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Euler-Heisenberg Lagrangian

Light-by-light scattering in QED at very low energies (E, < m,)

o Gauge, Lorentz, Charge Conjugation & Parity constraints

e Energy expansion (E,/m.)

1 17 a v b v g,
Lo = =7 F" Fu + —5 (F" Fu)? + — P Fug P77 Py + O(F®/m?)
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Euler-Heisenberg Lagrangian
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Why the sky looks blue?
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Why the sky looks blue?

Rayleigh scattering

Low-energy scattering of photons with neutral atoms

E, < AE~a’me < ay' ~ame < Mg

e Neutral atom + gauge invariance == FHY = (L-:, é)

e Non-relativistic description
Ling = ag Pl (CIE2 +C2§2> +... ; ¢~ 0O(1)
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Why the sky looks blue?

Rayleigh scattering

Low-energy scattering of photons with neutral atoms

E, <« AE~a®’m, < agt ~ame < My

e Neutral atom + gauge invariance == FHY = (L-:, é)

e Non-relativistic description
Ling = 38 Pl (CIE2 +C2§2> +... ; ¢~ 0O(1)

M ~ ¢ agE? Co o o agE]

Blue light is scattered more strongly than red one

EFT
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Dimensions

S = [ d**xL(x) L (2] = E*

Lxa = Oudlotg —m? ol = [¢] = [VV] = [A'] = E

LDirac = 2/_)(i'y“8#f m) — [¢] = E3/2

[0] = E2 : ] =E
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Scalar Field Theory

OE|27%¢3 = [\]=E
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Scalar Field Theory

A R B NP

o L :f§¢3 - [\]=F el | %
4 A2

o(1+2ﬁ3+4)~—{1+0<?>+ } (s> m?)
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Scalar Field Theory

A - )

° £| = f§¢3 » [A] = F /\/\,.7_(:\ !
4 /\2
o(1+2ﬁ3+4)~—{1+0<?>+ } (s> m?)
A 4 0 N
© Li=-—p¢° = [M=E e
2
(s > m?)

o(l1+2—3+4) ~ %{1+O(A)+-..}
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Fermi Theory
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Fermi Theory
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Fermi Theory
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Fermi Theory
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K vy
- audv
H i _guu+;—zw qul‘ﬁv Suv =
W e 2 — M3, M2, e~
v, e Ve
g t7n _ Gr t7n
c ff—{Wtj +h.c.} Low=—SF gig
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° r(l — 7///,77//) = F g f(m/2//m,2) F(x) =1 —8x+8x3 —x* —12x%Inx
1927
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° GF g
Fermi Theory T
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Fermi Theory -

V2 8 M2
vll 1%
T gy + qudv s
v
) we T ve, qugﬁ/ guv -
_ e 2 2 2
w q° — My, My, e
Ve » Ve
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° r(l — 7///,77//) = F(x) =1 —8x+8x3 —x* —12x%Inx

5
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m# Tu

Exp: (17.83 £0.04)%

o o(ve” = puve) ~ GEs Violates unitarity at high energies
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Relevant, Irrelevant & Marginal

1

Ech,-O,- , [O]l=d — i~ ga

Low-energy behaviour:
e Relevant (d; < 4): I, ¢, o3, P
Enhanced by (A/E)*~
e Marginal (d; = 4): m2¢?, miy, ¢t p, Ve

e Irrelevant (d; > 4): PP, Bup Py, G2, -

Suppressed by (E//\)d"_4
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(@)
) log (02/3)

Q) =

1-p

2 .
QED: 5 =3 ij QFNe >0 =3 lim a(Q?) = 0

Quantum corrections make QED irrelevant at low energies
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(@)
T rog (@2/@3)

2 .
QED: 5 =3 ij QFNe >0 =3 lim a(Q?) = 0

Quantum corrections make QED irrelevant at low energies

QCD: 5= 2N — 11 Ne <0 - lim as(Q%) = oo
(§) Q2-0

Quantum corrections make QCD relevant at low energies
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Quantum Loops

EFT

L= (i7" — m)vp — —2 (P)2 — ~— (PT) () + - -

5m 5 2 m/ d*k 1
~Y I— S —
A2 2n) K2 — m?
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Quantum Loops

- . a , - b - -
L= (V'O — m)y — =5 () — -7 (PO () + -+
A A
. a d*k 1
o Cut-off regularization: m ~ 2 A2 ~ m Not suppressed!

/\2
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Quantum Loops

L= (i7" — m)vp — —2 (P)2 — ~— (PT) () + - -

om 2/ 2 m/ d*k 1
~ | — -
N2 (2m)* k2 — m?

e Cut-off regularization: om ~ % A% ~ m Not suppressed!

PPLE

e Dimensional regularization: Do =

+ ~vg — log (47
D_4 T'E ( )

m2 m2

Well-defined expansion (Mass independent)
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Vacuum Polarization @ o

\ inv(q) = i(—q°g" +q"q”) N(qg?)

_a@? {Am+6/01dXX(1*X) log <M)}

3 12

AN (p?) + Nr(q®/pu?)

EFT
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Vacuum Polarization @ o

2
_aQf

3

inmw(q) =i (—q°¢" + q"q”) N(q?)

{Aoo+6/01dxx(lfx) log <W)}

AN (1) + Nr(q®/p®)

R B T

g {1—AFI( %) — Nr(q?/1?)}

) {1-Nr(a®/1®)}

EFT
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Vacuum Polarization (@ =0

b > in(q) = i (~q’¢" +q"q") N(q*)
an 1 m2 _ q2X(1 _ X)
N(g*) = —3—7; {Am+6/o dx x(1 — x) log <fT>}

AN (1%) + Nr(qg*/11%)

e % § é g a0 {1 AN (2) — Mr(e?/42)}
_ = a(n?) {1-Ne(@/1?)}

Q.

o

2
Cope) = m e e 0(Q) & — u(ggg‘?o) —
1 61 27w |Og(Q /QO)

Q=
|

Q.
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Mass-Dependent Scheme: AN (42) = N(—p?)

1
«
Me(a?/4) = ~@F 326 | dex(1 =) log

EFT A. Pich - 2014
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Mass-Dependent Scheme: AN (42) = N(—p?)

1
«
Me(a?/4) = ~@F 326 | dex(1 =) log

0.8

1 2 2(1 )2 %0-6

HEX — X N
/31:4Q2/ ax ——— 2 0.4
f 0 m?+M2X(1_X) 0.2
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Mass-Dependent Scheme: AN (42) = N(—p?)

[m? — ¢*x(1 — x)

1
Nr(q?/u?) = — 216/ dx x(1 - x) log | —L—— =2
r(q° /1) QF 5 | xx(1—x) %8 | T 2x(1 = %)

1
1 2.2 2 82.2
' pox*(1 - x) .

:402/ dx ———— 50.4

/31 f 0 m12f+M2X(1_X) 0.2
o0 1 2 3 4 5

nmwu
2

e mf <y Q7 H=3Q . Mk(d/W) = —QF 5= log(~q’/if)
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Mass-Dependent Scheme: AN (12) = N(—p?)

1
«
Me(a?/4) = ~@F 326 | dex(1 =) log

[m? — ¢*x(1 — x)
|2+ (1= x)

1
0.8
©
1 2,2 2 w08
p”x*(1 — x) N
/31:4Q2/ ax ———— 7 0.4
f 0 m12‘+/1“2x(1_x) 0.2
0|
0 1 2 3 4 5
nmwu
2
e mf <y Q7 H=3Q . Mk(d/W) = —QF 5= log(~q’/if)
e mI> it g p~2ail Me(a?/1) ~ QF - T I
f i YU T R 157 2
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Mass-Dependent Scheme:

1
Nr(q®/12) = *Q?% /0 dx x(1 — x) log

1 2.2 2
1—x)

402 [ g XA X7

b1 Qf/o Xm?—&—/ﬁx(l—x)

ﬁlzzQ?

om?<<,u2,q2: 3

e m? > 2 g%

2 H2
,Bl 15 Qf m%

DECOUPLING

A. Pich

—-

EFT

[m? — ¢*x(1 — x)
|2+ (1= x)

Nr(q* /1) = — Q7 % log (—q°/11%)

2

2
a g +u
Ne(q®/1’) ~ QF ——
150 m?

(Appelquist-Carazzone Theorem)

- 2014 12



MS Scheme:

Nr(q®/1?)

EFT

o2 X
Qf3

Al (u

0

A. Pich

)

_Q2 A A

/1 dx x(1 — x) log

2014

m? — ¢*x(1 — x)

112
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MS Scheme:

EFT

Nr(q®/1?)

2
'ﬂlng?

AI—I(( ) = _Q2 ao oo

1 2 2
e m; — g°x(1 — x)
Qf§6/0 dx x(1 — x) log I E—

Independent of mg

Heavy fermions do not decouple

A. Pich - 2014
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MS Scheme: AN (w) = ~QF 5 WA

le’ ! m? — g?x(1 — x
nR(q2/N2) = 7Q% g /0 dx X(l - X) Iog —f 27 7 qu2( )
2
o 3, = 3 Q? Independent of mg

Heavy fermions do not decouple

(6%
o m{ > i g% Nr(q®/n?) = —QF 3 log (mf /1)

Perturbation theory breaks down
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MS Scheme: A1) = -@F 5 2 AL

le’ ! m? — g?x(1 — x
Nr(q®/1%) = *Qgg /0 dx x(1 — x) log %()
2
o 3, = 3 Q? Independent of mg

Heavy fermions do not decouple
[0
o mf > p? g% Nr(q®/n?) = —QF 3 log (mf /1)
Perturbation theory breaks down

SOLUTION: Integrate Out Heavy Particles

EFT A. Pich - 2014
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Matching

EFT with heavy fermion By = g Q2 + plieht

EFT without heavy fermion By = iight

e Two different EFTs (with and without the heavy fermion f)

e Same S-matrix elements for light-particle scattering at p = ms

EFT A. Pich - 2014 14



Effective Field Theory

EFT

£(6.9) = S(96) + 5(90) — Zmd? — ZMP0? -

A. Pich - 2014
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Effective Field Theory

— E 2 E 2_} 2 2_1 2 2_5 2
L(¢,®) = 5(09)" + 5(0®)" — om"¢" — SM°O% — 54670
1 (\E) (m< M < E)
(66 = 69) ~ £ X
(A/m)* (m,E < M)
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Effective Field Theory

_l 2 1 2_122_122_52
L(9,®) = 5(09)" + 5(0)" = Sm"¢" = SM°®" — 2670
1 (NE) (m < M < E)

o(60 = 00) ~ F5
(/M) (m,E < M)

T K e

S e = Lalo) = Y 0(0)

i
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Effective Field Theory

_l 2 1 2_122_122_52
L(9,®) = 5(09)" + 5(0)" = Sm"¢" = SM°®" — 2670
1 (NE) (m < M < E)

o(60 = 00) ~ F5
(/M) (m,E < M)

T K e

S e = Lalo) = Y 0(0)

i

Aol
Ol =di e~ ppas

EFT A. Pich - 2014 15



)\2
One Loop: Lg = =a(89)? — _b¢2 +cgm ot 4
M
A _
RN O R
C 0 1
H
' %K e
gl 0N—1D 1
A2 , 2
A=t a gy T ’ mtbhigat
2
c=ltaggaet

