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the Resonance + EFT program
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Low-energy chiral expansion

* If Higgs (pseudo) Goldstone boson =2 Non-linearity for h + »?

Finite pieces from loops

e Expansion in non-linear EFT’s: * (amplitude dependent) )
2 ro 2 2 /
p Cr P I'yp p 1
M2 —2)~ — |1 + — —=—In= + ... + O
( ) 2 2 16720° L )
LO (tree) NLO (tree) NLO (1-loop)
Related .to Typical loop suppression
suppression ~1/ (167[2V2)
~1/M_2

(non-linearity)
(other states)

THIS WORK

100% determined
by Lo
[Guo,Ruiz-Femenia,SC,[1506.04204]

** Cata, EPJC74 (2014) 8, 2991
** Pich,Rosell,Santos,SC, [1501.07249]; ‘forthcoming FTUAM-15-20
** Pich,Rosell and SC, JHEP 1208 (2012) 106;

PRL 110 (2013) 181801 - Espriu,Yencho, PRD 87 (2013) 055017

(x) Contino,Salvarezza, [1504.02750] - Espriu,Mescia, Yencho, PRD88 (2013) 055002
* Weinberg ‘79 (x) Contino,Marzocca,Pappadopulo,Rattazzi, - Delgado,Dobado,Llanes-Estrada, JHEP1402 (2014) 121
* Manohar,Georgi, NPB234 (1984) 189 JHEP 1110 (2011) 081 - Delgado,Dobado,Herrero,SC,JHEP1407 (2014) 149
* Urech '95 - Gavela,Kanshin,Machado,Saa, JHEP 1503 (2015) 043
* Buchalla,Cata,Krause “13 - Azatov, Contino,Di lura,Galloway, PRD88 (2013) 7, 075019
* Hirn,Stern ‘05 - Azatov,Grojean,Paul,Salvioni, Zh.Eksp.Teor.Fiz. 147 (2015) 410,
* Delgado,Dobado,Herrero,SC,JHEP1407 (2014) 149 J.Exp.Theor.Phys. 120 (2015) 354

* Pich,Rosell,Santos,SC, forthcoming FTUAM-15-20
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R contributions to the NLO EFT couplings [i.e., O(p?)]

* High-energy theory for Resonances + ) + ALR
General AZ; ‘uptoO(p?) **

R=singlet and triplet V, A, S, P [also JP¢=1* at )]

* Low-energy EFT (ECLh) *

tree—level ei Six. ¢, R

ALEFT = 2;‘% ((c),,cn,g>_%(c),{)3) (R=5. P),
Akt = 71175? ((0',';‘ Oy ) — i'._(ofr;" )‘1) (R=V. A),
ACET = ﬁ(on,)? (R =S, 1),

ACET = — L (0 O, ) (Ri=Ti. A).

M,

(classification of the operators according to “chiral’ dimension)

* Impose UV-completion assumptions on L;, (sum-rules,unitarity...)

=» EFT predictions **

* Weinberg, 79; Manohar,Georgi, NPB234 (1984) 189 * Apelquist,Bernard ‘80

* Gasser,Leutwyler ‘84 ‘85
* Hirn,Stern ‘05
* Buchalla,Cata,Krause '13

(x) Cata, EPJC74 (2014) 8, 2991

** Ecker et al. '89

** Cirigliano et al., NPB753 (2006) 139

** Pich,Rosell,Santos,SC, [1501.07249];
forthcoming FTUAM-15-20

* Longhitano ‘80, ‘81
* Alonso,Gavela,Merlo,Rigolin,Yepes ‘12
* Brivio,Corbett,Eboli,Gavela,Gonzalez—

_* Delgado,Dobado,Herrero,SC,JHEP1407 (2014) 149 Fraile,Gonzalez—Garcia,Merlo,Rigolin *13
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Resonance Lagrangian (purely bosonic part)

L = EQ[X;TM + ER[R3X1QM

* A piece without resonances
2

U QIﬁwh
Lo = T (l—l— . —I—) (w,ut)

