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OUTLINE

1) Low-energy theory: The EW Chiral Lagrangian+Higgs (ECLh)

2) ECLh + Resonances: custodial inv. Lagrangian for light+R

3) Basic examples: tree-level and 1-loop
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The Program:

Custodialsymmetry
+

Resonancd.agrangian
+

UV completion hypothesis

o Treelevel
Extract predictions for EFT Wils@&am2 S Qa

@ Loops

Extract prediction for lowenergy observables
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An this talk, ncexplicitreferenceto

- 100 TeVcolliders
- tops
- flavour

Adowever, we will see they are closedfated issueso this talk:

-100TeV C Resonance direct searches
- tops C Fermionsector in the EFT
- flavour C Fermionfamilies in theEFT
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Non-linear low-energy EIRT .

EW ChivdlLagtanpgias h (EChh




StronglycoupledBSM

BSM

elementaryparticle

COMPOSITE
STATES

Interactions
(other?)

SM BSM

interactions stronqgly-coupled

Interactions

Alnspiredsimilar to SM andthe QCD sector: EW &leptons € quarks &gluons
(weakly int.) (strongly int.)
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Energyscale®

ApD  FeW

W,Z

Naive rescaling

from QCD to EW scale

QCD

F,=0.090 GeV
L or=4pF,8 1.2 GeV
M,=0.770 GeV

M,,=1.260 GeV

B SOl
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N N NS NS NS

EW

v=0.246 TeV
Loy=4pv 43.1 TeV
M,,=2.1 TeV

M,,=3.4 TeV

me= 0.126 TeV !




EFT generatonsiderations

Mm®  conteaté - Boson<: Higgsh + EWGolsdtonesw,z + gaugéosonsA? B

- Fermionsy . ,b)-type doublets
2. Applicability E<d oo i min{dpv, My} (4pv ~ 3 TeV
3. EWwould-be GoldstonbosonsC ~ Nortlinearrealization Uw?)

4. Custodialsymmetry: SU(2ASU(2YSU(2) . pattern

5. Gaugesymmetry SU(2AU(L),

Additionallyit isappropriateto work with

6. Renormalizabl®k gauge: Landaugaugeconvenient  (m,,,=0)

e D Y L L e - 2 W )



BOSONIC SECTOR :

ABuildingblockswith bosonsC ®:

DU = 9,U —iW,U +iUB, .

EW Goldstone > _ . .
e iu (0, —iB,)up —iub (9, —iW,)uy = iu(D"U)tu.

ul

-~ - -

W = OW,—ad,W, —i[W,,W,]. By, = d,B, —d,B, —i|B,.B.,].
EW gauge boson{B,W?) =>»

i = u}ﬁ"”’uL - UTRE"”’UR.
Higgs (singlet h) = h viapolynomials F(h/v) & derivatives
soft-scalé!!
AdChirag counting: **: Oy, mw, mgz, ~  O(p)

DU, V,. ¢vT, W,, B, ~ O(p),

Ww, Bu ~ O@p).

(x) Apelquist,Bernard 6 8 0

(x) Longhitano6 8 0, 681 * Buchalla,Cata,Krause 6 1 3

(x) Herrero,Morales 6 9 5 * Hirn,Stern 6 0 5

(x) Pich,Rosel,lSC612 613 * Delgado,Dobado,Herrero,SC,JHEP1407 (2014) 149
(x) Alonso et al., PLB722 (2013) 330 ** Urech 6 9 5

...etc

J.J . Sanz Cillero



FERMIONIC SECTOR:

ACustodial SU(RRSU(2)AU(1),, framework®)

, tr, , t
At,b)-type doublets V : by = ( bi_. ) b = (bi)

turned into a covariant doubleX with the help of Goldstones u(x)

] 1 i a 1 qa . i iy
‘Em = E(é‘ b — ’}'E_‘.b)umn'}-."fi + E(G ’ + ’:r.?_‘.b}(ui}mnt'-'z
§ = & +&r,
L = MJ} vy, = uvy, R =URpURr = U-T'?f"?ft
ABreaking down toSU(2)AU(L), in d_X only throughspurions W, = — g Weg®
- g" .
B, = - B Nt
AMore general EFT based 8(2)AU(1), also possible * Xy = — By,

(+) Pich,Rosell,Santos,SC, forthcoming

* Buchalla,Cata,Krause 6 1 3
* Hirn,Stern 6 0 5
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W/ I Lw!'[Q /h!'b¢LbD

AdChirag counting*
X i 1
E ~ O (pﬂ) ‘ ; ~ O (pz) dH My, My, ™ O(p)
h Wi B,
andfor the buildingblocks, u(¢/v), Ule/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 (")

Ea é ~ O (p ;)..'o:
AAssignmenbf the ¥hirakimension * R T o
Np/2

E . ~ a, dA—NF /2 ww E J
pi (d) P w2 )3 .
U . v * Manohar,Georgi, NPB234 (1984) 189

J * Hirn,Stern 6 0 5
* Buchalla,Cata,Krause 6 1 3
* Pich,Rosell,Santos,SC, forthcoming

e —— m




W/l Lw! [Q EEWI yarzy Ay

AEFTLagrangiarat LO and NLO whiralexp. *

Lecrn = Epz + £p4 +

- =
iSM ) ’F F f"‘/
i Examples of BSM terms:
T, +bh.c. ) —1)h
S eosv = Dy pipry o
_ 20
+ ¥ 3"1’ %¢4 L. g, ;
BSM LV
+ e~ v i = glo ma) I )
+ Fxpp Tl fwd" SV} +
whichleadsto a chiralexp. inthe sctatering
2 4 4
D a4)p p
T2 -2 = 5 o+ R
* Weinberg 6 7 9 v () 1670
* Manohar,Georgi, NPB234 (1984) 189 ~— —
*Urech 6 9 5 tree— NLO 1loop—NLO
* Georgi,Manohar NPB234 (1984) 189

* Buchalla,Cata,Krause 6 1 3

* Hirn,Stern 6 0 5

* Delgado,Dobado,Herrero,SC,JHEP1407 (2014) 149
* Pich,Rosell,Santos,SC, forthcoming
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EWY Chiivall Lagyeaipiaary R +R2:

Models, assumptions completionsX




RESONANCE LAGRANGIAN

Aintroduce lightdof + Resonances**

AlLightest SU(Rtriplets V, A, S, P ansinglets V1, A1, S1, Pt ®

(antisymetrictensor formalismR,,, for spinl Resonances *)

ATo extract their contribution tol, (NOTICE that this avoids contributiond g,
avoidinglargelow-energy corrections to SM)

C We need onhR operatorsD(p?)

