5. Fingerprints of Heavy Scales

e Electroweak Resonance Effective Theory
¢ Integration of Heavy States

e Short-Distance Constraints

e Low-Energy Constants

e Outlook
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Higher-Order Goldstone Interactions

£(4 = Fi(h Fi(h/v) = > Fin (ﬁ)n
Bosonic Z / ( /V) ; ! 14
Appelquist-Bernard, Longhitano, Buchalla et al, Alonso et al, Pich et al
O(p ) 7) even bOSOﬂiC Opel’ators A.P., Rosell, Santos, Sanz-Cillero
= LOREL - ) | Os = & (Duh)(04h) (upu”)
z:%<fr”f,x,+f“”fu> —%< P)(@uh) (uu”)
O3 = 5 (F"[u, w]) = 31 (0uh)(9"h)(0, h)(9" h)
(94:<uuuu><u”u > (99:;(8Mh)<f_”yu,,>
Os = (uy,u* )2
U= = exp{&é’@’} R u, = iu(D,U)u = ul R i = ut Wy + u BH ut

Custodial symmetry assumed
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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
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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  =m» | ECs
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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  =m» | ECs

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

Good dynamical understanding at large N¢
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Coset Space Coordinates: G =50(2), @ SUQ)r — H=SU2)y

H
£(p) = (&), &p(p)) € G

&) 5 g &,(0) 8 (. 0)

() -5 gr En(9) gl (0.8)

U(p) = &(9) L) -2 g U(p) gl
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Coset Space Coordinates: G =50(2), @ SUQ)r — H=SU2)y

H
£(p) = (&), &p(p)) € G

&) 5 g &,(0) 8 (. 0)

() -5 gr En(9) gl (0.8)

U(p) = &(9) L) -2 g U(p) gl

Canonical choice: ¢, (¢) = ¢l(¢) = u(p) -5 g u(e)gl(v.8) = g, (¢ g)u(y) g

U(p) = u(y)? = exp{L 5@}
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Coset Space Coordinates: G =50(2), @ SUQ)r — H=SU2)y

H
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() -5 gr En(9) gl (0.8)

U(p) = &(9) L) -2 g U(p) gl

Canonical choice: ¢, (¢) = ¢l(¢) = u(p) -5 g u(e)gl(v.8) = g, (¢ g)u(y) g

U(p) = u(y)? = exp{L 5@}

SU(2)y triplets: X = %aa xa S g,(p.8) X g;rl(cp,g)
VX = 0,X + [T, X] , ru:%{uf(au_,m)wu(au_,-énuf}
uy, = iuD, Uty = uf , f1r = ut W+ u B ot
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LO RESOHa nce EW Lagrangian: A.P., Rosell, Santos, Sanz-Cillero

Lo = Lewer + Z Lr + Z Lrrr +

R,R’
Heavy Triplets: V(1-7), A(1""), P(1"*) ;  Heavy Singlet: S;(0"")
"4 F\/ iG\/
= —K, h w = V”/ f‘uu o = Vu/ Hu”
S n = G b + g (Vi )+ 50 Vi )
F 14 LV
+ 55 A ) + V2 Ouh (A )

dp Cd
+ ~ Ouh (Pu") + 7 St (u'u,) 4+ Aps, v h? Sy

U= = exp{i‘;&‘@’} R u, = iu(D,U)u = ul R i = ut Wy + u BH ut

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

_ 1 A v 1 2 g
Lyin = =5 RZEV:A(v R Vi R — = Mg Ry RMY)
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EFT
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Pich, Rosell, Santos, Sanz-Cillero
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Fi= A - Fo= A~ . Fa=-
aMZ T aMZ 8MZ ~ M2 2M2,
G2 C2 G2 )\hA 2v2
Fu= v2 ’ Fs = d2 _ v2 ’ Fo = (M )2
4M;, aMg  AMy, M3
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Short-Distance Constraints

e Vector Form Factor: (o(p1)@(p2)| JE10) = (p1 — p2)* FY(s)
V FV GV S
@ mm— FY -1 4 X _=
% F, Gy gaga(s) + 2 M\z/ .
Jim L@ =0 == [AG =2
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Short-Distance Constraints

e Vector Form Factor: (o(p1)p(p2) | J410) = (p1 — p2)* FY.(s)
¢K8W< §L6< Fg@(s):1+FVV—2GVﬁ
Singolm(s) =0 e Fy Gy = v2
e Axial Form Factor: (h(p1)e(p2)| J410) = (p1 — p2)" F7,(s)
@< ®A< Fﬁ@(s) = K, (1 + Fa )\TA 25 >
Ky N KyVv M3z —s
Sirgolﬁ‘f,‘¢(5) =0 —- FAMA =k, v
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Weinberg Sum Rules

