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Introduction:

Deviations from SM?
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*A new Higgs-like boson discovered at LHC

131 .,
*M_=125.64 + 0.35 GeV = ;.""«E}‘ Eﬂ*\ e

ST

*Still many questions:

- Spin?
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- Coupling to gauge bosons? *8s00E The Higgs !!!  ATLAS Preliminary -
3000 — i H—yy channel —

Very close to SM’s 2500F- E

.. 2000 £ =

- Invisible decays vs SM? 1500/ E
— ATLAS: BR,,<0.60 @ 95% CL (0.84 exp.) 1000; ~+ Data -

— CMS: BR,,<0.75@ 95% CL (0.91 exp.) - —zéckif;’““(d"’“':fzeae ’ =

[~ — Sig.+Bkg. (m =126.8 Ge 3

From yy: I',<6.9 GeV at 95% CL (direct) e | | | e

- SM Higgs? L::Z“O
= OWW

Compatible so far 200 | | | ]
100 110 120 130 140 150 160

M., [GeV]

[https://twiki.cern.ch/twiki/bin/view/AtlasPublic/HiggsPublicResults#Animations
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Higgs couplings

ek HOWW,2Z  (k,M=1)

*Kp: H>ff (k°M=1)
O s maor v v (RO S ey gperee
C ys=7TeV|Ldt=4.6-4.8 1" #8%H —> vy ECombined { ¥ | ¢ SMHiggs @ Fermiophobic m Bkg. only 5 . Local maxima A SM
3 ;— \s=8TeV [Ldt=20.71b" + SM x Best Fit } 21 : T S — [ WesscL [JesecL
u = " 4r
2 :_ _I : _ ;"wz=1
1E =l 2}
05 - I i A
. 1 on of-
A = i !
3 E R 2f
-2: ] _1 S :
el T I 111 I 1111 !ll 111 I 1111 | 1111 I 111 l 11 Ill [ 1411 ! 11 1= [~
06 07 08 09 1 11 12 13 14 15 1. - al
KV 2 B 1 i i I ‘ I 111 I | T - I L1
“0 05 1 15 0 0.5 1 15 2

— ATLAS: k, [1.05,1.22] at 68% CL - «, [0.76,1.18] at 68% CL

[F. Cerutti]
— CMS: k,[0.74,1.06] at 95% CL - «, [0.61,1.33] at 95% CL

[1307.1427 [hep-ex]]
[1303.4571 [hep-ex]]

Many other similar analyses (2012-2013): Espinosa et al.; Carni et al.; Azatov et al; Ellis,You...
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Summary of all searches for
coupling deviations

C. Moratti [ATLAS]

ATLAS Total uncertainty Is=7TeV,L<51f" \s=8TeV,L<196f"
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*Compatibility with the SM

*Best uncertainties { 10%)
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LHC prospects for next years [1307.7135 [hep-ex]]

ATLAS Preliminary (Simulation) CMS Projection
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Spectrum below 1 TeV

SM particles... and nothing else below the TeV

(e.g. SUSY exclusion limits)