Lp = E(V“RV“R — MiR?) =-.;j_0+ (Rxr): (R=25.P).
1 1 ...................................................................... y
Lp = E(V’\RMV R® — _J[QE’ R“”) + <Rw\?? ) (R=V, A)
1 T e
Lp, = 3 ("R19,Ry — My, RY) ‘+ Rixg, (Ry = Sy, Py).
1 y 1 e P: y P
Lp = ~3 N Ry MC) R" — 55\[&5’1 m,Rl + Ry ur X (R =W. A1)
* Eckeret al . 689
** Cirigliano et al., NPB753 (2006) 139
**Pich,Rosel,lSC612, 0613 (x) Caveats from higher resonances. See e.g.
** Pich,Rosell,Santos,SC, forthcoming Marzocca,Serone,Shu, JHEP 1208 (2012) 013
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Integrating out the RESONANCES

eis[xatb]EFT _ [dR] eiS[X:%R]
AAt the practical level, *
1 1
1) Compute the Resonané®M  p, _ T (m—ﬁ(m)) L (R=5.P).
for p<<M: 5 2 S
p<<M Ry = “ (X% — v {xk }) + . (R=V, A),
R
1
Ry = FXRL + .. (Ry =51, P),
1/M 2 ng
R, = == xR+ (R=V, A),
Ry

2.) Treelevel contribution

to the O(") ECLhfor p<<Mx - 1 1
AE (P) — B ) o . 2 R _ S.. P :
2 = s () = o)) (R=5.P)
o(p* 1 y | i
AE’R(p b= - 2 ((X?% XRuv) — ;\r<,\};% >2) (R=V, A),
4 R 4
S[Xa 77b]]'__‘)1:”1" — S[Xa ¢7 Rcﬁ] ‘ A[,O(pd) B 1 ( { )2 (R _ P)
Ry - 2_11[}%1 .}LRI 1 — ~“1, 1)
1
ALY — (g Ry=Vi. Ay).
*Eckeret al . 689 R ﬂ{fzﬁ (XRl ARip ) ( ! . 1)

* Cirigliano et al., NPB753 (2006) 139
* Colangelo,SC,Zuo, JHEP1211 (2012) 012

i I T————




Basiicpredictions:
at tree-level

& 1loop
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Al could show you this,

Fyv 1Gy
o pv poov
X — E— -+ u . u
v W2 T 2\/5[ |
+ CcyqU J;y

c v v ECV v v
% (VAT =V Ty) + Tﬁ (L4, u”] = [T, u#])

—

h " h
i Cv3 (( )J;;_( )J{;)

) v v

—

+ g Ty e usy  + cvse™ P Jarag,

Y= ﬂfgv )ﬁ ((O*h)yu” — (0"h)ut)
22 V2
A1 ” v 1CA2 v v
1+ N (VHIL = VTN + 5 ([Jy, u”] = [Jy, u¥])
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BASIC TRHEVEL EXAMPLE CP and feven theories

ABut it is more instructive to focus on a case (fulhgrangiamn *)

Ly =Tr{V,, | —F"" + utoutl + e VRIL + )
v {v, (2\/5 n 2\/5[ ] vi VY }
XV

Alntegrate out V:

Fx C\ Fy ey
ﬁfrom\/ _ VT, L u? L Tr ,Lu/v LJ ,

O(p*) _1\[‘ {f [’U, }} \/_\[1 {f pdV } +
i (a2 a,)l2 Fy v
~ 1 + #

a,-as) =-V2/(2M,2
(8-a5) =

Auv constralnts MY - q’ ~1/9? -
oy y= 1M

* Pich,Rosell,Santos,SC, forthcoming
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FullHiggslessesult
(Longhitand®)

Qv FV Qv
Xv = S50+
2V/2 __
L Fa L
Xy = o=f-

XS, —

1
—H
+2 1(

(x) Longhitano 6 8 81, 0O

* Pich,Rosell,Santos,SC,1501.07249 [heyph] (proceedings)

forthcoming

J.J . Sanz Cillero

Higgslespart CP conserving
But RPeven & Podd terms

(general custodial Ragrangiann *)

ap

a2 — as

as + as

Qa4

as

AMZ " 4aM2Z T aM2 4M?
FvGy  FaGa
OMZ  2M?

FyGy  FaGa
OMZ  2M?

