these anomalous quartic couplings can be directly tested in the production
of three vector bosons (V V V ) or in vector boson fusion (VBF) production of two gauge
bosons [81]. At lower center–of–mass energies the best limits originate from the V V V
processes, while the VBF channel dominates for the 14 TeV run [80–83,136].

At the LHC with 14 TeV center-of-mass energy, the couplings c6 and c11 can be con-
strained by combining their impact on the VBF channels

pp ! jjW+W� and pp ! jj(W+W+ +W�W�) , (4.42)

where j stands for a tagging jet and the final state W ’s decay into electron or muon plus
neutrino. It was shown in Ref. [83] that the attainable 99% CL limits on these couplings
are

� 12⇥ 10�3 < c6 ⇠ < 10⇥ 10�3 , �7.7⇥ 10�3 < c11 ⇠
2 < 14⇥ 10�3 (4.43)

for an integrated luminosity of 100 fb�1. Notice that the addition of the channel pp ! jjZZ
does not improve significantly the above limits [80].
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T , (4.31)

where `(0) = e or µ. The main background for the gZ5 analysis is the irreducible SM
production of WZ pairs. There are further reducible backgrounds like W or Z production
with jets, ZZ production followed by the leptonic decay of the Z’s with one charged lepton
escaping detection and tt̄ pair production.

We simulated the signal and the SM irreducible background using an implementation of
the anomalous operator gZ5 in FeynRules [132] interfaced with MadGraph 5 [133] for event
generation. We account for the di↵erent detection e�ciencies by rescaling our simulation
to the one done by ATLAS [126] for the study of �Z , gZ1 and �Z . However, we also cross
checked the results using a setup where the signal simulation is based on the same Feyn-
Rules [132] and MadGraph5 [133] implementation, interfaced then with PYTHIA [134] for
parton shower and hadronization and with PGS 4 [135] for detector simulation. Finally,
the reducible backgrounds for the 7 TeV analysis were obtained from the simulations pre-
sented in the ATLAS search [126], and they were properly rescaled for the 8 TeV and 14
TeV runs.

In order to make our simulations more realistic, we closely follow the TGV analysis
performed by ATLAS [126]. Thus, the kinematic study of the WZ production starts with
the usual detection and isolation cuts on the final state leptons. Muons are considered
if their transverse momentum with respect to the collision axis z, pT ⌘ p

p2x + p2y, and

Measurement (±68% CL region) 95% CL region

Experiment gZ5 gZ5 c14⇠
2

OPAL [120] �0.04+0.13
�0.12 [�0.28, 0.21] [�0.16, 0.12]

L3 [121] 0.00+0.13
�0.13 [�0.21, 0.20] [�0.12, 0.11]

ALEPH [122] �0.064+0.13
�0.13 [�0.317, 0.19] [�0.18, 0.11]

90% CL region from indirect bounds [123–125] gZ5 : [�0.08, 0.04] c14⇠
2: [�0.04, 0.02]

Table 5: Existing direct measurements of gZ5 coming from LEP analyses [120–122] as well as
the strongest constraints from the existing indirect bounds on gZ5 in the literature [123–125].
In the last column we show the translated bounds on c14⇠

2. These bounds were obtained
assuming only gZ5 di↵erent from zero while the rest of anomalous TGV were set to the SM
values.
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SILH [Giudice,Grojean,Pomarol&	
  
Rafazzi,	
  arXiv:hep-­‐ph0703164]

OSILH
g ⌘ OGG OSILH

� ⌘ OBB

OSILH
B ⌘ 2OB +OBW +OBB OSILH

W ⌘ 2OW +OBW +OWW

OSILH
HW ⌘ OW OSILH

HB ⌘ OB

OSILH
T ⌘ O�,2 � 2O�,1 OSILH

H ⌘ O�,2

OSILH
6 ⌘ O�,3 OSILH

y ⌘ 2O�,2 + 2O�,4 �
�
�†�

�
�† �V (h)

��†

Alonso,Jenkins,Manohar	
  
&	
  Trof,	
  1312.2014	
  

advocates	
  that	
  the	
  SILH	
  
Lagrangian	
  has	
  been	
  
used	
  not	
  consistently	
  in	
  
several	
  recent	
  papers

The	
  SILH	
  Lagrangian	
  is	
  just	
  a	
  linear	
  Lagrangian,	
  alterna)ve	
  to	
  the	
  HISZ	
  one.

http://arxiv.org/abs/1312.2014
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OSILH
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L � �v2

4
Tr (VµV

µ)

✓
1 + 2a

h

v
+ b

h2

v2

◆
� vp

2

�
Q̄LUYQR + h.c.

�✓
1 + c

h

v

◆

a = 1 + cC(↵C � 1)

b = 1 + cC(�C � 1)

c = 1 + cY (2↵Y � 1)

[Azatov&Galloway,	
  1212.1380]

Other	
  Effec=ve	
  Chiral	
  Lagrangian

cC cY	
  	
  	
  	
  	
  	
  	
  	
  and	
  	
  	
  	
  	
  	
  	
  	
  	
  have	
  a	
  	
  
dependence	
  on	
  ⇠



[Con)no,	
  1005.4269]

SO(5)/SO(4)

In	
  the	
  general	
  effec)ve	
  approach,	
  	
  	
  	
  	
  could	
  be	
  even	
  larger	
  
than	
  0.2,	
  but	
  a	
  specific	
  UV	
  comple)on	
  is	
  necessary.

⇠
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P9(h) = Tr((DµV
µ)2)F9(h)

P10(h) = Tr(V⌫DµV
µ)@⌫F10(h)
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Triple	
  Gauge	
  Ver=ces

where the second line shows for comparison the corresponding expression in the linear
expansion at order d = 6.

S and T parameters

P1(h) and PT (h) generate tree-level contributions to the oblique parameters S and
T [100], which read

↵em�S = �8e2c1⇠ and ↵em�T = 2cT ⇠ . (4.6)

Triple gauge–boson couplings

The e↵ective operators described in the non-linear Lagrangian, Eqs. (2.6)-(2.8), give
rise to triple gauge–boson couplings �W+W� and ZW+W�. Following Ref. [4], the CP-
even sector of the Lagrangian that describes trilinear gauge boson vertices (TGV) can be
parametrized as:

LWWV =� igWWV

(

gV1

⇣

W+
µ⌫W

�µV ⌫ �W+
µ V⌫W

�µ⌫
⌘

+ VW
+
µ W�

⌫ V µ⌫ (4.7)

� igV5 ✏
µ⌫⇢�

�

W+
µ @⇢W

�
⌫ �W�

⌫ @⇢W
+
µ

�

V� + gV6
�

@µW
+µW�⌫ � @µW

�µW+⌫
�

V⌫

)

,

where V ⌘ {�, Z} and gWW� ⌘ e = g sin ✓W , gWWZ = g cos ✓W (see Eq. (4.2) for their
relation to observables). In this equation W±

µ⌫ and Vµ⌫ stand exclusively for the kinetic
part of the gauge field strengths. In contrast with the usual parameterization proposed
in Ref. [4], the coe�cient �V (associated with a linear d = 6 operator) is omitted here as
this coupling does not receive contributions from the non-linear e↵ective chiral Lagrangian
expanded up to four derivatives. Conversely, we have introduced the coe�cients gV6 as-
sociated to operators that contain the contraction DµVµ; its @µVµ part vanishes only for
on-shell gauge bosons; in all generality DµVµ insertions could only be disregarded12 in the
present context when fermion masses are neglected, as explained in Sect. 2 and App. A.