ATLAS Summary

CMS Summary

ATLAS SUSY Searches* - 95% CL Lower Limits
Status: EPS 2013

ATLAS Preliminary
[Ldt=(44-229)fb" 5=7,8TeV

Model ety Jots ET* [rau Mass limit Reference
T T T T —TTT T
MSUGRA/CMSSM o 26js Vs 203 |§@ ATV migeniz) ATLAS CONF-2015:047
MSUGRA/CMSSM teu  3Bjts Yes 203 |E 12TeV any mig) ATLASCONF-2013:062
MSUGRA/GMSSM 0 Tofls Ve 203 | 11TV any m(g) ATLAS-CONF-2013-054
i 0 26jels Yes 203 |§ 740 GeV wi{10GeV ATLAS-CONF-2013.047
e 0 24 Eiﬂs Yes 203 [§ 13TeV. w10 Gev ATLAS-CONF-2013.047
E 4-11'1*‘2%14’ it Ten  3Bjels Yes 203 |E 1487TeV miiy|<2006ey, M 0S(mTemig) | ATLAS-CONF 2013082
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GMSB ( NLSP) 2eu s Yes 47 tang<t5 1208.4688
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GGM wino NLSP) Tepsy 0 Vs 48 i 1:50Ge ATLAS-CONF-2012-144
GGM (higgsin-Lino NLSP) ¥ 1h Y 48 mill-2200eY 12111167
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Gravitino LSP 0 monoel  Yes 105 mgl 107t eV ATLAS-CONF-2012-147
0 b Yes 201 |& 12TV i1 1<B0GeY ATLAS-CONF-2013-061
o Tojls ves 203 [ 11476V i) 200GV TLAS CONF-2013.054
Ofep 36 Yes 201 |& 134 TeV mi[j<400GeY ATLAS-CONF-2013-01
Clep 3 Yes 201 |E 13TeV w3006V ATLAS-CONF-2013.051
0 26 Yes 201 |k 100-630 GV wiiljctc0geV ATLAS-CONF-2013-053
2ep(88) 0ab Ve 207 |k 430 GeV miitj=2 i) ATLAS-CONF-2013-007
PEep 12b  Yes o 47 [ENNENGE i =55 GeV 12084305, 12002102
nn (lght), -+ Wbty 2ep 026 Yes 203 i 220GeV. i) =i ()50 GeV, mif be<rif) | ATLAS-CONF-2013.48
i1y (medim), xﬁu? Y 2fls Ve 203 |y 225525 GeV w710 GeV' ATLAS-CONF-2013-065
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il Tep 1b Yes 207 |4 200-610 GeV. mii{1-0Gev ATLAS-CONF-2013-037
0 2b Y 205 |G 320-660 GeY mii st ATLAS-CONF-2013:024
0 monojeticlagYes 203 | 200 GeV' nm,ymm)fassev ATLAS-CONF-2013-068
2epldy 16 Y 207 & 500 GeV' m{nl*imﬁs‘«‘ ATLAS-CONF-2013-025
Sepld) b Vs 207 |R 520 GeV iy =m({]}+180GeV ATLAS-CONF-2013.025
Zep [ Yes 203 |F 85315 GeV i l10GeV ATLAS-CONF-201 34049
Zep [ Yes 203 |FF 125-450 GeV M0 GeV, mi KTLAS-CONF-2013.049
2r (] Yes 207 |i; 180-330 GeV' i 11=0 GeV. mi ATLAS-CONF-2013-028
3epw 0 Ve 27 |BAE 600 GoV il S0, il 0 S i) | ATLAS-CONF- 2013005
3ep [ Yes 207 .P,L)i 315 GeV' W J=miTY), mii}<0, slepions devoupled | ATLAS-CONF-2013.035
1 prod. Inng hvmﬂl Disapp.tk 1)t Yes 203 |y 270 GeV i m()=160 MeV, (5)=02ns ATLAS-CONF-2013-069
15jels  Yes 229 |§ B57 GV T L ATLAS.CONF-
GHSB staie 7 ﬂﬁv{e,u)w(z ) 128 0 - 158 10tang<so KTLAS CONF-2013.058
61iS, 1=y, longived 1) 2y 0 Ve 47 Q4<r{ii)<2ns 13046910
-vqqu (RPV) 1 o Yes 44 1 mmeer<i m, § decoupled 12107481
LFV pp¥; + X, Tme + Zep [ 12124272
LFY pp—s, + X To—elu) +7  Tep4r [ - 121240272
> Bilinear RPY CMSSM Teu Thels  Yes mquvlrg) exspet mm ATLAS-CONF-2012-140
& i i;_.w.z 'E"“““ o, dew 0 Ve D006 150 TLAS.CONF-2013:036
Ty A, by =W Xy orri, e, 3847 [ Yes. i 180 GeV, IO ATLAS-CONF-2013-036
[ 0 Gjels - 12104813
=Tyt T—bs 2eqi88) 03b  Yes ATLAS-CONF-2013-007
. Scalargluon 0 djets - incl. it fran 1110.2663 12104226
WIMP interaction (D3, Dirac 1) 0 monojet Ves iy)<80Ge, lnit of< 687 Gel or 08 ATLAS-CONF-2012-147

- f.f::" Mass scale [TeV]

*Only a selection of the available mass limits on new states or phenomena is shown. All limils quofed are observed minus 1cr thearelical signal cross section uncertainty.
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EFTs and the composite option

* Large mass gap + small coupling deviations from SM:

An appropriate tool > Effective theories:

Full NLO
Non-linear “Chiral” Lagrangians computations
w/ EW Goldstones +Higgs MEESEIN

 Strongly interacting models? Composite states?

Technicolor (and relatives)

Composite Higgs [e.g., SO(5)/SO(4)]
Extra Dimensions (also)

* Agashe,Contino,Pomarol ‘05

Tower of composite
resonances* (QCD-like)
* Hirn,Sanz '06 ...