&, &

a2 A7

iy _ GV _ 6?4

AMZ — AMZ  4M3
F2  FZ F} @ F}
8SMZ  8MZ 8M2  8M3
Fyly  FuFy
AMZ — 4M?2

T  heceotrin ECln | 19/24



PREDICTIONS: Higgslespart CP conserving

TREH.EVELkesults +U\-constraint Only Peven
AHiggslesR LagranglarWIth only bosons (general custodial Ragrangianin *)
X,u,y _ FV Qv
|4 2\/_ +
Fa EEN
o= ——=f1" i+
Xa 2\/§f /%

Cd
XS — E(u,&u#>
_ v = wfw EM — FF : FvGv = v?
Alntegrate out V and A: r T e e
1+2WSRonIlw,s: FZ —F2 =v2 FZMZ —FiM2 =0
2 2
a] = — FV -+ FA
AMZ " 4M2
7 (Ii A 1:2( 1 N 1 )
T ay = —— |32 T2 )
(ag —az) = _LQV 4 \ME o M3
M2 .2
2 > (2= ) = ~53pz
g = )
4M2 . 1!2( 1 1 )
+ = 7T\ T )
as = - ) v 1 1 c
AM2 AM2 I N (R d_
S1 v e 1 (3.{3- ﬂ-ﬁ) Tz
v2 1 1 2
(x) Longhitano 6 8 8, 6 Hy = ) M,E_ - ﬂﬁ; + M,i —ﬂ-i'%—

* Pich,Rosell,Santos,SC,1501.07249 [heyph] (proceedings)
forthcoming

— m



PREDICTIONS: Higgsless
ONELOOResults +UV-constraint | C & Peven

I 1 1 \} 1 M2 11
S = 14mp? (— + —) i+ — [(log—v - —)
: j\{% ]\-IE1 ’| 127 m?{ 6

oot A n
— K 0g - 0g
v\ TR R

[ terms O(ng/M 2, ») neglected ]

(ky=a)
V 1stand 2" WSRs at LO and NLO + p pVFF:
A 24 WSR: 0< a=M2/M2 <1

* Pich,Rosell, SC, PRL 110 (2013) 181801; JHEP 01 (2014) 157

—— L




PREDICTIONS: Higgsless
ONELOOResults +UV-constraint | C & Peven

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

1>a>0.94
M,x M, >4 TeV
(95%CL)

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

Ll 68% CL

L . 4
0.6 - 8

04f |
0.2<M/M, <1

02+ 0.02<M/M, <02 | 7
UU [ I T T YT AN S R S MO NN TN SO SN N NS SO SO NN SO NN SN SN TN AN AN SO TN S SN NN N SN R 1
0.5 1.0 1.5 2.0 2.5 3.0 35
M, (TeV)

* Pich,Rosell, SC, PRL 110 (2013) 181801; JHEP 01 (2014) 157

oal 1.5TeV< M, <6.0 TeV
' O<a <1

0.2
= 0.0

-0.2

—0.4+

—(j-; - —(;.1 To0
S

Similar conclusions, but softened

For M<M,:
V A moderate resonance-mass splitting
implies ax 1.

V. M, < 1 TeV implies large resonance-
mass splitting.

V. M,>1.5TeV at 68% CL.

J.J . Sanz Cillero
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Conclusions
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= Chiral power counting in the low-energy non-linear EFT (ECLh)
= Build custodial-invariant Lagrangian w/ light dof + R
= Low-energy matching: contributions from R to the ECLh at CO(p%)

= UV-completion assumptions: further constraints on the predictions

V Tree-level predictions of the O(p4) Wilson coefficients

V 1-loop applications:

- Resonances perfectly allowed by S & T at My ~4pv a3 TeV

- Resonances perfectly compatible with LHC a a1l

J.J . Sanz Cillero Theroleof Rin ECLh 24/24
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SU(2),ASU(2), / SU(2),,r Resonance Theory (P-even)

L= Ly +Lar+Ly+La+ L+ L5+

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

+ lightest V and A resonances -triplets-  (antisym tensorformalism) ®)

2
v a
: = — ph - < h +w sector
MRelevant resonance Lagrangian ®: ** L = 1 (U u™) (1 t = h)
. FV lGI’
NOTATIONS: + (Vﬂvjfv> + —— (V[ "] <——V +w sector
w=a=Kw = Kz 242 2\2
Fy
T <A,uvffv> Ca ‘/E/lllm 0,h (A" u,) <— A+h+w sector
2V2
We will have 7 resonance parameters: High-energy constraints
Fv, Gys Faws ks | 154, My, and M, will be crucial
. _**Appelquist;, Bernard 0680
(X) SD constraints: Eckeret al . 68 I?onghitano 680 681
(x) EoM s!mpl!f!cat!ons: Xiao, ' AS C o6 O*ZDobado,Espriu,Herrero 691 ++% Alonso et al 513
(x) EoM s!mpl!f!cat!ons: Qeorgl 691 _ =pobadoet al . 699 v Manohare t  al 613
(x) EoM simplification: Pich,Rosell,SC 6 1 3« Espriu,Matias 6 95 & o Elias-sMi r o et al 56136
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P C CP h.c.
S S ST ST S
P —P PT —pt| P
\S ‘/:Lw . vl T _ V;Lj; Ve
Amrv _A;w A,LWT _A;Z;u Amv
P C CP h.c.
U Ut Ut U* Al
u uf ul u* ut
u —Uy, ut ! —u, u
(d"X) || (d,X") | (d*X)" | (d,X)" | (d"XT)
1l wt L
:'(I:u :lzlez,uu :!:f:'(I:U _fj:,uy :;I:y
O h d,uh o h duh OFh

J.J . Sanz Cillero
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(Us)mn = —Trp{éméa} = &bm,

(Jp)mn = —iTrp{énéars} = 1&Ysém

(J)mn = —Tro{ém&any} = &7"ém,

(S )mn = —T?‘D{Eméjn‘}’p‘ra} =_{'Tn’fp’fﬁnfm:

(J#}mﬂ = —Trﬂ{gmgﬂaﬁy} = gﬂgﬁygm:

(S )mn = —iTrp{(d"E)mény” — &n(d"E)n"}

(S )mn = —iTrp{(d"€) &y’ s — &n(d &)y 5}

(-}S'}mn = —iTT‘D{{de:}mE{f‘u - gm(d,uan 'u} - J#’p'.‘
(Tshmm = —ATrp{(du)m€a?" Vs — Em(duE)ur™rs} = T4,

—— s



2.1. Oblique Electroweak Observables

V  Universal oblique corrections via the EW boson self-energies (transverse in the Landau gauge)