Electromagnetic gauge invariance requires g�1 = 1 and g�5 = 0, and in consequence the
TGV CP-even sector described in Eq. (4.7) depends in all generality on six dimensionless
couplings gZ1 , g

Z
5 , g

�,Z
6 and �,Z . Their SM values are gZ1 = � = Z = 1 and gZ5 = g�6 =

gZ6 = 0. Table 1 shows the departures from those SM values due to the e↵ective couplings
in Eq. (2.5); it illustrates the ⇠ and ⇠2-weighted chiral operator contributions. For the sake
of comparison, the corresponding expressions in terms of the coe�cients of d = 6 operators
in the linear expansion are shown as well. The analysis of Table 1 leads as well to relations
between measurable quantities, which are collected later on in Eq. (4.14) and subsequent
ones.

12See for example Ref. [101] for a general discussion on possible “o↵-shell” vertices associated to d = 4
and d = 6 operators.
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⇥e2/s2✓ ⇥⇠ ⇥⇠2 ⇥v2/⇤2

�� 1 �2c1 + 2c2 + c3 �4c12 + 2c13
1
8 (fW + fB � 2fBW )

�g�6 1 �c9 � 1
4f⇤�

�gZ1
1
c2✓

s22✓
4e2c2✓

cT + 2s2✓
c2✓

c1 + c3 � 1
8fW + s2✓

4c2✓
fBW � s22✓

16e2c2✓
f�,1

�Z 1 s2✓
e2c2✓

cT + 4s2✓
c2✓

c1 � 2s2✓
c2✓

c2 + c3 �4c12 + 2c13
1
8fW � s2✓

8c2✓
fB + s2✓

2c2✓
fBW � s2✓

4e2c2✓
f�,1

�gZ5
1
c2✓

� c14 �
�gZ6

1
c2✓

s2✓c9 �c16 - s
2
✓
4 f⇤�

Table 1: E↵ective couplings parametrizing the VW+W� vertices defined in Eq. (4.7). The
coe�cients in the second column are common to both the chiral and linear expansions.
In the third and fourth columns the specific contributions from the operators in the chiral
Lagrangian are shown. For comparison, the last column exhibits the corresponding contri-
butions from the linear d = 6 operators.

h couplings to SM gauge-boson pairs

The e↵ective operators described in Eqs. (2.6)-(2.8) also give rise to interactions involv-
ing the Higgs and two gauge bosons, to which we will refer as HVV couplings. The latter
can be phenomenologically parametrized as

LHVV ⌘ gHgg G
a
µ⌫G

aµ⌫h+ gH�� Aµ⌫A
µ⌫h+ g

(1)
HZ� Aµ⌫Z

µ@⌫h+ g
(2)
HZ� Aµ⌫Z

µ⌫h

+ g
(1)
HZZ Zµ⌫Z

µ@⌫h+ g
(2)
HZZ Zµ⌫Z

µ⌫h+ g
(3)
HZZ ZµZ

µh+ g
(4)
HZZ ZµZ

µ⇤h

+ g
(5)
HZZ @µZ

µZ⌫@
⌫h+ g

(6)
HZZ @µZ

µ@⌫Z
⌫h (4.8)

+ g
(1)
HWW

�

W+
µ⌫W

�µ@⌫h+ h.c.
�

+ g
(2)
HWW W+

µ⌫W
�µ⌫h+ g

(3)
HWW W+

µ W�µh

+ g
(4)
HWW W+

µ W�µ⇤h+ g
(5)
HWW

�

@µW
+µW�

⌫ @⌫h+ h.c.
�

+ g
(6)
HWW @µW

+µ@⌫W
�⌫h ,

where Vµ⌫ = @µV⌫ � @⌫Vµ with V = {A,Z,W,G}. Separating the contributions into SM
ones plus corrections,

g
(j)
i ' g

(j)SM
i +�g

(j)
i , (4.9)

it turns out that

g
(3)SM
HZZ =

m2
Z

v
, g

(3)SM
HWW =

2m2
Zc

2
✓

v
, (4.10)

while the tree-level SM value for all other couplings in Eq. (4.8) vanishes (the SM loop-

induced value for gHgg, gH�� and g
(2)
HZ� will be taken into account in our numerical analysis,

though); in these expressions, v is as defined in Eq. (4.2). Table 2 shows the expressions

for the corrections �gHgg, �gH�� , �g
(1,2)
HZ�, �g

(1,2,3,4,5,6)
HWW , and �g

(1,2,3,4,5,6)
HZZ induced at tree-

level by the e↵ective non-linear couplings under discussion. In writing Eq. (4.8) we have

introduced the coe�cients �g
(4,5,6)
HZZ and �g

(4,5,6)
HWW : �g

(4)
HV V become redundant for on-shell

h; �g
(5,6)
HV V vanish for on-shell Wµ and Zµ or massless fermions. Notice also that the
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where the second line shows for comparison the corresponding expression in the linear
expansion at order d = 6.

S and T parameters

P1(h) and PT (h) generate tree-level contributions to the oblique parameters S and
T [100], which read

↵em�S = �8e2c1⇠ and ↵em�T = 2cT ⇠ . (4.6)

Triple gauge–boson couplings

The e↵ective operators described in the non-linear Lagrangian, Eqs. (2.6)-(2.8), give
rise to triple gauge–boson couplings �W+W� and ZW+W�. Following Ref. [4], the CP-
even sector of the Lagrangian that describes trilinear gauge boson vertices (TGV) can be
parametrized as:

LWWV =� igWWV

(

gV1

⇣

W+
µ⌫W

�µV ⌫ �W+
µ V⌫W

�µ⌫
⌘

+ VW
+
µ W�

⌫ V µ⌫ (4.7)

� igV5 ✏
µ⌫⇢�

�

W+
µ @⇢W

�
⌫ �W�

⌫ @⇢W
+
µ

�

V� + gV6
�

@µW
+µW�⌫ � @µW

�µW+⌫
�

V⌫

)

,

where V ⌘ {�, Z} and gWW� ⌘ e = g sin ✓W , gWWZ = g cos ✓W (see Eq. (4.2) for their
relation to observables). In this equation W±

µ⌫ and Vµ⌫ stand exclusively for the kinetic
part of the gauge field strengths. In contrast with the usual parameterization proposed
in Ref. [4], the coe�cient �V (associated with a linear d = 6 operator) is omitted here as
this coupling does not receive contributions from the non-linear e↵ective chiral Lagrangian
expanded up to four derivatives. Conversely, we have introduced the coe�cients gV6 as-
sociated to operators that contain the contraction DµVµ; its @µVµ part vanishes only for
on-shell gauge bosons; in all generality DµVµ insertions could only be disregarded12 in the
present context when fermion masses are neglected, as explained in Sect. 2 and App. A.