EFT

A. Pich - 2014
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Principles of Effective Field Theory

EFT

Low-energy dynamics independent of details at high energies

Appropriate physics description at the analyzed scale
(degrees of freedom)

Energy gaps: 0+—mM<KEKM— oo

Non-local heavy-particle exchanges replaced by a tower of
local interactions among the light particles

. (d;—4) > . < M
Accuracy: (E/M) e = dSa+t log(M/E)

Same infrared (but different ultraviolet) behaviour than the
underlying fundamental theory

The only remnants of the high-energy dynamics are in the
low-energy couplings and in the symmetries of the EFT

A. Pich - 2014
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EFT

Evolution from High to Low Scales

Large 1
L(¢:) + L(¢j, D) i, ®

Renormalization Group

___________ =M ------ Matching
L(6i) + 0L(07) Oi

Renormalization Group

Y

Small p

A. Pich - 2014
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Wilson Coefficients:

ﬁzZi#Oi

EFT

A. Pich - 2014
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Wilson Coefficients:

EFT

(0i)g = Zi(e, 1) (Oi(1))r

A. Pich - 2014
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Wilson Coefficients:

(

EFT

d
u—+70,-) (O)r=0 ; 7o =

(0i)g = Zi(e, 1) (Oi(1))r

du

A. Pich - 2014
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Wilson Coefficients: L=Y 0

(Oi)g = Zi(e, 11) (Oi(1))r ; e (Oi)g =0
d p dZ; a an 2
(‘ud_ﬂ +’YO;) (Oi)r =0 ; Yo, = z an — 7(01,-) @& 75)2[) (;) "
L (1) (00 = 0
Mdu i\ i/R —

EFT A. Pich - 2014
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Wilson Coefficients: L= 3= 0
(OB = Zi(e, 1) (Oi(1))r ud—u< B =
(#di/; +70,-) (Ohr=0 ; 70 = % (Z,,i =15 =+ (%)2 +
P ) (O)r=0 = “d_M”Of) i) =

EFT

A. Pich - 2014
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Wilson Coefficients: L=Y 0

(OB = Zi(e, 1) (Oi(1))r ; p——(Oi)g =0

du du
¢ da fyo,.(a)}
G = g exp / -
(1) (10) )
= 15

EFT A. Pich - 2014 19



2. Chiral Perturbation Theory

¢ Goldstone Theorem
e Chiral Symmetry
o Effective Goldstone Theory

e Chiral Symmetry Breaking

EFT A. Pich - 2014 20



Sigma Model

L, =30,070r0 — 2 (070 — 2)?

Global Symmetry:  0(4) ~ SU(2) ® SU(2)

e v2<0: mi=—)\v2

o« V2> 0: ooy =v , (0%|0)

Il
o
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Sigma Model

L, =30,070r0 — 2 (070 — 2)?

Global Symmetry:  0(4) ~ SU(2) ® SU(2)

o V<O m2 = —Av?
o V2> 0: Oy =v , (0/F|0) =0
SSB: 0(4) — 0(3) [4%3 — % = 3 broken generators]

L, =3{0,60"6 + 0, 70"7 — M282} — M5 (62 4+ 72) — M3 (82 4 72)?

o—V : M2 =2\ 2

o

3 Massless Goldstone Bosons

EFT A. Pich - 2014 21



(x) : (A) = Tr(A)

al
Il

1) X(x) = o(x)lp + i

1 A 2
= = Toryy — 2 sy 9,2
Ly 4(8,; O*X) 16 ((Z Y) 2v)

EFT A. Pich - 2014
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1) X(x) = o(x) o + i 77(x) ; (A) = Tr(A)
L, = %@sz OME) — % (<zfz> 72v2)2

O(4) ~SU(2)L ® SU(2)r Symmetry: X — gR):gLT ; 8r €SU2), 4

EFT A. Pich - 2014 22



1) X(x) = o(x) o + i 77(x) ; (A) = Tr(A)

1 A 2
- = T Am _ 2 te\y 9,2
Ly 2 <8u2 O'XE) 16 ((Z Y)—2v )

O(4) ~SU(2)L ® SU(2)r Symmetry: X — gRZgLT ; 8r €SU2), 4

2) () = W+SHIUK) i U=sep{i7d} gUg

Ly =% (1+35)% (9,Uf0mU) + 1 (9,S0"S — M2S2) — M2 63 _ M° g4

82
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1) X(x) = o(x) o + i 77(x) ; (A) = Tr(A)

1 A 2
- - T Am _ 2 te\y 9,2
Ly = 4<8MZ O'XE) 16 ((Z Y) 2v)

O(4) ~SU(2)L ® SU(2)r Symmetry: X — gR):gLT ; 8r €SU2), 4

2) () = W+SHIUK) i U=sep{i7d} gUg

Ly =% (1+35)% (9,Uf0mU) + 1 (9,S0"S — M2S2) — M2 63 _ M° g4

82

Derivative Golstone Couplings

EFT A. Pich - 2014 22



1) X(x) = o(x) o + i 77(x) ; (A) = Tr(A)

1 A 2
- = T Am _ 2 te\y 9,2
Ly 2 <8u2 O'XE) 16 ((Z Y)—2v )

O(4) ~SU(2)L ® SU(2)r Symmetry: X — gR):gLT ; 8r €SU2), 4

2) () = W+SHIUK) i U=sep{i7d} gUg

L, =% (1+2)* (9,Uf0rU) + 1 (9,5 01S — M2S2) — M2 53 _ M 4

Derivative Golstone Couplings

2
3) E<M~v: L, ~ VT (9, Ut o"U)

EFT A. Pich - 2014 22



Symmetry Realizations

Symmetry G {T.}

Noether Theorem:

EFT

-

Conserved charges O,

d
ot =0 ; Qa:/ 3% j9x) EQ‘;ZO

A. Pich - 2014
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Symmetry Realizations

Symmetry G {T.}

-

Conserved charges

Noether Theorem: ot = i 9, :/ xj2(x) %
Wigner—Weyl
Q,|0) =

e Exact Symmetry
e Degenerate Multiplets

e Linear Representation

EFT

A. Pich

- 2014

Q,

Qa

=0
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Symmetry Realizations

Symmetry G {T.} D Conserved charges Q,
d
Noether Theorem: 9,/ =0 ; Q,= / x20x) o Q,=0
Wigner—Weyl Nambu—Goldstone
Q,10)=0 Q.10)#0

e Exact Symmetry

Spontaneously Broken Symmetry

e Degenerate Multiplets

Massless Goldstone Bosons

e Linear Representation

Non-Linear Representation

EFT A. Pich - 2014 23



Chiral Sym metry mq =0 (Chiral Limit)

0 1 - . - .
EQCD = 4 GSWGEV + qLI’YMDPLqL + qRI’yMDHqR

qa" =(u,d,s)

EFT A. Pich - 2014 24



Chiral Sym metry mq =0 (Chiral Limit)

0 1 _ . _ .
'CQCD = 4 G‘#VGSV + qL”YMD#qL + qR"YMDuqR

=009 - (50 (52 am

EFT A. Pich - 2014 24



Chiral Sym metry mq =0 (Chiral Limit)

0 1 _ . _ .
EQCD:—ZGé‘”Gijqul'y“DquJqu/'y“DuqR

qa" =(u,d,s)

o EOQCD invariant under G = SU(3), ® SU(3)g:

aL_>gLaL ; aR_>gRaR ; (gUgR) GG

EFT A. Pich - 2014 24



Chiral Sym metry mq =0 (Chiral Limit)

0 1 _ . _ .
Locp = —7 G4"Gi, + @, i7" Dua, + i7" Dua,
qa" =(u,d,s)
o EECD invariant under G = SU(3), ® SU(3)g:
aL_>gLaL ; aR_>gRaR ; (gUgR) GG

e Only SU(3)y in the hadronic spectrum: (7, K.7),; (p. K*,w),—; -
Mo— < M0+ ) Ml— < M]_+
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Chiral Sym metry mq =0 (Chiral Limit)

0 1 _ . _ .
Locp = 2 Gy'GA, +q,iv"Duq, + G iv"Duq,

qa" =(u,d,s)

o £(ZQCD invariant under G = SU(3), ® SU(3)g:
4, —24 8, —g:0:,  (8.8:) <G
e Only SU(3)y in the hadronic spectrum: (7, K.7),; (p. K*,w),—; -

Mo— < M0+ ) Ml_ < M]_+

e The 0~ octet is nearly massless: m,; ~0

EFT A. Pich - 2014 24



Chiral Sym metry mq =0 (Chiral Limit)

0 1 _ . _ .
Locp = 2 Gy'GA, +q,iv"Duq, + G iv"Duq,

qa" =(u,d,s)

tzQCD invariant under G = SU(3), ® SU(3)g:

aL_>gLaL ; aR_>gRaR ; (gugR) GG

Only SU(3)y in the hadronic spectrum: (7, K.,7),_; (p, K" w),; -

Mo— < M0+ ) Ml_ < M]_+
e The 0~ octet is nearly massless: m,; ~0
e The vacuum is not invariant (SSB): (0] (a,a, +dzq,)[0) #0

8 Massless 0~ Goldstone Bosons
EFT A. Pich - 2014 24



Effective Goldstone Theory

e Mass Gap: m,~0 < M,
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Effective Goldstone Theory

e Mass Gap: m,~0 < M,

e Low-Energy Goldstone Theory: E< M,
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Effective Goldstone Theory

e Mass Gap: m,~0 < M,

e Low-Energy Goldstone Theory: E< M,

OF a0 = U0) = (e (V20/7) |

i
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Effective Goldstone Theory

e Mass Gap: m,~0 < M,

e Low-Energy Goldstone Theory: E< M,

OF a0 = U0) = (e (V20/7) |

i
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Effective Goldstone Theory

EFT

e Mass Gap:

e Low-Energy Goldstone Theory:

ol@. q’, |0)

-

U—>gRUgLT

Sl

m,~0 < M,

m—-

1 0, 1
BT TN
-

K-

A. Pich -

Uj(¢) = {exp (i\/§¢/f)}

E< M,

]

nt K+
KO f\/gn

2014

25



Energy Scale Fields Effective Theory

W7 Z/ﬁ//g
My, T, 4y €, Vj Standard Model
t,b,c,s,d,u

l OPE

V7,8 U, €V

/

(nf=3) AAS=12
Mme s,d,u Laoep ' Lo

A

lNC—>OO

SN

MK T, Ka’} )(PT
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Effective Lagrangian:

EFT

LU) =) Lo

n

A. Pich - 2014
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Effective Lagrangian:

L(U) =) Lo

e Goldstone Fields

(0@, g, [0)

EFT

=>  U;(0) = {en (ivV20/f)}

i

A. Pich - 2014
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Effective Lagrangian: L(U) = Z Lo,

e Goldstone Fields

Ol& a,0) = U(0) = {ep(ivV20/f)}

p
e Expansion in powers of momenta <& derivatives

Parity == even dimension ; UU' =1 ma» 2n>2
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Effective Lagrangian: L(U) = Z Lo,

e Goldstone Fields

Ol& a,0) = U(0) = {ep(ivV20/f)}

p
e Expansion in powers of momenta <& derivatives

Parity == even dimension ; UU' =1 ma» 2n>2

e SU(3)L ® SU(3)gr invariant
U = g Ug' ; 8 . € SUB)LR
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Effective Lagrangian: L(U) = Z Lo,

e Goldstone Fields

Ol& a,0) = U(0) = {ep(ivV20/f)}

p
e Expansion in powers of momenta <& derivatives

Parity == even dimension ; UU' =1 ma» 2n>2

e SU(3)L ® SU(3)gr invariant

U = g U gj' : g, € SUB)Lr

£2 Derivative
T L, = = (9,uf 9#U) )
4 VH Coupling

Goldstones become free at zero momenta

EFT A. Pich - 2014
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f2 . 1
L2 = 4 (0,U10"0) = G o'nt + S 9,m°0 7" + -