1 ) 1
Ev.p.: - §W3 H§3 (q2)W3 - =

v~ 5B 55 (¢*) B, =W 1155 (¢°) B, — W, T ()W,

V S parameter*; new physics in the difference between the Z self-energies at Q°=M,? and Q?=0.

g = ~ 2 tan 6 167
es = la(0),  Tao(¢?) = ¢ Thao(q?) + S50, S="5 (- e5").
V T parameter*: custodial symmetry breaking
I33(0) — My w(0) ,, 2 oo AT su
‘- M, —z0 ! g7 cost by (1)

V  We follow the useful dispersive representation introduced by Peskin and Takeuchi* for S and a
dispersion relation for T (checked for the lowest cuts):

167 > dt

S = 72 tan Oy /o 3 (Ps(t) —Ps(t)SM)
167 > dt

T = m/o ) <PT(t)—PT(t)SM)

V ) 4(t) and j 1(t) are the sectral functions of the W3B and of the difference of the neutral and
charged Goldstone boson self-energies, respectively.

V  They need to be well-behaved at short-distances to get the convergence of the integral.

V S and T parameters are defined for a reference value for the SM Higgs mass.

* Peskin and Takeuchi ®2.

T mpa esonances In the Electrowea ective

role of Rin
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i) At next-to-leading order (NLO)*

- STV
/\/\/( /\/\//\/\/=( /\/\//\/\/{ 4/\/\//\/\/=( 4/\/\/

A - A A - A V  Dispersive relations

N N T U
V  Only lightest two-particles cuts have

;M’g,, ,,fwa,, ,,Mw ,,ﬁﬂ been considered, since higher cuts

are supposed to be suppressed**.

Iv) High-energy constraints

V  We have seven resonance parameters: importance of short-distance information.
V In contrast to QCD, the underlying theory is ignored
V  Weinberg Sum-Rules (WSR)***;

. 9 dt [MmIlyy (1) —Imllaa ()] = 02
an
30(s) = g” tam by s [yv(s) —Ilaa(s
/ dtt ImHV\/( ) — ImHAA(t)] = 0
V  We have 7 resonance parameters and up to 5 constraints:
V  With both, the 1st and the 2nd WSR: 5, and M,, as free parameters

V  With only the 1st WSR: s, M,, and M, as free parameters

* Barbie r i, et  alsw P?AHQ & and Sanz-Cillero a2 *** \Weinbergd 6 7
* Cata and Kamenik 6 0 8 *** Bernard et al. 756

* Orgogozo and Rynchovd 1 61 2
N A 511 The Impact of Resonances in the Electroweak m . role of R in




i) At next-to-leading order (NLO)*

- STV
/\/\/( /\/\//\/\/=( /\/\//\/\/{ 4/\/\//\/\/=( 4/\/\/

A - A A - A V  Dispersive relations

N N T U
V  Only lightest two-particles cuts have

;M’g,, ,,fwa,, ,,ﬁ,, ,,ﬁﬂ been considered, since higher cuts

are supposed to be suppressed**.

Iv) High-energy constraints

V  We have seven resonance parameters: importance of short-distance information.
V In contrast to QCD, the underlying theory is ignored
V  Weinberg Sum-Rules (WSR)***;

F2 M2 — F2M2 = 0 1st WSR at NLO FyGy = o?
1st WSR at LO: v iy — Dy = (= VFF~ and AFFMY); FAAfA -
M 2
2nd WSRatLO:  Fj — Fi = ¢° 2nd WSR at NLO: w o =
A

V  We have 7 resonance parameters and up to 5 constraints:
V  With both, the 1st and the 2nd WSR: 5, and M,, as free parameters
V  With only the 1st WSR: s, M,, and M, as free parameters

* Barbieri et ale«pR fkandSanzCilero a2 *** Weinberg 0 6 7 AEckeret al . “8Rich,IRandSanz-Ci | | er o
* Cata and Kamenik 6 0 8 *** Bernard et al. 756

* Orgogozo and Rynchovd 1 61 2
N A 511 The Impact of Resonances in the Elecfrowea'm, . role of R i




2.3. Phenomenology

S =0.03 +0.10 * (M,;=0.126 TeV)
T=0.05+0.12 * (M,=0.126 TeV)

1) LO results

I.i) 1st and 2nd WSRs**

Amrv? M?
Spo = —— (1+ V)

M2 M2
A2 G - 82
M‘2/ LO M‘2/ ( )

I.il) Only 1st WSR***

2
S10 > o AtLO M, > M, > 1.5 TeV at 95% CL
\%
* Gfitter ** Peskin and Takeuchid 9 2 **Pich,IRandSanz-Ci | | er o 612

*LEP EWWG

LT[ The Tmpact of RM



3.1. Matching the theories*

V Once we have constrained the Resonance Theory by using short-distance
constraints and the Phenomenology, we want to use it to determine the Low-
Energy Constants (LECSs).

V  Two strongly coupled Lagrangians for two energy regions:

V Electroweak Effective Theory at low energies* (without resonances)
V Resonance Theory at high energies** (with resonances)

V The LECs contain information from heavier states.
V Steps:

1. Building the resonance Lagrangian

2. Matching the two effective theories

3. Requiring a good short-distance behaviour

V  This program works in QCD: estimation of the LECs (Chiral Perturbation
Theory) by using Resonance Chiral Theory

V  As a preliminary example we show this game in the purely bosonic Lagrangian

* Pich, IR, Santos and Sanz-Cillero @4 [in progress]
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4, Summary

1. What? Electroweak Strongly Coupled Models

V' We should look for alternative ways of mass generation:
What if this new particle strongly-coupled models.
2. Why? | around 125 GeVis nota | | v

SM Hi b - They should fulfilled the existing phenomenological tests.
Iggs bosson”

V' They can be used to determine the LECs

a) EWSB: SU(2), x SU(2)r C SU(2),,: similar to ChSB in QCD: ChPT,

3. Where? Effective < b) Strongly-coupled models: similar to resonances in QCD: RChT.

approach
c) General Lagrangian with at most two derivatives and short-distance
information.
\
Determination of Sand T at NLO Determination of the LECs