Chiral Symmetry:

Mg(q) = [d*x e (0IT(J(x) Jr(0)N[0) = (—g"¢* + g"¢") Nir(q?) = 0



Weinberg Sum Rules

Chiral Symmetry:

Mg(q) = [d*x e (0IT(J(x) Jr(0)N[0) = (—g"¢* + g"¢") Nir(q?) = 0

OPE: 1/%(q) # 0 only through order parameters of EWSB
(operators invariant under H but not under G)
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Weinberg Sum Rules

Chiral Symmetry:

Mg(q) = [d*x e (0IT(J(x) Jr(0)N[0) = (—g"¢* + g"¢") Nir(q?) = 0

OPE: 1/%(q) # 0 only through order parameters of EWSB
(operators invariant under H but not under G)

Asymptotically-Free Theories: lim s?Mr(s) =0 Bernard et al.
S§—00
% / - ds [ImMyy(s) — ImMaa(s)] = v (1°* WSR)
— °
% / Tdss [TmMyy(s) — ImMaa(s)] = 0 (2"! WSR)
0
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e WSRs @ LO: Mig(s) = V?z 4 R

MZ—s  Mi-—s

o IFWSR: F2-F2 = /2

e 2 WSR: FZMZ-F2M3 =0

M2 M2

» F‘2/:V27A s F£:V27 , MA>MV
M2 — W2
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L

e WSRs @ LO: Mirls) = 5+ s~ s

o ITWSR: F2-F =2

e 2 WSR: FZMZ-F2M3 =0

2 2 M/ﬁ 2 2 M2V
% 4 Mﬁ — M‘Q/ ) A 4 Mﬁ — M2V ) A v
M2
e WSRs @ NLO: Ky = ghsml\//lw = —‘2/ A.P., Rosell, Sanz-Cillero
Ehw MA
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L

e WSRs @ LO: Mirls) = 5+ s~ s

o ITWSR: F2-F =2

e 2 WSR: FZMZ-F2M3 =0

2 2 M/ﬁ 2 2 M2V
% 4 Mﬁ — M‘Q/ ) A 4 Mﬁ — M2V ) A v
M2
e WSRs @ NLO: Ky = ghsml\//lw = —‘2/ A.P., Rosell, Sanz-Cillero
Ehw MA

1t WSR likely valid also in gauge theories with non-trivial UV fixed points

2" WSR questionable (not valid) in walking (conformal) TC scenarios
Appelquist—Sannino, Orgogozo—Rychkov
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Short-distance constraints bring sharper predictions

EFT

Pich, Rosell, Santos, Sanz-Cillero

Fa F ! 1
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Asymptotically-Free Theories

A.P., Rosell, Santos, Sanz-Cillero, arXiv:1510.03114

oy = M2 /M3

-2 -2
W J - - = Ry =
S, *; » ) Ky = 0.8
= = / - - - Ky =09

6| 6| / - - = Ky =095

: —— S, T constraints
- 2 4 6 10 - 2 4 6 10
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10° (F5+Fa)

EFT
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A. Pich
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Gauge Boson Self-Energies: S, T

%

m,"\/\ L= -1 W2 N (q*) W) — 3B, N4 (7)) B — W, N4 () B — Wi iy (6°) W,

oV
e (a?) = (—e™ + £ ) Ny(a?)