+ 6% {(ﬂ+ 3# 7T_) (ﬂ+3“ﬂ_) +2 (ﬂogu 7r+) (ﬂ_guﬂo) + o

+ 0 (/7

EFT A. Pich - 2014
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2 ou —an 4+, L 0910
Ly = Z@HUTOMU) = Oym OM'm" + 58” Ml 4+ ...
Fa () () 2 () () )
+ 0(71'6/f4)

Chiral Symmetry Determines the Interaction:

\ﬂ- ﬂ-/ t
* ‘ +.0 10y _
oLt T(7T ™ =T 77) =5
\./
N t=(p} —ps)?
7’ N
7’ N )
e . Weinberg
7T ™
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2
132 — —ZT <£Z,lJT6)FLlJ> -

1
8,17776“7T+ + Eauw"a“w" + e

+ 6% {(ﬂ+ 3“ 7T_) (ﬂ+3“ﬂ_) +2 (ﬂogﬂ 7r+) (ﬂ_guﬂo) + o

+ 0 (7°/f%)

Chiral Symmetry Determines the Interaction:

™ ™

’
A

Non-Linear Lagrangian:

EFT

27 = 2w, 4m, - - -

A. Pich

T (

+

T T =TT

2014

0 +0)__
2

Weinberg

related
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Explicit Symmetry Breaking

Locp = L(ZQCD +a(¥ +4v)q —a(s—ivsp)q

= L%)CD + ‘_lLqu + ‘_lquR - aR(S+ip)qL — (_]L(s—ip)qR

EFT A. Pich - 2014 29



Explicit Symmetry Breaking

Locp = ﬁ(ZQCD +a(¥ +4v)q —a(s—ivsp)q

= Locp + @, fa, +d,¥a, —d (s+ip)a, —d, (s—ip)a,

lL=v,—a,=eQA, + -

0 = L diag(2,-1,-1)
r,=v,+a,=e9A, + - 3

s=M + - : M = diag(my, mg, mg)
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Explicit Symmetry Breaking

Locp = L(ZQCD +a(¥ +4v)q —a(s—ivsp)q

= L%)CD + ‘_lLqu + ‘_lquR - aR(S+ip)qL — (_]L(s—ip)qR

l,=v,—a,=eQA, + -
pee e T a 0 = 1diag(2, -1, -1)
r,=v,+a,=e9A, + -

s=M+ .- ; M = diag(my, mg, mg)

Local SU(3). ® SU(3)r Symmetry:

q, = g q b= g lugl +ig 0]
r# - gR I‘#g; + ’gR aﬂg;

4>
e Er A (s—i—ip)—>gR(s—i-ip)gLT

EFT A. Pich - 2014 29



Lowest-Order Effective Lagrangian:

L

f2

=7 (D, U DU +x UT + U xT)

EFT

A. Pich -

2014

D,U = d,U—ir, U+iUl,

X=2By(s+ip)

30



Lowest-Order Effective Lagrangian:

£2 DU =8,U-ir,U+iUl,
£ = —(D,UD"U" +x U" +Ux _
4 X=2By(s+ip)
Currents:
0 i f
o= = — _ f2 pryt = — DMt R
L ol = 2 Uty V2 +
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Lowest-Order Effective Lagrangian:

£2 DU =8,U-ir,U+iUl,
£ = —(D,UD"U" +x U" +Ux _
4 X=2By(s+ip)
Currents:
0 i f
W= —r, = _f2prutu = — D*d + ...
LT g e T DU = p DR
0 i f
W= _—r, = —f2prulUt = —— Dt + ...
K or, 2 2 v V2 *
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Lowest-Order Effective Lagrangian:

£ D,U = d,U—ir,U+iUl,
£ = —(D,UD"U" +x U" +Ux _
4 X=2By(s+ip)
Currents:
0 i f
= _ = _f2prytyu = — DHP + ---
e i vy = 5 +
0 i f
W= _—r, = —f2prulUt = —— Dt + ...
K or, £ 2 vy V2 +
(O] (D)o |7 (p)) = iV2F p* T f=f ~92.4 MeV

(" > i)
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Lowest-Order Effective Lagrangian:

£ D,U = 8,U~ir, U+iUl,
£ = —(D,UD"U" +x U" +Ux _
4 X=2By(s+ip)
Currents:
0 i f
= _r :_f2DH T = — DFO
e TR A S
0 i f
W=~ r, = —fF2pryut = —— DM + ...
K or, 2 2 vy V2 +
(O] ()1, |7 H(p)) = iV2F pt oo f=f~0924MeV
(77 = i)
i 0L, 2
! = - = ——B u
4.9, (s — ip) 2 oU -
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Lowest-Order Effective Lagrangian:

£2 D,U = 8,U~ir, U+iUl,
£ = —(D,UD"U" +x U" +Ux
4 X=2By(s+ip)
Currents:
0 i f
o= = — _ f2 pryt = — DMt
e i vy = 5 *
0 i f
W= = _f2pryul = —— DHFD + ---
K or, £ 2 vy V2 +
(O] (D)o |7 (p)) = iV2F p* T f=f ~92.4 MeV
(7" = i)
— i _ 8£2 _ f2 ’J —i - 2
WA= gy - 2 BV = | (0@d]0) = —FBo;

EFT A. Pich - 2014 30



Quark Masses:

EFT

f2
7 (Ul U

A. Pich - 2014

— L= —By <M ¢2>
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Z2N
Quark Masses: 7 (XU + UxD) = Ln=-By(M®?)

1
Lm = —B {(mu+ my) [7#77_ + §7TO7T0:| + (my+mg) KTK™

— 1
+ (mg + my) KOKO + 6 (mL,erd+4ms)7]2 + (my — md)won}

Sl

EFT A. Pich - 2014 31



2

Quark Masses: 7 Uh+Uuxh) = Lm=—By (Md?)

1
L = —Bo {(mu+ my) [7#77— + Ewowo} + (my+mg) KTK™

_ 1
+ (mg + my) KOKO + g(mu+md+4ms)n2 +

Isospin limit: m,

S
<
PN
w
S

N
3
3
+
3
N
3
+
N
3

EFT A. Pich

2014 31



2

f . .
Quark Masses: 70U HUx) = L,

—By (M ?)

1
Lm = —B {(mu + mq) [7#77_ + §7TO7T0:| + (my+mg) KTK™

_ 1
+ (mg + ms) K°K® + E(mu+md+4ms)7]2 +

Isospin limit: m,

S
<
PN
w
S

N
3
3
+
3
N
3
+
N
3

e Gell-Mann-Okubo: 4 Mj = M2 +3 M}
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2

f . .
Quark Masses: 70U HUx) = L,

—By (M ?)

1
Lm = —B {(mu + mq) [7#77_ + §7TO7T0:| + (my+mg) KTK™

_ 1
+ (mg + ms) K°K® + E(mu+md+4ms)7]2 +

Isospin limit: m,

S
<
PN
w
S

N
3
3
+
3
N
3
+
N
3

e Gell-Mann-Okubo: 4 Mj = M2 +3 M}

o Gell-Mann—0akes—Renner:

f2M2 = —m (0] u+ d d|0)

EFT A. Pich

2014 31



Quark Mass Ratios:

Dash
B (Mo~ M2L), = (M2 - M2+ O(ep?)

Theorem

EFT A. Pich - 2014



Quark Mass Ratios:

Dashen
Theorem (MKO MKi)Cm o (Mﬂo Mﬂi)om + O(e P )
. 2 ,
Proof. ¢’ (QrUQLUT) = 72{% (7#”7 + K+Ki) +0(¢") ; Ox — &x Ox &y

EFT A. Pich - 2014



Quark Mass Ratios:

Dashen ) ) 5 5 S
Theorem (MKO o MKi)Cm - (Mﬂ’o - Mﬂi)om + O(e P )
Proof. ¢’ (QrUQLUT) = 72,;22 (WVW? + KVK*) +0(e%) Ox — gx Ox &
mg —my (Mf(O - Mf(i) — (Mio — Mii) ~ 0.9
my + my MS-O .

EFT

A. Pich

2014
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Quark Mass Ratios:

Dashen
Theorem

Proof:

(Mo = Mics),

w = (Moo = MZs), + O(eP)

2

: 2e 4+ — 4
(QrUQLUT) = Y (w T+ KK )+O(¢4)

Ox — ex Qx &y i

mqg — my _ (M}2(0 7 MI2<i) 7 (Mio - Mii) ~ 0.29
my + my I\/Iﬁ0 '
ms —my M;z(o - M72|.0 ~ 12.6
my + my Mio ’

EFT

A. Pich
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Quark Mass Ratios:

Dashen
Theorem

Proof:

(Mo = M) oy

= (M2 — M2.),, + O(e*p?)

2

: 2e 1 T
(oruQUTy = Y (w T +KTK )+O(¢4)

Ox — ex Qx &y m]

mg — my o (MioiMf(i) B (MioiMii) ~ 029
my + my I\/Iﬁ0 '
ms — my M;z(o - M72|.0 ~ 12.6
my + my B Mio .
—- m, :mg :mg = 055:1:203 Weinberg
EFT A.Pich - 2014 32



f_z
(
Y UT +
U
XT
>_
—B,
0 (M
(D2
)
+

@

3 (M
oR)
+



EFT

B
_ 2 0 4
By (M <) + 6f2<M¢ ) +
— M2
T(7T+7T0 %774'770) t 7 T
t=(

A. Pich

2014

Weinberg
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EFT

A. Pich

2014

f B
7 (UTHUNT) = =B (M%) + =5 (M) +
m /7
— M2
. //’/ T(7T+7T0 %774'770) ! 7 T
/.\ /
’ N t=(p} — p+)
N
7;\ Weinberg
L, - Current Algebra 60’s
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Chiral Power Counting

u O(p") FL = omr — 91 — i 1, 1)

Fiy' = ot — 9%rt — | [rH ¢"]

EFT

A. Pich - 2014
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Chiral Power Counting

u O(p") FL = omr — 91 — i 1, 1)
D;LU ) I;u Yy O(pl)

M — _ _
X Fi  0p) L el

General connected diagram with N, vertices of O(p) and L loops:

D:2L+2+ZNd(d—2) Weinberg
d
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Chiral Power Counting

u O(p") FL = omr — 91 — i 1, 1)
D;LU7 Iuv rM O(pl)

o Vo U v

Ry opy|  FEEow i)

General connected diagram with N, vertices of O(p) and L loops:

D = 2L—|—2—|—ZNd(d—2) Weinberg
d
e D=2: L=0 d=2
e« D=4 L=0, d=4 Ny =1
L=1 d=2

EFT A. Pich - 2014 34



O(p*) xPT

i) L, at tree level  (Gasser-Leutwyler)

L4

+ + +

L, (D, UTD*U)? + L, (D,UTD,U) (D*UTD" U)
L5 (D, UTD*UD,U'D*U) + L, (D, UTD*U) (UTx + x 1 U)
Ls (D UTD* U (Utx + xTU)) + Lo (UTx +xTU)?