4. How?
1. Dispersive representation for S and 1. Integrating out the resonances
T 2. Short-distance constraints

2. Short-distance constrainis

13 . Sanz Cillero The Impact of Resonances in the Electroweam



Constraining strongly-coupled models by considering Sand T

V  Strongly coupled scenarios are allowed by the current experimental data.
V  The Higgs-like boson must have a WW coupling close to the SM one (3,,=1):
V' With the 2nd WSR 3, in [0.94, 1] at 95% CL

V  For larger departures from 3,,=1 the 2nd WSR must be dropped.
V A moderate resonance-mass splitting implies s, x 1

V Resonance masses above the TeV scale:

V. AtLOM,>M,>15TeV at 95% CL.
V  With the 2nd WSR M,, > 4 TeV at 95% CL.
V  With only the 1st WSR M,, < 1 TeV implies large resonance-mass splitting.

Determining the LECs in terms of resonance couplings

V Matching the Resonance Theory and the Electroweak Effective Theory.
V  Similar to the QCD case.

V  Short-distance constraints are fundamental.

13 . Sanz Cillero The Impact of Resonances in the Electroweam



A Warm-up example
S & Tparametersat O(F)

Mo oblique parameters exclude strongigupled models?

C The EWPO Oblique Parameters
R2y QG SEOf dzRS GKSY 4 I f¢

- Dangerous naive cubffs at somelL & L& &5 g -

g EfeTimer ]

.4 [preliminal -

, 0.3 z— —z

S ~ 157 In - 5\ : 02 F =

! ?n’H.T‘{:f 9 0.1 E_ _E

T ~ — 3 >— In f?‘ 0 3

167 cos™ Oy M .. - E

. H,ref = L < [114,1000] GeV =

E.g. foHiggsless 01E N\= 1733 11 Gev E

0.2 \ =

-0.3 5—68%, 95%, 99% CL fit contours —E

- - (MH=120 GeV, U=0) -
: - _I 11 1 l 1.1 1 1 [ 11 1 1 I 1 I 11 1 1 I 11 1 1 l 11 1 1 I 11 1 1 l 11 1 l_
\59 %2 03 02 010 01 02 03 04 05
n s

-EFT: Loops + effective couplings

* Peskin,Takeuchi6 9 2
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C WBB correlator*

L, 7 L
\=2
N L,
S aRAAVAYA 5 VAVAV AV B e
L2 VRN L2
’\/\/U’\/\/
S
C NGB seibnergy* 3 eff. couplings
WS,
AN S
L :
-———---- T — -
CA
_ L L,
S
*Dobadoet al . 699 A Similar in linear models:
* Pich, Rosell, SC 612, 613 Masso,Sanz,PRD87 (2013) 3, 033001
- Delgado,Dobado,Herrero,SC [in prep] Chen,Dawson,Zh@g_;,PRD89 (2014) 015016
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AMore observables* caaver-constrainthe a(m
BUTnot (S,Talong!!

. . [ 8
ATakingjust tree-levelisincomplete—s | §= —16mai(u?), T= %ao(u?) }
and similanf onlyloops — | g_(-a) p__30-d) ]
127 m3 16rey, — mi
AOtherwise one mayresourceto models:
A Resonances (lightestV + A)

A UV-completionassumptions (high-energyconstraintg

* Delgado,Dobado,Herrero,SC [in prep.] ** Pich, Rosell, SC 012, 0613

e K o B 4




AA Higgdike boson discovered at LHC

two years ago

AV, =125.64+0.35GeV

AStill many questions:

- Spin?

-Couplings? 24 S

A or (g/2v)"?

11 |---SM Higgs

0" most likely [05-4%-2']

d
(4

19.7

{ aQa

CMS
Preliminary

[ |==68% CL
L |—95% CL

b

(M, g) fit
—68%CL
—95% CL

TeV) + 5.1 f5' (7 TeV)

M| MR AT PR —
1 2 345 10 20 100 200
mass (GeV)

-Decay width, etc.

- SM Higgs? Compatiblessodar

4500

4000

Events / GeV

3500
~+ Data
3000
2500
2000
1500
1000

500

]
1

Vs =7 TeV _[ Ldt=0.0216" Apr 18,2011

TheTgS!!!

— Background-only

ATLAS Preliminary
H—yy channel

200

Data - Fit

0

-200—

100 110

120

130 140 150 760
M., [GeV]

[https://twiki.cern.ch/twiki/bin/view/AtlasPublic/HiggsPublicResults#Animat
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4 )

What are we needing?|  MOST PESIMISTIC
SCENARIO:

AObservables!! g NO BSM lowmass states/

hWW coupling

s Weneedmore observables
sensitiveto smalldeviationsin the couplings (e.g.a= a-1)

MPrecise &accuratetheoretical calculation!

v Justeft. verticesC Not enough(dangerou$
* Low-energy9 C dolrelate observables
* BOTH:counterterms(couplings +loops(log9

* Fullcomputations(w/ finite parts)

Optimal ToolC EFT (EWChiralLagrangians- h)

(smalldevs +massgap)

J.J . Sanz Cillero



Additional EFTconsiderations

M(yy = WW,) —M(yy = wiw)

1. Equivalenc&heorem E.0. My = Z020) =~ —M(yy — 22)

form,,,<<E

PhendC m, ~ my, z<<E (full calculationalsopossibl¢
2. Renormalizabl®k gauge: Landaugaugeconvenient  (m,.,=0)
An summary* RANGE OF VALIDITY ofofanalysig
Eq.Th. EFT

mj ~ my, my < s tu < Afcp,

(in practice we neglectm,,, m,andm,)

* Delgado,Dobado,Herrero,SC,JHEP1407 (2014) 149

— m



alsonoticethe subtlety"™  ¢° %m,, /v ~ p/v [notice e ~p/v too]

