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Spontaneous Breaking of Symmetries

£= 1 (38) (08) + 22157~ 2141

N =
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Spontaneous Breaking of Symmetries

£= 1 (38) (08) + 22157~ 2141
B = = 2

i(x) = (7rl(x), ma(x), ..., Tn—1(X), V+0(X))
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Spontaneous Breaking of Symmetries

£= 2 (38) (0) + 2?1 — S131
B = = 2

i(x) = (7r1(x), ma(x), ..., Tn—1(X), V+0(X))

A

£= 2 (0,7) (0F) + 5 (0,0) (9%0) — 2 (24)0”

A A A
- §|7_T'|202 — V7o — VApo® — Z|7_T'|4 - ZU4

“The linear sigma model”
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The non-linear sigma model

For E < m, we can integrate out o:
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The non-linear sigma model

For E < m, we can integrate out o:

1 (oo . FOATR)
c=; (@men + FLEED)
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The non-linear sigma model

For E < m, we can integrate out o:

-t (wﬁ)wuﬁ) | (RO, 7)(70"7) )

2 v2 — |72
After reparametrization we have:

v2
L="1(0 utoruy,

U= exp{i@}.
%

where
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The non-linear sigma model

For E < m, we can integrate out o:

£=1 (wﬁ)@uﬁ) | (70,7)(70"7) )

2 v2 — |72

After reparametrization we have:

V2
L="1(0 utoruy,

U= exp{i@}.
%

This was used in Chiral Perturbation Theory (xPT)

where

U — Iurf, where /,r € SU(2).r
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Back to the Standard Model
@ In the SM we have SU(2); x U(1)y — U(1)em-
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Back to the Standard Model

@ In the SM we have SU(2); x U(1)y — U(1)em-

@ The Higgs sector exhibits an additional (custodial) symmetry that enlarges
the symmetry to SU(2), x SU(2)r — SU(2)v=1+r.
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Back to the Standard Model

@ In the SM we have SU(2). x U(1)y — U(1)em-

@ The Higgs sector exhibits an additional (custodial) symmetry that enlarges
the symmetry to SU(2), x SU(2)r — SU(2)v=1+r.

@ This is isomorphic to SO(4) — SO(3).
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Back to the Standard Model

@ In the SM we have SU(2). x U(1)y — U(1)em-
@ The Higgs sector exhibits an additional (custodial) symmetry that enlarges
the symmetry to SU(2), x SU(2)r — SU(2)v=1+r.
@ This is isomorphic to SO(4) — SO(3).
— At lowest order, we can use the non-linear sigma model to describe the
dynamics.
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Back to the Standard Model

@ In the SM we have SU(2); x U(1)y = U(1)em
@ The Higgs sector exhibits an additional (custodial) symmetry that enlarges
the symmetry to SU(2), x SU(2)r — SU(2)v=1+r.
@ This is isomorphic to SO(4) — SO(3).
— At lowest order, we can use the non-linear sigma model to describe the
dynamics.

@ The Goldstones are described by U = exp {/L‘j”} and become the
longitudinal components of the gauge bosons. In unitary gauge:

LD U)(DHUY) = EL W wi— 4 &) 7 Zp
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Back to the Standard Model

@ In the SM we have SU(2); x U(1)y = U(1)em

@ The Higgs sector exhibits an additional (custodial) symmetry that enlarges
the symmetry to SU(2), x SU(2)r — SU(2)v=1+r.

@ This is isomorphic to SO(4) — SO(3).

— At lowest order, we can use the non-linear sigma model to describe the

dynamics.

@ The Goldstones are described by U = exp {/2 Ta“"’} and become the
longitudinal components of the gauge bosons. In unitary gauge:

LD U)(DHUY) = EL W wi— 4 &) 7 Zp

1 1 1
Lsm = =7 BuB" = (W, W) = 5(G,, 6)
+Gilpq + il + Gilpu + dilpd + &ilpe
1 2
+ 5(0.0)(@"h) = V() + (D, UD*UN) (1 + 28 + (4)°)
— v (§YuUPsr +gYqUP_r +1Y.UP_n+ h.c.) (1 + 1)

4
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@ In the SM we have SU(2); x U(1)y = U(1)em

@ The Higgs sector exhibits an additional (custodial) symmetry that enlarges
the symmetry to SU(2), x SU(2)r — SU(2)v=1+r.

@ This is isomorphic to SO(4) — SO(3).

— At lowest order, we can use the non-linear sigma model to describe the

dynamics.

@ The Goldstones are described by U = exp {/2 Ta“"’} and become the
longitudinal components of the gauge bosons. In unitary gauge:

LD U)(DHUY) = EL W wi— 4 &) 7 Zp

1 1 1
Lsm = =7 BuB" = (W, W) = 5(G,, 6)
+Gilpq + il + Gilpu + dilpd + &ilpe
1 2
+ 5 (Duh)(@"h) = V(h) + VT<DMUDHUT>(1 +28 4 (8)?)
— v (§YuUPsr +gYqUP_r +1Y.UP_n+ hc) (1 + 1)

4
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Effective Lagrangian at leading order

Lio :%(fhh)(auh) V(3 + VT2<(DuU)(D”UT)> an (2)"
+iVePWr — v (UrY s UVr +hc) gf (9)1

1 v 1 v 1 v
~ 56 G) = 5 (W, W) = 2B, B
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Effective Lagrangian at leading order

