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Introduction
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e <> EWSB? SM unnatural, m;, < A; no other new particles (so far)

— Effective Field Theory

e symmetries, particle content, power counting

e model independent
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Introduction SM as effective theory

e quarks, leptons, SU(3)¢, SU(2), U(1)y

e Goldstones ¢?, U = exp(2ip*T*/v)
EW chiral Lagrangian Appelquist, Longhitano

e include light Higgs h
U— g Ug,  h—h,  gireSUQ2)g

special case:

~

(,®) = (v+ W)U
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Nonlinear realization of EWSB

Weinberg; Callan, Coleman, Wess, Zumino

o U =-exp(2ip*T*/v): SU(2) ® SU(2)g — SU(2)y  nonlinear
. % (D, UTDFU): contains all powers of °
e nonrenormalizable, nonperturbative — loop expansion

oLO:g—z < NLO: 2 15—1

~ 1672

e relative correction p?/16m%v* — cut-off A = 4mv

e NLO coefficient = 1/167* = v*/A?
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Leading-order Lagrangian

1 1

1 _
Lio = —2<GWGW> — §<WWW’“’> — =B, B" + i Py

2

+fi.<£mcﬁ[w%7>(1+—Pb(h/vﬁ

| n=0

Contino et al.

S h
—v }:qxﬁnuar(—>

U

n

4

+ h.c. + ...

e h pseudo-Goldstone: mih? ~ 1/(167%) A2h? ~ v*h?

e L;0o: dimension 2, 3, 4

1
+50,h0"h = V()

NU4

— loop expansion, v?/A? ~ 1/167°
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Loop counting = chiral counting

Urech; Nyffeler, Schenk; Hirn, Stern; G.B., Cata, Krause

chiral dimensions: Ao hl.=0, [W].=1/2, |g,9,0.]c=1
loop order: 2L + 2 =% (chiral dim.)
example: 4,—6,+4,+2, =4
%
= [Lrole = 2, INLOJ. =4

UhD*, ¢*X?Uh, ¢XUhD? y*°UhD, y*UhD? y*y*Uh
o ), X?Uh not LO

e corrects NDA Georgi, Manohar
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Power counting operator classes

— classification of NLO operators

UhD*, X2Uh, XUKD?, V2 URD, V*UhD?, VUR

oo Y M X
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Loop vs. dimensional counting
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Applications ete” - WTW~

G.B., Cata, Rahn, Schlaffer
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Applications h — Z0T¢~

Isidori et al.; Grinstein et al.; G.B., Cata, D'’Ambrosio; Beneke et al.

dr
ds dcosadcos Bdyp

Y

J1 i(1 + cos? o cos? B) + J2 i sin? a sin? B
40 16

+J3 cos acos B

+ (J4 sin asin 8 + Jg sin 2acsin 28) sin ¢

+ (Jg sin asin 8 + J7 sin 2acsin 28) cos ¢

+Js sin? o sin? Bsin 2¢p + Jg sin? a sin? B cos 2
¥ ¥
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Summary

e EFT for new physics: particle content, symmetries, power counting

o L, + h singlet: most general EFT

e includes strong EWSB with pseudo-Goldstone higgs

e |loop counting: chiral dimensions

o full set of NLO operators; many applications
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NLO Lagrangian

L,=iUDUY, 7, =UnLU"

6

A2

pb—di

,C:,CLO—I—,Cﬁl—I—ZCZ' O;

[,51 — —51U2<TLLM> <TLLM> Fﬁl(h)a Fﬁl(h) =1+ Z fﬁl’n <%)
n=1

related work: Contino et al., Alonso et al.
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NLO operators U hD*

CP even: (FDZ — FDz(h))

Op1 = (L, L")? Fp, Ope = i(tr,LuLy) (trL*) &2 Fpg

Ops = (L,L,) (L*LY) Fpo Opr = (L, LH) 2297,

Ops = ((r.L,) (tpL*))* Fps Ops = (LuLy) au?jzathDS

Opa = (1p.L,) (rpL*) (L,LY) Fpy Opg = (tpLy) (rp LF*) 2870 Fpg

Ops = (tpL,) (t1.L,) (L*LY) Fps Opio = (t1.L,) (tr.L,) CL&RFpy,
Op11 = @“hﬁ”h’2FD11

(and 4 CP odd operators)
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NLO operators

X?Uh, XUhD?

Oxni = ¢° B, B*" Fxpi(h)
Oxna = (W, WH) Fxpa(h)
Oxnsz = 95(GuwG") Fxps(h)

Oxv1 = ¢ 9B W) (1 + Fxyi(h))

Oxuya = 92<WWTL>2 (1+ EFxya(h))

Oxvs = 9€ungWH L, L) (1 + Fxys(h))
Oxur = ig,BW<TL [L“, LVD FXU?(h)

Oxuys = i9<Wuu [L“, Ly]> FXUS(h)

Oxvg = 1g(Wute)(To| LY, L”]) Fxue(h)

(and 9 CP odd operators)
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NLO operators Y?*UhD

Opvi = —qy"'q (teLy) Fyvi(h)

Opve = —aq¥'1rq (trL,) Fyva(h)

Opvs = —qV'UPU'q (LUPyUT) Fyys(h),  Olyy
Oyva = —uy"u (L) Fyva(h)
Opvs = —dy"d (tLL,) Fyvs(h)
Opve = —uy"d (L,UPxU") Fyye(h), OZDVEi

(similar operators with leptons)
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NLO operators V2UhD?, y*Uh

O¢51 — q_UP+T<LML'U“>F¢51 0¢510 — QUP_|_T<TLLM>%F¢510
Oys2 = qUP_r(L, L") Fyso Oysi1 = qUP_r{r;,L,) 22 Fyg1q
Oyss = qQU Py r{T,L,) (1L L*) Fys3 Oysi2 = qUPior{(U Py UTL,) & By
O¢S4 — QUP_T<TLLM><TLL'“>F¢S4 0¢513 — QUP217“<UP12UTLH> %Fm

Oyss = qU Pror(tp, L) (UPn UTLMYFyss  Oysia = qUPyr a g Oh s
Oyse = qU Porr (1, L) (UPoUTLMYFys6 Oysis = qUP- T@LFwsw

*Uh operators: Ouypvn,i = Ouapui Fayi(h)
e.g. YUYrYLUYR F(h)
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Comparison with linearly realized Higgs

Ly LO LO X2Uh v2URD | ¢v*Uh UhD?* | 42UhD? NNLO NNLO
XUhD?
Lew ©° WEIPE X2p2 W22 D Wt NNLO NNLO X3 W2 X
ot D?
. . 2 . .
linear in £ = = from L, <+ dimension 6 from Lpw
Buchmdller, Wyler; Grzadkowski et al.

SILH

Giudice et al.
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