* And resonance operators (+kinetic terms)

ﬁR = <VFLV Xl‘ﬁ'y> + <A;,u/ Xiy> + <P XP> + Sl X81

—_—~

2% i Gy Fy NV
Y — T fY oy u utl + —= "+ —— [(0"h)u” — (0" h)uM] ,
Xv /2 + 2\/5[ ] 2\/§f \/5[( ) ( ) ut']
F5 )\}fA ﬁA iéA
o= —— M+ —= [(0"h)u” — ("h)u'+ ——= [+ —= [u", u"],
XA 2\/§f \/5[( ) ( ) ] 2\/5 + 2\/5[ }
XSy — C_d<ul~tu'u>ﬂ
V2

xp = dpu,0"h/v.

Xy, = X4 =xs=xp, =0
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O(p?) low-energy EFT from £, (purely bosonic part)

O1 =5 (S fuw = 2" Fu )| Os = 72 (8uh)(9"h) (wyu”)
O3 = LU 4 £ )| O = T (0uh)(@,h) {wb )
O3 = % ( Mg w]) | Os = =5 (0,h) (0" h)(0,h)(8"h)
O1 = (upuy ) (uu”) Og = 1 (9uh) (f"u, )
Os = (u,u")?

, O (v 1 1 w w
R=vV.A R

1

(XpXp) — 3
oMz \ PP

X5
2 |
- +

2\ xp) ) 2MZ,

_|_
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2 2
Oi=1 (-1 P = o — 1o
) ) 2 2
%< wfw'\'fwfuu) J2 = _81}%%_ _%
0= (P)) |7 =~
v2
O=lu)lw) |7 =
) g GY,
05:<U;,LU”> F5 = ANI2
Oo= 2 O] | 7o = -4
0= JMANE) |7, = by 02
Os= = BNFNBNT B 7 = 0
D=3 0 fn) |7 = —Ear™e
2

* Pich,Rosell,Santos,SC, [arXiv:1510.03114 [hep-ph]]
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High-energy constraints on.Z; (purely bosonic part)

* Form-factors into o & h®

FvGV S
EV S) = 1 —|— FvGv = -L:'E
ww( ) UQ f\’[‘% _ 5 Vv

hA o
F‘q }tl - -“L-I_V?_a

FA)\hA s
Fiu(s) = rw (1+ Iim/ll) M2 s)
| 2 -

They contribute to the LR-correlator (W?3B correlator -order-parameter of the EW sym. breaking-)

=>» In particular, in the Peskin-Takeuchi sum-rule for S **

*Moreover, asymptotically-free strongly-coupled theories (QCD-like) = 2 WSRs

vy(s) — aa(s) 21/ Fy = Fa =7, F2ME—Fimi—o (tree)
viis) — Haals 1/s
ky = Mg /M3 (1-loop)

** Peskin, Takeuchi, PRD 46 (1992) 381; PRL 65 (1990) 964.

*Pich,Rosell, SC, PRL 110 (2013) 181801; JHEP 01 (2014) 157
*Orgogozo, Rychkov, JHEP 1203 (2012) 046; 1306 (2013) 014
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1) pw pd pv p- B F3 FZ o 02 1 1
01 = 1< 4 w_f— f;w) S1 = aMZ T oaMZ T 4 (M%, T ?ﬁ;)
1/ ppv m B b FZ v (ME+M3)
02 j< f M‘f f )‘F 2 = _Sﬂ-?i o 8“\}/%/. — _SJ\-I%ﬂ-IiE\-IQ AM?)
~ 2
O= (M) |7 = IS - 2
3=9 05 (Upy Uy 2M2 2M2
2 M2 —M
04 = <U;Luu ) <u#ul’> 1 = jﬁ}; - ( ﬁu z ﬂ-}f fj
0: = i\2 jyat— cg Gy _ cg  (M3—Mg)v?
h = <U;LU > 0 AMZ - 4MT 4MZ AMZ N2
0 1\ (o hA\2 2 2 A2 a2 y,.2
O =5 (O (u') | Fo = L = _“V(“ﬁﬁf‘fv)’b
j A A
ST TV P M S MY ¢ S
/ 1 i-"A i-"A
| r/
Os = (ORI RARNOD)| g = 0
_l W E Ah’A f‘.f :
09 T (a;uh)<f— UJV> FQ — _A—ﬂlerv — _TE:LIL