* Arkani-Hamed et al. ‘01
* Csaki et al. '04
* Cacciapaglia et al. '04
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EW Chiral Lagrangian + Higgs (ECLh):
Low-energy EFT

EW chiral Lagrangians and the Higgs properties at the one-loop level



*EFT assumptions:

1. “SM” content: EW Golsdtones+gauge bosons + h

2. Applicability: E<<A¢q, = min{ 4nv, M, }
3. Llandau gauge (for convenience; R :renormalizable in any case)
4. Equivalence Theorem: my,; << E

Pheno=>» my ~ My <<E (full calculation also possible)

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

7.. Sanz Cillero " EW chiral Lagrangians and the Higgs properties at the one-loop level



*Building blocks:
Uw™, 2) = 1 +iw /v + O(w?) € SU(2); x SUQ2)r/SU2)1+r,

2
F(h) = 1+2a%+b(£) + ..,

v
DU = 8,U + iW,U — iU B,,
W = 0, W, — O, W, +iW,..W,] , B =0,B,—0d,B,.
VAV# = gﬁ’#f“ﬂ : é’# :g’B#TS/Z,
V,=(D,U)U" | T=UUT,

soft-scale!!!
*“Chiral” counting™:

a s mw, mz, ~ O(p)
DU, V., gvT, W,, B, ~ O,

~ A

2
also notice the subtlety™™  gl)~m,,,/v~p/v

* Buchalla,Cata,Krause ‘13
* Hirn,Stern ‘05
* Delgado,Dobado,Herrero,SC [in prep.] ** Urech ‘95
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*EFT Lagrangian up to NLO [i.e. up to O(p?)]:
Lrcih = Lo+ L4 + Lar + Lrp

=»LO Lagrangian™":
. 1 .
EQ = — —2T‘I'(W#VW”V) — FT‘I'(Bﬂ,uBNU)
g
’U2 h h2 f 1
L G 2&5 +b(— ) | T(D'U'D,U)  + iaﬂhé‘ﬂh + ...
v

=»NLO Lagrangian™™":

Ly = aiTr(UB UWH) + iasTe(UB,, U [V*, V")) — dazgTe(W,,[V*,V"])

h A a h -
[ — cw ETT(WH,HW’{W) . CB;TI'(B;WB”U) 4+

cy h
* Apelquist,Bernard ‘80 2 v
* Longhitano ‘80, ‘81

** I, conventions from Brivio et al. “13
J.J. Sanz Cillero
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Counting,

loops & renormalization

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

k
_ 2 : (d) . d (X
Lg = / L P —
U
k
leading to a general scaling™® of a diagram with 4 « £ external legs

M~ (&) (

* [ loops

* N, vertices of Z

d

p? )L H (flid)p(d—z))Nd \_ E9: L=2,E=5 )

1672v2

2

A"

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

* O(p9) loop divergence + O(p9) chiral coupling = UV-finite

* Weinberg 79

* Urech ‘95

* Buchalla,Cata,Krause ‘13

* Hirn,Stern ‘05

* Delgado,Dobado,Herrero,SC [in prep.]

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

E.g. W, W,-scat**:

LO O(p?)=> p_z (tree)

4

NLO O(p*)=> al (tree) + p’ (%—i—log) (1-loop)

v 1673v2

7.7, Sanz Cillero
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More

Example: S & T parameters at O(p?) || complicated/interesting

examples
coming soon
[Delgado,Dobado,Herrero,SC
‘in preparation]

. STAY TUNED

~,

*Do oblique parameters exclude strongly-coupled models?

~.

O The EWPO Oblique Parameters

don’t exclude them at all

- T - Ilphysllh D-s LT L | TTrTT | LI I 7T LI | I LI I LI | | 7T I LN

Dangerous naive cut-offs at some A ey E

<% [ preliminary -

, 03[ =

S =~ ;1 In é\ . 0.2 f_ _f

127 m : - -

‘H.ref 9 0.1 F E

T%—lﬁ 329 In f?‘ = =

meosT 0w omy . - E

T 1 H,ref o1E A & 1114,1000] GeV =

S m, = 173.3% 1.1 GeV E

-0.2 3

-0.3 [-68%, 95%, 99% CL fit contour =

- (MH:‘|2U GeV, U=0) .

% T 00 I Ll L1 l 11 1 1 l 1 1 L L Ll I Ll 11 I 1 11 1 L1 11 I L1 1]
’ L -0-?0.4 -0.3 -0.2 -0.1 . 0 0.1 0.2 0.3 0.4 0.5

s

-EFT: Loops + effective couplings
(ALWAYS!!)

* Peskin, Takeuchi ‘92
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=»\\/3B correlator*

! Z.

SAAYAYs VaVAV VIR iy
-1,
/\/\/w/\/\/
=>NGB self-energy * 3 eff. couplings

* Dobado et al. ‘99
* Pich, Rosell, SC ‘12, 13
| * Delgado,Dobado,Herrero,SC [in prep]

J.J. Sanz Cillero EW chiral Lagrangians an



* More observables* can over-constrain the a,(u)
BUT not (S,T) alone!!!