Lo =H@uMO"N) ~V (4) + (D)D) a0 (2)"
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1 v 1 v 1 v
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Effective Lagrangian at leading order

Luo =3 @M@ R~V (2) + % (D U)D U 3, (8)'
+ iV PV — v (\Tlij,fUWf +he) e (é)l

1 v 1 v 1 v
~ 56 G) = 5 (W, W) = 2B, B
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Effective Lagrangian at leading order

Lo =50 K) ~V (2) + (DD UT) 20 ()"
+ iV PWr — v (Vs Y s UVs +hc) gf (?)J

1 v 1 v 1 v
~ 56 G) = 5 (W, W) = 2B, B
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Effective Lagrangian at leading order

Li0 =5 (@uh)(@h) ~ V () + 2 {(DU)(D*U")) 3 (2)"
7fuwf+h.c.) e.r (2Y

VY,
1 v 1 v
5 (W W) = 2B, B"

+ /\IJ,cI,D\IIf — V(
— 5(Gu G -
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Effective Lagrangian at next-to-leading order

@ Lo is not renormalizable in the traditional sense.
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Effective Lagrangian at next-to-leading order

@ Lo is not renormalizable in the traditional sense.

@ It is renormalizable in the modern sense — order by order in an effective
expansion:

C. Krause (LMU Miinchen) An EFT for EWSB including a light Higgs 08.07.13 8 /13



Effective Lagrangian at next-to-leading order

@ Lo is not renormalizable in the traditional sense.

@ It is renormalizable in the modern sense — order by order in an effective
expansion:

@ The counterterms are included at NLO.
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Effective Lagrangian at next-to-leading order

@ Lo is not renormalizable in the traditional sense.

@ It is renormalizable in the modern sense — order by order in an effective
expansion:

@ The counterterms are included at NLO.

— The basis of NLO-operators is at least given by the counterterms of the one
loop divergences.
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Effective Lagrangian at next-to-leading order

@ Lo is not renormalizable in the traditional sense.

@ It is renormalizable in the modern sense — order by order in an effective
expansion:

@ The counterterms are included at NLO.

— The basis of NLO-operators is at least given by the counterterms of the one
loop divergences.

2
o We identify %3 ~ 15=.
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Power-counting

Li0 =5 (0@ R) ~V (4) + Vz2<(DHU)(D“U*)> an ()"
iU — v (TY UV +hc) e ()

v
1 v 1 v 1 v
~ 5(6uG) = 5 (W, W) — 3B, B"
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Power-counting

Li0 =5 (0@ R) ~V (4) + Vz2<(DHU)(D“U*)> an ()"
iU — v (TY UV +hc) e ()
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Power-counting

1 § n
Lio =5(@,h)(@"h) =V (&) + (D, U)(D*UN) an (2)
iUV, — v (T Y UV +he) e (L)
1 v 1 v 1 v
§<GWGM ) — §<W;WW“ ) — ZBWBM

h h

> N% /
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Power-counting

1 B (h\" _ . X\
D ~ p2Lt2=X= 5 (FutFr)=Ny (f) (_) \Ille lllff wﬁ \Ilg‘% (L)
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Power-counting

1 B /n\" - . X\~
R R (—) Ui v (L)
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Power-counting

1 B (h\" _ . X\
D ~ p2Lt2=X= 5 (FutFr)=Ny (f) (_) \Ilf‘l \Ilff \IJ;'% \U;’% (L)

Classes of counterterms:

UD?H, UD*H, UHXD? UHX?,
UHDV?, UHD?*V?, UHW?X and V*UH.

For convenience we define:

L, =iUD,UT, 7, = UT3U",

Py = % + T3, Po=T1+iT2, Poy=T1 —iT>,
n= (Z/R, eR)T and r = (UR, dR)T.
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Example for operators

Classes of counterterms:

UD?*H, UD*H, UHXD? UHX?,
UHDWV?,  UHD?¥?, UHW?X and W*UH.
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Example for operators

Classes of counterterms:

UD?*H, UD*H, UHXD? UHX?,

UHDWV?,  UHD?¥?, UHW?X and W*UH.

OB1 = V2<TLLM><TLL”>]:

>~: 1 operator

FMy=1+4+a(®) +a(t)’+... FM) =3 () +3 (2 +...
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Example for operators

Classes of counterterms:

UD?*H, UD*H, UHXD? ~ UHX?,
UHDWV?,  UHD?¥?, UHW?X and W*UH.

Opo = (L, L") (L, L") F

Op1a = (LuL,)(m L") (0¥ 2) F

>~: 15 operators
FMy=1+a (B +a(t)’+... FM) =3 () +3 (2 +...
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Example for operators

Classes of counterterms:

UD?H, UD*H, UHXD? UHX?,

UHDWV?,  UHD?¥?, UHW?X and W*UH.

OXUDl = <TLLHLV>B“Vﬁ

>~ 8 operators

FMy=1+a (B +a(t)’+... FM) =3 () +3 (2 +...
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Example for operators

Classes of counterterms:

UD?*H, UD*H, UHXD?  UHX?,
UHDWV?,  UHD?¥?, UHW?X and W*UH.

Oxuy1 = BB F

OXUQ = B;w <TL WNV> F

>~: 10 operators
FMy=1+4+a(®) +a(t)’+... FM) =3 () +3 (2 +...
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Example for operators

Classes of counterterms:

UD?*H, UD*H, UHXD? UHX?,

UHDW?,  UHD?*W?, UHW?X and W*UH.

