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1.- Obligue parameters S & T

2.- SU(2), &SU(2),, effective Lagrangian w/ Higgs + NGB’s + Resonances
3.- I, and 2 _spectral functions at LO and NLO, i.e., up to 1 loop

4.- We demand a good UV behaviour + Dispersive calculation for S & T

5.- Phenomenology with 2 WSR’s or just the 15t WSR
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Obliqgue EWPO'’s

v" Universal oblique corrections via the EW boson self-energies (transverse in the Landau gauge) * - *
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SU(2), ®SU(2), / SU(2),,» Resonance Theory ?

L=L3) +Lar+ Ly + La+ L8% + £59 4

w/ field content: SU(2),®SU(2)x/SU(2), ., EW Goldstones + SM gauge bosons

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

+ one SU(2), ®SU(2)r singlet scalar S; with mg,=126 GeV

2
. (% v
*Relevant resonance Lagrangian ®- ). * /£ — {Z Hw 5 51} (uut)y < S + 7 sector
Fyv 1 Gy
4+ —— (V. Y - ——(V [uf u” <——V + 1 sector
2\/5<W+> MW{ Ju’])
1 SM r
W=a=Kw = g = T—v2/f2 MCHM + A <A wf;w> 4+ \/5/\1%4 9,51 <A.quy> <—— A+S+7 sector
v/ f Dilaton 22 T /
We will have 7 resonance parameters: The high-energy constraints
Fu Gy, Fay @, 2,54 M, and M, will be crucial
(X) Ecker et al. '89 (+) Appelquist '80
(x) EoM simplifications: Xiao, SC '07 (+) Longhitano ‘81, ‘81

(x) EoM simplifications: Georgi ‘91 (+) Dobado,Espriu,Herrero '91 * Pich, Rosell, SC '13
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Sand T atLO “

=>\\3B correlator * (transverse in Landau gauge)
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* Peskin and Takeuchi '92.
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Sand T at NLO o

=»W3B correlator*
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=»NGB self-enerqy *
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* Barbieri et al.’08
* Cata and Kamenik “10
_ Orgogozo, Rychkov 11, ‘“12
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High-energy constraints + Dispersion relations

(6)

=»\\/3B correlator

S-parameter sum-rule )
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for the lightest absorptive diagrams with B+ BS
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NLO results: 15t and 2"d WSRs in I;, v

r = ’ [1 + log L—l%f — W (1 1 log ﬁ) ]
Lo _nggl /“‘._.-.‘ \
/N A i /",.'
S : 4 U2 ( 1 —I— 1 >:—|— 1 [10 ]\/I‘% 11 02_— //
— _ o - : y S8 ,
My ML M M3 1
+ —5log —5 — —% (10%' 2 ——)], =
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[ terms O(m¢?/M?,,) neglected | [

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

9 2nd WSR O 0= MVZ/MAZ = 1 '

At NLO with the 1st and 2" WSRs

M, > 5.4 TeV, ©>0.97 at 68% CL
Small splitting M,/M,
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NLO Results: Only 15t WSRs in Iy, o

T

~ 68% CL :
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At NLO with only 15t WSRs

M, > 1 TeV, oe (0.6, 1.3) at 68% CL

for moderate splitting 0.2 <M/M,< 1

Ly — SM
W= gSWW /gHWW

from the SM requires large

very different

(unnatural) mass splitings

s 20 0

3 1,5_?-.

Lot

(normal hierarchy)

S upper-bound for M, <M, 1
(inverted hierarchy) | g 5F **

S identity for M, =My,

e
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Conclusions

‘/Framework: - Oblique parameters S & T
- SU(2) ®SU(2)g / SU(2),.r Lagrangian w/ Higgs + NGB’s + Resonances

- High-energy constraints + 1 loop dispersive calculation

‘/ 1st + 2nd WSR’s: Tiny splitting (68% CL) 0.97<M,/M,)?=w<1, M,>54TeV

‘/ Only 1St WSR: For a moderate mass splitting M, ~ M, , o~1, M, >1TeV

‘/FINAL CONCLUSIONS:

- Resonances perfectly allowed by S & T at My ~4nv =3 TeV
- Resonances perfectly compatible with LHC w=a=x,=1
- Only some slight issues below TeV (large splitting, inv. hierarchy...)