. . .. [ 81
* Taking just tree-level is incomplete —» | 5= —16mai(p?), T= %ao(u?) }
and similar if only loops —> T o (l—az)ln 112 — _3(1—(12)1 2
127 m3 - l6mwel,  om?

*Otherwise, one may resource to models**:
—>Resonances (lightest V + A)

- UV-completion assumptions (high-energy constraints)

* Delgado,Dobado,Herrero,SC [in prep.] ** Pich, Rosell, SC ‘12, ‘13

J.J. Sanz Cillero EW chiral Lagrangians an




Deviations from SM: BSM’s

+»» Different models - Different deviations from SM

(a=riy=r) >wv@§
(]=K'W: KV - h
¢ / h

*O(p?) Lagrangian in particular models:

a> =b=0 (Higgsless ECL) + >\/\/\/@\‘
a> =b=1 (SM), /

2 v 202 / ’
a? =1 — ik b=1-— y:a (SO(5)/SO(4) MCHM),
2
a2 = b = j_% (Dilaton).
*O(p#) Lagrangian in particular models:
cw =¢Cg=0Cy=..=0 (Higgsless ECL),
a; = Cw = Cp = Cy = ... =0 (Sl\l),
% Measuring SM couplings up to (Aa) precision = Tests NP scaleupto A“ ~ 167~ f* = —

sl

1 —a
Higgsless (Aa=100%) = Loop scale at A= 4nv =3 TeV

[Espinosa et al. “12]
Aa=15% =>» Testing scales up to A=6 TeV

[Delgado,Dobado,Herrero,
SC ‘in preparation]

Aa=5% =>» Testing scales up to A= 10 TeV

J.J. Sanz Cillero EW chiral Lagrangians and tue nggs properW




EW Chiral Lagrangian+h +V + A:

Models, assumptions, completions...

EW chiral Lagrangians and the Higgs properties at the one-loop level



Strongly coupled BSM

SM

elementary particles

BSM

elementary particles

COMPOSITE
STATES

SM

Interactions
(other?)

SM BSM

interactions strongly-coupled

interactions

* Inspired/similar to SM and the QCD sector: EW & leptons <> quarks & gluons

J.J. Sanz Cillero EW chiral Lagrangians ang t!e nggs propeWr



* However, it can’t be just a copy of QCD:

Rescaling
from QCD to EW scale

QCD >  EW

Energy scales?

F.=0.090 GeV - v=0.246 TeV
MAAssaasasaaan strong scale A g
A pr=47F, = 1.2 GeV > Ag=4av =3.1 TeV
M =0.770 GeV > My=2.1TeV
A M P
M,,=1.260 GeV > M,=34TeV
9

_m=0-esloV
A J

[Contino EPS-HEP’14 €]

mg=0.126 TeV !l

- Bounds on M
* AIM of this work**: §

- Bounds on couplings from (S,T)

** Pich, Rosell, SC ‘12, ‘13
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Oblique EWPO’s

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

] » l » v ~ v v, —

vac-pol 2 2K
with the subtracted definition,

~ 2tan 6
T30(¢%) = ¢°30(q%) + QTWU2

—_ =

1 A
e1 = E(H33(0) — wa(O)) = Z(O) -1
63 = — 1 TIg0(0)
3 7 tan Ow 30
SM 3¢% . My SM : My '
el o~ —ﬁ log E —+ const, £y R ﬁ og E + const
_I\/I_ .
- w We find that
T = "9 ‘29 (61 o e?h{)
g = cos” Uw strongly-coupled models are
. 16m SM
g — - (e3 —e5M) . perfectly/naturally allowed
* Peskin and Takeuchi 91, '92 : féigeéwwe k /

| ** Barbieri et al.’93 + Zfitter

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

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

16 - dt = ST (\SM
S — 92 o QV(, / T IIIng()(t) — IIIngo(t)
7 O s

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

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: Syo =4rx (Y 4
- At tree-level LO (J II? 1 f?x )

* Peskin and Takeuchi '92.
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What?

Why?

How?