(x) Apelquist,Bernard 6 8 0

* Buchalla,Cata,Krause 6 1 3 (x) Longhitano6 8 0, 681

* Hirn,Stern 6 0 5 (x) Herrero,Morales 6 9 5

* Delgado,Dobado,Herrero,SC,JHEP1407 (2014) 149 (x) Pich,Rosell,Sc6 12 61 3
(x)Brivioet al . 613

**Urech 6 9 5 (x) Gavela,Kanshin,Machado,Saa 6 1 4 , et c.

i D T L L e & 2 L)




Considerthe relevant ECLHLagrangian

AEFTLagrangiamp to NLO [i.e.upto O(p)]:
Lecih = Lo+ Ly + Lgr + Lrp

C LOLagrangiaf™:

Othernotations
1 s oA 1 Ao ! K., = —
Lo = — QTI'(W,W/WMU) _ ,2TI'(BMVB‘W/) : a:|<V—kW—cW=w—etc.
29 29 g :
v? h h? 1 5
+ —(1+4+2a—+0b(—) ) T(D"UDLU) + =0"hdh + ...
4 (3 v 2

C NLOLagrangiaii™:
Ly = aiTr(UBLUWH) + iasTe(UB,, U [V*, V")) — dagTe(W,,[V*,V"])

[T W~ -
[ — CW ; TI'(I,-I/J’“H[..V;:.V) — cp ; TI‘( B;w B_uu) n

cy h
2 2 iy
* Apelquist,Bernard 6 8 0 -9 e” Ay A +

*Longhitano6 80, 081

** Buchalla,Cata ¢ 1 2

** Alonso,Gavela,Merlo,Rigolin,Yepes 6 1 2

** Brivio,Corbett,Eboli,Gavela,Gonzalezi Fraile,GonzaleziGar ci a, Mer |l o, Ri gol in 613
_(list of operators in L,)

et of cpertors —————————————




Counting
loops & renormalization

An generalthe O(pY) Lagrangiamasthe symbolicform (c=W,Bp,h),

k i
E : d X
,Cd — f]g ) pd (—) f;i‘” ~ a;
k v X
4 N
AL loops
leadingto a generakcaling of adiagramwith 4 AEexternallegs
AN, verticesof L
2 2 L (d)__(d—2)\ Na S
~ P p fk P \ E.g.. L=2, E_S/
M (VE_z) (lﬁﬁzvz) 1;[( v?2 )

[scalingof individualdiagrams cancellations& highersuppressiongor the total amplitudg

AOPY) loop divergence+ OpY) chiralcoupling = UMiinite

*Weinberg6 7 9

*Urech® 95 ~ 2
* Georgi,Manohar NPB234 (1984) 189 E.0.W,W,-scat™: LO O@®C I (tree)
* Buchalla,Cata,Krause 6 1 3 T v

*Hirn,Stern 6 0 5
* Delgado,Dobado,Herrero,SC,JHEP1407 (2014) 149

** Espriu,Mescia,Yencho 6 1 3
** Delgado,Dobado 6 1 3

J.J . Sanz Cillero ero
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RelevantECLH.agrangiarfor g & W, 2W,°

AEFTLagrangiamp to NLO [i.e.upto O(p)]:
Lecih = Lo+ Ly + Lgr + Lrp

C LOLagrangiaf™:

Othernotations
1 s oA 1 Ao ! K., = —
Lo = — QTI'(W,W/WMU) _ ,2TI'(BMVB‘W/) : a:|<V—kW—cW=w—etc.
29 29 g :
v? h h? 1 5
+ —(1+4+2a—+0b(—) ) T(D"UDLU) + =0"hdh + ...
4 (3 v 2

C NLOLagrangiaii™:
Ly = aiTr(UBLUWH) + iasTe(UB,, U [V*, V")) — dagTe(W,,[V*,V"])

[T W~ -
[ — CW ; TI'(I,-I/J’“H[..V;:.V) — cp ; TI‘( B;w B_uu) n

cy h
2 2 iy
* Apelquist,Bernard 6 8 0 -9 e” Ay A +

*Longhitano6 80, 081

** Buchalla,Cata ¢ 1 2

** Alonso,Gavela,Merlo,Rigolin,Yepes 6 1 2

** Brivio,Corbett,Eboli,Gavela,Gonzalezi Fraile,GonzaleziGar ci a, Mer |l o, Ri gol in 613
_(list of operators in L,)

et of cpertors ———————————————




Relatedobservables

Observables ECLh couplings
from Lo from L

Adow canwe determinetheseECLttoupling® *

________ M(yy = 22) a ¢
[ @ """" J M(yy = ww™) a cl, ay, (a3 — az)

T e |-
W3 B .
S—parameter a ai

[JE -------- J —> v 5 wtw™ EM-FF a (a5 — a})

J.
{«/\» v* — vh EM-FF — Cy

AOVERDETERMINATMORFT PREDICTIVITY:
6 observables vs. cbmbinationsof parameters { a, ¢, &,(a,-a;) }

* Delgado,Dobado,Herrero,SC 6 1 4

J.J . Sanz Cillero The role of R in !!EH W



ECLhunningat O(p)

AThis6 observablesverdeterminethe 4 combinationsof couplingsa, G & (2-33)

andprovidetheir running

* Delgado,Dobado,Herrero,SC 6 1 4

** Espriu,Mescia,Yencho 6 1 3
* Delgado,Dobado 6 1 3

a=0

ECLh EcL

(Higgsless)
" Lo —astas 0 0
A 0 i
- L ~ (1 —a) 2
*x La, (1 —a?? -
« L | te-er v gu-er |4

(+) Herrero,Morales 6 9 5

J.J . Sanz Cillero
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|”e r0|e 0| ! |” !!!I*



Obliqgue EWP 05 s

V Universal oblique corrections via the EW boson self-energies (transverse in the Landau gauge) *+*