Electromagnetic gauge invariance requires g�1 = 1 and g�5 = 0, and in consequence the
TGV CP-even sector described in Eq. (4.7) depends in all generality on six dimensionless
couplings gZ1 , g

Z
5 , g

�,Z
6 and �,Z . Their SM values are gZ1 = � = Z = 1 and gZ5 = g�6 =

gZ6 = 0. Table 1 shows the departures from those SM values due to the e↵ective couplings
in Eq. (2.5); it illustrates the ⇠ and ⇠2-weighted chiral operator contributions. For the sake
of comparison, the corresponding expressions in terms of the coe�cients of d = 6 operators
in the linear expansion are shown as well. The analysis of Table 1 leads as well to relations
between measurable quantities, which are collected later on in Eq. (4.14) and subsequent
ones.

12See for example Ref. [101] for a general discussion on possible “o↵-shell” vertices associated to d = 4
and d = 6 operators.
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defined in Refs. [17, 26, 62] assuming custodial invariance, which reads14

a = 1� ⇠cH
2

+
⇠(2aC � cC)

2
, c = sY

✓

1� ⇠cH
2

◆

. (4.11)

Quartic gauge–boson couplings

The quartic gauge boson couplings also receive contributions from the operators in
Eqs. (2.6)-(2.8). The corresponding e↵ective Lagrangian reads

L4X ⌘ g2

(

g
(1)
ZZ(ZµZ

µ)2 + g
(1)
WW W+

µ W+µW�
⌫ W�⌫ � g

(2)
WW (W+

µ W�µ)2

+ g
(3)
V V 0W

+µW�⌫
�

VµV
0
⌫ + V 0

µV⌫

� � g
(4)
V V 0W

+
⌫ W�⌫V µV 0

µ

+ ig
(5)
V V 0"

µ⌫⇢�W+
µ W�

⌫ V⇢V
0
�

)

, (4.12)

where V V 0 = {��, �Z,ZZ}. Notice that all these couplings are C and P even, except for

g
(5)
V V 0 that is CP even but both C and P odd. Some of these couplings are nonvanishing at
tree-level in the SM:

g
(1)SM
WW =

1

2
, g

(2)SM
WW =

1

2
, g

(3)SM
ZZ =

c2✓
2
, g(3)SM�� =

s2✓
2
,

g
(3)SM
Z� =

s2✓
2

, g
(4)SM
ZZ = c2✓ , g(4)SM�� = s2✓ , g

(4)SM
Z� = s2✓ ,

(4.13)

where the notation defined in Eq. (4.9) has been used and the expression for the weak
mixing angle can bee found in Eq. (4.2). Table 3 shows the contributions to the e↵ective
quartic couplings from the chiral operators in Eqs. (2.6)-(2.8) and from the linear operator
in Eq. (3.3).

(De)correlation formulae

Some operators of the non-linear Lagrangian in Sect. 2 participate in more than one of
the couplings in Tables 1 and 2. This fact leads to interesting series of relations that relate
di↵erent couplings. First, simple relations on the TGV sector results:

�Z +
s2✓
c2✓
�� ��gZ1 =

16e2

s2✓
(2c12 � c13)⇠

2 , (4.14)

�g�6 +
c2✓
s2✓
�gZ6 = �e2

s4✓
c16 ⇠

2 , (4.15)

14Supplementary terms are present when taking into account the custodial breaking couplings considered
in this paper.
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Higgs-­‐Vector-­‐Vector	
  Ver=ces

Coe↵. Chiral Linear

⇥e2/s2✓ ⇥⇠ ⇥⇠2 ⇥v2/⇤2

�� 1 �2c1 + 2c2 + c3 �4c12 + 2c13
1
8 (fW + fB � 2fBW )

�g�6 1 �c9 � 1
4f⇤�

�gZ1
1
c2✓

s22✓
4e2c2✓

cT + 2s2✓
c2✓

c1 + c3 � 1
8fW + s2✓

4c2✓
fBW � s22✓

16e2c2✓
f�,1

�Z 1 s2✓
e2c2✓

cT + 4s2✓
c2✓

c1 � 2s2✓
c2✓

c2 + c3 �4c12 + 2c13
1
8fW � s2✓

8c2✓
fB + s2✓

2c2✓
fBW � s2✓

4e2c2✓
f�,1

�gZ5
1
c2✓

� c14 �
�gZ6

1
c2✓

s2✓c9 �c16 - s
2
✓
4 f⇤�

Table 1: E↵ective couplings parametrizing the VW+W� vertices defined in Eq. (4.7). The
coe�cients in the second column are common to both the chiral and linear expansions.
In the third and fourth columns the specific contributions from the operators in the chiral
Lagrangian are shown. For comparison, the last column exhibits the corresponding contri-
butions from the linear d = 6 operators.

h couplings to SM gauge-boson pairs

The e↵ective operators described in Eqs. (2.6)-(2.8) also give rise to interactions involv-
ing the Higgs and two gauge bosons, to which we will refer as HVV couplings. The latter
can be phenomenologically parametrized as

LHVV ⌘ gHgg G
a
µ⌫G

aµ⌫h+ gH�� Aµ⌫A
µ⌫h+ g

(1)
HZ� Aµ⌫Z

µ@⌫h+ g
(2)
HZ� Aµ⌫Z

µ⌫h

+ g
(1)
HZZ Zµ⌫Z

µ@⌫h+ g
(2)
HZZ Zµ⌫Z

µ⌫h+ g
(3)
HZZ ZµZ

µh+ g
(4)
HZZ ZµZ

µ⇤h

+ g
(5)
HZZ @µZ

µZ⌫@
⌫h+ g

(6)
HZZ @µZ

µ@⌫Z
⌫h (4.8)