L7 (Ut = xTU)? + Ls (xTUXTU + UTxUTy)

iLo (FE'D,UD,U" + F/'" D, U'D,U) + Lio (UTFL" UF1,)

EFT

A. Pich - 2014
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O(p*) xPT

i) L, at tree level  (Gasser-Leutwyler)

Ly = Ly (D,UTD*U)? + L, (D,U'D,U) (D*UTD" U)
L5 (D, U'D*UD,U'D"U) + L, (D, UTD"U) (Uty + x 1 U)
Ls (D UTD* U (Utx + xTU)) + Lo (UTx +xTU)?

L7 (Ut = xTU)? + Ls (xTUXTU + UTxUTy)

— Ly (FR"D,UD, U + F}'" D, UTD,U) + Lio (UTFLY UF1,.)

+ + +

ii) £ at one loop (unitarity): T4 ~ p*{alog(p?/u?) + b(u)}

e Chiral Logarithms unambiguously predicted
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O(p*) xPT

i) L, at tree level  (Gasser-Leutwyler)

Ly = Ly (D,UTD*U)? + L, (D,U'D,U) (D*UTD" U)
L3 (D, UTD*UD,UTD" U) + Ly (D, UTD"U) (Utx + x 1 U)
(D, UTD“U(UTx+xTU)> + Lo (Ut + xTU)?

L7 (Ut = xTU)? + Ls (xTUXTU + UTxUTy)

— ilo (FR'D,UD, U™ + F}* D, U'D,U) + Lio (U'FL” UFy,,)

5

+ + +

ii) £ at one loop (unitarity): T4 ~ p*{alog(p?/u?) + b(u)}

e Chiral Logarithms unambiguously predicted
e Lj's fixed by QCD dynamics. 1-loop divergences s> [(/1)
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O(p*) xPT

i) L, at tree level  (Gasser-Leutwyler)

Ly = Ly (D,UTD*U)? + L, (D,U'D,U) (D*UTD" U)
L3 (D, UTD*UD,UTD" U) + Ly (D, UTD"U) (Utx + x 1 U)
(D, UTD“U(UTx+xTU)> + Lo (Ut + xTU)?

L7 (Ut = xTU)? + Ls (xTUXTU + UTxUTy)

— ilo (FR'D,UD, U™ + F}* D, U'D,U) + Lio (U'FL” UFy,,)

5

+ + +

ii) £ at one loop (unitarity): T4 ~ p*{alog(p?/u?) + b(u)}

e Chiral Logarithms unambiguously predicted
e Lj's fixed by QCD dynamics. 1-loop divergences s> [(/1)

iii) Wess—Zumino—Witten term (chiral anomaly): 7% 7 — 4

EFT A. Pich - 2014 35



Meson Decay Constants:

77N 77N

O R (M
A4 A(f) A(:) N 3272 f2 12
4M2 8M2Z +4aM2 |
f. = f {l — 2t — pk + N7 L5(p) + KT L4(/‘)}
33 3 amz 8M2 +4M2
fc = £ 1= gHn = suK = ghne + —5 Ls(u) + —"m—= Li(1)

aMy 8MZ 4+ 4M2 |
fe = f {1 —3pk + 7’8 Ls(p) + KT La(w)

fi f
f—" =1.2240.01 = L{(M,) = (L4+0.5) 107% med 22 =13:+0.05

T T

EFT A. Pich - 2014



Vector Form Factor: (nt = | Ja]0) = (py —p_ )" FY(s)

VRS 4 \
vl vl o T v e
v 2Lg(p) s m m\ 4 1 (M my
F/(s) =1+ ?2 579671'27[2 s o2 T3 A TK’ﬂ_§
1
=1+ (")s+
m2 m2 m2 m2 g, — m2
A(E) = (3) o eobion(z) . mm i
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Vector Form Factor: (nt = | Ja]0) = (py —p_ )" FY(s)

VR \
m::/ ’\/\\If::/ Wf_ x m" m;;,,
[=4 1 2L§r)(:u) S m2 m2 14 m2 m2
n (5) - + f2 - 967T2f2 T’F +§ Ta?
1
=14 () s+
6
A(Z,2) = log () + 22— 2o log(222)  , op=y1-%

12 L5 () 1 M2 M2
2V _ 9 ™ K
(riy, = 2 3np {2 log (F + log 2 +3

(r2)Y = (0.439 +0.008) fm? = L{(M,) = (6.940.7) 103

EFT A. Pich - 2014 37



O(p*) YPT COUPLINGS

i | Lf(M,) x 103 Source ¥
1 0.44+0.3 Keq, mm — 7T 3/32
2 1.4+0.3 Kea, mm — 7m0 3/16
3 | -35%x1.1 Keq, mm — 1 0

4 | -03+05 Zweig rule 1/8
5| 14+05 Fi/Fr 3/8
6 | —-0.2+0.3 Zweig rule 11/144
7 | —044+0.2 GMO, Lsg 0

8 09+0.3 Myo — Mg+, Ls, (ms — m)/(mg — m,) | 5/48
9 6.9+0.7 (r)T, 1/4
10 | —5.5+0.7 T — evy —1/4

o L= Li(p)+T; E {L + ve — log (47) —1}
! 3272 | D—-4
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O(p*) YPT COUPLINGS

i | Lf(M,) x 103 Source ¥
1 0.44+0.3 Keq, mm — 7T 3/32
2 1.4+0.3 Kea, mm — 7m0 3/16
3 | -35%x1.1 Keq, mm — 1 0
4 | -03+05 Zweig rule 1/8
5| 1.4+05 Fx/Fr 3/8
6 | —-0.2+0.3 Zweig rule 11/144
7| —-04+£02 GMO, Lsg 0
8 09:|:03 MKO*MK\, L5, (msfn“v)/(mdfmu) 5/48
9 6.9+0.7 (r)T, 1/4
10 | —5.5+0.7 T — evy —1/4

o L= Li(p)+T; E {L + ve — log (47) —1}

! 3272 | D—-4
2
o Ay ~1GeV — L;Nf’;\é4~2><10_3

X
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O(p*) YPT COUPLINGS

EFT

i | Lf(M,) x 103 Source ¥
1 0.44+0.3 Keq, mm — 7T 3/32
2 1.4+0.3 Kea, mm — 7m0 3/16
3 | -35%x1.1 Keq, mm — 1 0
4 | -03+05 Zweig rule 1/8
5| 1.4+05 Fx/Fr 3/8
6 | —-0.2+0.3 Zweig rule 11/144
7| —-04+£02 GMO, Lsg 0
8 09:|:03 M;@*MK\, L5, (msfn“v)/(mdfmu) 5/48
9 6.9+0.7 (r)T, 1/4
10 | —5.5+0.7 T — evy —1/4

o L= Li(p)+T; E {L + ve — log (47) —1}

! 3272 | D—-4
2
o Ay ~1GeV — L;Nf’;\é4~2><10_3

o PT Loops ~

A. Picl

X

1/(4rf)?

h - 2014
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O(p°) xPT

6
|) EG — E C| 0:) at tree Ievel Bijnens-Colangelo-Ecker, Fearing-Scherer
i

90+ 4 [53+ 4] terms in SU(3) [SU(2)] xPT  (even-intrinsic parity only)

ii) £4 at one |00p, £2 at two |00pS Bijnens-Colangelo-Ecker

Double chiral logarithms

Many Calculations: My, fy, vy — 7w, 7w — 7w, 1K — 7K, Kja,

m™ — ez?ey, F\/(S), Fs(S), HV’A(S),

Amoros-Bijnens-Dhonte-Talavera, Ananthanarayan-Colangelo-Gasser-Leutwyler, Bellucci-Gasser-Sainio, Biirgui, Bijnens et al,
Descotes-Genon et al, Golowich-Kambor, Post-Schilcher. ..

Theoretical Challenge: QCD calculation of the xPT couplings

EFT A. Pich - 2014 39



Kt = 7n%*y,, KO = ¢ty

(m|sy*ulK) = Crr [(Pk + Pr)" £17(t) + (Px — Px)" £57(1)]

e Lowest order [O(p?)]: fEm(t) =1

EFT A. Pich - 2014

)

KT (t) =0
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K+ — 7%ty , KO > n £y, Corr = 2 G =1
(m|sy*ulK) = Crr [(Pk + Pr)" £17(t) + (Px — Px)" £57(1)]

e Lowest order [O(p?)]: fEm(e)y=1 fET(t) =0

e Ademollo-Gatto Theorem: ffoﬂf(O) =1+ O[(ms — my,)?]
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K+ — 7%ty , KO > n £y,

(m|sy*ulK) = Crr [(Pk + Pr)" £17(t) + (Px — Px)" £57(1)]

e Lowest order [O(p?)]: fEm(e)y=1 fET(t) =0

e Ademollo-Gatto Theorem: ffoﬂf(O) =1+ O[(ms — my,)?]
e K+ 70 _ 3mg—m,

[ ] 7T0—77 mixing: f+ (0) =1 + Z ﬂ = 1.017
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Kt = 7n%*y,, KO = ¢ty Coro -

(m|sy*ulK) = Crr [(Pk + Pr)" £17(t) + (Px — Px)" £57(1)]

e Lowest order [O(p?)]: fEm(t) =1 , fEm(t) =0
e Ademollo-Gatto Theorem: ffoﬂf(O) =1+ O[(ms — my,)?]
0_ P fK+7r° -1 § mg — my — 1.017
o 7'—1 mixing: 7 (0) + yi— .0
ff+ﬂo(0)

e O(p*):  F7(0) = 0.977 : = 1.022

F°7(0)

Gasser-Leutwyler '85
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K+ — 7%ty , KO > n £y, Corr = 2 G =1
(ml5v"ulK) = Cicr [(Pi+ Pr) £E7() + (Pic — Pr)" £57(1)]

e Lowest order [O(p?)]: fEm(e)y=1 fEm(t) =0

e Ademollo-Gatto Theorem: FOT(0) = 1 + O[(ms — my)?]

o 7%—n mixing: ff+”0(0) =1+ % % = 1.017

e O(p*):  F7(0) = 0.977 , e (0) = 1.022

KOor—
= (0)
Gasser-Leutwyler '85

Needed to determine V
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T

0215 0216 0.217
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K — mluyy

Vs f1-(0)] = 0.2163 - 0.0005

] | N

K e3 | &
Flavianet Kaon WG, arXiv:1005.2323 [hep-ph]
K'e3 — EEER
P K3 N e
(77 |5 ulK®) = (px + P (1) + (K — Pr) F—(2)
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K — mlyy

EFT

Ne=2+1+1

Ne=2+1

=2

N¢

non-lattice

Vs f1-(0)] = 0.2163 - 0.0005

(7

FTAG2013

7715y, ulK®) = (pr + P £ (2) + (px

40

FNAL/MILC 13C

our estimate for Ny =2+1

RBC/UKQCD 13
FNALMILC 12
JLQCD 12
JLQCD 11
RBC/UKQCD 10
RBC/UKQCD 07

our estimate for Ny =2

ETM 10D (stat. err. only)

