http://ific.uv.es/~pich/EWEFT.pdf

4. Electroweak Effective Theory

e Higgs Mechanism

e Custodial Symmetry

e Equivalence Theorem

e Goldstone Electroweak Effective Theory
¢ New Physics Scales
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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 - 2015
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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 - 2015



Higgs Mechanism:

Gauge invariance

Massless W=, Z (spin 1)

3 x 2 polarizations =

6

EFT

A. Pich

2015
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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

2015
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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
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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 - 2015 68
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v
2

(qpﬁm@-x(@ﬁ—

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

v2

2
Lo = (D,®)'D'o— ) <|<|>|2 — ?>

A

1 " 2
= 5T [(D*%)ID, %] — n (Tr [ZT5] — v?)
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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 - 2015



%5 (v+H) U@)

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

< |6

N

2
Lo = (D,®) DFd— ) (|<|>|2 - %)

= %Tr [(D*%)ID, %] — % (Tr[Z15] - 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
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EFFECTIVE LAGRANGIAN:

EFT A. Pich - 2015

LU) =) Lo

n

70



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
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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 - 2015

LU) =) Lo

(01@.d,10) (QCD), & (SM) =  Uj(¢) = {exp(id-3/f)};
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Electroweak Symmetry Breaking
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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
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Goldstone interactions are determined by the underlying symmetry

V2 _ 1

I<auufaﬂu> = dup ot + Eaugaoa“npo
s g () () 2 (P ) (5
- o(¢)
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Goldstone interactions are determined by the underlying symmetry

V;@U*aﬂw = G 0" % PRI
+ ga {0 8ae7) (¢ 8m7) 2 (P07 (v 5))
- o)
SN
. T (oo™ = otp) = s;t

EFT A. Pich - 2015 -



Goldstone interactions are determined by the underlying symmetry

VTZ(&#UW“W = Oup o + %augaoa“npo
A R I G R R G A ICR )
- o)
\\; 5:1
\\ I' - - + t
l.\ T(SO+SO _>SO+SO ):sv2
Non-Linear Lagrangian: 20 = 2p, 4p .-+ related
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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 - 2015
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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 - 2015
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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 - 2015
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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 - 2015
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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
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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 - 2015
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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 - 2015 7



EW Resonance Effective Theory

e Towers of heavy states are usually present in strongly-coupled
models of EWSB: Technicolour, Walking TC. ..

e The low-energy constants (LECs) of the Goldstone Lagrangian

contain information on the heavier states. The lightest states
not included in the Lagrangian dominate
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EW Resonance Effective Theory

e Towers of heavy states are usually present in strongly-coupled
models of EWSB: Technicolour, Walking TC. ..

e The low-energy constants (LECs) of the Goldstone Lagrangian
contain information on the heavier states. The lightest states
not included in the Lagrangian dominate

® Build £_,(¢i, Ri) with the lightest Ry coupled to the ¢;
® Require a good UV behaviour ==  Low # of derivatives
© Match the two effective Lagrangians == LECs
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EW Resonance Effective Theory

e Towers of heavy states are usually present in strongly-coupled
models of EWSB: Technicolour, Walking TC. ..

e The low-energy constants (LECs) of the Goldstone Lagrangian
contain information on the heavier states. The lightest states
not included in the Lagrangian dominate

® Build £_,(¢i, Ri) with the lightest Ry coupled to the ¢;
® Require a good UV behaviour ==  Low # of derivatives
© Match the two effective Lagrangians == LECs

ThiS program WOI‘kS in QCD: RXT (Ecker—Gasser—Leutwyler—Pich—-de Rafael)

Good dynamical understanding at large N¢
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L O Resonance EW Lagra n gia n: Pich-Rosell-Sanz-Cillero

eff—[: JFZL:RJFZERR’

R,R’

Triplets: V(177), A(1tT) ; Singlet: S;(0")
Ls, +La+L /@5<uu>+i<A F1vy
S A v = 2 1 i 2\/5 pv T
Fv i Gy
nz fuu = Vu/ a7
¥ g Vi 7)o+ 28 Vo [0
Lsa = V210,85 (A u,)

Antisymmetric V,, and A, fields (better UV properties):

1 A v 1 2 v 1 1 2 2
Liin =3 RXV:A (VARAL VLR = = Mg Ruy RMY) + =051 0,81 — = Mg, S
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Resonance Exchange

— X o
Gy Gy M\Z,
®L< ®< v S
Ry Gy q2<< M\2/,A M\Z/
V ’ FZ
) ®® L
FV FV MV
A FZ
QR R) —
FA FA M A
F\2/ Fg Fv Gy G\Z/
a=——= + R dp = az = ag —as =
AMZ,  4AM3 4MZ, 4MZ,

EFT A. Pich - 2015




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 - 2015

81



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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