+ g
(1)
HWW

�

W+
µ⌫W

�µ@⌫h+ h.c.
�

+ g
(2)
HWW W+

µ⌫W
�µ⌫h+ g

(3)
HWW W+

µ W�µh

+ g
(4)
HWW W+

µ W�µ⇤h+ g
(5)
HWW

�

@µW
+µW�

⌫ @⌫h+ h.c.
�

+ g
(6)
HWW @µW

+µ@⌫W
�⌫h ,

where Vµ⌫ = @µV⌫ � @⌫Vµ with V = {A,Z,W,G}. Separating the contributions into SM
ones plus corrections,

g
(j)
i ' g

(j)SM
i +�g

(j)
i , (4.9)

it turns out that

g
(3)SM
HZZ =

m2
Z

v
, g

(3)SM
HWW =

2m2
Zc

2
✓

v
, (4.10)

while the tree-level SM value for all other couplings in Eq. (4.8) vanishes (the SM loop-

induced value for gHgg, gH�� and g
(2)
HZ� will be taken into account in our numerical analysis,

though); in these expressions, v is as defined in Eq. (4.2). Table 2 shows the expressions

for the corrections �gHgg, �gH�� , �g
(1,2)
HZ�, �g

(1,2,3,4,5,6)
HWW , and �g

(1,2,3,4,5,6)
HZZ induced at tree-

level by the e↵ective non-linear couplings under discussion. In writing Eq. (4.8) we have

introduced the coe�cients �g
(4,5,6)
HZZ and �g

(4,5,6)
HWW : �g

(4)
HV V become redundant for on-shell

h; �g
(5,6)
HV V vanish for on-shell Wµ and Zµ or massless fermions. Notice also that the
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Vµ⌫ = @µV⌫ � @⌫Vµ V = {A,Z,W,G}

g(j)i ' g(j)SM
i +�g(j)i

g(3)SM
HZZ =

m2
Z

v
, g(3)SM

HWW =

2m2
Z cos ✓2W
v

where with

Wri)ng	
  the	
  couplings	
  as

the	
  only	
  non-­‐vanishing	
  SM	
  contribu)ons	
  are	
  given	
  by



leading chiral corrections include operators weighted by ⇠ powers up to ⇠2. For the sake of
comparison, the corresponding expressions in terms of the coe�cients of the linear d = 6
operators in Eq. (3.7) are also shown13.

Coe↵. Chiral Linear

⇥e2/4v ⇥⇠ ⇥⇠2 ⇥v2/⇤2

�gHgg
g2
s

e2 �2aG � �4fGG

�gH�� 1 �2(aB + aW ) + 8a1 8a12 �(fBB + fWW ) + fBW

�g(1)HZ�
1

s2✓
�8(a5 + 2a4) �16a17 2(fW � fB)

�g(2)HZ�
c✓
s✓

4 s2✓
c2✓
aB � 4aW + 8 c2✓

c2✓
a1 16a12 2 s2✓

c2✓
fBB � 2fWW + c2✓

c2✓
fBW

�g(1)HZZ
1
c2✓

�4 c2✓
s2✓
a5 + 8a4 �8 c2✓

s2✓
a17

c2✓
s2✓
fW + fB

�g(2)HZZ � c2✓
s2✓

2 s4✓
c4✓
aB + 2aW + 8 s2✓

c2✓
a1 �8a12

s4✓
c4✓
fBB + fWW + s2✓

c2✓
fBW

�g(3)HZZ
m2

Z
e2 �2cH + 2(2aC � cC)� 8(aT � cT ) � f�,1 + 2f�,4 � 2f�,2

�g(4)HZZ � 1
s22✓

16a7 32a25 4f⇤�

�g(5)HZZ � 1
s22✓

16a10 32a19 �8f⇤�

�g(6)HZZ � 1
s22✓

16a9 32a15 �4f⇤�

�g(1)HWW
1
s2✓

�4a5 � fW

�g(2)HWW
1
s2✓

�4aW � �2fWW

�g(3)HWW
m2

Zc2✓
e2 �4cH + 4(2aC � cC) +

32e2

c2✓
c1 +

16c2✓
c2✓

cT � 32e2

s2✓
c12

�2(3c2✓�s2✓)
c2✓

f�,1 + 4f�,4 � 4f�,2 +
4e2

c2✓
fBW

�g(4)HWW � 1
s2✓

8a7 � 2f⇤�

�g(5)HWW � 1
s2✓

4a10 � �2f⇤�

�g(6)HWW � 1
s2✓

8a9 � �2f⇤�

Table 2: The trilinear Higgs-gauge bosons couplings defined in Eq. (4.8). The coe�cients
in the second column are common to both the chiral and linear expansions. The contribu-
tions from the operators weighted by ⇠ and ⇠�2 are listed in the third and fourth columns,
respectively. For comparison, the last column exhibits the corresponding expressions for the
linear expansion at order d = 6.

Notice that the bosonic operators PH(h) and PC(h) induce universal shifts to the SM-
like couplings of the Higgs to weak gauge bosons. Similarly PH(h), induces universal shifts
to the Yukawa couplings to fermions, see Eq. (FR.32) in Appendix D. It is straightforward
to identify the link between the coe�cients of these operators and the parameters a and c

13Alternatively the coe�cient of �g(3)HWW can be defined in terms of the measured value of MW as

M2
W /e2. In this case the entries in columns 3–5 read �4cH+4(2aC�cC), �32 e2

s2✓
, and �2f�,1+4f�,4�4f�,2

respectively.
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From	
  the	
  table,	
  we	
  can	
  read	
  out	
  several	
  correla)ons:

Coe↵. Chiral Linear

⇥e2/4s2✓ ⇥⇠ ⇥⇠2 ⇥v2/⇤2

�g(1)WW 1 s22✓
e2c2✓

cT + 8s2✓
c2✓

c1 + 4c3 2c11 � 16c12 + 8c13
fW
2 + s2✓

c2✓
fBW � s22✓

4c2✓e2
f�1

�g(2)WW 1 s22✓
e2c2✓

cT + 8s2✓
c2✓

c1 + 4c3 � 4c6 �2c11 � 16c12 + 8c13
fW
2 + s2✓

c2✓
fBW � s22✓

4c2✓e2
f�1 � 1

2f⇤�

�g(1)ZZ
1
c4✓

c6 c11 + 2c23 + 2c24 + 4c26⇠2
1
8f⇤�

�g(3)ZZ
1
c2✓

s22✓c
2
✓

e2c2✓
cT + 2s22✓

c2✓
c1 + 4c2✓c3 � 2s4✓c9 2c11 + 4s2✓c16 + 2c24

fW c2✓
2 + s22✓

4c2✓
fBW � s22✓c

2
✓

4e2c2✓
f�1 +

s4✓
2 f⇤�

�g(4)ZZ
1
c2✓

2s22✓c
2
✓

e2c2✓
cT + 4s22✓

c2✓
c1 + 8c2✓c3 � 4c6 �4c23 fW c2✓ + 2 s22✓

4c2✓
fBW � s22✓c

2
✓

2e2c2✓
f�1 � 1

2f⇤�

�g(3)�� s2✓ �2c9 � 1
2f⇤�

�g(3)�Z
s✓
c✓

s22✓
e2c2✓

cT + 8s2✓
c2✓

c1 + 4c3 + 4s2✓c9 �4c16
fW
2 + s2✓

c2✓
fBW � s22✓

4c2✓e2
f�1 � s2✓f⇤�

�g(4)�Z
s✓
c✓

2s22✓
e2c2✓

cT + 16s2✓
c2✓

c1 + 8c3 � fW + 2 s2✓
c2✓

fBW � s22✓
2c2✓e2

f�1

�g(5)�Z
s✓
c✓

� 8c14 �

Table 3: E↵ective couplings parametrizing the vertices of four gauge bosons defined in
Eq. (4.12). The contributions from the operators weighted by ⇠ and ⇠�2 are listed in the
third and fourth columns, respectively. For comparison, the last column exhibits the corre-
sponding expressions for the linear expansion at order d = 6.

