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OUTLINE

1) Introduction

2) Searching for Higgs-sensitive observables with EFT’s

yy>W, 2 W, P scattering up to NLO [ O(e?p?); 1 loop]
+ related observables (S-parameter, form-factors, decay rates...)

=>Constraints on  { hVV couplings, a,, a,-a; }

3) Testing composite resonances:

(S,T) oblique parameters

=>»Constraints on My & hWW coupling
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And new look at old data...

(asymptotically-free theories)

Oblique
parameters .
VS.

EW composite
resonance models

0.2

T O SR B
-0.4 -0.2

** Gfitter
* LEP EWWG
* Pich,Rosell,SC ‘12, ‘13 ** Zfitter
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...and an old look at (forthcoming) new data

)

*Experimental results for yy2>W*W-: 2 events
[CMS JHEP 07 (2013) 116: pp>p W*W-p  p,>30GeV]
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18 events/y
expected in Pb-Pb
after cuts™*

** Enterria, Silveira, PRL 11 (2013) 080405'
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> So far,
only bounds
on eff. vertices

(stronger than LEP & Tevatron)

We need more experiment
+

more theory:

JUST EFF. VERTICES
NOT ENOUGH

=

Low-energy EFT calculation

" FORTHCOMING )
FORW. DETECTORS @ LHC:

CMS-TOTEM (2015!),
\ ATLAS-AFP y

EW Chiral Lagrangians and the Higg
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Summary of all searches for
coupling deviations C Mora [ATLAS

ATLAS Total uncertainty Is=7TeV,L<51f" \s=8TeV,L<196f"
=125.5 GeV =+ + -
Al : — lo 20 CMS Preliminary W 68% CL
X, | = 95% CL
: : ! ‘K .'
Model: ) O 1 /AN L v '
Ky, Kg . ]
KF ) Kf *l =037
| .\\ B o 1 : 5....”
Model: 2 | Ve Mz —— p,,, = 041
Aeys Kyy v l E ' Ay i n i -
1o L) @
Model: : : du ' Py = 039 | ¢
Mz bz Az ; : ' I
z'FZ' Ky | : A i llq l*p' -049 CJ
K| N Va Kq -
Model: i ' NL 1] '
Kg Ky : : ' /. .
5| /* “ el by, =023
i N | . N1 o
-1 0 1 BRBSMT-— Py = 0-41
\s=7TeV JLd‘t - 46-48fb" Parameter value coa b by by by
\s=8TeV [Ldt=20.7 " Combined H — yy, ZZ*, WW* 0 0.5 1 1.5 2 2.5

- i parameter value
eCompatibility with the SM

*Best uncertainties  10%)
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What are we needing?

e Observables!!

hWW coupling
Y% We need more observables

sensitive to small deviations in the couplings (e.g. Aa=a-1)

*Precise & accurate theoretical calculation!!

% Just eff. vertices = Not enough (dangerous)

* Low-energy EFT’s to relate observables
% BOTH: counter-terms (couplings) + loops (logs)

% Full computations (w/ finite parts)

Optimal Tool = EFT (EW Chiral Lagrangians + h)

(small devs. + mass gap)

J.J. Sanz-Cillero EW Chiral Lagrangians and the



(1) EW Chiral Lagrangian + Higgs (ECLh):
Low-energy EFT;
vy =2 2z, w*w" & related obs.

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



*EFT approach:

(7

=1t describes any theory w/ the given symmetry pattern

—In principle no ref to composite, dilaton, etc.
(1model=1set of LECs; e.g. SM)

a>=b=0
a? =b =
‘ 2 2
az—l—% b:l—%
_ )
azzb:%,

—>Goldstones non-linearly realized

(most general framework)

7.7, Sanz-Cillero

LINEAR
models

NON-LINEAR
models

(though, h=pNGB obvious inspiration)

Higgsless ECL
SM,
SO(5)/SO(4) MCHM

Dilaton

[ M.Trott’s picture © ]

EW Chiral Lagrangians and the Higgs pr'opermes a -



*EFT assumptions:

(@)

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

2. Applicability: E<<A¢q, = min{ 4nv, M }

3. Landau gauge (for convenience; R ; renormalizable in any case)

4. Equivalence Theorem: My, <<E MOy =W W) =~ —M(yy = wiw’)
My = Z1Z) = —M(yy — 22)

Pheno=> m, ~m,,, <<E (full calculation also possible)
5. Custodial symmetry: SU(2) ®SU(2)./SU(2),,, pattern
6. A minor detail: gauge boson sector switched off when g,g">0 (through gw*, &g'8,)
*OUR W%W.:W.zb ANALYSIS:* RANGE OF VALIDITY

2 2 2 2

* Delgado,Dobado,Herrero,SC ‘14

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

DU = 8,U + iW,U — iU B,,

W = 0, W, — O, W, +iW,..W,] , B =0,B,—0d,B,.
W, =gW,7/2, B,=g¢ B,m/2,
V,=(D,U)U" | T=UUT,

soft-scale!!!
*“Chiral” counting™:
Ay, mw, mg, ~ O(p)
DU, V,, ¢vT, Wu, B% ~  O(p),

o

» 2
Ww/ ; B_U,V ™~ O(p ) .
also notice the subtlety™™  gl)~m,,,/v~p/v [notice e ~p/v too]

(x) Apelquist,Bernard '80
(x) Longhitano ‘80, ‘81
(x) Herrero,Morales ‘95
(x) Pich,Rosell,Sc ‘12 ‘13
(X) Brivio et al. 13

etc.