ETM 09A

QCDSF 07 (stat. err. only)
C 06

JLQCD 05
JLaco 05

Kastner 08
Cirigliano 05
Jamin 04
Bijnens 03
Leutwyler 84

0.94 0.96 0.98 1.00

A. Pich

Flavianet Kaon WG, arXiv:1005.2323 [hep-ph]
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K — mlyy

EFT

2+1 Ne=2+1+1

Ne=

Ne=2

non-lattice

Vs f1-(0)] = 0.2163 - 0.0005

Flavianet Kaon WG, arXiv:1005.2323 [hep-ph]

(7

FTAG2013

7715y, ulK®) = (pr + P £ (2) + (px

f+(0)

P )

FNAL/MILC 13C

our estimate for Ny =2+1

RBC/UKQCD 13
FNALMILC 12
JLQCD 12
JLQCD 11
RBC/UKQCD 10
RBC/UKQCD 07

our estimate for Ny =2

ETM 10D (stat. err. only)

ETM 09A

QCDSF 07 (stat. err. only)
C 06

JLQCD 05
JLaco 05

—e—i
—o—

Kastner 08
Cirigliano 05
Jamin 04
Bijnens 03
Leutwyler 84

0.94 0.96 0.98 1.00

A. Pich

0.213 0.214 0.215 0.216 0.217
T T T T T
K e3 —_
KL u3 —
Kge3 m——— B
K'e3 | .
K u3 g
L ! ! ! L
0.213 0214 0215 0.216 0217

f,(0) = 0.9661 (32)
|Vis| = 0.2239(9)

m—-

f0)=1+h+f+ -

Large O(p®) xPT correction

2014
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http://ific.uv.es/~pich/EWEFT.pdf
3. Electroweak Effective Theory

o Higgs Mechanism

e Custodial Symmetry

e Equivalence Theorem

e Goldstone Electroweak Effective Theory
e Fermions, Higgs

e Linear Realization

EFT A. Pich - 2014 42



Energy Scale

Fields

Effective Theory

Anp ~ TeV T, lh, €, Vj
t,b,c,s,d,u
------- Energy Gap ----- | --------o
HW,Z,~,.g
MW T, s €,V
t,b,c,s,d,u

EFT

Sny Pn; Vi, An, Fi
HW.Zv.g

A. Pich - 2014

Underlying Dynamics

Standard Model
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Effective Field Theory

(0)
Lor = L& + 33 5= 0P

D>4 i

e Most general Lagrangian with the SM gauge symmetries
e Light (m < Ayp) fields only
e The SM Lagrangian corresponds to D =4

o ci(D) contain information on the underlying dynamics:

2

Ly =g (Gr"q) Xy = M—X)2< (37" au) (quyuar)

e Options for H(126):

— SU(2),. doublet (SM)
— Scalar singlet
— Additional light scalars

EFT A. Pich - 2014



Higgs Mechanism:

Gauge invariance

Massless W=, Z (spin 1)

3 x 2 polarizations =

6

EFT

A. Pich

2014
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Higgs Mechanism:

3 additional degrees of freedom 6;(x)

Gauge invariance

Massless W=, Z (spin 1)
3 x 2 polarizations = 6
+

3 Goldstones 6;(x)

SSB l

Massive Wi, V4

3 x 3 polarizations = 9

EFT

A. Pich

2014
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Higgs Mechanism:

3 additional degrees of freedom 6;(x)

Gauge invariance

Massless W=, Z (spin 1)
3 X 2 polarizations = 6
+

3 Goldstones 6;(x)

SSB l

Massive Wi, V4

3 x 3 polarizations = 9

Spontaneous Symmetry Breaking

Lo = (D, ) DEd — 12T — A (0T d)>

,u2<0

EFT

A. Pich - 2014 45




3 additional degrees of freedom 6;(x)

Higgs Mechanism:

Spontaneous Symmetry Breaking

Gauge invariance

Massless W=, Z (spin 1)
3 X 2 polarizations = 6

+

3 Goldstones 6;(x)

Lo = (D, ) DEd — 12T — A (0T d)>

,u2<0

'g(x)} 7 [v+(l)-l(x)]

[SIST)

d(x) = exp{i

V= — %/

Du® = (0, + g5 Wy +4g Bu)o

SSB l
Tpr 2 e o M2 1
Massive W=, Z (Du®) DO — My WWH + 52 2,2
. . _ _ 1
3 x 3 polarizations = 9 Mw = Mz cosfw = 58V
A. Pich - 2014 45
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2

v
2

(qpﬁm@-x(@ﬁ—

Lo

46

2014
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% ot
= < =
=@ - ( % o)

v2

2
Lo = (D,®)'D'o— ) <|<|>|2 — ?>

A

1 " 2
= 5T [(D*%)ID, %] — n (Tr [ZT5] — v?)

EFT A.Pich - 2014



Custodial o (%)
Symmetry

2\ 2
Lo = (D,L¢)TD“¢—>\(|<D|2—V?>

1 " A 2
= 5T [(D*%)ID, %] — n (Tr [ZT5] — v?)

SU(2)L ® SU(2)r — SU(2)1+r Symmetry: Y g Yl

EFT A. Pich - 2014



%5 (v+H) U@)

Custodial sowe- (54
Sym metry u@) = oo {iz- 2}

< |6

N

2
Lo = (D,®) DFd— ) (|<|>|2 - %)

1 " A 2
= 5T [(D*%)ID, %] — n (Tr [ZT5] — v?)

- V;Tr[(D“U)TDNU} + O(H/v)

SU(2)L ® SU(2)r — SU(2)1+r Symmetry: Y g Yl
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%5 (v+H) U@)

Custodial e (%%
Sym metry u@) = oo {152

< |6
——

N

2
Lo = (D,®) DFd— ) (|<|>|2 - %)

2

- %Tr [(D*%)ID, %] — % (Tr [ZT5] — v?)

- V;Tr[(D“U)TDNU} + O(H/v)

SU(2)L ® SU(2)r — SU(2)1+r Symmetry: Y g Yl

Same Goldstone Lagrangian as QCD pions:
fr = v g WEZ

EFT A. Pich - 2014 46



EFFECTIVE LAGRANGIAN:

EFT A. Pich - 2014

LU) =) Lo

n

a7



EFFECTIVE LAGRANGIAN: LU) =" Lo

e Goldstone Bosons

(01@,q},10) (QCD), ® (SM) =  U;(¢) = {exp(i7-F/f)};
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EFFECTIVE LAGRANGIAN: LU) =" Lo

e Goldstone Bosons

(01@.d,10) (QCD), & (SM) =  Uj(¢) = {exp(id-3/f)};

o Expansion in powers of momenta <@ derivatives

Parity == even dimension ; UU' =1 wa» 2n>2
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EFFECTIVE LAGRANGIAN: LU) =" Lo

e Goldstone Bosons

(01@.d,10) (QCD), & (SM) =  Uj(¢) = {exp(id-3/f)};

o Expansion in powers of momenta <@ derivatives

Parity == even dimension ; UU' =1 wa» 2n>2

e SU(2)L ®SU(2)g invariant

U = g Ugg ; 8, € SUQ2),r
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EFFECTIVE LAGRANGIAN: LU) =" Lo

e Goldstone Bosons

01@d,10) (QCD), & (SM) =  Uy(d) = {exp(i7-5/F)};

o Expansion in powers of momenta <@ derivatives

Parity == even dimension ; UU' =1 wa» 2n>2

e SU(2)L ®SU(2)g invariant

U = g Ugg ; 8 € SUQ2)Lr

f2 Derivative

Lr = o T (9.t 0v)

Coupling

EFT A. Pich - 2014 47



EFFECTIVE LAGRANGIAN:

EFT

Goldstone Bosons

Expansion in powers of momenta

Parity == even dimension

SU(2)L ® SU(2)r invariant

U i gLUgg

&, « S SU(2)L7R

Ly =

%2 T (9,0 0"U)

<@ derivatives

UUt =1 wae 2n>2

Derivative
Coupling

Goldstones become free at zero momenta

A. Pich - 2014

LU) =) Lo

(01@.d,10) (QCD), & (SM) =  Uj(¢) = {exp(id-3/f)};
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Electroweak Symmetry Breaking

L2 U=1 £2:I\/I§VWJW“+%/\/I§ZHZ“
Ly = = T (DU DY) =
Mw = Mz cosby = %gv




Electroweak Symmetry Breaking

L2 U=1 £2:I\/I§VWJW“+%/\/I§ZHZ“
Ly = = T (DU DY) =

Mw = Mz cosby = %gv

D'U = o"U— iWrU+iUB" | prUt = oruUt iUt W — i BrUT
Whv — (9”VI|\/”—8”VT/”7/'[VT/”,V/\\/”] 7 Brv — auél'781'éu7,‘[éu’é”]
WH = —£ & W , B* = —%/ o3 B (explicit symmetry breaking)




Electroweak Symmetry Breaking

L2 U=1 £2:I\/I§VWJW“+%/\/I§ZHZ“
Ly = = T (DU DY) =

Mw = Mz cosby = %gv

D'U = o"U— iWrU+iUB" | prUt = oruUt iUt W — i BrUT
Whv — 3”W”78”W”71'[W”,W”] 7 Brv — auél'781'éu7,‘[éu’é”]
WH = —£ & W , B* = —%/ o3 B (explicit symmetry breaking)

e EW Goldstones are responsible for My, z (not the Higgs!)
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Electroweak Symmetry Breaking

2 U=1 £2:I\/I§VWJW“+%/\/I§ZHZ“
Ly = = T (DU DY) =

Mw = Mz cosby = %gv

D*U = 8*U — i W"U + i U B* , prut = grut + iUt W — i BrUT

~

Wer — 9w — o — i, W] B — orBY _ovBr_i[B", B

We = —

N[0

& W , B+ = —%/ o3 B (explicit symmetry breaking)

e EW Goldstones are responsible for My, z (not the Higgs!)

1
e QCD pions also generate small W, Z masses: .My = 3 gfr

EFT A. Pich - 2014 48




Goldstone interactions are determined by the underlying symmetry

V2 _ 1

I<auufaﬂu> = Oup ot + Eaugaoa“npo
g () () +2 (25 e) (59))
+ 0(306/)‘4)

EFT A. Pich - 2014 49



Goldstone interactions are determined by the underlying symmetry

V;@U*aﬂw N % PRI
+ g (¢ 8e) (¢ 8e) +2(L5. ") (0570}
+ o(s/F)
N
. T(pte™ = pteT) = s;t

EFT A.Pich - 2014 0



Goldstone interactions are determined by the underlying symmetry

VTZ(&#UW“W = Oup "o + %augaoa“npo
() () 2 (95 (5
+ 0 (@6/)‘4)
\\; 5:1
. . +t
,’o\ T(80+<,0 —>L,0+<,0 ) — slr2
Non-Linear Lagrangian: 20 = 2p, 4p .-+ related

EFT A. Pich - 2014 49



Equivalence Theorem

we we Cornwall-Levin—Tiktopoulos
Vayonakis
W W Lee—Quigg—Thacker

_ _ s+t My
T(Ww, - ww) = —5 o(%>
- - M
= T(eTe™ = ¢Te7) + O(%)

The scattering amplitude grows with energy
Goldstone dynamics <@  derivative interactions

Tree-level violation of unitarity

EFT A. Pich - 2014
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Longitudinal Polarizations

k“:<k0,0,0,|l?|) — eg(E):MiW <\E\,O.,O,k°> = M—“+o



Longitudinal Polarizations

. - 1 - k+ Mw
b= (kO k) = —— 0) — - -
k (k ,o,o,|k|) - (R =5 (\k|,0.,0,k) i +o< T
o ivel T(W W, — W,tw, 2 JKl*
ne naively expects (WrW - WW) ~ g M—ﬁv

EFT A. Pich - 2014
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ki = (ko,o,o, |E|)

Longitudinal Polarizations

One naively expects

= (0= 5 (K.0.0.4) =

w* wt
w W

T(WW, — Wirw))

s+t
v2

o

T(eTe™ = 9Tp7) + 0 (M—\/VEV>

Mw
NG

Gauge

Cancelation

)

EFT

A. Pich - 2014
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Wrw, — Wi
e T el Y

To 1 sit s t? _ M?, s n t
M2 s—M,  t—MZ[ T v | s—-MZ ' t—M?