* Pich,Rosell,Santos,SC, [arXiv:1510.03114 [hep-ph]]
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T T T T T T

(S, T) oblique parameters: |
, 1.5 TeV < M, < 6.0 TeV
ONE-LOOP results + UV-constraint | C & P-even *4 0<a <1

i) NLO results: 1st and 2nd WSRs*

1 >a> 097 ot 0'0,

M= M, >5 TeV |

(68%CL)

iii) NLO results: 1st WSR and M, < M*

68% CL

Similar conclusions, but softened

08
d , A b ]

0.6? 1
M ] For M<M,:

ﬁ 0.2 <My/M, <1 } v Mg >1TeV at 68% CL.
02r 0.02<M/M,<0.2 | 1
U.U_ I T S T T S T T S S S AN T S S E AN ST ST RO SO BN S SR

0.5 1.0 1.5 2.0 2.5 3.0 35

My (TeV)

* Pich,Rosell, SC, PRL 110 (2013) 181801; JHEP 01 (2014) 157
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S-parameter and form-factor couplings
(affected by S+T + 2WSRs bounds)

0 T T T T 0 T T T
i ’:;/ | B /
e AT U —
= W3B-correlator = Y*>W "W
Ll (S-parameter) ) (vector form-factor)
-8 . - : : - -3 .
2 4 6 8 10 2 4 6 8 10
IM;/ (T@V) jwp' (TQV)
0
-2
_4_
R
l —10} r’: r,’lf' Z * 9 WL+W L_
-2p (axial form-factor)
VI
2 5 6 g 10
My (TeV)

* Pich,Rosell,Santos,SC, [arXiv:1510.03114 [hep-ph]]
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Scattering couplings
(affected by S+T + 2WSRs bounds)

* wwP 2> we wd scattering
0.4

0.3t

10° 7,

0.1

0.0 -
6 8 10

My (TeV)

* wawP = hh scattering
0.0 .

]
b

-04 .
0 10

[ 2]
I
o -
#a]

My (TeV)

* vy = W' w” scattering
0.4

0.3t

10° (F1-F3)

0.1

0.0

[

My (TeV)
* hh—> hh scattering =0

* Pich,Rosell,Santos,SC, [arXiv:1510.03114 [hep-ph]]
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Scattering couplings
(NOT affected by S+T + 2WSRs bounds)

* wawP 2 we wd scattering

J
g
& i Contribution from S, resonances

\\

= , (e.g., c4~v,0< M, <5TeV)
=) N

2 r --~*~.-..

0 5 lb 1‘5 20

Msi/ca

* w2wP 2 hh scattering

14 \
127 \\“
w0 | _
o , Contribution from P resonances
EQ 6 | (e.g., c4~V,0<M,<5TeV)
2| \""'"~-...___________
0 5 10 1‘5 20
Mp/dp * Pich,Rosell,Santos,SC, [arXiv:1510.03114 [hep-ph]]
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Conclusions
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1) Build a custodial-invariant Lagrangian with R+ light dof (y + v)

2) Low-energy expansion and matching: R contrlbutlons to the EFT @ O(p?)

3) High-energy constraints on R theory = strong low-energy predictions

‘/Diferent Resonances

‘/Different patterns for EFT couplings

‘/Different iImportance for low-energy observables
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BACKUP
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PREDICTIONS:

Higgsless
ONE-LOOP results + UV-constraint | C & P-even

\
I 1 1 \} 1 M2 11
— 2 [ — ) v -
> (ﬂfaﬂ-ﬁ);* e | (1 )

M3 11 MZ. M3
_ K2, (Iogm_QA___ i A>:|

log —
26 MZ MR
[ terms O(m¢Z/M?,,,) neglected |

(sza)

v 1stand 2" WSRs at LO and NLO + nrn-VFF:

> 2MWSR: 0< a=M/?M,? <1

* Pich,Rosell, SC, PRL 110 (2013) 181801; JHEP 01 (2014) 157
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PREDICTIONS: Higgsless part CP conserving

TREE-LEVEL results + UV-constraint Only P-even interactions
* Higgsless R Lagrangian with only bosons (general custodial R Lagrangian in *)
Xp,u o FV Qv
1% 2\/5 +
P
o= A iy %
Y m ol N
Cd m
s, = —=({U,U
X551 \/§< [ )
* — whw EM - FF : FvGyv = v?
o A: N —
Integrate out V and 1+2WSRonTlw,p : F; —F3 =v2, FZM3 —FiM3 =0
a; = — K + Fa
: AMZ T 4MZ
v A v? /1 1
FvG = —— (5 +-—=]).
(ag —as) = —ﬁ " 42(3{'3 ﬂﬁ.{) |
ey V u
Gy > (a2 —a3) = =5
RV 02 ( 11 )
S B < “ =7\ )
AMZ, AM2 0w - 0 ( 11 ) LG
4 \ Mg M3 AMZ

(x) Longhitano ‘80, ‘81

* Ecker et al. ‘89
* Pich,Rosell,Santos,SC,[1501.07249]; forthcoming FTUAM-15-20

J.J. Sanz Cillero Low-energy signals of strongly-coup’e’ !W symmemry-



RESONANCE LAGRANGIAN

* Introduce light dof + Resonances *-**

* Lightest SU(2) triplets V, A, S, P and singlets V,, A, S;, P, **

(antisymetric-tensor formalism R, for spin-1 Resonances *)

e To extract their contribution to 4p4 (NOTICE that this avoids contributions to £,,,
avoiding large low-energy corrections to SM)

=» We need only R operators O(p?)

i = %W“RW MER) (+ (B (R=5.P)
Lr, = %(d“ﬁ‘ld Ry — M RY) + an (5’1 — 51, P,
Cn — _é (a Ry, 0, R — 31[§1B1#R“> T (Ry = Vi, Ay)

* Ecker et al. '89

** Cirigliano et al., NPB753 (2006) 139

** Pich,Rosell,SC ‘12, ‘13

** Pich,Rosell,Santos,SC, [1501.07249]; forthcoming FTUAM-15-20
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BOSONIC SECTOR :

* Building blocks with bosons 7

DU = 9,U —iW,U +iUB, .

EW Goldstones (©?) - __ ) .
u = iuh (9, —iB,)up — it (0, —iW, ur = iu(D"U)tu.

-~ - - s ~

n'-,uu = ()ﬂﬁ‘p — a_,,ﬁ-“ — z[ﬂ}, IT‘},] . By;/ = a,uBu - au-é,u — E[Bﬂ‘ B-”} ’
EW gauge bosons (B, W?) =>»

= ut W up +ul, B ug .
Higgs (singlet h) =» h via polynomials &(h/v) & derivatives
soft-scale!!!
 “Chiral” counting™® **: O, mw, mz, ~ O(p)

DU, V,. ¢vT, W,, B, ~ O(p),
Wu. Bu ~ 0.

(x) Apelquist,Bernard '80

(x) Longhitano ‘80, ‘81 * Buchalla,Cata,Krause ‘13

(x) Herrero,Morales ‘95 * Hirn,Stern ‘05

(x) Pich,Rosell,SC 12 ‘13 * Delgado,Dobado,Herrero,SC,JHEP1407 (2014) 149
(x) Alonso et al., PLB722 (2013) 330 ** Urech ‘95

...etc

J.J. Sanz Cillero Low-energy signals of strongly-couple symmetry-



‘CHIRAL’ COUNTING

 “Chiral” counting *

----------
..........
. "y
. .
.* e
* ‘e
. .