* Peskin, Takeuchi ‘92

One-loop calculation of the oblique (S,T)-parameters in strongly-coupled EWSB * **

Study of composite models

Erfective || @ EWSB:SU(2) x SU(2)g & SU(2)..x: similar to ChSB in QCD-> ChPT ***

approach || ) Strongly-coupled models: Resonances like in QCD=> RChT )

c) General Lagrangian + EoM + short-distance cond. )

d) Just the lightest two-particle absorptive cuts.

| J.J. Sanz Cillero

+
Dispersive representation for S * nn + hn
+
Dispersion relation for T (for the lightest cuts) *) Br + Bh
*** Apelquist '80 (impact of heavier channels neglected ¥ )
*** Longhitano ‘80, ‘81
** Gfitter *** Weinberg '79 (+) Ecker et al. '89
:: LEP EWWG  wxx Gasser & Leutwyler ‘84 ‘85 (+) Cl.rlgllano et al. '06
Zfitter *** Biinens et al. ‘99 ‘00 (+) Pich, Rosell, SC '08 (x) Pich, Rosell, SC 12,13
EW chiral Lagrangians and the Higgs properties a




SU(2) ®SU(2)g / SU(2) . Resonance Theory

L=L3) +Lar+Ly+La+ L5% + £59 4

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

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

2
. — v v < h + ©t sector
*Relevant resonance Lagrangian ®). ** L = { [+ rw 5 Sl ()

W = a = Aw Rz

Fy 1 Gy
+ V., Y Vi [t u” <—— V + msector
2\/§<W/+> 2\/§<,{W[ ]>
FA [Nz \/_ SA Jr
+ 9\/2 <Aw/f— > + V2ATT 0,51 <A Uu) A+h+m sector
We will have 7 resonance parameters: High-energy constraints
Fu» G, Faws ks 1454, My and M, will be crucial
. ** Appelquist, Bernard ‘80
(x) SD constraints: Ecker et al. ‘89 ** Longhitano ‘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 s+ Manohar et al. ‘13
) .

(x) EoM simplification: Pich,Rosell,SC ‘“13  +« Espriu,Matias ‘95 ... *** Elias-Miro et al. '"13. .

J.J. Sanz Cillero EW chiral Lagrangians and the Higgs properti




High-energy constraints

v" We will have 7 resonance parameters: F,, G, Fa, ©, 1°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.

2
0) Once-subtracted dispersion* relation for [T, (s) = 2" Ow My (s) — Taa(s)]

4

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

S

nrn, hr ... (higher cuts suppressed) Tyo(s) = Thgo(0) + > /oo dt
T Jo

t(t—s)

ImIlz(t)

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

2tan 6 V2 Fr2 Fr2 —
Moo o = S5 s v i)

S M{}2—s M;"‘Q—s

* Peskin, Takeuchi ‘90, ‘91

** Pich, Rosell, SC ‘08

J.J. Sanz Cillero EW chiral Lagrangians and the Higgs proper!les aW—



i) Weinberg Sum Rules (WSR)*

g% tan Oy s

1°T WSR:

S X HV_A(S) 82;3
2ND WSR:

S2 X HV_A(S) sﬁ}o

* Weinberg'67
* Bernard et al.’75.

I30(s) = 1 [TIvv(s) — TTaa(s)]
2,2
_ g t;n@w . Sﬁao(S)
oo g?v?tanf
0 EETErmew) / dt ps(t) = 1 W
0
( EETErEw OdttPS(t) = 0

1 ~
Ps (S) = ;ImH30(S)

7.7, Sanz Cillero
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i.i) LO i.ii) Imaginary NLO i.iii) Real NLO: fixing of Fy, \'
or lower bounds**
FE - F; = o 1 )

F2ME - FAMy = o | teflveald)e O(W Py? = PR =o? (14 60))

NLO

Fy2 M2 — FR?M3? = o> M{?6%)

(1/ 2 constraints) (172 constraints) ( constraints on Fy4")

F."and M." are renormalized couplings which define the resonance poles at the one-loop level**
R R

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

* Weinberg'67
*Bernard etal.’75. ™., I30 (8) |NLO -

| ** Pich, Rosell, SC ’'08

g* tan Oy ) (02 N Fi2 F? — )
4
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if) Additional short-distance constraints

. » FvGv
ii.i) T Vector Form Factor —— =1 + NO HIGHER
v DERIV. OPERATORS
for W,B>7mt
ii.if) St Axial-vector Form Factor™* SA + NO HIGHER
FaAANTT ) DERIV. OPERATORS
( equivalent to VFF + vanishing pg(t) at t > ) KWV B for W,B->Sn
ii.iif) W W, = W W, scattering* G2
3Gy,
2
(NOT CONSIDERED HERE, studied in a previous work***) Vz + hFw = 1

Kw >0+ WSRs+VFF| = M,/M,>0.8
W Vi A

o ; * Barbieri et al.’08
Ecker et al.’89 * Guo, Zheng, SC ‘07
*** Pich, Rosell, SC 12 * Pich, Rosell, SC ‘11
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These are

my principles.

If you don't like

them,

I have others
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SandT atLO

S-parameter *

< New physics in the difference between the Z self-energies at q>=M,? and g2=0.