Higgs-exchange exactly cancels the O(s, t) terms in the SM

EFT A. Pich - 2014
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Wrw, — Wi

B S S A

To 1 sit s t? _ M2, s n t
M2 s—M,  t—MZ[ T v | s—-MZ ' t—M?

Higgs-exchange exactly cancels the O(s, t) terms in the SM

2M? 1 [t M?

2 ~ H ~ __"H

When s> Mj , Tom =~ - , a0 = 3o- [ldcosﬁ Tom =~ o3
U n itarity: Lee—Quigg—Thacker

|ao| <1 —) My < Vv8mv 2/3 ~ 1 TeV
~—

W+HW—,ZZ HH

EFT A. Pich - 2014 52



What happens in QCD?

EFT

QCD satisfies unitarity (it is a renormalizable theory)

e Pion scattering unitarized by exchanges of resonances
(composite objects):

— P-wave (J = 1) unitarized by p exchange

— S-wave (J = 0) unitarized by o exchange

The o meson is the QCD equivalent of the SM Higgs

BUT, the o is an ‘effective’ object generated through
7 rescattering (summation of pion loops)

Does not seem to work this way in the EW case, but ...

A. Pich - 2014
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Higher-Order Goldstone Interactions

14
4 . .
555\2\/‘ = Z a; O; (Appelquist, Longhitano)
CP—even
i=0
Op = V2 (T V)2
01 = (U B, UTWH) Os = i (UB, UT [V, VY))
O3 = i (W [V#, V"]) O4 = (Vu Vi) (VFVY)
Os = (V, V#)? Op = 4(Vu Vo) (TLVH) (TLVY)
O7 = 4(V,VH) (T V) Og = (TL Wy )?
O = =2(T  Wyuw) (T, [VF, V¥]) O10 =16 {(TL Vi) (TLVi)}
On = (D V*)?) O = 4(T DD, V*) (T VH)
013 =2(T D, V)2 Oq = —2i e™P7 (W V) (T Vi)
Vu=D,UUT | DuVu =08,V —i[Wu, Vo], (Vu, DuVe, T1) — g1 (Vu, DuVa, T1) g/
P _ o > — e
Symmetry breaking: T =U% Ut ) B, = —g % Buw

EFT A. Pich - 2014 54



Low-Energy Effective Theory == Power Counting

¢ Momentum expansion: N ~ 4nv, My

e U~O(p°) . DLU W, B,~O0O(p')

e A general connected diagram with N, vertices of O(p?) and
L Goldstone loops has a power dimension:

D=2L+2+) Ng(d—2)
d

==» Finite number of divergences / counterterms

EFT A. Pich - 2014 55



NLO Predictions

° dzzv)v at one loop: Unitarity
Non-local (logarithmic) dependences unambiguously predicted

. E(E‘t,)v at tree level: Local (polynomic) amplitude

Short-distance information encoded in the a; couplings

Loop divergences reabsorbed through renormalized a;

D—4
g Vi |24
2 =W+ %7 |2oD

+ log (4m) — e

EFT A. Pich - 2014 56



4 = a;/(167)% for different limits of the SM

My — oo Myr 1 — 00 Mi — oo
30 —2g"” [log (M /p) — 5] 0 %%?
& —~L1og (Mn /1) + & -3 3 log (Me/i) = 4
5 % log (My/p) + 2% = 3 log (M:/u) = 3
a3 15 log (Mu/ 1) — 1y 2 :
é § 108 (Mu/4) — 3 : o8 (Me/u) = §
35 27/,2’2:2 + 35 log (Mu/p) — B + %5 3 ~loa (Me/1) + &
36 0 0 —log (M¢/p) + &
5 0 0 log (M:/p) — 53
35 0 0 log (M:/p) — %
4 0 0 log (M:/p) — 53
a0 0 0 _6%
an - _% _%
a2 - 0 _%
an - 0 i
E 0 0 3




Equations of Motion == Redundant Operators

Equivalent to field redefinitions which only affect higher-order terms

For massless fermions: O (TLVH) =0 : D,V¥ =0

Oun =012 =0

O3 = —E BuB"™ + 01 — O4 + 05 — Og + O7 + O
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Equations of Motion == Redundant Operators

Equivalent to field redefinitions which only affect higher-order terms

For massless fermions: O (TLVH) =0 : D,V¥ =0

Oun =012 =0

O3 = —E BuB"™ + 01 — O4 + 05 — Og + O7 + O

Heavy top: Oq1 = 8/\/!4 m; { Eyst)’ — 4 Z diitr) (Erdjt) thVrT'}

EFT A. Pich - 2014 58



EFT

Unitary Gauge: u=1

All invariants reduce to polynomials of gauge fields

Bilinear terms: Oq, O1, Og, O11, O15, O13

= Oblique corrections

(Ar, Ap, Ak < S, T, U)

Trilinear terms: 0», O3, Og, O14
Quartic terms: Oy, Os, Og, O7, O19
011 ~ mf (’QZ_)’QZ))(QZ’QZ)) Zf_)b, BO—BO, EK -

A. Pich

- 2014 59



A7 = 0 9%) = A(s, t,u) 6ap Scq + At S, 1) bac Opg + AU, t,5) Gaq Ope

s 4
Alstu) = — + — [ai(0) (£ + ) + 235(n) 7]
1 5. 2, 1 22 —t
— = (¢ — (s? -3¢ log ( —
T {9 + ( LHERRETIS u’) log {
1, 5 5 —u 1, —s
+E(s—t—3u)log Z —3s log P
. Vi |2nt , _ 1 1
aj ai () + 6:2 | a—Dp © log (47) — '}E:| Ya o = o,
A. Pich - 2014 60
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QOa(,Ob N (chod

v2 t H
£:7<DHU D,U) [1+2a—+b
v

N N2

[

-

+ Higgs (tree + 1-loop) contributions

H2
v2

}

Espriu—-Mescia—Yencho, Delgado—Dobado-Llanes-Estrada

s 2 r 2 2 r 2
A(s, t,u) = ¥ (1-2a%) + ¥ [34(/1) (" +u )+2a5(;4)5]
+— {1 (142" — 102> —182°h+9b° +5) s> + B 1-2a") (P + %)
16m2v2 | 9 18
1 4 2 2 2 2 —s
— =~ (2a"—2a"—2ab+b"+1)s" log | —
2 12
1 —t —
+ = (1-2a%)? [(s2 —3t2 — %) log (—) +(s* = £* = 30%) log (_u)]}
12 MZ MZ
v = —3 (1—a%)? 5 = —%& (2+5a" —4a> —6a°h+3b7)
EFT A.Pich - 2014 61




a b-) cpd R N NN, N4
Pp” — P

+ Higgs (tree + 1-loop) contributions

2 H H2
C = VT(D”UTDHU) [1+2a—+b }
v

v2
Espriu—-Mescia—Yencho, Delgado—Dobado-Llanes-Estrada

Als,t,u) = % (1-a%) + % [210) (& + v + 23 (1) &

1 4 2 2 2 2 13 202 2 |2
m{6(14a—103—183b+9b +5)s +E(l—a)(t +u’)
1 4 2 2 2 2 —S
75(22 —2a —2ab+b +1)s log|—
%
1 —t -
+ o (1—a%)? [(s2 —3t2 — %) log (—2> +(s* = £* = 30%) log (—:)]}
1% 1%

5 = —%& (2+5a" —4a> —6a°h+3b7)

N d4q = as = 0 » A(5> t, U) ~ O(M,%,/Vz)

A. Pich - 2014 61




Yukawa Couplings

Ly = —v {OL U(p) [?u Py + Ya 73,} Qr + LLU@)YePys Lr + h.c.}

o=(4) = (%)

Ulp) - aU@)g . @ —»aQ , Qr —grQr , P:r — grPegh

EFT A. Pich - 2014
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Yukawa Couplings

Ly = —v {OL U(p) [?UP++% 73,} Qr + LLU@)YePys Lr + h.c.}

- () (1)

Ulp) - aU@)g . @ —»aQ , Qr —grQr , P:r — grPegh

Symmetry Breaking: Py = 3 (L +o3)
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Yukawa Couplings

Ly = —v {OL U(p) [?UP++% 73,} Qr + LLU@)YePys Lr + h.c.}

o=(4) = (%)

Ulp) - aU@)g . @ —»aQ , Qr —grQr , P:r — grPegh
Symmetry Breaking: Py = 3 (L +o3)
Flavour Structure: ?u,d,é 3 x 3 matrices in flavour space

EFT A. Pich - 2014 62



NLO Operators

Buchalla—Cata

Oysi2 = QP UQr (D, UTD*U)

QuP1UQR (VyuPor) (VHT)

Oyss
Oys7 = LLP_ULg (D, UTD"U)

Oyso = L PoULR (V, Pro) (V*T))

Oy11 = Qo™ PraUQr (Vi Par) (VY T1)
Oyr34 = Quot” PLUQR (V. Pro) (Vi Pa)

Oyt = Lio™ P_ULg (V,, P12} (Vi Pa)

Opvi =i Quy" QL (VuTL) Oyve =i Q" TLQL (V. TyL) Oyvs = i Q" Pr2Qu (V. Pa)
Oyva =i Ggy" ur (Vu T1) Oyvs = idgy"dr (V. T1) Oyve = i gy dg (V,.Pa)
Opvr =i Liy" Ly (V. TL) Oyvs = i Ly" Tl (V, Ty) Oyvo = Liy* Pioly (V,Por)
Oyvio = Lry"r (VL T1) Ol,m OLV&

Oyssa = QP UQr (V, T1)°
Oyss = QuPQr (VuPr) (VHT)

Oyss = LiP_ULg (V" T.)?

Oy12 = Qo™ PriUQr (V. Pr2) (VY T))

Oyrs = Lo ProULg (VPo) (VY TL)

V, =D,UuU"

EFT A. Pich

~ 014 +
Pro=U—2 U

5 912 4 5 +
Pu=ULLU By =UPLU

2014 63




NLO Operators

(cont.)