- Conclusions applicable to more specific models (e.g. SO(5)/SO(4) MCHM)
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BACKUP SLIDES
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*Does this exclude strongly-coupled EWSB models?

-Not yet

( THEORETICALLY: NOT YET

-E.g., the 6-meson in the LoM in QCD doesn’t imply the absence of other hadrons

(although here the o has completely different properties!!)

/ [, sinB,°" ..
4
O EXPERIMENTALLY: NOT YET - ::_uuulull
- The EWPO Oblique Parameters 0.3

0.2

don’t exclude them at all Ny

-Dangerous naive cut-offs at some APhvs” ¢

01 A < [114,1000] GeV
1 AQ m, =173.3+ 1.1 GeV
T 1 -0.2
L) I3 I]. € ]
b ]_2?1' ?'nlz !
"H.ref -0.3 -68%, 95%, 99% CL fit contours
3 AQ = (M, =120 GeV, U=0)
TIT%_ ‘{ l T - _IIIIIIIIIIIIIIII IIIIIIIIlIlIIIIIIIlIlIlIl
T 11 ) 0.4
16?1— COS 9“—" Tn‘H ?“t’f -0.4 -0.3 -0.2 -0.1 0 0.1 0.2 0.3 0.4 0.5
,re s
' o Am? 1o #A?
& S# T\ fopl M ep
o L3 € 2
, __ -We will see that, more precisely, T ——3 - 2A
* Peskin, Takeuchi ‘92 16T cos™ Bw My ey
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What? One-loop calculation of the oblique (S,T)-parameters in strongly-coupled EWSB * **

Origin of mass generation?
Why? J J
strongly-coupled models?
Effecti a) EWSB: SU(2), x SU(2)g = SU(2) ,r: similar to ChSB in QCD—> ChPT ***
~ ective
How" h L
approac b) Strongly-coupled models: Resonances like in QCD-> RChT )
c) General Lagrangian + EoM + short-distance cond. )
d) Just the lightest two-particle absorptive cuts.
+
Dispersive representation for S * < it + Sw
+
Dispersion relation for T (for the lightest cuts) ®) <€ Br + BS
(impact of heavier channels neglected ®)
* Peskin, Takeuchi ‘92 ** Gfitter ** \Weinberg 79 (+) Ecker et al. 89
* | EP EWWG *** Gasser & Leutwyler ‘84 ‘85 (+) Cirigliano et al. '06
(x) Pich, Rosell, SC 12, °13 ** Zfitter ** Bijnens et al. ‘99 ‘00 (+) Pich, Rosell, SC '08
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i) EWSB similar to Chiral Symmetry Breaking (ChSB) in QCD: [ SU(2), x SU(2)g = SU(2) .r ]

» At low energies, same EFT pion Lagrangian, Chiral Perturbation Theory (ChPT)**

2
£ = (DUD'U) + O(p"/A?)

U(p) = exp{id g/v}
U(r) — grU(n)gh

»>E.g., inthe SM

: 1 1 y )\ ' <& V2 " .
LM = 5 (D2 DIE) — E{{ETE; — v2)2 pIEH L= —(D,U'D'U) + O(p*/v?)
@) = o+ H)) Ulp(x)
V2 i
G ¥ ‘
Y — gL Xgp, gr.r € SU(2)L R
** Appelquist, Bernard ‘80
** Weinberg '79 ** Longhitano ‘80 ‘81
** Gasser & Leutwyler ‘84 ‘85 ** Dobado,Espriu,Herrero '91
_** Bijnens et al. ‘99 ‘00 ** Egpriu,Matias ‘95 ...
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iii) EFT for the Goldstones (SM gauge symmetry non-linearly realized)

+
Lighest resonances from strongly-coupled models *

v Similar to Resonance Chiral Theory (RChT) in QCD **

\/Energy scales?