Ovvi = (@ q) (L) F

>~: 13 operators

FMy=1+a (B +a(t)’+... FM) =3 () +3 (2 +...
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Example for operators

Classes of counterterms:

UD?*H, UD*H, UHXD? UHX?,
UHDWV?,  UHD?W?, UHW?X and W*UH.

Oysi/2 = qUPLr(L, L") F

OWT1/2 = qouw UP:tr<TLLML,,> F

>~: 28 operators + h.c.
F)y=1+a(t)+a(t)+... Fy=a(t)+a (L) +. ..
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Example for operators

Classes of counterterms:

UD?*H, UD*H, UHXD? UHX?,

UHDWV?, UHD?*¥?, UHW?X and W*UH.

O\IJX1/2 = aUHVUPiI’BHV]:

>~: 11 operators + h.c.

FMy=1+a (B +a(t)’+... FM) =3 () +3 (2 +...
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Example for operators

Classes of counterterms:

UD?*H, UD*H, UHXD? UHX?,

UHDWV?, UHD?V¥?, UHW?X and W*UH.

O = (97" 9)(@vu9) F

> 64 operators (+ h.c.)

FMy=1+a (B +a(t)’+... FM) =3 () +3 (2 +...
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Conclusions

@ A full set of operators, including also the CP-odd terms was constructed.
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Conclusions

@ A full set of operators, including also the CP-odd terms was constructed.

@ It was explained in detail what systematics defines next-to-leading order of
the effective expansion with the use of a power-counting formula.
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Conclusions

@ A full set of operators, including also the CP-odd terms was constructed.

@ It was explained in detail what systematics defines next-to-leading order of
the effective expansion with the use of a power-counting formula.

@ Several tests have been performed in order to check whether the presented
operator basis contains redundancies.
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Conclusions

@ A full set of operators, including also the CP-odd terms was constructed.

@ It was explained in detail what systematics defines next-to-leading order of
the effective expansion with the use of a power-counting formula.

@ Several tests have been performed in order to check whether the presented
operator basis contains redundancies.

@ The presented basis of operators extends the basis of (Buchalla and Cata,
arXiv:1203.6510, JHEP), where no light scalar was included.
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Thank you very much for your attention!
Feel free to ask questions

C. Krause (LMU Miinchen) An EFT for EWSB including a light Higgs 08.07.13 13 /13



Backup

[SEUES 1] An EFT for EWSB including a light Higgs



Counterterms without fermions
UD?*H
Op, = V2<TLLH><TLL“>]:

UD*H
Opo,1 = (L") (L, L") F Opoz = (LuL,)(LFLY) F
Opo,s = (relp) (T L) (m Ly ) (T L) F - Opoa = (rely)(me L) (L, L) F
Opos = (L) {(T L) (L*LYY F
Op11 = (mLu ) (ml*) (L) (0¥ 2) F Op1p = (Lul*)(miLy) (0°2) F
Op13 = (riluly)(mL?) (0"7) F Op1a = (LuL,){(m L") (9”1) F
Oo21 = (1iLa)(miLy,) (3 4) (02) F Opas = (LuLu) (0"2) (9#2) F
Ov2 = (nlu){nl?) (2,2) (9"2) F vz = {Lul¥) (32) (82) F
Ooss = (1iL,) (02) (.2) (92) 7 Ooun = (°2) (272) (3u1) (0.2) 7

FMy=1+a(t) +a ()’ +...
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Counterterms without fermions
UD?*H
Op, = V2<TLLH><TLL“>]:

UD*H
Obox = (LuL*){L, L") F Opoz = (LuL,)(LHL") F
Opo,s = (TeLlu) (T L) (L ) (T L) F Opoa = (Tely)(mL*) (L, L) F
Opos = (T L) (T L) (LH LYY F
Op11 = (Telu){(ml*) (L) (0¥ 2) F Opr2 = (LuL#) (L) (8¥2) F
Op13 = (teluLy){ml*) (8°8) F Op1,a = (LuL)(m L") (8¥2) F
Ovna = (riLu)mLe) (9°2) (*2) F Oons = (Luba) (3 2) (342) F
Ova = (L)L) (02) (072) F Ooma = (LuL") (302 (272) F
Oss = () (9+8) (03) (0#4)  Ooea = (6#4) (&%) (02) (02) F

3 ¢ & ¢
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Counterterms without fermions I

UHXD?

Oxup1 =
Oxup2 =
Oxups =
Oxups =
Oxups =
Oxups =
Oxupr =

Oxups =

(riLuL, )B‘“’
(riL,L,)B* F

(L L) (m WHYY F
(L L) (m W) F
(LuL,W"y F
(LL, W) F
(relu)(LoW"") F
(L) (L W) F

F)y=1+a () +a(L )2+...
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UHX?

OXUl

Oxu2

Oxus =
Oxus =
Oxus =
Oxus =
Oxur =
Oxus =

Oxug =

= B B" F
= B.B" F

W, WH” F

W, WH F
GG F

GuwG" F

(LW (L WHY) F
(T Wi ) (r WH) F
B (rL W*) F

Oxuio = BW(TLW”"> F

F(r

v

J=m ()12 () ..
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Counterterms without fermions I

UHXD?