X ::“ L‘ 1 .“‘-_
i O(-pﬂ), L=~ O(pﬁ) ¥ Oy My, My, ~ O(p)

h Wi, B,

and for the building blocks, u(¢/v), Ulp/v), = —= ==~ 0 ("),

~ ~

D;LUa WUy Wm B,u ~ O (p) ’

~ ~

Wuua B,uyy f:l:,Lu/ ~ O (pQ) )

Oy Oy Oy, F(DJU) e O (")

e Ui,
. ¢ . ) . . * ". é ~ O (pQ) t’:
* Assignment of the ‘chiral’ dimension: T SRR S -
— Ng/2 .

r d—Np/2 (YU X\’ |

nd a(d“) p — 5 - * Manohar,Georgi, NPB234 (1984) 189

p v - () * Hirn,Stern ‘05

J * Buchalla,Cata,Krause ‘13

* Pich,Rosell,Santos,SC,
forthcoming FTUAM-15-20
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‘CHIRAL expansion in ECLh

* EFT Lagrangian at LO and NLO in chiral exp. *

Leopn = ﬁpz + ﬁp4 -+

- =
SM ) 'F FV
il AN Examples of BSM terms:
T, +bh.c. ) —1)h
S eosv = Dy pipry o
_ 20
+ ¥ 3"1‘ %¢4 L. g, ;
BSM LV
- Bl vép G = gl o) T )
+ Fxpp Tl fwd" SV} +
which leads to a chiral exp. in the sctatering
2 4 4
D a(4)p p
T@—2) = S5 o+ Uy L
* Weinberg ‘79 v () 1670
* Manohar,Georgi, NPB234 (1984) 189 ~— —
* Urech '95 tree— NLO 1loop—NLO
* Georgi,Manohar NPB234 (1984) 189

* Buchalla,Cata,Krause ‘13

* Hirn,Stern ‘05

* Delgado,Dobado,Herrero,SC,JHEP1407 (2014) 149
* Pich,Rosell,Santos,SC, forthcoming
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Integrating out the RESONANCES

eSS vErT [dR] e, R
* At the practical level, *
1.) Compute the Resonance EoM R = ﬁ (m—%(m}) 1+ (R=25. P),
for p<<Mg: R~ _% (x?;”—%{xﬁ”}) L (R=V, A).
s Ry = ﬁm - (R, =5y, Pr),
R R, = _ﬂ;ﬁl X+ (R=V,A),

2.) Tree-level contribution

to the O(p*) ECLh for p<<Mg: O 1 1
ALRT) = R\R) — {\r) R=5.P).
2 = s () = o)) (R=5.P)
4 1 v 1 v -
Shdlerr = S, Be] 4 - ‘
Aﬁgi(p : = 2_11[}2% (.}L{Rl)g (Rl - Sla Pl)
1
ACOw) — L m Ri=V. A
Ry o o J\f}% (XRl XRy I-WJ ( 1 — Vi1, 1) .
1

* Ecker et al. 89
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SU(2),®SU(2), / SU(2),.,r Resonance Theory (P-even)

L= Liow+Lap + Ly + La+ L5+ £55 +

w/ field content: SU(2) ®SU(2)x/SU(2),.r EW Goldstones + SM gauge bosons
+ one SU(2) ®SU(2), singlet Higgs-like scalar S; with mg,=126 GeV ***

+ lightest V and A resonances -triplets- (antisym. tensor formalism) ()

2
a
. — — H - < h + o sector
*Relevant resonance Lagrangian ®). ** L = 4 Gt ™) (1 Ll h)
FV lGV
NOTATIONS: + — (Vw‘ffv) + — (Vw[u’u, u’l) <——V+ o sector
w=a=Kw = Kz 242 2\2
Fy4
+— <A,uvffv> L ‘/E/lllm 0,h (A" u,) <— A+h+o sector
2V2
We will have 7 resonance parameters: High-energy constraints
Fu» Gus Favs Ky 1,54 M, and M, will be crucial
. ** Appelquist, Bernard ‘80
(x) SD copstre'u'nts:.Ecker .et al. '89 ** | onghitano ‘80 ‘81
(x) EoM s!mpl!f!cat!ons: Xiao, SC 07 *+ Dobado, Espriu,Herrero '91 * Alonso et al. 13
(x) EoM simplifications: Georgi '91 * Dobado et al. ‘99 ~e Manohar ot al. 13

(x) EoM simplification: Pich,Rosell,SC “13 Espriu,Matias ‘95 ... *x Elias-Miro et al. "13...
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P C CP h.c.