The most naive rescaling F,=0.090 GeV
from QCD to EW scale yields: Apr=4n-,=1.2 GeV
M =0.770 GeV

M,,=1.260 GeV

L T~

M

*Matsuzaki et al. '07
*Barbieri et al. ‘08 wEcker et al. '89
N - cker et al.
ata, Kamenik 11 = Cirigliano et al. '06
*Orgogozo, Rychkov ‘11, ‘12 9 :

J.J. Sanz Cillero Viable strongly-coupled scenarios wi

v=0.246 TeV
Apy=4nv = 3.1 TeV
M,,=2.1 TeV
My,=3.4 TeV

mg= 0.126 TeV !!
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* Field content of the theory:

SU(2),®SU(2); / SU(2),, EW Goldstones + SM gauge bosons

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

+ one SU(2), ®SU(2); singlet scalar S;

* SU(2),®SU(2), transformation properties:

ulp)  —  grule)hi(e.g) = hp,g)u(v) gh
WH = gr H'“gi +igr O 9}, : B* - gg B* g};f +igr o gL
R —  h(p.g)Rhi(p,q). Ry — I
/” NOTATION: U — 42 — exp{iGF/v} I
. T BT e 9 e M 1 ¢ L
o= Wt W L uBrut W= g W B = g 2B
Ii;.u,y _ a.u,l_ifp _ avli,r.u. i [Ii;'u’ I_if;r;] ’ é,u,v _ a.u_éu — g.ﬂ —q [_é,u," gu] ’

\_ u =iu DUy = —iut DPU W =t DPU = 0*U — i WHU + iU B*. )
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1.) Estimation of the S-parameter_in strongly-coupled EW models:

Equivalent to the determination of L,y(p)-L,o(pe) IN CAPT/RCHhT * < S-parameter

< New physics in the difference between the Z self-energies at Q>=M,? and Q%=0.

% Notice the running with reference scale p
=> Only recovered if the i loop included

=>» Tree-level ambiguity on the p, running

2.) Estimation of the T-parameter_in strongly-coupled EW models:

Equivalent to the determination of F_,?2 — F_,? in ChPT/RChT < T-parameter

It parametrizes the Custodial symmetry breaking

% Again, running with reference scale pu.: Brxloop; tree-level ambiguity on g

* Pich,, Rosell, SC '08
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S-parameter sum-rule *

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

16 ~dt =~ = SM
S = 92 Can B / T IIIngU(t) — IIIlH:_go(t)
7 0 -

. 16 . ] m?, ”’f).-:, 2 D
= — | = ImlI30(t) — — |1 — (1 — - Ot — My er
/O t (gz tan fyy s0(t) 127 [ ( " ( H, .j)

1
- 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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v" We will have 7 resonance parameters: F, G, F,, ®, A,°4, M,, 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.

1) Weinberg Sum Rules (WSR)*

_ tha—m@W s [Myy(s) —aa(s)]

15T WSR:
S X ﬁgg (S) 52)0
2ND WSR:
S™ X ﬁ30(S) 52;)
* Weinberg'67

* Bernard et al.’75.

0 — /Dodt ps(t)

() EETETEEE /0 dt t ps(t)
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.i) LO L.ii) Imaginary NLO L.iii) Real NLO: fixing of Fy "
or lower bounds**

Fp? —Fy? =0 (1 4 60))

NLO

Fr2 My2? — Fr2 M52 = o2 M2 52

\ ¢

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

FE — F5; = o2 |
FZMZ - FAM3 = 0 tmlly—a(s) ~ O(A—m)

NLO

\ 4

v" Once-subtract. dispersive relation from tree+1-loop spectral function:
S

nn, S ... (higher cuts suppressed) Mao(s) = Tap(0) + > /oo dt
T Jo

t(t—s)

ImH30 (t)

v FR"and My" are renormalized couplings which define the resonance poles at the one-loop level.