while other examples of relations involving HVV couplings are:

g
(1)
HWW � c2✓ g

(1)
HZZ � c✓s✓ g

(1)
HZ� =

2e2

vs2✓
a17⇠

2 , (4.16)

2c2✓ g
(2)
HZZ + 2s✓c✓ g

(2)
HZ� + 2s2✓ gH�� � g

(2)
HWW =

4e2

vs2✓
a12⇠

2 . (4.17)

�g
(4)
HZZ � 1

2c2✓
�g

(4)
HWW = � 8e2

vs22✓
a25 ⇠

2 (4.18)

�g
(5)
HZZ � 1

c2✓
�g

(5)
HWW = � 8e2

vs22✓
a19 ⇠

2 (4.19)

�g
(6)
HZZ � 1

2c2✓
�g

(6)
HWW = � 8e2

vs22✓
a15 ⇠

2 (4.20)

The non-vanishing terms on the right-hand side of Eqs. (4.14)-(4.17) stem from ⇠2-weighted
terms in the non-linear Lagrangian. It is interesting to note that they would vanish in the
following cases: i) the d = 6 linear limit15; ii) in the ⇠�truncated non-linear Lagrangian;
iii) in the custodial preserving limit. The first two relations with a vanishing right-hand
side where already found in Ref. [33]. Any hypothetical deviation from zero in the data

15Eq. (4.14) with vanishing right-hand side was already known [76, 102] to hold in the linear regime at
order d = 6.
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combinations indicated by the left-hand side of those equations would thus be consistent
with either d = 8 corrections of the linear expansion or a non-linear realisation of the
underlying dynamics.

Furthermore, we found an interesting correlation which only holds in the linear regime
at order d = 6 mixes TGV and HVV couplings, and stems from comparing Tables 1 and 2:

�Z��gZ1 =
vs✓
2c✓

h

�

c2✓ � s2✓
�

⇣

g
(1)
HZ� + 2g(2)HZ�

⌘

+ 2s✓c✓
⇣

2gH�� � g
(1)
HZZ � 2g(2)HZZ

⌘i

. (4.21)

This relation does not hold in the non-linear regime, not even when only ⇠�weighted
operators are considered. Its verification from experimental data would be an excellent
test of BSM physics in which the EWSB is linearly realized and dominated by d = 6
corrections.

The above general (de)correlations are a few examples among many [68]. In particular,
there are correlations among TGV, HVV and four gauge boson couplings that only hold
in the linear regime at order d = 6, originating from the operator O⇤�, and not present in
the non-linear scenario even when only ⇠�weighted operators are considered.

When in addition the strong experimental constraints on the S and T parameters
are applied, disregarding thus cT and c1 (equivalently, f�1 and fBW for the linear case),
supplementary constraints follow, e.g.:

2

m2
Z

g
(3)
HZZ � 1

m2
W + �m2

W

g
(3)
HWW =

16e2

v s2✓
a12⇠

2 ,

2gH�� +
c✓
s✓
g
(2)
HZ� � g

(2)
HWW = � 4e2

v s2✓
a12⇠

2 ,

2g(2)HZZ +
s✓
c✓
g
(2)
HZ� � g

(2)
HWW = � 4e2

v s2✓
a12⇠

2 ,

�2s2✓
c2✓ � s2✓

gH�� +
2c2✓

c2✓ � s2✓
g
(2)
HZZ � g

(2)
HWW = � 4e2

v s2✓
a12⇠

2 ,

(4.22)

where again the non-zero entries on the right-hand sides vanish in either the d = 6 linear
or the ⇠-truncated non-linear limits.

Counting of degrees of freedom for the HVV Lagrangian

Given the present interest in the gauge-h sector, we analyze here the number of degrees
of freedom involved in the HVV Lagrangian, Eq. (4.8), for on-shell and o↵-shell gauge and
Higgs bosons, with massive and massless fermions.

This can be schematically resumed as follows: for the massive fermion case,

phen. couplings: 16
i)�! 12 (�g5,6HV V = 0)

ii)�! 10 (�g4HV V redundant)

op. coe�cients: 17
i)�! 13 (P11,P12,P16,P17 irrelevant)

ii)�! 11 (P7,P25 redundant)

where the first line refers to the phenomenological couplings appearing in Eq. (4.8), while
the second one to the operator coe�cients of the non-linear basis in Eq. (2.5). Moreover, i)
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defined in Refs. [17, 26, 62] assuming custodial invariance, which reads14

a = 1� ⇠cH
2

+
⇠(2aC � cC)

2
, c = sY

✓

1� ⇠cH
2

◆

. (4.11)

Quartic gauge–boson couplings

The quartic gauge boson couplings also receive contributions from the operators in
Eqs. (2.6)-(2.8). The corresponding e↵ective Lagrangian reads

L4X ⌘ g2

(

g
(1)
ZZ(ZµZ

µ)2 + g
(1)
WW W+

µ W+µW�
⌫ W�⌫ � g
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WW (W+

µ W�µ)2
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(3)
V V 0W

+µW�⌫
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VµV
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µV⌫
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V V 0W
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⌫ W�⌫V µV 0

µ

+ ig
(5)
V V 0"

µ⌫⇢�W+
µ W�

⌫ V⇢V
0
�

)

, (4.12)

where V V 0 = {��, �Z,ZZ}. Notice that all these couplings are C and P even, except for

g
(5)
V V 0 that is CP even but both C and P odd. Some of these couplings are nonvanishing at
tree-level in the SM:

g
(1)SM
WW =

1

2
, g

(2)SM
WW =

1

2
, g

(3)SM
ZZ =

c2✓
2
, g(3)SM�� =

s2✓
2
,

g
(3)SM
Z� =

s2✓
2

, g
(4)SM
ZZ = c2✓ , g(4)SM�� = s2✓ , g

(4)SM
Z� = s2✓ ,

(4.13)

where the notation defined in Eq. (4.9) has been used and the expression for the weak
mixing angle can bee found in Eq. (4.2). Table 3 shows the contributions to the e↵ective
quartic couplings from the chiral operators in Eqs. (2.6)-(2.8) and from the linear operator
in Eq. (3.3).