=3B correlator (transverse in Landau gauge)

at Lo VA
m/\/\Q«/\m - "N - AN ANNA——ANN

g2tan9W8<U_2 F‘% Fj )
4

Mz0(s)lo = s —I_M‘Q/—S_Mf‘—s

12 12
|—|_—:>SLO4?T(FV . FA)

MZ M3
T-parameter *

% It parametrizes the Custodial Symmetry breaking (W*W" vs. ZZ)

=»NGB self-energies

: Q - =0 %(5)0 —%(s)*=0

|L> ITLO = 0
* Peskin and Takeuchi '92.

J.J. Sanz Cillero EW chiral Lagrangians and tue nggs properW



Sand T at NLO

=»W-3B correlator*
/ﬂmn v /J\n /ﬂk‘\ v /AMHV
AVAV JAVAV M —— HAVAV AVAV "\ AN ——] VA,

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

=»NGB self-enerqy *

NN G W S
S0 TG 0 O

* Barbieri et al.’08
* Cata and Kamenik “10
__*Orgogozo, Rychkov '11, 12

J.J. Sanz Cillero EW chiral Lagrangians and the Higgs properties at the one-



High-energy constraints + Dispersion relations

(33)

=>W3B correlator ——> S-parameter sum-rule )
16 > dt .
_ , (1\SM WQ QAN
S = — — [ps(t) = ps()”] :
g tanfy J o 1 S
i slon = 99'0(s) (4 L BGy s ? @* 99'0(s) ( ME \*
Pslrm = oax 2 ME — s 1927 \ M2 —s
1.~ J
ps(s) = —ImIIgp(s) e
ﬂ- _ g9 Ky 0% 0(s —m%) . FaA74 s ° WSR 99 Ky 0% 0(s —m3) M3 2
| pslse == 1927 T ewe M s B 1927 M2 s

=»NGB self-energies ———> Convergent dispersion relation for T

4 /
T — /2 2
g < cos” Oy
1 (0) (+)
pr(s) = —Im[3(s) 3(s)\ ]
T
+ Peskin ,Takeuchi '92
x Pich,Rosell,SC ‘13

* Orgogozo,Rychkov “11

o0

o t

—

for the lightest absorptive diagrams with B+ BS

dt

Pr(S)|Bx

pr(s)|Bs,

Lpr(t) — pr(t)™™]

3g'2 FyGy 2
s _ ei 25(1— Vz") + O(s°)
T Vv
X v 1-— p—" + O(s")

J.J. Sanz Cillero
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15t + 2" WSR determination:

v 7 parameters (only lowest cuts nn+hn): My, M5, F\, FA & Gy, x, A,SA

v’ 2+ 2+1constraints: F,, F, & M,, (F,G,), (F\A,5%) =—= 2 free parameters: M, x,

Only 1°* WSR lower bound for M, <M,:

v 6 parameters (only lowest cuts nnt+hn / Br+Bh): M, M,, F, & (F,G,), xy» (FAaASA)

v. 1+1+1constraints: F, & (F,Gy), (FaA,5%) ——— 3 free parameters: M, M,, «,

J.J. Sanz Cillero EW chiral Lagrangians ang t!e nggs ero



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

A2
Sto = (1 +

My

M3
e

Arrv?

< SLo <
2
M2

8mv?
M

2 2
S]_,()—4‘T(F F )

M2 M2

i.ii) Only 1st WSR ***

T10=0

SrLo = 4m { (
4rrv?
Lo > 3
V
* Gfitter e _ ,
* LEP EWWG Peskin and Takeuchi '92.
* Zfitter *** Pich, Rosell, SC ‘12

LO results***

:? My (TeV)

-0.5b S =0.03+0.10 * (M} ,~0.126 TeV)

(lower bound for M,>M,) l

>} AtLO M, > 2.4 TeV at 68% CL

(M, > 3.6 TeV if T,,=0 also considered )

7.7, Sanz Cillero
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NLO results:* 1st and 2" WSRs in I1;,

(asymptotica/ly—free theories)

m%_] o) mg’ |
[ +log 2 — i [ 1+log—r
B VR RV :

l 1 1\, 1 Mz 11
S = 4r? [ — + — Ve — [ ([ Joe ¥ =
4T (Mg, + Mg)’ﬁ 127 Kog w2 6

= 00

Sommmmmm e ST M2l MEOM2
k2 [log A 2o 2R,
(Og mi, 6 At Maﬂ
-0.2
[ terms O(m¢?/M?,,,) neglected ]
v 1stand 2n WSRs at LO and NLO + nn-VFF: BT

> 20 WSR: 0 < 1, = M2/My2 <1

At NLO with the 1st and 2" WSRs

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

* Pich,Rosell,SC 12, "13
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NLO Results:* Only 1st WSRs in I1;,