\S ‘/:Lu/ _V,LWT —VT Ve

Amrv _A;w A,LwT _AT Amv

P C CP h.c.

U Ut Ut U* Ut
U ul ut u* u'
ut —u,, uk —u! ut

i

(d"X) || (d,X") | (dX)" | (duX)" | (d"XT)

t
:'(Iiy :lzf:I:,tw :!:fz'(liu _fj:,uy :;Iiy

oh | o | orh | 9.h | ok
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=»W3B correlator*

L, %
SACRIAAS T
- 2 S = —16
A VAVAVA B VAVAVAV - e
S
=»NGB self-energy * 3 eff. couplings

+ -—-@--- T = -
CA
L, z,
S
* Dobado et al. ‘99 ->Similar in linear models:
* Pich, Rosell, SC ‘12, ‘13 Masso,Sanz,PRD87 (2013) 3, 033001
- Delgado,Dobado,Herrero,SC [in prep] Chen,Dawson,Zhang,PRD89 (2014) 015016
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also notice the subtlety™™  gl) ~m,,,/v~p/v [notice e ~p/v too]

(x) Apelquist,Bernard '80
* Buchalla,Cata,Krause ‘13 (x) Longhitano ‘80, ‘81
* Hirn,Stern ‘05 (x) Herrero,Morales ‘95
* Delgado,Dobado,Herrero,SC,JHEP1407 (2014) 149 (x) Pich,Rosell,Sc ‘12 “13

*% . (x) Brivio et al. ’13
Urech ‘95 (x) Gavela,Kanshin,Machado,Saa ’14, etc.
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loops & renormalization

Counting,

*In general, the O(pY) Lagrangian has the symbolic form (x=W,B,=,h),

d X\ ¥ L
Lg = E fé)pd — i~ a

leading to a general scaling™ of a diagram with

Nag
H flid)P(d_z)
v2

d

M~ BN
vE—2 1672 v?

U

* [ loops
* E external legs
* N, vertices of Z

\ E.g.. L=2, E=5/

[scaling of individual diagrams; cancellations & higher suppressions for the total amplitude]

* O(pY) loop divergence + O(pY) chiral coupling = UV-finite

* Weinberg 79
* Urech 95
* Georgi,Manohar NPB234 (1984) 189

E.g. WLV_VL-scat**:

LO O(p?)=> P’ (tree)

* Buchalla,Cata,Krause ‘13
* Hirn,Stern ‘05
* Delgado,Dobado,Herrero,SC,JHEP1407 (2014) 149

** Espriu,Mescia,Yencho ‘13
** Delgado,Dobado ‘13

v2

4 4
NLO O(p*)=> ai% (tree) + #(%4—1@?{) (1-loop)

J.J. Sanz Cillero
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S-parameter sum-rule *

v In this work, dispersive representation introduced by Peskin and Takeuchi*.

16 ot - S SM
S — 92 o QV(, / T III’ngo(t) — IIIngo(t)
7 O s

dt 16 T 1 T”"i' ref ) 3 2 ] )
- — | ——— Imll3g(t) — — |1 — (1 — i O(t —m .
/D t ({}2 tan By 30( ) 127 [ ( t ( H, .f)

1 t—oo
- The convergence of the integral requires S (t) = }ImHSO (t) — 0

- S-parameter defined for an arbitrary reference value my

—> Higher threshold cuts in ImI1;, will be suppressed in the dispersive integral

FrZ F?
devel: Sjo =4x (Y 4
- At tree-level LO (J II? 1 f?x )

* Peskin and Takeuchi '92.
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High-energy constraints

v" We will have 7 resonance parameters: F, G, Fx, Ky, 1>, My and M,.
v" The number of unknown couplings can be reduced by using short-distance information.

v In contrast with the QCD case, we ignore the underlying dynamical theory.