(De)correlation formulae

Some operators of the non-linear Lagrangian in Sect. 2 participate in more than one of
the couplings in Tables 1 and 2. This fact leads to interesting series of relations that relate
di↵erent couplings. First, simple relations on the TGV sector results:

�Z +
s2✓
c2✓
�� ��gZ1 =

16e2

s2✓
(2c12 � c13)⇠

2 , (4.14)

�g�6 +
c2✓
s2✓
�gZ6 = �e2

s4✓
c16 ⇠

2 , (4.15)

14Supplementary terms are present when taking into account the custodial breaking couplings considered
in this paper.
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where
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cos

2 ✓W
2

g(3)SM
�� =

sin

2 ✓W
2

g(3)SM
Z� =

sin 2✓W
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The	
  only	
  non-­‐vanishing	
  SM	
  contribu)ons	
  are	
  given	
  by



Coe↵. Chiral Linear

⇥e2/4s2✓ ⇥⇠ ⇥⇠2 ⇥v2/⇤2

�g(1)WW 1 s22✓
e2c2✓
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c2✓
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2f⇤�

�g(1)ZZ
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c4✓

c6 c11 + 2c23 + 2c24 + 4c26⇠2
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8f⇤�

�g(3)ZZ
1
c2✓

s22✓c
2
✓

e2c2✓
cT + 2s22✓

c2✓
c1 + 4c2✓c3 � 2s4✓c9 2c11 + 4s2✓c16 + 2c24

fW c2✓
2 + s22✓

4c2✓
fBW � s22✓c

2
✓
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fBW � s22✓
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�g(5)�Z
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� 8c14 �

Table 3: E↵ective couplings parametrizing the vertices of four gauge bosons defined in
Eq. (4.12). The contributions from the operators weighted by ⇠ and ⇠�2 are listed in the
third and fourth columns, respectively. For comparison, the last column exhibits the corre-
sponding expressions for the linear expansion at order d = 6.

while other examples of relations involving HVV couplings are:

g
(1)
HWW � c2✓ g

(1)
HZZ � c✓s✓ g

(1)
HZ� =

2e2

vs2✓
a17⇠

2 , (4.16)

2c2✓ g
(2)
HZZ + 2s✓c✓ g

(2)
HZ� + 2s2✓ gH�� � g

(2)
HWW =

4e2

vs2✓
a12⇠

2 . (4.17)

�g
(4)
HZZ � 1

2c2✓
�g

(4)
HWW = � 8e2

vs22✓
a25 ⇠

2 (4.18)

�g
(5)
HZZ � 1

c2✓
�g

(5)
HWW = � 8e2

vs22✓
a19 ⇠

2 (4.19)

�g
(6)
HZZ � 1

2c2✓
�g

(6)
HWW = � 8e2

vs22✓
a15 ⇠

2 (4.20)

The non-vanishing terms on the right-hand side of Eqs. (4.14)-(4.17) stem from ⇠2-weighted
terms in the non-linear Lagrangian. It is interesting to note that they would vanish in the
following cases: i) the d = 6 linear limit15; ii) in the ⇠�truncated non-linear Lagrangian;
iii) in the custodial preserving limit. The first two relations with a vanishing right-hand
side where already found in Ref. [33]. Any hypothetical deviation from zero in the data

15Eq. (4.14) with vanishing right-hand side was already known [76, 102] to hold in the linear regime at
order d = 6.
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Other	
  constraints	
  on	
  the	
  parameters
From	
  EWPD,	
  we	
  can	
  constrain	
  2	
  parameters:	
  S	
  and	
  T	
  parameters

From	
  TGV	
  and	
  HVV,	
  we	
  can	
  constrain	
  other	
  8	
  parameters:	
  at	
  90%	
  C.L.90% CL allowed range

Set A Set B

aG⇠(·10�3) sY = +1: [�1.8, 2.1] [ [6.5, 10] sY = +1: [�0.78, 2.4] [ [6.5, 12]

sY = �1: [�9.9,�6.5] [ [�2.1, 1.8] sY = �1: [�12,�6.5] [ [�2.3, 0.75]

a4⇠ [�0.47, 0.14]

a5⇠ [�0.33, 0.17]

aW ⇠ [�0.12, 0.51]

aB⇠ [�0.50, 0.21]

cH⇠ [�0.66, 0.66] [�1.1, 0.49]

c2⇠ [�0.12, 0.076]

c3⇠ [�0.064, 0.079]

Table 4: 90% CL allowed ranges of the coe�cients of the operators contributing to Higgs
data (aG, a4, a5, aW , aB, and cH) and to TGV (c2 and c3). For the coe�cients a4, a5,
aW , and aB, for which the range is almost the same for analysis with both sets and both
values of sY we show the inclusive range of the four analysis. For cH the allowed range is
the same for both signs of sY .

Conversely, in the event of some anomalous observation in either of these two sectors, the
presence of this (de)correlation would allow for direct testing of the nature of the Higgs
boson. This is illustrated in Fig. 2, where the results of the combined analysis of the TGV
and HVV data are projected into combinations of the coe�cients of the operators P2(h),
P3(h), P4(h) and P5(h):

⌃B ⌘ 4(2c2 + a4) , ⌃W ⌘ 2(2c3 � a5) ,

�B ⌘ 4(2c2 � a4) , �W ⌘ 2(2c3 + a5) ,
(4.30)

defined such that at order d = 6 of the linear regime ⌃B = cB, ⌃W = cW , while�B = �W =
0. With these variables, the (0, 0) coordinate corresponds to the SM in Fig. 2 left panel,
while in Fig. 2 right panel it corresponds to the linear regime (at order d = 6). Would
future data point to a departure from (0, 0) in the variables of the first figure it would
indicate BSM physics irrespective of the linear or non-linear character of the underlying
dynamics; while such a departure in the second figure would be consistent with a non-linear
realization of EWSB. For concreteness the figures are shown for the sY = + analysis with
set A, but very similar results hold for the other variants of the analysis.

4.3 ⇠2-weighted couplings: LHC potential to study gZ
5

One interesting property of the ⇠2-chiral Lagrangian is the presence of operator P14(h)
that generates a non-vanishing gZ5 TGV, which is a C and P odd, but CP even operator;

28

denotes the limit of on-shell gauge bosons, i.e. @µZµ = 0 and @µW±
µ = 0, while ii) refers to

the limit of, in addition, on-shell h. In brackets we indicate the couplings and the operator
coe�cients that are irrelevant or redundant under the conditions i) or ii).

If fermion masses are set to zero, the conditions @µZµ = 0 and @µW±
µ = 0 hold also

for o↵-shell gauge bosons, and therefore the counting starts with 12 phenomenological
couplings and 13 operator coe�cients.

This analysis for the number of operator coe�cients refers to the full non-linear La-
grangian in Eq. (2.5), which includes the custodial breaking operators.

Up to this point, as well as in Apps. A, C and D for the EOM, d = 6 siblings and
Feynman rules, respectively, all non-linear pure gauge and gauge-h operators of the chiral
Lagrangian Eq. (2.1) have been taken into account. The next subsection describes the
results of the numerical analysis, and there instead the value of fermion masses on external
legs will be neglected. This means that operators P9(h), P10(h), P15(h), P16(h), and
P19�21(h) become redundant then, and will not be analyzed.

4.2 Present bounds on operators weighted by ⇠

At present, the most precise determination of S, T , U from a global fit to electroweak
precision data (EWPD) yields the following values and correlation matrix [99]

�S = 0.00± 0.10 �T = 0.02± 0.11 �U = 0.03± 0.09 (4.23)

⇢ =

0

@

1 0.89 �0.55
0.89 1 �0.8
�0.55 �0.8 1

1

A . (4.24)

Operators P1(h) and PT (h) contribute at tree-level to these observables, see Eq. (4.6) and
consequently they are severely constrained. The corresponding 95% CL allowed ranges for
their coe�cients read

� 4.7⇥ 10�3  ⇠c1  4⇥ 10�3 and � 2⇥ 10�3  ⇠cT  1.7⇥ 10�3 . (4.25)

These constraints render the contribution of P1(h) and PT (h) to the gauge-boson self-
couplings and to the present Higgs data too small to give any observable e↵ect. Conse-
quently we will not include them in the following discussion.