* Weinberg'67

. Mo (5)] g° tan Oy v? Fr2 P2 ()
* Bernard et al.’75. ™. 30(S = S | — — S

_ NLO 4 s  MpZ—s M%2—s
** Pich, Rosell, SC ’'08
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i) Additional short-distance constraints

. FvGv
Ii.I) T Vector Form Factor** 5 =1 +NO HIGHER
v DERIV. OPERATORS
for W,B>7nt
- : . F . \SA
ii.i) St Axial-vector Form Factor AN +NO HIGHER
WV - DERIV. OPERATORS
( equivalent to VFF + vanishing p(t) at t 2o ) for W,B->Snt
5~ +tw” =1
(NOT CONSIDERED HERE, studied in a previous work***) A%

[ ©>0+WSRs+VFF] & M/M,>0.8

* Bagger et al.’94
* Barbieri et al.’08
* Guo, Zheng, SC ‘07 ** Ecker et al.’89

* Pieh, Rosell, SC 11 #+ pich, Rosell, SC 12
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15t + 2" WSR determination:

v 7 parameters (only lowest cuts nn+Smn): My, Mp, Fy, FA & Gy, o, A5A

v 2+ 2+ 1constraints: F,, F, & M,, (F,G,), (Fy\A,°") =—— 2 free parameters: M, ®

Only 1% WSR lower bound for M, <M,:

v 6 parameters (only lowest cuts tn+Sn / Bn+BS): M, M, F, & (F,G,), ®, (FAA%?)

v 1+1+1constraints: F, & (F,G,), (FAxA5) ———— 3 free parameters: M, M,, ®
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S =0.03 +0.10 * (M, ,,=0.126 TeV)

1) LO results

1) 1st and 2nd WSRs **

A2 M?2
SLo = j R —_
Lo A@(*MQ

8mv?
M

F2  F2
Spo=4r|—5--%]. Tuo=0
LO W(A.I‘z, A'fi) ; LO

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

v? 1 1
Sto = dnd — + 2 (— -
o = {5+ 74 (7 - 777
Amrv?
My

< Spo <

AtLO M, > 2.4 TeV at 68% CL

SLo >

(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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At NLO with only 15t WSRs

M, > 1 TeV, o—1€&(-0.36,+0.30) at 68% CL

S | for moderate splitting 0.2 < M,/M, < 1
04F ]
o 02< My,/My <1 -
021 i W= very different
0.02 < My /My < 0.2 ] W = Bsuw / 8w y
Y S S TS from the SM requires large
0.5 1.0 1.5 2.0 2.5 3.0 35
M, (TeV) (unnatural) mass splitings
BACKUP PLOTS
‘ ‘ Sp
12 121 1
] 4 E
1.0 1.0
i ] : :§3; »1
0.8j ] 0.8j iﬁ e
: 06:’ IS 06: :: e
oL 106 TS e ]
o4l 1 sl 7§ e
— N [ ]
0.Zj ] 0.2j E ““““““““
001“23“‘15‘1‘5 0'07“‘;“"1‘0““1‘5““270 0“Ho‘.swwl‘.o”“1.‘5‘H‘2“0‘”‘2‘5””37.0
M, (TeV) M /My My (TeV)
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Viable strongly-coupled scenarios with a lig
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Further comments:

v 1<M,/M< 2vyields M, >1.5TeV, ®—1€[-0.16,+0.30]

v' The limit > 0 only reached for M,/M,—=>0

®=0 incompatible with data (independently of whether 1st+2nd WSR’s or just 18t WSR)

v Calculation valid for particular models with this symmetry:

E.g., in SO(5)/SO(4) with ®=cos® <1 *
EW scale=> v=0.25GeV , 4nv=3TeV

®=0.6 2> f=0.31TeV , A4nf=4TeV
* Agashe,Contino,Pomarol ‘05 ®w=0.97 2> f=1TeV , 4rf = 13 TeV

* Barbieri et al ‘12
* Marzocca,Serone,Shu ’12 ...
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S =0.03 +0.10 * (M, ,,=0.126 TeV)

1) LO results

1) 1st and 2nd WSRs **

A2 M?2
SLo = j R —_
Lo A@(*MQ

8mv?
M

F2  F2
Spo=4r|—5--%]. Tuo=0
LO W(A.I‘z, A'fi) ; LO

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

v? 1 1
Sto = dnd — + 2 (— -
o = {5+ 74 (7 - 777
Amrv?
My

< Spo <

AtLO M, > 2.4 TeV at 68% CL

SLo >

(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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