2
0) Once-subtracted dispersion* relation for IT,,(s) = 2 tan Ow My (s) — Taa(s)]

4

v' Once-subtract. dispersive relation from tree+1-loop spectral function**

nrn, hn ... (higher cuts suppressed) IT50(s) :H30(0)+5/ t(tdt )ImH30(t)
™ Jo — S

v Fgand Mg are renormalized couplings which define the resonance poles at the one-loop level.

2tan 6 V2 Fr2 Fr2 —
Moo} o = S5 s v )

S M{}2—s M;"‘Q—s

* Peskin, Takeuchi ‘90, ‘91

** Pich, Rosell, SC ‘08
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g% tan Oy s

1) Weinberg Sum Rules (WSR)* TIy(s) = —— [Tlvv(s) —Taa(s)]
2 2 B
=47 tjngw + 5 II30(s)
15T WSR:
s—00 > g2V2 tan Ow
s x ITy_a(s) —Y 0 e / dt ps(t) = -
0

2ND WSR: 50

ﬁ
&
o
Q.
-
r'_
e
0]
=
[
o

1 ~
* Weinberg'67 Ps (S) = — ImH30 (S)
* Bernard et al.’75. T

J.J. Sanz Cillero Low-energy signals of strongly-coup’e’ !W symmWe -



.i) LO L.ii) Imaginary NLO L.iii) Real NLO: fixing of Fy "
or lower bounds**

Fp?—Fy? =0* (1 4 60))

NLO

Fr2 M2 — FR2 M2 = o2 M263)

\ ¢

(1 /2 constraints) (1/2 constraints) ( constraints on Fy,")

F — F; = v° {
F2M2 — FAM% = 0 tmlly—a(s) ~ @(m)

NLO

\ 4

Fr"and My" are renormalized couplings which define the resonance poles at the one-loop level**

Hg()(S) = H30(O) —+ % /000 n (tdj S) Imﬂgo(t)

* Weinberg'67 —
*Bernard etal.'75. ™., 1130 (8) |NLO -

| ** Pich, Rosell, SC '08

g* tan Oy ) (fv2 N Fi2 F? — )
4
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LO results***

1) 1st and 2nd WSRs **

Amv? M?
Sto = —— (1—I— V)

My M3
Amv? Cg 8mo?
LO
M2 M2
FZ/_ F? E -
SLO:47T (ﬁﬁ) . TLOZO : F 1 2 3 4 MV ['TET"}
-0t S=0.03+0.10 * (M, =0.126 TeV)
i) Only 1st WSR ***  (lower bound for M,>M,)) '
2 1 1
St = {5+ 74 (57 - 777 ) |
v v A AtLO M,,> 2.4 TeV at 68% CL
4 2
SLo > ]7\;;
v (M, > 3.6 TeV if T,,=0 also considered )

* Gfitter - . -
« LEP EWWG Peskin and Takeuchi '92.

* Zfitter *** Pich, Rosell, SC ‘12
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NLO results:* 1stand 2" WSRs in Il;,

(asymptotical/y-free theories)

3 2 5
— 1 +1 H 2 ] +log —2L 0.4 ]
lomeos2 by | | eaz W ( loe g)]

02}

I 1 1 \} 1 M2 11
S =Mdmp? (— + —) i+ — [(log—v — —)
: ]\fgf A[El ’I 127 m%[ 6

= 00

ST ST M2 ME L M2
_ ; 1 . o l .
Kw (og mQS1 G ]\-[3, 0og M"% )}
[ terms O(m¢Z/M?,,,) neglected ]
v' 1tand 2@ WSRs at LO and NLO + nn-VFF: TS

> 2dWSR: 0< 1, = MZM,2 <1

At NLO with the 1st and 2" WSRs

M, >5.4TeV, 0.97 <k, <1 at68% CL
Small splitting (M,/M,)? =k,

‘* Pich,Rosell,SC ‘12, ‘13
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NLO Results:* Only 15t WSRs in Il;,