Oxup1 =
Oxup2 =
Oxups =
Oxups =
Oxups =
Oxups =
Oxupr =

Oxups =

(rL,L,)B*
(riL,L,)B*
(/L ><TLW“”>
(riLu L) (r WY F
(LuL, W) F

(L L, W) F

(rlu) (Lo W) F
(

L) (L W) F

F)y=1+a () +a(L )2+...
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3 ¢

UHX?

OXUl

Oxu2

Oxus =
Oxus =
Oxus =
Oxus =
Oxur =
Oxus =

Oxug =

= B B" F
= B.B" F

W, WH” F

W, WH F
GG F

GuwG" F

(LW (L WHY) F
(LW ) (m W) F
B (rL W*) F

Oxuio = BW(TLVV‘“’> F

F(r

v

63

J=m ()12 () ..

54
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Counterterms with two fermions |

Ouwvi = (Gv"q)(TLLu) F Ouxi = G UPLIB" F

Owve = (g 7Lq){TiLlu) F Ovyx2 = Go,, UP_rB* F

Ovvs = (g7 UPU'q)(UPnUTL,) F Ouxs = Gouw UPsr(r, W) F
Owva = (By*u){rily) F Ouvxa = G0, UP_r(r, WH") F
Owvs = (dv*d){miLy) F Ouxs = G0 UPLor(UPy Ut WM F
Owve = (a7 d)(UP1U'L,) F Ouxe = G0 UPnr(UPUTWH) F
Oyy7 = (7’)’“/)(71/_;,,) F Oux7 = Gopuw G UPLr F

Owvs = (I l) (T L) F Owxs = §ou, G*" UP_r F

Oyvg = (7’)’” UP12UT/)<UP21 UTL,L> JF O = 70;WUP_773’“/ F

Ovvio = (&7"e)(TLLy) F Ouxito = 10,0, UP_n(m  W**) F
Ovwvsi, Owvet, Ovvoy ) Ouwx11 = lo,, UPLan(UPx UTWH) F )

F®)=1+a () +a ()’ +...
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Counterterms with two fermions |

Ouwvi = (Gv"q)(TLLu) F Ouxi = G UPLIB" F

Owva = (g 1Lq)(TLlu) F Oux2 = §ou, UP_rB*" F

Ovvs = (g7 UPU'q)(UPnUTL,) F Ouxs = Gouw UPs r(r, W) F
Owva = (By*u){rily) F Ouvxa = G0, UP_r(r, WH") F
Owvs = (dy"d)(TLLu) F Ouxs = G0y UPr(UPy Ut WHY) F
Owve = (1" d)(UPnU'L,) F Ouxe = G0 UPnr(UPLUTWH) F
Oyy7 = (7’)’“/)(71/_;,,) F Oux7 = Gopuw G UPLr F

Owvs = (I l)(mLLy) F Owxs = §ou, G*" UP_r F

Owve = (I" UPUT1)(UP1 UTL,) F Ouxs = lo, UP_7B™ F

Ovvio = (&7"e)(TLLy) F Ouxio = 10,0, UP_n(m  WH*) F
Ovwvsi, Owvet, Ovvoy ) Ouwx11 = lo,, UPLan(UPx UTWH) F )

2
F)=1+a(})+a(}) +-..
2 3 4
3 13 13 3
e B/



Counterterms with two fermions ||
UHD?W? scalar currents

Ouws1 = qUPr(L, L") F Owsy = GUP_r(L, L") F
Owss = qUPr{7 L) (T L") F Ovwss = GUP_r{T L) (T L") F
Owss = qUPLr{T L) (UPn UTLMY F - Owse = qUPxur(ri L) (UPLUTLHY F
Owsy = IUP_n(L, L") F Ouss = TUP_n{r L) (m L") F
Owso = [UPon(tL L) (UP1 UTLHY F

Ousio = qUPyr(riL,) (0*2) F Owsu = qUP_r(r L) (0*2) F
Ovusiz = GUPr(UPnUTL,) (0*2) F Ousis = GUPxar(UPLUTL,) (0"2) F
Ovsia = IUP_ n{Tely) (aﬂ,) Ousip = /UP1277 (UPy utL ) ( )
Ousie = qUPr (0,.7) (0"7) F Ousir = GUP_r (duy) (0"7) F

Ousis = [UP_7) (3;@) (0" ﬁ) F

F)=14a(t)+a(2)’+...

C. Krause (LMU Miinchen) An EFT for EWSB including a light Higgs 08.07.13 13 /13



Counterterms with two fermions |l

UHD?W? scalar currents

Ovs1 = qUPr(L, L") F Ovs2 = qUP_r(L, L") F

Ovss = qUPr{r.Ly) (T L") F Owss = GUP_r{r L) (T L") F
Oyss = EIUPIZ"<7'LI- ><UP21UTLM>]: Ovse = (_]UP21I’<TLLM><UP12UTL”>]:
Ows7 = IUP_n(L,L*) F Owss = TUP_n(ri L) (ri L*) F

Owsy = TUPLan(. L) (UPn UTLF) F

Ousio = GUPyr(riL,) (8" 2) F Owsu = qUP_r(r L) (0*2) F
Ousi2 = qUPLr(UP1UTL,) (0"2) F Owsiz = qUPxar(UPLUTL,) (0*2) F
Owsia = TUP_n{rL,) (auﬁ) Owsis = [UP1n{UPx UTL ( )
Ovsie = GUP.r (8 ) (8“ ) Ovsiz = qUP_r ( ) (8‘”’)