Buchalla—Cata

Oue= Q" TLQL Quvp TLQL
Ouo= Q" TQu Ly, Ti Ly
Oe = Q" QL Livy, TiLy

Os = Ly Tily Ly Tily

Orrio = Quy" TLQL GrVuur
Orria = Gry"ur Ly Ti Ly

Orrie = Quyv" TL QL Lrryutr

Osts = QuP, UQr QLP_UQr

Osto = QuP, UQg LLP_ULg

Osti1 = Quo*PLUQg Loy, P ULg

Ofya = Qut*P_UQr Qut’P_UQg

Ory1 = QLP. UQr QP UQR
Ofys = QLP_UQr QrUTP. QL

Ofye = LiP_ULg QrUTP. Qr

Our = Q" TQL Quv, QL
Oun = Q" T.QL Livuly
O = Q"' Tily Liv, T QL

Ouie = Liy" Tily Lyl
Orri2 = Quy" TLQu dryudr
Orris = dry"dr Ly, Ti Ly
Orri7 = Liv" TiLy Cryutr
Oste = QuP2 UQr QLP12UQR

Ost10 = QuP21UQr Ly ProULg

OFys = QLP_UQr QP UQr
OFyr = QLP_UQr L P_ULg

Opy1o = LiP_ULg L[, P_ULg

Ous = Grav" TLQus Qusvu TLQLa
Oo = Quav" T Qs Qusvu Qe

Opa = Q" TiLy Liva Qo

Orrit = QU T QL Gry,t’ur
Orriz = QY TLQL dryut’dr

Orris = Quy" TiLL Cryudr

Ost7 = éLtals+ UQr QLta/s, UQr

Osts = Qut? P21 UQr Qut’ PoUQR

Osti2 = Quo™*PrUQg Lioy, PraULg

Ofys = Quo*"P_UQg Lio P ULg

Ofy2 = Qut°P. UQr Qut*P, UQr
Ofve = QLEP_UQr Qrt®UTP. Q,

Opyn = LiP_UQr QrUTP. L,

EFT
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Including a Light (singlet) Higgs in the EWET

Let us assume that h(126) is an SU(2),,r scalar singlet

All Higgsless operators can be multiplied by an arbitrary function of h:

In addition, the LO Lagrangian should include the scalar potential:

V(h) = v* ; ) (é)
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Plus operators with derivatives (9,h): Fx = Fx(h)

,hd"h " hd"h 8,,h 8" h)?
Opr = —(Vu V') ——— Fpr Ops = —(VuVo) ——5— Fos Opu1 = ¥ Fp11
Vv Vv Vv
. 9vh 8,ho" h
Ops = —(TLVu Vi) (TLV") -2 Fog Ops = —(TLVu)(TLV") == 5— Fpo
O"h ¥ h . 9, h"h
Op1o = —(TLVu)(TL V) —Q0 Fp1o Oysig = LiP_ULgr IT Fysis
. o h . o h
Oysio = —i QP UQr (T, V”>T Fys10 Oysin = —i QP_UQr(T.V,) ” Fysu
. . o h . i o*h
Oysiz = —i QuP12UQg (P21 Vyu) - Fys12 Oysiz = —i QuP21UQr (P12Vy) - Fys13
. 8,hO"h - 9,h"h
Oysia = QLPUQR “T Fys1a Oysis = QLP-UQr 'T Fysis
5 o+ . . 9 h
Oysie = —iLiP_ULr (T Vy) ” Fysi6 Oysir = —i L P1ULg (P21Vy) - Fys17
. L Oh . W O%h
Oy17 = —i Qo PLUQR (T VH) ” Fy17 Oy1s = —i Qo P-UQr (T V") ” FyTs
. L 9vh . . 0%h
Oyt = —i QLo P21UQR (P12 VH) » Fyro Oy110 = —i QLo PraUQR (P V) » Fy 110
o o 0h o N
Oyr11 = —i Lo, PoULR (T V") Fyr11 Oyt12 = —i Loy, ProULg (P V) ” FyT12
Buchalla—Cata—Krause
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Linear Realization:  SU(2). @ U(1)y

Assumes that H(126) and $ combine into an SU(2), doublet:

o = (ZJ;):%(V—%H)U(@)(?)

The SM Lagrangian is the low-energy effective theory with D =4

(D)
C:
Leg = Lsm + ZZ /\b—‘* o?)

D>4 i

e 1 operator with D = 5: o) = ZLCTDCTDTLf (violates L by 2 units)
Weinberg
. 6 . .
¢ 59 independent (9,( ) preserving B and L (for 1 generation)
Buchmuller-Wyler, Grzadkowski—Iskrzynski—Misiak—Rosiek
« 5 independent 0\ violating B and L (for 1 generation)

Weinberg, Wilczek-Zee, Abbott-Wise,
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D =6 Operators (other than 4-fermion ones)

Grzadkowski—Iskrzynski-Misiak—Rosiek

X? @5 and D2 FErS

Oc | FABCGAGEP G || 0 (o103 0o (@70) (ber)

Og | FABCGAGEPGEH || Oy (o1 0) 0 (¢T0) O (610) (G0 )

Ow |’ WIWPwWi || Oop | (#TDEO)* (0TD,0) || Oyo (®76) (G50, ®)

Ow K W}iu WDJp W;(“

X292 VXD 202D

Oos | @10 GAGH | Ou | (horve)row), || o) | (@B, ®)Grmi)
Osc ofo G, cAm Oes (lbo*er) ® By o) (q>Jr,'B‘i &) ('~ 1,)
Osw ot wi, winv Ouc | (Goo™ TAu,) ® Gh || Ove (o1 D,, ®) (87" er)
Ouiy | @1 WLW' | Oy | (@0 ur) 7' Wi, || Oy | (971 D ) (3" ar)
Oos 1o By, B Ous | (@™ ur) ® By (9‘(»3; (‘DTiB,i ) (Gp7'v*qr)
Ous | @10 BB | Ouc | @0 Tha) @G, || Ou | (@115, @) @)
Oows | 1710 WhBH || Ogw | (@0 d) PO WL, || Ovg | (915D, ) (dpr"dy)
O | ®IT'O W B || Ogs | (30"dr) 9By || Ovua | i(PTDL®) (o7 dr)

q=q,

I=1 , u=ug, d=dg,

e =eR

p, r = generation indices




D = 6 Four-Fermion Operators

Grzadkowski—Iskrzynski-Misiak—Rosiek

(LL) (LL) (RR) (RR) (LL)(RR)
Oy Uovpule) (e 1) Oee (Borper) (B er) O (v lh) By er)
O | @@ @y a) | Ow | @ovuu) @y u) || O | Gyl (@™ ue)
O | @vu'a) @ 'a) || Oua | (drud) (dsv¥de) || O | (pvule) (dor" )
o) (pvuh) (@7 ar) O | (Borvper) (B ur) Ope | (@pvnar) (87" er)
O | Byt 1) @ 7'qe) || Oea | (Bovner) ([@erde) || OF | (Govuar) Gy ue)
O | (Bpyuur) (deyde) || OF) | (Gprv TAar) (s Tue)
O8) | (v Tup) (dey TAde) || OU) | (@pve@r) (doy* o)
O | (@ Tar) (doy" Tdr)
(LR) (RL) and (LR) (LR) B-violating
Oledq (Ber) (dsql) Ouuq P ey [(d)T Cuf] [(g2%) T CIf]
oN | (@u) e (@d) || Oga 2P ey [(q59)T Caf*] [(u7)T Cet]
O | (@ T ur) e (@ Tde) || O, P <jezmn [(a57)T Caf*] [(a7™)7 CIf]
Olgu | (Beej(@u) | O, 87 (rle)j (r'e)mn [(a5)T CaP¥] [(a7™)T CIf]
Ogu (Bouve) e (Giat ue) || Odu P [(de)T Cuf'] [(u?)T Cer]
g=q , /=1 ,u=ug,d=dg, e=eg , p, r,s, t = generation indices



OUTLOOK

EFT

Effective Field Theory: powerful low-energy tool
Mass Gap: E,m < Anp
Assumption: relevant symmetries (breakings) & light fields

Most general Leg( allowed by symmetry

Iight)
Short-distance dynamics encoded in LECs

LECs constrained phenomenologically

Goal: get hints on the underlying fundamental dynamics

— New Physics

A. Pich - 2014
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Learning from QCD experience. EW problem more difficult

Fundamental Underlying Theory unknown

QCD ?

} t

Standard
xPT Model

Additional dynamical input (fresh ideas!) needed
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Backup Slides
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QCD Matching

_ Ci
(1> M) Lo - Lot + Y i O (1< M)

d,'>4
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QCD Matching

_ Ci
(> M) ﬁg\éfl)) - ﬁg\/&) 1) + Z W O; (p < M)
di>4
= ol 1(2) "
aM(?) = oMD(?) {14+ ) Gl(L) %
k=1
L=In(p*/m
oo (Ne—1), 277 *
_ Qs
() =m0 () {1 £ HL) [7ﬁ l )] }
k=1
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QCD Matching

— Ci
(n> M) Lo - Lot + Y i O (1 < M)

oo (Ne—1) 2y 7%
o)) = ol (?) {1 +Y Gl [70‘5 e )] }

00 a(NF—l)( 2) K
mgNF)(H?) = mgNF*l)(,U?) 1+ Z Hk(L) |‘¥‘|

e Matching conditions known to 4 loops:  Ci234, Hi23

e [ dependence known to 4 loops:  Hy(L)

e a(pn?) is not continuous at threshold

EFT A. Pich - 2014 73



Goldstone Theorem

Q=[x j(x) ;

Oy =0 ;

[n) = (0|OIn) (n[j°[0) # 0

30 v(t) = (0[[Q(t),O]]0) # 0

EFT

. Pic

h

- 2014
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Goldstone Theorem

Q=[x j(x) ;

98 =0 5 30: v(t)=(0][Q(t),O]|0) #0

n): |01 (nl010) 0 Ed®(B) =0 ; M,=0

Proof:

EFT

Pe) = PR P Y el = 1

A. Pich - 2014
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Goldstone Theorem

Q= [d**jo(x) i 0 =0 ; FO: v(t) = (0][Q(t),O]]0) #0

3in) 1 (OlOIn) (nl2[0) £0 ;" E,6®) (B)) =0 ;  My=0
Proof: J°(x) = P> jO(0) e= P ; > iny(n| =1
v(t) = Z/d3x {{01/°()In)(n|OJ0) — (0]O[n)(nlj°(x)|0)}

EFT

A. Pich - 2014
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Goldstone Theorem

Q= [d**jo(x) i 0 =0 ; FO: v(t) = (0][Q(t),O]]0) #0

n): |01 (nl010) 0 Ed®(B) =0 ; M,=0

Proof: JO(x) = &P jo0) e~ P ; Z |ny(n| =1

v(t) = Z/d3x {{0°(x)[n)(nlO]0) — (0]O|n)(nl;®(x)I0) }
= Z/CFX {e™P(01°(0)]n)(n|OJ0) — ePr*(0]O]n)(n;*(0)|0) }

EFT A. Pich - 2014



Goldstone Theorem

Q= [d**jo(x) i 0 =0 ; FO: v(t) = (0][Q(t),O]]0) #0

n): |01 (nl010) 0 Ed®(B) =0 ; M,=0

Proof: JO(x) = &P jo0) e~ P ; Z |ny(n| =1

v(t) = Z/d3x {{0°(x)[n)(nlO]0) — (0]O|n)(nl;®(x)I0) }
= Z/CFX {e™P(01°(0)]n)(n|OJ0) — ePr*(0]O]n)(n;*(0)|0) }

= (2m)* Y 6®(Bn) {e ™ (01j°(0)In)(n|OJ0) — ¢ (0|O|n)(nlj°(0)|0) } # O
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Goldstone Theorem