As for the ⇠-weighted TGV contributions from P2(h) and P3(h), their impact on the
coe�cients ��, �gZ1 and �Z was described in Table 1. At present, the most pre-
cise determination of TGV in this scenario results from the two–dimensional analysis in
Ref. [103] which was performed in terms of �� and �gZ1 with �Z determined by the
relation Eq. (4.14) with the right-handed side set to zero:

� = 0.984+0.049
�0.049 and gZ1 = 1.004+0.024

�0.025 , (4.26)

with a correlation factor ⇢ = 0.11. In Table 4 we list the corresponding 90% CL allowed
ranges on the coe�cients c2 and c3 from the analysis of the TGV data.
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this category 16

PG(h) , P4(h) , P5(h) , PB(h) , PW (h) , PH(h) , PC(h). (4.27)

To perform a seven-parameter fit to the present Higgs data is technically beyond the scope
of this paper and we will consider sets of “only” six of them simultaneously. We are
presenting below two such analysis. Leaving out a di↵erent coupling in each set. In the
first one, A, we will neglect PC(h) and in the second one, B, we will link its contribution
to that of PH(h), so the 6 parameters in each set read:

Set A : aG , a4 , a5 , aB , aW , cH , 2aC � cC = 0 , (4.28)

Set B : aG , a4 , a5 , aB , aW , cH = 2aC � cC . (4.29)

For both sets we will explore the sensitivity of the results to the sign of the h-fermion
couplings by performing analysis with both values of the discrete parameter sY = ±.

As mentioned above, PH(h) and PC(h) induce a universal shift to the SM-like HVV
couplings involving electroweak gauge bosons, see Eq. (FR.15) and (FR.17), while PH(h)
also induces a universal shift to the Yukawa Higgs-fermion couplings, see Eq. (FR.32). In
consequence, the two sets above correspond to the case in which the shift of the Yukawa
Higgs-fermion couplings is totally unrelated to the modification of the HVV couplings
involving electroweak bosons (set B), and to the case in which the shift of SM-like HVV
couplings involving electroweak bosons and to the Yukawa Higgs-fermion couplings are the
same (set A). In both sets we keep all other five operators which induce modifications
of the HVV, couplings with di↵erent Lorentz structures than those of the SM as well as
tree-level contributions to the loop-induced vertices h��, h�Z and hgg.

Notice also that a combination of PH(h) and PC(h) can be traded via the EOM (see
third line in Eq. (A.11)) by that of fermion-Higgs couplings Pf,↵�(h) plus that of other
operators already present in the six-dimensional gauge-h set analyzed. So our choice allows
us to stay close to the spirit of this work (past and future data confronting directly the
gauge and gauge-h sector), while performing a powerful six-dimensional exploration of
possible correlations.

Technically, in order to obtain the present constraints on the coe�cients of the bosonic
operators listed in Eqs. (4.28) and (4.29) we perform a chi–square test using the available
data on the signal strengths (µ). We took into account data from Tevatron D0 and CDF
Collaborations and from LHC, CMS, and ATLAS Collaborations at 7 TeV and 8 TeV for
final states ��, W+W�, ZZ Z�, bb̄, and ⌧ ⌧̄ [104–117]. For CMS and ATLAS data, the
included results on W+W�, ZZ and Z� correspond to leptonic final states, while for ��
all the di↵erent categories are included which in total accounts for 56 data points. We refer
the reader to Refs. [9, 78] for details of the Higgs data analysis.

The results of the analysis are presented in Fig. 1 which displays the chi–square (��2
Higgs)

dependence from the analysis of the Higgs data on the six bosonic couplings for the two
sets A and B of operators and for the two values of the discrete parameter sY = ±. In

16 In present Higgs data analysis, the higgs state is on-shell and in this case �g(4)HV V can be recasted

as a m2
H correction to �g(3)HV V . Thus the contribution from c7, i.e. the coe�cient of P7(h) to the Higgs

observables, can be reabsorved in a redefinition of 2aC � cC .
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Figure 1: ��2
Higgs dependence on the coe�cients of the seven bosonic operators in Eq. (4.27)

from the analysis of all Higgs collider (ATLAS, CMS and Tevatron) data. In each panel, we
marginalized over the five undisplayed variables. The six upper (lower) panels corresponds
to analysis with set A (B). In each panel the red solid (blue dotted) line stands for the
analysis with the discrete parameter sY = +(�).

Now, let us focus on the constraints on ⇠�weighted operators stemming from the
presently available Higgs data on HVV couplings. There are seven bosonic operators in
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From	
  EWPD	
  on	
  the	
  quar)c	
  gauge	
  couplings,	
  we	
  get

coupling 90% CL allowed region

c6 ⇠ [�0.23, 0.26]

c11 ⇠
2 [�0.094, 0.10]

c23 ⇠
2 [�0.092, 0.10]

c24 ⇠
2 [�0.012, 0.013]

c26 ⇠
4 [�0.0061, 0.0068]

Table 8: 90% CL limits on the anomalous quartic couplings from their one-loop contribution
to the EWPD. The bounds were obtained assuming only one operator di↵erent from zero
at a time and for a cuto↵ scale ⇤s = 2 TeV.

5 Conclusions

In this paper we have made a comparative study of the departures from the Standard
Model predictions in theories based on linear and non-linear realizations of SU(2)L⇥U(1)Y
gauge symmetry breaking. To address this question in a model-independent way, we have
considered e↵ective Lagrangians containing either a light fundamental Higgs in the linear
realization or a light dynamical Higgs in the non-linear one. We have exploited the fact
that these two expansions are intrinsically di↵erent from the point of view of the presence
or absence, respectively, of a global SU(2)L symmetry in the e↵ective Lagrangian, with
the light Higgs scalar behaving as a singlet in the chiral case. Less symmetry means
more possible invariant operators at a given order, and the result is that the non-linear
realization for a light dynamical Higgs particle is expected to exhibit a larger number of
independent couplings than linear ones. This has been explored here concentrating on the
CP-even operators involving pure gauge and gauge-h couplings. First, in Sec. 2 we have
presented the maximal set of independent (and thus non-redundant) operators of that type
contained in the e↵ective chiral Lagrangian for a light dynamical Higgs, up to operators
with four derivatives. In Sec. 3.1 the analogous complete basis of independent operators up
to dimension six in the linear expansion is presented. Comparing both sets of operators,
we have established the relations and di↵erences between the chiral and the linear bases.