* %

(walking & conformal TC, extra dimensions,...) 3

~ 16mcos? By

\4 A

LO==5+ : : :
4m? i M2 11 , M 17 M3
§>1— 1 In—-—— | —ky (log— ——+—5
My, 12w my 6 mg, 6 My

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

m%, 2 m§
1
1+10gW—Kw 1+10g—2

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

v' Only 1t WSR at LO and NLO + nn-VFF:

> Free parameters: M,, M, and i,

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

J.J. Sanz Cillero EW chiral Lagrangians and the Higgs



NLO Results:* Only 1st WSRs in I1;,

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

B 3

04l

b o 0.02 < My/M,

e 0.2 < MV M.-’-i <

<02 ] M, > 1 TeV, kyy < (0.6, 1.3) at68% CL

2 2
= itlogl i (141
167 cos? By +log M2 KW( +°gMA)]
LO==3

\
4o’ M 11 5 M3 17 M
S>: ; :+ B (ln EV—E)—K'{;V log—A—F-I- /;
1 MV I T lnH f??sl MV

-

At NLO with only 1t WSRs

n_ﬂiwwwl.\\llww.lwwl\

05 1.0 15 20 25 L

0

ower-bound for M,>M, J

for moderate splitting 0.2 <M,/M, <1

(normal hierarchy)

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

K=/ Irmn ™
very different from the SM
if one requires large (unnatural) splittings

J.J. Sanz Cillero
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NLO Results:* Only 1st WSRs in I1;,

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

- : 1 +1o My o 1+1o s
~ 16mcos? By gM% W gM/Z\

—_———

LOr =3 ; ) >
4moyv- 11 M, 11 5 My 17 Mj
§>1— 1 In—-—— | =Ky (log— — —+—5
| My 127 my 6 mg, 6 My

-

At NLO with only 1t WSRs

M, > 1 TeV, k € (0.6, 1.3) at68% CL

ffor My > M, for moderate splitting 0.2 < M,/M, < 1
M, (TeV) (normal hierarchy)

K=/ Irmn ™
S — very different from the SM
] if one requires large (unnatural) splittings

° 1< MV/MA <5 S upper-bound for M, <M,
0.0 b e T (inverted hierarchy)
0.5 1.0 1.5 20 25 —
. o S identity for M, =M,
Pich,Rosell,SC ‘12, ‘13 My (TeV) (degenerate)

** Orgogozo,Rychkov ‘11
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L[ 68% CL
1.0[
0.8:—

3 i ]
0.6 .
0.4} _

[ e 0.2 < My, /My <1 ]
021 ]
r e 0.02 < M\//MA < 0.2 ]
0.071 L 1 I | L 1 | 1 1 1 I 1 I 1 1 | 1 1 | 1 1 I | L li
0.5 1.0 15 20 25 3.0 35
My (TeV)
S 0:6z ]

M, (TeV) M/My, My (TeV)
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BACKUP PLOTS

L \\\4\\\\
M, RV

1
< N
<
s ]
— REa
v 1
=
v i 1-
2
0 T Il Il T Il
& 2 3 5 = g2 8

EW chiral Lagrangians and the Higgs properties a

N S 0] o) <t N
— — S S S S

m
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Further comments:

v 1<My/M<2yields M,>1.5TeV, kye[0.84,1.30]

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

k=0 incompatible with data (independently of whether 1st+2¢ WSR’s or just 15t WSR)

v" Predictions for ECLh low-energy couplings

LO{ --------- N
15t+2nd WSRs I v? 1 1 : 1 S 12 H"-’l, 8 2 ,
Xﬂl(“} Z:—T ”—2+ 111" -+ 192;{3 5 + In J.jrf — m : lllT + -“l'l,'l']llﬂu'
3 11 12 3k, (11 12
I - — +1
ao(n) = 5o ( 6 M%) 1282 \6 13

v Calculation valid for particular models with this symmetry:

E.g., in SO(5)/SO(4) with x,=cos@<1 *

* Agashe,Contino,Pomarol ‘05
* Barbieri et al ‘12
* Marzocca,Serone,Shu ’12 ...

J.J. Sanz Cillero EW chiral Lagrangians an



Conclusions
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‘/Framework (1): -SU(2),®SU(2); / SU(2)_..r EFT w/ NGB’s + Hiqgs (ECLh)

- Power counting for individual contributions (loops + tree)

- Important cancellations in the full amplitude ( stronger suppression 4nf )

‘/ Framework (ll):- NGB’s + Higgs + Resonances

- High-energy constraints + 1 loop dispersive calculation

‘/ 1st+ 2nd WSR’s:  Tiny splitting (68% CL) 0.97 < (My/M,)2=xy <1, My>54TeV
‘/ Only 1st WSR: For a moderate mass splitting M, ~ M,, (lighter) , x,, ~1, M, >1 TeV

‘/ FINAL CONCLUSIONS:
- Resonances perfectly allowed by S & T at Mg~ 4nv =3 TeV

- Resonances perfectly compatible with LHC «,, =1
- Only some slight issues below TeV (large splitting, inv. hierarchy...)