Ousis = [UP_7) (3;@) (0" ﬁ) JF

F)=1+a()+a () +. .
3 3 3 3
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Counterterms with two fermions IlI

UHD?W? tensor currents
Ovt1 = qou UP+r(Ti L, L) F
O\IITZ = anUP_r(TLL L, )
Ours = Gou, UPar (T LMY (UPL UTLY) F
Owts = §oy UPar (T LMY (UPL UTLY) F
Owts = 1o, UPLn(r L") (UPn UTLY) F
Owte = lou, UP_n{riL,L,) F

(
Ovr7 = Gouw UP.r(r L*) (872) F
Ovuts = Gou UP_r{T, L") (8” h)
Owto = G0y UPur(UPLUTLY) (0¥ 2) F
OvwT10 = 4oy UPr(UPy UTL*) (0¥ 2) F
Ovrir = low UP_n(m. L") (0¥ 2) F
Ovr12 = loyy UPn(UP UTL?) (0¥ 1) F

F(t)=1+a(t) +a () +..
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Counterterms with two fermions IlI

UHD?W? tensor currents
Ovt1 = o UP+r{Ti L, L) F
O\VTZ = qa,WUP_r(TLL Iy )
Ouvrs = Gou, UPLr(m LMY (UPn UTLY) F
Owrs = G UPor(r LMY (UPL UTLY) F
Ouwrs = 10, UPn{m LMY (UPy UTLY) F
Ovrs = lo, UP_n(r L, L) F
Outr = qou UPLr(T.L¥) (6”%) F
Ovwts = gouw UP_r(m. L*) (0¥2) F
Owto = G0y UPur(UPLUTLH) (0¥2) F
Ovyt10 = EIUWUPur(UleUfL”) (8”%) F
Ovri1 = lop UP_n{r L*) (0¥ 1) F
Ovr12 = loyy UPLn(UPy UTL?) (0¥ 1) F

2
FO)=1+a(d)+a () +...
2 3 4
13 3 3 ¢
e B



Counterterms with four fermions
WAUH : LLLL

Own = (97"9)(qvuq) F
Oz = (@y*T7q) (. T?q) F

Ous = (g7 q)(Iyul) F V4UH : RRRR

O = (@' T2q)(Iu T F

OLis = (/_’Y“/)(I'Vui)]: Or1 = (U u)(Tyuu) F

Ous = (qY*1.9)(GVuTLq) F 10) _ (d “d)(a .d) F

Our = (37"71.9)(37.9) 7 O — (y u) (o)

OLs = (aa'YHTLqB)(E’ﬁ'VMTan)]: ORR3 (U'Y“T U;Y(Md TAd)}_
Ol = (aa’YMTLqB)_(aB'Yuqa)]: ORR4 : (U’Y u)(e e’;‘}:
Ovuo = (@ 1.q)(Iyumil) F oﬁiz _ ((‘gud)(@y o) F
O = (gy TLq)(I’YM ) Orrr = (é’y“e)(é'y:e)f

(q

Oz = (§vq)(Iyuril) F J

Oz = (gy* TLI)(/’YMTL‘?)}-

Ovi1a = (g7* TL/)(IWQ)]:
() (Iyurd) F
(I rl) () F

Oru1s =
Or116 =

FM)=1+a(8) +a(t)’+...
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Counterterms with four fermions
WAUH : LLLL

Own = (97"9)(qvuq) F
Oz = (@y*T7q) (. T?q) F

Ous = (7" q)(Fu)) F V*UH : RRRR

OLis = (f_]’)’” Ta_Q)(I’Yu TN F

Ovus = (I 1)(Iu!l) F Ogr1 = (Ty*u)(Ty,u) F

Ovie = (7" 7.9)(GVuTLq) F @RRl = (dv*d)(d ., d)F

Ouz = (gv*1.9)(GVnq) F (9RR2 = (u7 u)(dﬁmd)}_

Ovis = (§a7*7098)(q5VuTLqa) F ORR3 (u’y“T u;(Md TAd) F
Ous = (§a7"71.95)(G5VuGa) F ORR4 _ (u7 “u)(e e’;‘i"-‘

Ouuo = (§v*1.9)(Iyumel) F ORR5 = (a’yl‘d)(@% e)F

Oun = Q’Y“TLG’_)(/’YM/)-F (’)RR6 _ (é’y“e)(érme)]-'

Oviz = (§v"q)(Iyutl) F A e ’

Oriis =
OLis =
OLiie =

TLI)(I'Y;LTLI)]:

(
(

Oz = (" TL/)U’Y;JTLG)]:
(
(I 4
(I*rl)(Iyul) F

5‘77 ) (Pyuq) F
I
7

2
.7'—(*)—14-31()-}—32() +... 13 £ e &t
Y



Counterterms with four fermions I

V4UH : LLRR
Orr1 = (g7 )(E’Yu )F
Otra = (Gy* T4 q)(u'yMT u) F
Orrs = (g7" )(d% )F
Orra = (7" Tq)(dy, T d) F
OLrs = (E”Y )(I_’Yu/)}—
Orre = (dy*d)(Iyul) F
Owrr = (§7"q)(Eyue) F
Orrs = (I 1)(&yue) F
Orre = (q7"*1)(8vud) F
Orr10 = (g7 TLq)(U'Yu“)]:

(g
Orri1 = (g T4 TLq)(U’YuT u) F
Orriz = (§7"719)(dv,.d) F
Orris = (§v* T*71q)(dv. TAd) F
Orris = (IW*l)(Tyuu) F
Orr1s = (W7 )(dyud) F
Ouris = (7" 7q)(Ey.e) F
Orriz = (IW7l)(8v.e) F
Orris = (g7 1l)(&vud) F

C. Krause (LMU Miinchen)

V4UH : LRLR

Ost1 = ¢€(q'u)(q'd) F

Ost> = €(q' T"u)(@ T"d) F

Osts = €j(q'u)(Pe) F

Osta = €j(§ 0" u)(Poue) F

Osts = (qUP4r)(gUP—r) F

Osrs = (Z]Uler)(E]UPur) JF

Ost7 = (QUPL TAr)(qUP-T"r) F
Osts = (GUP1 T r)(qUP1 T r) F
Osto = (qUP..r)(1UP-n) F

Ost10 = (GUP21r)(1UP12n) F

Ostu = (g UPyr)(lo, UP-n) F
057'12 = (aa,uu UPer)(/O'HVUPn”I])]:

F)y=14a(t)+a(®)’+. ..
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Counterterms with four fermions I

VAUH : LLRR R
V4UH : LRLR

Or = (g7" )(‘_Wu ) F -
Owre = (§y* T*q)(Ty, T"u) F Ost1 = €(q'u)(dd) F
Orrs = (7" )(d’vu )F Ost> = €(q' T"u)(@ T"d) F
Owrs = (§v* T"q)(d. TAd) F Osts = €j(q'u)(Pe) F
Ovrs = (oy" )(I'Yul)}— Osts = €;(g'o" u)(Fone) F
Oure = (dv*d)(Iul) F Osts = (qUPyr)(qUP-r) F
Orrr = (97" q)(Eue) F Ost6 = (qUP1r)(qUP2r) F
Orrs = (IW*1)(8yue) F Ost7 = (gUP; TAf)(EIUP— TAr)]:
Orre = (gy*1)(8ypd) F Osts = (GUP2 TA_r)(ElUPu T F
Ovrrio = (7" TLq)(U“YuU)f Osro = (qUP..r)(IUP-n) F
Orri = (g7 T4 TLq)(U'YuT u) F Ost10 = (¢_7UP21r)(IUP_1277).7-'
Orriz = (g7" TLCI)(d’Yud)]: Osti = (go"" UP+.r)(loy., UP—n) F
Orris = (§v* T*71q)(d7. TAd) F Ost12 = (go" UPair) (1o, UPLan) F
Ouria = (IW*7ul)(y,u) F ‘
Orris = (I 7l)(dyud) F 2
OLRr16 = (q'y T,_q)(e'yue)]-' ‘F(e) =l+a (3) +a (g) +..
Orrir = (W7l (Evue) F » 5 .
Orris = (qy*1ul)(Eyud) F § 13 £ 13
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Counterterms with four fermions Il

V4UH : LRLR

OFy1 =
OFy2 =
OFys =
OFys =
OFys =
OFye =
OFy7 =
OFys =
OFyo =

(qUP4r)(qUPLr) F

(GQUPL TAr)(qUPLT"r) F
(qUP_r)(qUP-r) F

(qUP_T"r)(gUP-T"r) F
(GUP-r)(FP-U'q) F
(GQUP_TAr)(FP+ UTTAq) F
(qUP_r)(TUP_n) F

(o UP—r)(lo,., UP_n) F
(IUP_n)(7P.U'q) F

Ofv10 = (IUP-n)(IUP-n) F
Ofy11 = (IUP_r)(FPLU'I) F

FM)=1+a () +a(L ) +...

The covariant derivative of U reads:

DU = 08,U + igW,U — ig'B,UT;
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Counterterms with four fermions Il

V4UH : LRLR
OFy1 (qUP+r)(Z]UP+r)]:
Ofy> = (QUPL TAr)(qUPLT"r) F
OFy3 = (qUP_r)(E;UP_r)]-'
OFva = (QUP_T*r)(qUP_T"r) F
Ofys = (GUP_r)(FPLUTq) F
Ofys = (QUP_TAr)(7P+ UTTAq) F
OFy7 (qUPfr)(7UP:n)]-'
Ofys = (§o" UP_r)(lo ., UP_n) F
Ofyo = (IUP_n)(rP+U'q) F
Ofy10 = (IUP_n)(TUP-n) F
Ofy11 = (IUP_r)(FPLU'I) F

F =1ta(@)+a()+... 3 & & 3

The covariant derivative of U reads:

D,U=0,U+ igW,U— ig'B,UT;

C. Krause (LMU Miinchen) An EFT for EWSB including a light Higgs
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Equations of motion |

0,0"h = a, ¥ (DLU)(D*UT)) (&)™ — by mv? ()™
— ¢ (Ve Yy, UPL Vg + hc) (;)'_1

iBv, = v UP Ve ey () + v uP_wgery (£)

v \4

iDVg = vP UYMW,y (2) 4 v UT Y ey (2))

\4

VD = P UY ey (B) —vORP_UTY e (1)
R —
WRD = —vU Y UP cry (2) = v Y UP_ ¢ (L)

0,B" =g'Uey"Y Vs + g’ % (LY7i) a n ()"
[D W) = gU v T, — g4 (T'LY) a, ()"
[D,G"]a = gV’ TAV
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Equations of motion Il