Q= [d**jo(x) i 0 =0 ; FO: v(t) = (0][Q(t),O]]0) #0

n): |01 (nl010) 0 Ed®(B) =0 ; M,=0

Proof: JO(x) = &P jo0) e~ P ; Z |ny(n| =1

v(t) = Z/d3x {{0°(x)[n)(nlO]0) — (0]O|n)(nl;®(x)I0) }
= Z/CFX {e™P(01°(0)]n)(n|OJ0) — ePr*(0]O]n)(n;*(0)|0) }
= (2m)* Y 6®(Bn) {e ™ (01j°(0)In)(n|OJ0) — ¢ (0|O|n)(nlj°(0)|0) } # O

d
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Goldstone Theorem

Q= [d**jo(x) i 0 =0 ; FO: v(t) = (0][Q(t),O]]0) #0

n): |01 (nl010) 0 Ed®(B) =0 ; M,=0

Proof: JO(x) = &P jo0) e~ P ; Z |ny(n| =1

v(t) = Z/d3x {{0°(x)[n)(nlO]0) — (0]O|n)(nl;®(x)I0) }
= Z/CFX {e™P(01°(0)]n)(n|OJ0) — ePr*(0]O]n)(n;*(0)|0) }
= (2m)* Y 6®(Bn) {e ™ (01j°(0)In)(n|OJ0) — ¢ (0|O|n)(nlj°(0)|0) } # O

%V(t) =0=—i(2n)* Y 6P(G,) Ex { e (01°(0)|n){n|O|0)

L it <O|O|n><n|j°(0)|0>} 0
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Noether QCD Currents:

Jju:qx'Vu%qx ;

EFT

G =SUQB)L®@SUB)r

Qi:fd3x,/;’0(x) (a=1,---,8; X=L,R)

A. Pich - 2014
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Noether QCD Currents:

Sr=aor a,

Current Algebra (’60) :

EFT

G = SUB3). ® SUB3)r

Qi:fd3x./;’0(x) (a=1,---,8; X=L,R)

[Q5.Q7] = idy £ Q8

A. Pich - 2014
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Noether QCD Currents: G =5SU@3)L®SUB)r

JH =gy, Q1= [d*JP(x) ek
Current A|gebra (’60) . [Qi , Qe] — i(sXY f‘abc Q)c(

Dynamical Symmetry Breaking:

e 8 Pseudoscalar Goldstones = (m, K,n)

EFT A. Pich - 2014
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Noether QCD Currents: G =5SU@3)L®SUB)r

JH =gy, Q1= [d*JP(x) ek
Current A|gebra (’60) . [Qi , Qe] — i(sXY f‘abc Q)c(

Dynamical Symmetry Breaking:

e 8 Pseudoscalar Goldstones = (m, K,n)
e Q1 =0r-Q ; 0P = gysAbq

(01[05,0% 0) = — (01a{x*.*} [0} = — (0]dal0}
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Noether QCD Currents: G =SUQ3)L®SUQB)r
S =g, ¥a, Q1= [dxJO(x) s xR
Current A|gebra (’60) . [Qi , Qe] — i(sXY fabc Q)c(

Dynamical Symmetry Breaking:

e 8 Pseudoscalar Goldstones = (m, K,n)
e Q1 =0r-Q ; 0P = gysAbq

(01[05,0% 0) = — (01a{x*.*} [0} = — (0]dal0}

L (0] @u|0) = (0] dd]|0) = (0|5s]0) # 0
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Noether QCD Currents: G =5SU@3)L®SUB)r

JH =gy, Q1= [d*JP(x) ek
Current A|gebra (’60) . [Qi , Qe] — i(sXY f‘abc Q)c(

Dynamical Symmetry Breaking:

e 8 Pseudoscalar Goldstones = (m, K,n)
e Q1 =0r-Q ; 0P = gysAbq
a b 1 G a b 2 &
(0] [Q5,0°]0) = =5 (0] {A?,A\*} a|0) = —Z (0]Gq 0)
e (0@ u0) = (0| d d |0) = (0] 550) # 0

o (0] |nP(p)) = i0°° V2 1y pt

EFT A. Pich - 2014



Chiral Anomaly: 8Z[v,a,s,p) = —145 [ d*x (55(x) Q(x))

gLr~ 1+ idaFidp

4 2; 8 ; 4
Q(x) = ervor [vm,vap +3VwaVea, + 5i {Vuv,avap} + 3iacvuva, + 3 auayaaap]

Viw = Ouv — Qv — i [V, v] Viay = 0uay —i[vu,ar] Eoro3 = 1
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Chiral Anomaly: §Z[v,a,s,p] =

167r2 /d4 6B(x) Q(x))

gLr~ 1+ idaFidp

Q(x) =P [V Vop + £ VuarVoap + 2i{vuv, acap} + Siacviva, + % apavacap)

Viw = OV — Ouvy — i [V, v] Vyuay = 0pay —i[vy,an] Eoro3 = 1

iNc [ iikim
SIU. .y = — 5oz [ do™m (EbEbELELEL)
iNC ‘ o vo
- / d*% Epvap (W(U, £, )78 — W(L, ¢, r)ed)

1
W(U, 4, N pwas = (UL L, UTrs + 2Vl Utr, Ul UTrg + iU0,6,0,U' rg
+ i0ur, Ulo U rg — i, UTro Ul + XL U0,r Ul — T0E LU r Uty
, 1
+ T50,0als + X0 lals — il lals + Ez;eyzgzﬂ — LYY Llg)
—(L+ R)

YL =uto.u

EFT A. Pich
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q v
™ + -- AL = TyHysu — dyPysd
v
. N\ a2M3
M7 — = | = = = 7.73 eV
(7 ) ( 3 ) 64 73f2 ¢

Exp: (7.7+£0.6) eV
There are no QCD corrections

The chiral anomaly contributes to: 70 — vy |, 1 — vy

v3r , yantrTn , KK3m , ---
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Goldstone Electroweak Effective Theory

2
@ _ 1 & s 1 s sV
Liw *?< w W) — 282 (B B") + " (D*UTD,U)
. 1,0 o+
U(‘P)—exp{ﬁ‘b} ¢zi5¢< V2 ' t O)
v V2 e —5¢
DHU = dHU—iWHU+iUBH* , prut = arut +iutwe —iBrut , (A) = Tr(A)

Wi — omWr — v — e, W] BM — 9MBY — 0¥ BF — i[B*, BY]



Goldstone Electroweak Effective Theory

2
(2 _ 1 1 Ay 1 A Ruv v Wt
’CEVV - 72g2 <WLLV > - 2g/2 <B,LWB >+ T <D U DHU>
1 .0 T
I\/2 1 B ¥
Ule) = exp{ifb} , 6= —gg=| V° .
v V2 o7 5
DHU = dHU—iWHU+iUBH* , prut = arut +iutwe —iBrut , (A) = Tr(A)
WHY = 9R WY — oY W — i WH, W] : BM — 9MBY — 0¥ B" — i[B", B]

SU(2)L ® SU(2)r — SU(2)1+r Symmetry:  U(p) — g U(y) g},

We — gl VT/“gZ +ig Of’gz , Br — gr é“g; +igr Of’g;




Goldstone Electroweak Effective Theory

@~ Loy ey - L g gy Y peuip,u)
EW — 2g2 2% 2g'2 2% 4 e
1 0 T
i\/2 7 P ¥
Ulp) = exp{iq’} ; ¢ = Lﬁ'@ = 10
v V2 o7 5
DHU = dHU—iWHU+iUBH* , prut = arut +iutwe —iBrut , (A) = Tr(A)
WHY = oR WY — a¥ WH — i [WH, W] , BrY = 9HB” — 9vB* — i[B*, BY]

SU(2)L ® SU(2)r — SU(2)L+r Symmetry:  U(p) — g U(y) gh

We — gl W“g[ +ig Of’gz , Br — gr é“g; +igr Of’g,'g,

SM Symmetry Breaking: Wr = —%5’-|/|7“ , BH = —%/ o3 B¥
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Custodial Symmetry Breaking: EABM = —g' %8B,

B

N N

V2 o

2 1
VHEDNUUT:iTD“d)—i—--- : TLEU2UT , TiTe =7 h

(VuT VETL) = (VT (VETL) — % (VL VIV (TLTy)

1

= (VuTi) (VAT =

(VuV")

» Oo = V2 <V# TL> <V“ TL>
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Decoupling: Appelquist—Carazzone

The low-energy effects of heavy particles are either suppressed by inverse
powers of the heavy masses, or they get absorbed into renormalizations of
the couplings and fields of the EFT obtained by removing the heavy particles

SM: MW:MzCOSQW:%gV , My=v2Axv , Mf:%yfv

e Decoupling occurs when v — oo, keeping the couplings fixed

e There is no decoupling if some M; — oo, keeping v = 246 GeV

(g7 >\7 yYf — OC)

EFT A. Pich - 2014
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Soasob — SOCCPdi

e Isospin:

o Partial Waves:

Ao(s, t,u) = 3A(s, t,u) + A(t,s, u) + A(u, t,s)
A1($7 t, u) = A(tvsv u) _A(u7 t7$)
Ax(s, t,u) = A(t,s,u)+ A(u, t,s)

1 +1
Ay(s) = el dcosf Py(cos0) A(s, t,u)
641
o(s) = —~ > @+1) (20 +1) |AyP
1,J

s s [101  64x2 25 s
A = 1 — 7af+11al)— = log ( — i
o(s) = 572 { tlon2v? |36 (Ta; +1135) — 75 log (,ﬂ) +'7r} + }
s s [1 5, o LT
Ai(s) = 96mv2 {1+ 162,72 _6 + 647° (ay _235)+16:| +}
—s s [ 91 256m2 10 s ™
A = 1 - 2254+ at)+ —log =) —i~|+--
0(s) = 352 { tlontvz |36 3 (AT )+ g loe (;ﬂ) '2} + }
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Power Counting

¢ Momentum expansion: N ~ 47v, My

Ty ()

EFT A. Pich - 2014 82



Power Counting

¢ Momentum expansion: N ~ 47v, My
p\"
T-2T(3)
n
e Loop Expansion: A generic L-loop diagram D scales as
(yv)u(gv)m+2r+2x+u+z pd 'FL X v ) B h H
D~ VFL+Fr—2—2w AeL ¢ 1/) (;) v

d_2L+2——(FL+FR) V—v—m—-2r—2x—u—z—2w

Buchalla—Cata—Krause
# external fields:  F; = F,} + FL2 , Fr= F,,% + FI%‘ , B, H , V (X, = gauge boson)
Hettices:  m=Xym (Xug) , r= e 0Cef) , w(3) , x (X)), wz=X,we (h)

v=v (Bvek) + Sepm (Dveh®)  z=zi+2r (bavaXu, A=LR)
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Too many operators/couplings

EFT A. Pich

m—-

2014

Further input needed
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Too many operators/couplings —) Further input needed

e Weak coupling: g, <1
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Too many operators/couplings —

¢ Weak coupling:

e Strong coupling:

EFT

g, <1

g, ~4rm =N, /f

A. Pich - 2014

Further input needed

m—-

Fx(h/f)
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Too many operators/couplings —

¢ Weak coupling:

e Strong coupling:

o VvKf —p

EFT

g, <1

g, ~4rm =N, /f

2

§

"4
7o

A. Pich - 2014

Further input needed

—- Fx(h/f)
c)(<n) = 5)(<n) ¢n?
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