1 v 1 ’ -
£ vac- p()l 2 W% H% (q2)W3 2 =B l_I([L)L() (qz)B - W% l_[2() (qz)B o WJFH'LV?/W(QZ)WV ’
with the subtracteddefinition,

~ 2tan
I30(¢*) = ¢°U30(q%) + QTWU2

7(+)

1 KK
e1 = mw (H33( ) wa(0)> = Z(O) -1
- Tis0(0)
€3 = tan Ow 30
E'tfmm—%l b%—f—comt My gg22l og E,H—i—conbt / \
—_— = .
Ao We find that
S D) ) (61 o e?hl)
cos” Oy
g " strongly -coupled models are
167
S = . (e3 — e3M) . perfectly / naturally allowed
* Peskin and Takeuchi 6 9 ®2 I SéigeéWWG k /

** Bar bieri et al + LideB
i !Hero|eloml

J.J . Sanz Cillero



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
A The convergence of the integral requires S (t) = }ImHSO (t) — 0

A S-parameter defined for an arbitrary reference value my

A Higher threshold cuts in ImP 4, will be suppressed in the dispersive integral

F2  F?
devel:  Spo = 4r | L — A
A At tree-level LO (J 22 )

* Peskin and Takeuchi ®2.

e D ey e




High-energy constraints

V  We will have 7 resonance parameters: F,, G, Fx, Ky, | 14, 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**

p p hpé (higher cuts suppressed) Il30(s) = I30(0) + s / t(tdt )ImH30(t)
™ Jo — S

V  Fgrand My" are renormalized couplings which define the resonance poles at the one-loop level.

g* tan Oy ) (’02 Fy? F? — )

S M{}2—s M;"‘Q—s

Ms0(s)lxpo = “— + Ti(s)

* Peskin,Takeuchi6 9 0 , 691

** Pich, Rosell, SC 608

J.J . Sanz Cillero The role o! !mn



g% tan Oy s

1) Weinberg Sum Rules (WSR)* TIy(s) = —— [Tlvv(s) —Taa(s)]
2,2 B
_ g tjnﬂw s Thgo(s)
1STWSR:
s o0 2.2
s x IIy_a(s)] =5 0 oo / dt ps(t) = g v~ tan fw
0 4
2NDWSR: o
s2 xIIy_a(s)] &5 0 o) 0 dt tps(t) = 0
| i 1. ~
*Beyr:/aerdlentbea.rlg.066775 ﬁS(S) - }Imngo(s)

J.J . Sanz Cillero



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

FV - FA — v 1
FZMZ — F2M2 = 0 flly —a(s) ~ O 373

Fp?—Fy? =0* (1 4 60))

NLO

Fr2 M2 — FR2 M2 = o2 M263)

\ ¢

(1/ 2 constraints) (1/2 constraints) ( constraints on Fy4")

NLO

\ 4

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

s [ dt
Hg()(s) = H30(0) -+ ; / Imﬂgo(t)
0

t(t—s)
* Weinber 067 - _ g*tanfy v? Fi2 F12 T
*Bernardet al .75 30(8)|NLO - 4 S\ = M2 _s M'2_g + (8)
*pich, Rosell,  SC_ 6°0 8 v A

J.J . Sanz Cillero



i) Additional short-distance constraints

. FvG
ii.I) w wWector Form Factor** # =1 + NO HIGHER
v DERIV. OPERATOF
for W,BA w w
ii.il) hw Axial-vector Form Factor** SA + NO HIGHER
FAANTT 1 DERIV. OPERATOF
( equivalent to VFF + vanishingt) at t4 K ) KWV for W,BA hw

* . . R
**Eckeret al . 6809 *Gugghrer?glerslc 23751'-008

e T ——



Sand T at LO

S-parameter *

x New physics in the difference between the Z self-energies at g?=M,2 and g2=0.

é WEB correlator (transverse in Landau gauge)

T-parameter *

x |t parametrizes the Custodial Symmetry breaking (W*W- vs. Z7)

C NGB selenergies

() =o S(s19) ¢S(s1*=0

|-|__:> ITLO = 0
* Peskin and Takeuchi ®2.
J.J . Sanz Cillero We r




Sand T at NLO

C WBB correlator*

ST v < . ' v s Ty
AN VY AN— AV AN —VL AN— —

s A <~ TN A A T~ A
g g o b

C NGB selenerqgy*

S g 5 S

Barbieri et al . 608
* Cata and Kamenik 6 1 0
| * Orgogozo, Rychkovd 1 1 , 612

J.J . Sanz Cillero The role of R in



High-energy constraints + Dispersion relations

C W3Bcorrelator s Sparameter sumrule ®

§ = — /md—t[ps@)—ps(t)s“ﬂ WQQ‘M

2
g tanfy J o t
_ » VFF+ 2\
15| rn = 99" 0(s) L BGy s ? wsi g9 0(s) (MY ’
PSlam = 1997 2 AIE — 5 1927 ﬂ[fr - S
1 i —
0s (S) — —Imngo(S)
s 1.2 03 2 SA , > VFE+ TE S c—m? a :
on = — 99" Ky 05.0(s —m3) 14 Fa) s WSR 99 Kiv Tsx0(s —mg) M,
L psls= = 1927 Ky ‘”,21 — 5 192 "U-%' o7

C NGB selenergies——— Convergent dispersion relation for ®
for the lightestabsorptivediagramswith Bo+ BS

T — 4 /ZO % [pr(t) — pr(t)*™] %

g cos® Oy

~ . 5
1 s sox 3875 (1—FVGV) + O(s°
pr(s) = —Im[E(s)(© — 5(s)()]| Fr)len 6472 V2 (%)
T
+ Peskin ,Takeuchi ®2 e 3g’2h‘.2 S FA/\SA 2
x Pich,Rosell,SC 6 1 3 pr(s)|Bs, ; 64;;’ (1 — KW’; ) + 0(s?)