(Walking & conformal TC, extra dimensions,...)** 3 m2 m%
= — 1+log—‘g—1<&, 1 +log—
167 cos? By M} M3
LOr==3~
4m? 1 M 11 5 M; 17 M3
§>1—1 In——— |- Ky (log— ——+—5
| My 127 my 6 mg, 6 My

[ terms O(mZ/M?,,,) neglected ]

v' Assumption M, > M, for the S lower-bound

v Only 1s* WSR at LO and NLO + nn-VFF;

- Free parameters: M,, M, and iy

* Pich,Rosell,SC ‘12, ‘13
* Orgogozo,Rychkov ‘11

J.J. Sanz Cillero Low-energy signals of strongly-coup’e’ !W symmemry-




(walking & conformal TC, extra dimensions,...)**

NLO Results:* Only 15t WSRs in Il

04l

02

ool

0.5 1.0

3 0™ (141 s
= Tomcos? Oy | OgM{; “Rw ey
LOr—=>

\
4m? 1 M 11 5 M3 17 M
S>: ; :+ B (ln EV_E)_KW log—A—F-I- /;
1 MV I T lnH f??sl MV

- -

At NLO with only 1st WSRs

e 0.2 < My/My<1 _:
. 002<MV/MA<02 ]

(S lower-bound for My, > I\/IVJ

M, > 1 TeV, k,, € (0.6, 1.3) at68% CL

for moderate splitting 0.2 <M/M,< 1

L5 20 25 L s .
My (TeV) (normal hierarchy)

Ky =Inww/Irww >
very different from the SM
if one requires large (unnatural) splittings

* Pich,Rosell,SC ‘12, ‘13

* Orgogozo,Rychkov ‘11
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NLO Results:* Only 15t WSRs in Il

(walking & conformal TC, extra dimensions,...)**

— 3 ?1 2 %1
= Tencos 6y 1+logM‘2/ Kiy (1+logﬁi
L am2 i M 11 M3 17 M
S >t b — (1“3—*)‘K3v log A — =~ A
:__17_'1 127 my O m3 6 My
At NLO with only 15t WSRs
0.2 < My /My <1 ]
0.02 < My /My < 0.2 M, > 1 TeV, x,, € (0.6, 1.3) at68% CL
oo M, > M, for moderate splitting 0.2 < M,/M, < 1

~ (normal hierarchy)

*1<M,/M,<5

(S upper-bound for M, <M,

0.0
0.5 1 0 2.0
* Pich,Rosell,SC ‘12, ‘13

* Orgogozo,Rychkov ‘11

1.5

My (TeV)

(mverted _rlu%e)rarchy)
|dent|ty for M, =M,

3.0
S
(degenerate)

2.5

J.J. Sanz Cillero

Ky =Inww/Irww >
very different from the SM
if one requires large (unnatural) splittings

Low-energy signals of strongly-coupled EW symmetry-grea!llngms e



Energy scales in a strong-int. Higgs theory?

E Naive rescaling
from QCD to EW scale
QCD > EW
4nv =3 TeV F =0.090 GeV 2>  v=0.246 TeV
M, Apr=4n-,=1.2 GeV 2>  Agy=4nv =3.1TeV
M_=0.770 GeV 2> My=2.1 TeV
M,,=1.260 GeV 2> M,,=3.4TeV
t
....................... h
W,z
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EFT general considerations

1. “SM” content: - Bosons y: Higgs h + EW Golsdtones ®*,z + gauge bosons A% B,

- Fermions y: (t,b)-type doublets
2. Applicability: E<<Afc,, ~ min{dny, Mg} (4nv ~ 3 TeV)
3. EW would-be Goldston bosons = Non-linear realization U(®?)

4. Custodial symmetry: SU(2),®SU(2),/SU(2),,x pattern

5. Gauge symmetry: SU(2) ®U(1),

Additionally it is appropriate to work with

6. Renormalizable R: gauge: Landau gauge convenient (m,,,=0)

0%,z
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