In particular, in Secs. 3.2 and 3.4 we have identified two sources of discriminating
signatures. For small values of the ⇠ parameter the counting of operators is not the same
in both sets, being larger by six for the chiral expansion. This implies that, even keeping
only operators weighted by ⇠, the expected deviations from the SM predictions in the Higgs
couplings to gauge bosons and that of the triple gauge boson self-couplings are independent
in the chiral expansion, unlike in the linear expansion at dimension six; one interesting set
of (de)correlated couplings is explored in details as indicators of a non-linear character.
Conversely, when considering operators weighted by ⇠n with n � 2 in the chiral expansion,
we find anomalous signals which appear only at dimension eight of the linear Lagrangian;
they may thus be detected with larger (leading) strength for a non-linear realization of
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Figure 1: ��2
Higgs dependence on the coe�cients of the seven bosonic operators in Eq. (4.27)

from the analysis of all Higgs collider (ATLAS, CMS and Tevatron) data. In each panel, we
marginalized over the five undisplayed variables. The six upper (lower) panels corresponds
to analysis with set A (B). In each panel the red solid (blue dotted) line stands for the
analysis with the discrete parameter sY = +(�).

Now, let us focus on the constraints on ⇠�weighted operators stemming from the
presently available Higgs data on HVV couplings. There are seven bosonic operators in
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Degeneracy:	
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  -­‐2	
  top-­‐loop	
  contrib.	
  
Barrier:	
  gluon	
  fusion	
  Higgs	
  produc)on	
  depleted	
  between	
  the	
  min.	
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The	
  simula)on	
  for	
  LHC	
  (7	
  TeV,	
  14	
  TeV)	
  has	
  been	
  done	
  taking	
  cuts	
  and	
  precau)ons:

Disentangling	
  a	
  Dynamical	
  Higgs	
  II

Focused	
  on	
  WZ	
  produc)on,	
  considering	
  leptonic	
  decays	
  of	
  W	
  and	
  Z	
  (background)	
  
!
Main	
   background:	
   SM	
  produc)on	
  of	
  WZ	
  pairs;	
  W	
   and	
   Z	
   produc)on	
  with	
   jets;	
   ZZ	
  
produc)on	
  with	
  one	
  Z	
  in	
  leptons	
  with	
  one	
  charged	
  in	
  missing	
  E,	
  the	
  other	
  in	
  f	
  pair.	
  
Detec)on	
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  to	
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  by	
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  TGV	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  .	
  
We	
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   the	
   TGV	
   analysis	
   performed	
   by	
   ATLAS	
   (cuts	
   on	
   transverse	
  
momentum	
  and	
  pseudorapidity).	
  
The	
  cross	
  sec)on	
  in	
  the	
  presence	
  of	
  an	
  anomalous	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  is	
  then	
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  by	
  

!
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In	
   the	
   SM,	
   Zff	
   and	
   Wff	
   contain	
   a	
   CP	
   odd	
   component.	
   The	
   amplitude	
   for	
   any	
  
subprocess	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  contains	
  SM	
  contribu)ons	
  that	
  are	
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  C	
  and	
  P	
  odd	
  and	
  
that	
  interfere	
  with	
  the	
  contribu)on	
  from	
  the	
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pp ! `0±`+`�Emiss `(0) = e or µ

gZ5

� = �
bck

+ �SM + �
int

gZ5 + �
ano

�
gZ5

�2

qq̄ ! WZ

�KZ , gZ1 , �Z



68% CL range 95% CL range

Data sets used Counting pZT > 90 GeV pZT binned analysis Counting pZT > 90 GeV pZT binned analysis

7+8 TeV (�0.066, 0.058) (�0.057, 0.050) (�0.091, 0.083) (�0.080, 0.072)
(4.64+19.6 fb�1)

7+8+14 TeV (�0.030, 0.022) (�0.024, 0.019) (�0.040, 0.032) (�0.033, 0.028)
(4.64+19.6+300 fb�1)

Table 7: Expected sensitivity on gZ5 at the LHC for the two di↵erent procedures described
in the text.

4.4 Anomalous quartic couplings

As shown in Sect. 3.4, in the chiral expansion several operators weighted by ⇠ or higher
powers contribute to quartic gauge boson vertices without inducing any modification to
TGVs. Therefore, their coe�cients are much less constrained at present, and one can
expect still larger deviations on future studies of quartic vertices at LHC for large values
of ⇠. This is unlike in the linear expansion, in which the modifications of quartic gauge
couplings that do not induce changes to TGVs appear only when the d = 8 operators are
considered [83]. For instance, the linear operators similar to P6(h) and P11(h) are LS,0 and
LS,1 in Ref. [83].

Of the five operators giving rise to purely quartic gauge boson vertices (P6(h), P11(h),
P23(h), P24(h), P26(h)), none modifies quartic vertices including photons while all generate
the anomalous quartic vertex ZZZZ that is not present in the SM. Moreover, all these
operators but P26(h) modify the ZZW+W� vertex, while only P6(h) and P11(h) also
induce anomalous contributions to W+W�W+W�.

Presently, the most stringent bounds on the coe�cients of these operators are indirect,
from their one–loop contribution to the EWPD derived in Ref. [79] where it was shown
that the five operators correct ↵�T while render ↵�S = ↵�U = 0. In Table 8 we give the
updated indirect bounds using the determination of the oblique parameters in Eq. (4.24).

At the LHC these anomalous quartic couplings can be directly tested in the production
of three vector bosons (V V V ) or in vector boson fusion (VBF) production of two gauge
bosons [81]. At lower center–of–mass energies the best limits originate from the V V V
processes, while the VBF channel dominates for the 14 TeV run [80–83,136].

At the LHC with 14 TeV center-of-mass energy, the couplings c6 and c11 can be con-
strained by combining their impact on the VBF channels

pp ! jjW+W� and pp ! jj(W+W+ +W�W�) , (4.42)

where j stands for a tagging jet and the final state W ’s decay into electron or muon plus
neutrino. It was shown in Ref. [83] that the attainable 99% CL limits on these couplings
are

� 12⇥ 10�3 < c6 ⇠ < 10⇥ 10�3 , �7.7⇥ 10�3 < c11 ⇠
2 < 14⇥ 10�3 (4.43)

for an integrated luminosity of 100 fb�1. Notice that the addition of the channel pp ! jjZZ
does not improve significantly the above limits [80].
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Coun)ng	
  	
  
Simple	
  even	
  coun)ng	
  analysis,	
  assuming	
  that	
   the	
  observed	
  events	
  are	
  SM	
  and	
  
looking	
   for	
   values	
  of	
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   the	
  68%	
  and	
  95%	
  CL	
   allowed	
   regions.	
   The	
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  to	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  increases	
  the	
  sensi)vity.	
  	
  
!
!
	
  	
  	
  	
  	
  	
  	
  	
  binned	
  analysis	
  
Simple	
   	
   	
   	
   	
  based	
  on	
  the	
  contents	
  of	
  the	
  different	
   	
   	
   	
   	
   	
  distribu)ons	
  with	
  no	
  cuts.	
  
Same	
  condi)ons	
  of	
  the	
  previous	
  method.

pZT > 90 GeV

gZ5

pZT

pZT > 90 GeV

pZT�2