Landau gauge (£ = 0):

There is no mixing with the Goldstones

16 )
S = —;T (&5 — M) = 0.05+0.11 & = 5%(0)
4 J—
T = 7712- (el - e§M) = 009:‘:013 e = M
g2sin” Oy W
2t 0 N 2t 9
I'I30(q2) = W s [|_|\/\/(S) — I_IAA(S)] — q2 |—|30(q2) + w v2

e?M defined at My, = 125 GeV
12
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Gauge Boson Self-Energies @ LO

A.P., Rosell, Sanz-Cillero

F2 F2
ANA—Z AN 5Lo—47T(———> ; To =0
M M;

2 2
) 15t—|-2"d WSR: Sto = dmv <1+ﬂ)

2 2
MV MA
st N v2 1 1 4rv? 4v?
o I WSR (Ma> M) sio - an{imedi (- )} > 22

Ma (Tev) 3 o bounds at LO Sio
4
3
WSR 1 WSR 142
? -
-
1
’ 05 10 15 20 25 goMv (TeV)

o 1 2 3 3 My (Tev) 05

Sensitive to vector and axial states = M > My > 15 TeV
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Gauge Boson Self-Energies @ NLO

Sensitive to the light scalar h(125) AP, Rosell, Sanz-Cillero

f\/\,(:\‘,f\/\/ f\/\,\=1:7\)\/\/ W:i\)‘ﬁw f\/\,\=1:7\);vw T T

i/\ A /if\ ,:/\ 1 1 /i: A 04r Mv € [1'5’ 6'0] eV
/\/\:Uf\/\/ f\/\/:sva\/ f\/\U:f\/\/ f\/\/ﬂ):fv\/ 0< Ky <1
_ &sww M\2/ . >

I = = — G [094.~ 1] -04 -02 00

Y& Ma s

My =~ My > 4 TeV (95% CL) 1st+2nd WSRs

EFT A. Pich - 2017 14



Asymptotically-Free Theories

A.P., Rosell, Santos, Sanz-Cillero, arXiv:1510.03114

oy = M2 /M3
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. k - A.P., Rosell, Santos, Sanz-Cillero, arXiv:1609.06659
ng0| ng Wor ™ C. Krause, A.P., Rosell, Santos, Sanz-Cillero

e CP-odd operators v
e Couplings with SM fermions

e Equivalence of different spin—1 field formalisms

Proca, Hidden-Gauge, Antisymmetric

e Short-distance constraints

Green functions, additional states, ...
e Heavy fermion fields
e Coloured heavy fields

e Flavour dynamics



EFT

OUTLOOK

Effective Field Theory: powerful low-energy tool

Mass Gap: E,m . < Anp

» Wight

Assumption: relevant symmetries (breakings) & light fields

Most general Lqg( 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 - 2017
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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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Proca Spin-1 Fields: Re = Ur, A

Co = 5 Rk — 205 RRE) + (R )

O(p?)
v Vv pv 8V v v i cnv IfA m v v w
5= s SR R = S T [0 e - (0]
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1 5 5 v > L B AUV
Lp=—7 (RuwR"™ — 2Mg RuR") + (R R%)
~——
o(p*)
s = g 18 ey A W T
v 2v2 2v2 ’ A 2v2 2

— ALOP) — g - AFP) —

R i
N 9 .
But there are also terms without R*: Lol = S"FPPA o
i=1
14 Fy 2Gv 25 _ 2]:38DA i2 (SDET—A)
v v M, —s v

F@@(S) = f\7 g $2 <pp S SDET.P

1+ = M\2/—5_2]:3 = ( -P)
,, ,, fogg  FuG
High-energy behaviour =md» FSPA — o | FSPP — 2gv = _ 2‘;\/,2‘/
%
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Gauge Boson Self-Energies @ NLO

Weaker assumptions: 1t WSR only , Ma > My > 0.4 TeV

AP, Rosell, Sanz-Cillero

02< My
e 02< Mv
Mgy

0.02< M g2
. i <O

0.0t I I I I I I
0.5 10 15 20 25 30 35

My (TeV)

Ky = Esww/&on,, Vvery different from one

requires large (unnatural) mass splittings



Resonance Contributions to Bosonic

A.P., Rosell, Santos,
Sanz-Cillero
1609.06659

LECs
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A.P., Rosell, Santos, Sanz-Cillero 1609.06659

Resonance Contributions to Two-Fermion LECs
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i F F}
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A.P., Rosell, Santos, Sanz-Cillero 1609.06659

Resonance Contributions to Four-Fermion LECs
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