* Orgogozo,Rychkov 611

J.J . Sanz Cillero We r




1st + 2d \WSRdetermination:

V 7 parameters (only lowest cuts p php): My, Mp, Fy, FA & Gy, ky, | 52

V 2+2+1constraints: F, F, & M,, (F,G,), (F\l ;) =— 2 free parameters: M,, k,

Only ' WSRower bound for iv,<M,:
V 6 parameters (only lowest cuts p php/ Bp+BhR: M, M, F, & (F,G\), ky, (FAl 157)

V 1+1+1constraints: F, & (F,G,), (Fpl ;%) ——— 3 free parameters: M,,, M,, Kk,

J.J . Sanz Cillero



LO results***

1) 1st and 2nd WSRs **

A? M?2
SLo = j R —_
Lo = 2 ( +Mi)

82

< SLo < 5
MV

F2 P2 of My (TeV
SLO:4W(WE . Tro =0 F 1 2 3 3 5V [T }

-0.50 S =0.03 £ 0.10 * (M, ,,~=0.126 TeV)

i) Only 1st WSR ***  (lower bound for M,>M,)) '

02 1 1
Sto = 4rd — + F2 ( — — —
Lo ”{Ma+ (M M)}

AtLO M, > 2.4 TeV at 68% CL

4o
o0 > 3 | |
v (M,> 3.6TeVif T, 5-0also considered )
* Gfitter - . .
« LEP EWWG Peskin and Takeuchi ®2.

* Zfitter *** Pjch, Rosell, SC 612

e T



NLO results:* 1stand 2"9 WSRs in P,

(asymptoticallyfreetheorie9

> >
— 16EC:()))829W 1 +log g Kiy (1+log—2)] 04
02|
I A S Y BN TSt
At (= 5)
ey (s g~ 378 o8 37 )
[ terms O(ng/M 2, ») neglected ]

V 1stand 2" WSRs at LO and NLO + p pVFF:
A 2 WSR: 0< ky,=M/2M,2 <1

At NLO with the 1st and 24 WSRs

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

* Pich,Rosel,lSC 6 1 2 , 613
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NLO Results:* Only 1St WSRs in P4,

(walking& conformalTC, extralimension& X' 3

* Pich,Rosel,lSC6 1 2,
** Orgogozo,Rychkov 6 1 1

613

Utoe ™ 2 (141 s
—_ —_ K —_—
167 cos? By, +log m2 Y +log M?

\
4ol M 11 M2 17 M?
S >1 : H (ln f——)—x‘&v log—zA———l——’;1
My o, 12w my 6 mg, 6 My

[ terms O(n¥/M 2, ») neglected ]

V  Assumption M, > M, for the S lower-bound

V  Only 1stWSR at LO and NLO + p pVFF:

A Free parameters: M, M, and Ky,

J.J . Sanz Cillero




NLO Results:* Only 1St WSRs in P 4,

(walking& conformalTC, extralimension& X* 3

Utoe ™ 2 (141 s
“H e +log —2L
+0‘"’1\/1{5 W gMg

~ 16mcos? By
LO--:\ 2 2 2
4mgy- 11 My 11 5 My 17 Mj
S >1—5 it In— —— | — K&y |log— — —+—5
:.Ai[‘l,' 127 my O mg, 6 My
] At NLO with only 15t WSRs
04 o 0.2< My/My <1 -
* 0.02 < My /Ms < 0.2 ] My>1TeV, ky [ (0.6,1.3) at68% CL
02 4
A ‘(Swlower-bound for M >M for moderate splitting 0.2 <M/M, < 1
205 1.0 1.5 2.0 25 L 3.0 35 TA v
M, (TeV) (normal hierarchy) M

K =9ww/Grww
verydifferent from the SM
if one requireslarge(unnatura) splittings

*Pich,RosellSC6 12, 613
** Orgogozo,Rychkov 6 1 1
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NLO Results:* Only 1St WSRs in P 4,

(walking& conformalTC, extralimension& X*

3 my o g
= — -5
= Tencos 6y 1+logM‘2/ Ky | I +log %
LC?Z"\ 1 M 11 M; 17 M,
v | 2 2
S >1IT [(m X—_)_ng(lg_f\__+ A)]
;__17_'1 127 my O m3 6 My
] At NLO with only 15t WSRs
04f o 0.2< My/My <1
0,2; * 0.02< M\//MA < 0.2 | MV> 1 TeV, kW[ (06 ) 13) at 68% CL
; for M, > M, for moderate splitting 0.2 <M,/M,< 1

~ (normal hierarchy)

J

(S upper-bound for M, <M,
— mverted hierarch
20 25 v 40 Y)

S |dent|ty for M, =M,
6 M,y (TeV) (degenerate)

0.0 ‘
0.5 1 0 1.5
* Pich,Rosel,lSC 6 1 2 ,

** Orgogozo,Rychkov 6 1 1
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K= 9w/ 9w

verydifferent from the SM
if onerequireslarge(unnatura) splittings
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0.8

68% CL

o8]
0.6]
04l

02}

0.()j 1
04F .
[ e 02 < M,/ My <1 ]
02+ -
i 0.02 < M\//MA < 0.2 ]
00 1 1 I | 1 | 1 1 I 1 I PR | L | 1 1 I | 1 1 |7
0.5 1.0 1.5 2.0 2.5 3.0 3.5
My (TeV)
Lo
7 0.8; B
3 [
] 0.6 b
] 0.4; i
7] 0.2; B
e ICINNE R ST R
M, (TeV) M4 /My

»1
"‘
d"
-
"‘
e
l-‘
"‘
R
-® |
l--
"'
l'-“
-
“‘
.
“'
Ptid |
"‘
“'
ﬂ“
ﬂ“
“‘
"‘
P S S RO
0.5 1.0 L5 2.0 2.5 3.0
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BACKUP PLOTS

U os5<mym,<1

u
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