- Conclusions applicable to more specific models (e.g. SO(5)/SO(4) MCHM)

J.J. Sanz Cillero EW chiral Lagrangians and the Higgs properties at the one-loop level
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BACKUP SLIDES
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* Field content of the theory:

SU(2),®SU(2); / SU(2),, EW Goldstones + SM gauge bosons
+ one SU(2), ®SU(2)r singlet scalar S,

+ lightest resonances (e.qg., Vand A; optional)

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

u(e)  —  grule)hi(e.g) = hle.g)uly) g
WH — g Wrgl +igpotg) B* — gr Btgh, + i gr 0" gl
R —  h(p.g)Rhi(p,g). Ry — R
NOTATION: .
4 U = u* =exp{ion/v} )
T 01 e T 1w L T3 pu
i = uwt WYy £ 4 BFYyt Wh=—g W, B = 9 2
Wi = W — e — i [T, W B = "B — o B — i [B*, BY],

\_ u =iu DUy = —iut DPU W =t DPU = 0*U — i WHU + iU B*. )

J.J. Sanz Cillero EW chiral Lagrangians a



\)o@ * Agashe,Contino,Pomarol ‘05
& * Barbieri et al ‘12

The Light Higgs aS a GOIdStone: * Marzocca,Serone,Shu 12 ...

gauged SO(4)’

MCHM SO(5)/SO(4) *

SO(5)
SO(4)

> 4 NGBs transforming as a (2,2) of SO(4)
[3NGB(>W+Z) + Higgs as1pNGB ]

o\ 2 PRECISION
) e

O(v?/ f?) shifts in tree-level Higgs couplings. Ex: a=1-cp (? ERONTIER

[Contino ‘EPS-HEP-2013]

2. Scatterings involving the Higgs also grow with energy ENERGY
FRONTIER

A(WW = hh) ~ = (a® —b)
=

J.J. Sanz Cillero EW chiral Lagrangians ang #e nggs W



H-> vy

*Higgs decay through a top loop
(mainly enhanced by H-2tt coupling; prop. to m,)

Hagge praductize /./ Higge decay to photons
P
» — P
q \')&é " i ﬂ/; .
A L~
- a ¥
v —

Signature: 2 energetic, isolated v,
a narrow mass peak on top of a
steeply falling spectrum

Events / GeV

Data - Fit

g 00 AVAVAY:
H
W, t

t,b - b,(’:,T A b, C,
00/ N
: T T T T T T T T | T T T | T T T ‘ T T T T T T T :
4500 Vs =7TeVill Ldt-4.83f" Nov 3,201
4000 /s =8 TeVill Ldt=2065f ' Dec 9,2012
3500 ATLAS Preliminary -
3000 — H—yy channel —
2500 — —
2000 — =
1500 £ =
- —Data =
1000 p— Background-only =
500— — Sig.+Bkg. (mH=126.3 GeV} _—
AT T T T T T A &
200— —

0
'200 B 1 1 1 | 1 1
100 110 120 130 140 150 160

M, [GeV]

[https://twiki.cern.ch/twiki/bin/view/AtlasPublic/HiggsPublicResults#Animations]

7.7, Sanz Cillero

EW chiral Lagrangians ang t!e nggs proW



H > 2Z2* > 4&(

The final states considered are 4u, 4e, 2e2u

P

Very clean final state:

. 35 L T T | T T 1T ‘ L | L | L ‘ L | L L
- 4 leptons of high % - .
4 1ep &1 Pr> 3 - Vs=7MkeV | Ldt=0.05%" Apr24, 2011 .
- isolated o g0 i
- coming from the primary vertex £ = .
o 25 ATLAS Preliminary
E H—2z"'— 41 channel E
20— =
But a clear - [T] Signal (m =125 GeV) -
. . e e e . C I =ackground 22 ]
Very tiny cross section - distintinctive 15— B Background Z+jets, ff
signal - b= Data ]
10 -
51— —
-U n:| ! li! ! 1 ! ! 1 ! T t | 1 | ! ! | t | 1 | 1 11 1 |:
5 10 —
&
m
s -10F —
A 50 100 150 200 250 300 350 400 450 _ 500

M, [GeV]

[https://twiki.cern.ch/twiki/bin/view/AtlasPublic/HiggsPublicResults#Animations]
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