From
h n
S= /d4x "TZ(DHU)ab(D“UT)ba an (;) + A(detU — 1)
)

—v (\DL,a y" UasVrp + Vg, Y(I)TU;waL,b) cr,l (é)

and
Ui U}, = —3U; Uj,
5(det U) = ((6U)UT) - det U
(D, D*U)U" — U(D,D*U") = 2iD, L*

we find:

n n—1
V?z"’" (iDMLgb (g) +inLh (9 <€) )
I
—v (\T/L,by(/)(U\VR)a - (\TJRUT)bY(/)]L\UL,a) Ct i <€)

_ _ M/
—|—%(\UL7[Y(’)U,‘J‘\UR,J‘_\UR/U y( T‘ULJ) Cf/<v> dap =0
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Useful relations for the reduction of operators

D,L,—D,L, =gW,, — g’BWTL +ilL,, L]
D#T[_ = I.[LH,TL]
[Dy, D)L, = ig[Wy, L]

(TLABY{(1. C) = %(ABC} — (. BC) (7 Ay + (1L AC) (7. B)
iWUP(D"W) = %( — i\Twa UPV + W (D, U)W + Uy  UP(iPV)

— iW(D"U)PV + iD*(TUPW) — D,(%WUP\U))
_ — — 4
i(DPTYUPY = % (DT UPW) + D (T UPW) + ¥ Py UPY

— W (D, U)W — Uy UP(iPW) — i¥(D* U)P\Il)
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Comparison — “A light dynamical ‘Higgs Particle’ "

by Alonso, Gavela, Merlo, Rigolin and Yepes
(arXiv:1212.3305, PLB; arXiv:1212.3307, PRD; arXiv:1304.5937)

Similar to our analysis, but with crucial differences:

@ NLO-operators are of dimension less than or equal to 5.

— Their basis, excluding fermions, is almost the same as ours. The only operator that
was not present in their basis is Opai.

— Operators with 4 fermions are not considered at all.

— They list all operators of class UHW2X, but without h.

— In the class UHD?*W?, we find that they list 15 of 30 operators.
@ The equations of motion are wrong.

— 8 of their operators are redundant.
@ The presented counting of ¢ is inconsistent
@ They only consider CP-even operators

@ They exclude operators with right-handed fermions in the class UHDW? because of
MFV.
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The “Strongly-Interacting Light Higgs" (SILH)

LSILH =
t t t 45 A (i)
2f2a# (H H) On (H H) t o 2f2 (H DHH) (H D“H) T2 (H H)
CyYf ,t ICWg t _inA v i iCBg/ Y v
+(f2HH\ULH\IJR+hc) — 2(H DH)(D WW)+2m% (HDH)a B,.
/
icHw g wint iy i icHpg wint v
D*H D"H)W, D*H)'(D"H)B,.
+167T2f2( )U( ) V+16 2f2( )( ) M
72 2
(%74 T v ngS .Vt T a apv
Toneri's HHBWB“ oty g1 HGL G
C2Wg v C2Bg v 2, gs vya
(D" W) (D, W) = S22 (0B )(2,5™) ~ 525 (DG (D,6)
3wg i k C3ggs av c
Tonza WV Wi when 4 DE8e 5 oG G5,Ge*

Relation to our conventions:
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The “Strongly-Interacting Light Higgs" (SILH)

By comparing the operators, we find:

Op1, Oxu1, Oxuz, Oxus and Oxyg are generated with independent coefficients.

Corrections to the leading order Lagrangian are given for the terms ALin,n, AV(h)
and ALvukawa With independent coefficients. The term ALyin cg is generated, but
not with independent coefficient.

Only two operators with a fermion vector current, Oyy;, are generated
independently. The two linear combinations that arise are:

Z(on\(l?\)/f (v+ h)2 and (2051?3/2,8 + 03?3/3,9 + 05?3/2,9) (v+ h)2
f

In the four fermion sector, they only consider three independent terms:

(Wy, TW)(WIA TV, (T Ye¥e) (WY lp)
and  (Wgy, TV (V" TAY,).

The operators of the class UHW?X are not generated.

They consider two additional operators of the class X3.
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Example — The Higgs portal®

2 2

V= 5166 + 5105 = B1onl + 5 10nl* + 310 0n
Ve [ mH= A R T T
V2 n2=AsAp N/ 72 —XsAn

2 2
V= 2 202 4 Suovphhy + O(h?)

Hi\ _ (cosxy —siny hs
Hy) — \siny cosx hy,

tan (2x) = 2NV

vf)\hfvsz)\s

1e.g. Englert, Plehn, Zerwas and Zerwas, arXiv:1106.3097, PLB
Patt and Wilczek, arXiv:hep-ph/0605188
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Example — The Higgs portal

1 1 1 1
n= 5 OuHh)(0" ) + 5(0uHh) (0" Ho) — SMIHE — S MaHy + AH;

+ NoH2Ho + AsHiHZ + MaH3 + 21 HY + 2oHi Ho + zsHPHZ + zaHi Hs + z5Hs

— v (§YuUPsr +YsUP_r +1Y.UP_n+ hc) (1 4 @Hl 4 s”‘TXH2>

: 2

1+ 2+ 1

D, uD* Ut 2C05XH 2szH cos X,
v % v?

2sin y cos sin®
+#H1H2+ H)

‘L
4
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Example — The Higgs portal

1 1 1 1
Ly = 5(auhh)(a“Hl) + E(aqu)(a“Hz) — §M12H12 - 5/\//31L/§ + M H:

+ NoH2Ho + AsHiHZ + MaH3 + 21 HY + 2oHi Ho + zsHPHZ + zaHi Hs + z5Hs

— v (§YuUPsr +YsUP_r +1Y.UP_n+ hc) (1 + @Hl 4 S”‘TXH2>

2 2si 2
(D, UD“UT)( COSXH1+ szH2+ cos XH12
v v v2

2sin y cos sin®
SIS X p 4 ST X 42)

‘L
4
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Example — The Higgs portal

1 1 1 1
H= 5(8MH1)(8“H1) + E(aqu)(a“Hz) — EMfo - §M22H22 + M H?

+ NoH2Ho + AsHiHZ + MaH3 + 21 HY + 2oHi Ho + zsHPHZ + zaHi Hs + z5Hs

— v (§YuUPsr +YsUP_r +1Y.UP_n+ hc) (1 + @Hl 4 S”‘TXH2>

2 2si 2
(D, UD“UT)( COSXH1+ szH2+ cos XH12
v v v2

2sin y cos sin®
SIS X p 4 ST X 42)

‘L
4
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Example — The Higgs portal

1 1 1 1
Ly = (8, H)(0" Hh) + 5(8,H2)(0" H2) — 3 5

+ MNoHZHo + AsHiHZ + MaH3 + 21 HY + 2oHi Ho + zsHPHZ + zaHiHs + z5Hs

M;H; — Z M5 H3 + A H;

— v (§YuUPsr +YsUP_r +1Y.UP_n+ hc) (1 + @Hl + S”‘TXH2>
2

s
4

2 2si 2
(D“UD“U*>(1+ COSX pyy 4 Z3INX py, 4 €05 Xyp2
v v v2

2sin y cos sin®
SIS X p 4 ST X 42)
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Example — The Higgs portal

1 1 1 1
n= 5 OuHh)(0" ) + 5(0uHh) (0" Ho) — SMIHE — S MaHy + AH;

+ NoH2Ho + AsHiHZ + MaH3 + 21 HY + 2oHi Ho + zsHPHZ + zaHi Hs + z5Hs

— v (§YoUP,r+gYsUP_r +1Y.UP_n+ hc) (1 + C°5XH + szHz)

2 2si 2
(D, UD“U‘L)( COSXH1+ szH2+ cos XH12
v v v2

2sin y cos sin®
SIS X p 4 ST X 42)

‘L
4

C. Krause (LMU Miinchen) An EFT for EWSB including a light Higgs 08.07.13 13 /13



Example — The Higgs portal

1 1 1 1
n= 5 OuHh)(0" ) + 5(0uHh) (0" Ho) — SMIHE — S MaHy + AH;

+ NoH2Ho + AsHiHZ + MaH3 + 21 HY + 2oHi Ho + zsHPHZ + zaHi Hs + z5Hs

— v (§YuUPsr +YsUP_r +1Y.UP_n+ hc) (1 + @Hl + S”‘TXH2>

. 2
V—(D,LUD“UJr)( 2C05XH1+25|nXH2+C05 XH12
4 v v v2

2 sin x cos sin®
+7>V<2 XH1H2+ V2XH22>
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Example — The Higgs portal

1 1 1 1
W= E(aqu)(a“Hl) + E(E)MHZ)(B“Hz) - EMf/-/f - 5/\//22H§ + M HE

+ NoH2Ho + AsHiHZ + MaH3 + 21 HY + 2oHi Ho + zsHPHZ + zaHi Hs + z5Hs

— v (§YuUPir +3YsUP_r +TY.UP_n+ hc) (1 + COSXH + szH)

V—(D UD“UT>( 2cosXH1+2szH2+cos XH12
4 v % v2

2sin x cos sin®
+7§2 XH1H2+ V2XH22>

(O+ M)Hy = Ao + AtHa + AsHZ + AsH3

H> ~ =% +A1 +O(M4)

= NH: + 2H + & (D uD*U') (25"/"" + 25'")‘/‘2°°SXH1)

—smx(z,YuUP+r+aYdUP,r+7YeUP,n+ h.c.)
080713 13/13



Example — The Higgs portal

1 1 1 1
n= 5 OuHh)(0" ) + 5(0uHh) (0" Ho) — SMIHE — S MaHy + AH;

+ NoHZHo + AsHiHZ + MH3 + 21 HY + 2o H Ho + zsHPHZ + zaHi Hs + z5Hs

— v (§YoUP,r+gYsUP_r +1Y.UP_n+ hc) (1 + COSXH + szHz)

V—(D,LUD“UU( 2cosXH1+2smxH2+cos XH12
4 v v v?

2 sin x cos sin®
+7>V<2 XH1H2+ V2XH22)

(O4 M3)Hy = Ao + ArHo + AsH3 + AsH3

Ho = %+ Aup + O)

2 . .
Ao = MoH2 + 2 H? + %(DNUD“UU (2slvnx n 25|n>V(2cosXH1>

—sinx (qYuUPsr + @YqUP_r + 1Y.UP_n+ h.c.)
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The Higgs portal

We find:
Lot = Lo A 1o
eff — ~without H, + 2M22 + (W)
This contains:

Opo,1, Ows1, Ovsz, Oysy and operators with 4 fermions
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