* Buchalla,Cata,Krause ‘13
* Hirn,Stern ‘05
* Delgado,Dobado,Herrero,SC ‘14 ** Urech ‘95

J.J. Sanz-Cillero EW Chiral Lagrangia
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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
02 h h? i 1
+ " 1 + 2&5 +b(— Te(D*U'D,U) +  =Z0"ho,h + ...
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

** L, conventions from Brivio et al. ‘13
J.J. Sanz-Cillero
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Counting,

(11

loops & renormalization

*In general, the O(pY) Lagrangian has the symbolic form (x=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~ (&) (

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

* [ loops

* N, vertices of .Z,

d

p? )L H (flid)p(d—z))Nd \_ E9: L=2,E5 )

1672v2

2

A"

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

* Weinberg ‘79

* Urech ‘95

* Buchalla,Cata,Krause ‘13

* Hirn,Stern ‘05

* Delgado,Dobado,Herrero,SC ‘14

** Filipuzzi,Portoles,Ruiz-Femenia ‘12
** 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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Any #of Z, # loops # Of_z“ (12
vertices vertices

« T (yy>wwP) up to NLO: *
P’ P’ a;p’\ p’ a; p° é

- (5) () ()~ @ (=) (%)

eSummarizing up to NLO: M = MLO -+ MNLQ

LO STree-leve (L=0, N,=0): Mo = Mgy ~ €

*NLO: Mo = Mg;(g‘;g) + g?SQIOQ)

2
_ — —N)\- 1—loop 2 p
=>»One-loop (L=1, N,=0): Mepas, ~ e (W)
a; p*
=>Tree-level (L=0, N,=1): Mg?22p2) ~ 2 ( ;2 )
° i H 4y. T T T T * : .
Renormalization at O(p*?): a1, A2, A3, Cy —> Ay, Uy, A3, cr : Weinberg 79

* Buchalla,Cata,Krause ‘13
* Hirn,Stern ‘05
* Delgado,Dobado,Herrero,SC ‘14

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




(13

*General gauge invariant Lorentz structure w/ on-shell transverse photons [waP =w* 7]

Y(k1,€1)y(ke, €2) — wa(Pl)wb(pz)

can be described by 2 scalar functions A & B: * X

* Bijnens,Cornet '88
* Bijnens,Dawson,Valencia '91
* Donoghue,Holstein ‘93

* Colangelo,Fen,SC ‘13
* Dai,Pennington '14, etc.

(€1€2T( )) A(Svtau) - (€1€2T(2)) B(Satau)

with the Lorentz struct
S
(6165’71;“/} = 5(6162) -

ures and Mandelstam variables
(e1k2)(e2kr),

(efesTy)) = 2s(aA)(eA) — (t —u)(erez) — 2(t — u)[(e1A)(e2k1) — (e1k2)(€2A)]

At = plf —ply
S=(/€1—|—k‘2)2, tZ(kl

(x) Notation:
Burgi '96; Gasser et al. ‘05, '06

—m)*, u= (k1 —p2)’

J.J. Sanz-Cillero

EW Chiral Lagrangians and the
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YY > 22

*LO (no contribution): M(yy — 22)10 =0

*NLO:

=> Tree-level =>»One-loop *
4 N e N b w
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- ! . ¥ 3 N
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* In agreement with Ametller,Talavera ‘14
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LO (tree-level): A(vy = wTw o = 2sB(yy = whw )io
VAN ==y AV Y
w|* w >:r
VAN === YAAN
w w

*NLO:

= Tree-level

YY > WW-

=>» One-loop

7.7, Sanz-Cillero

iral Lagrangia
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1
t

SRS

[Born term]
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*NLO: =>Tree-level =>» One-loop

M = 144’;‘:“2(380(500)(”“)( (1) (eaky) + (€1ka) (€2A) + (er62) t
Y A w, - +2 (e1€2) u) + 2 (e1ka) ((e2) (t + u)
N ;I . 7};\;\\ +3 (eaky) (t+2u)) + (t + u) (=2 (1 A) (eaky) + (FIF))f-i-?(F]Fg)E{))‘
”y’\/\/\lf-ﬁvf AN wo M = 14_;;’: !_(BB[;(QUU J(t+u)((e1A) (k) — (e1ka) (e2A) + 2 (€1€9) t + (€1€2) u)
wl W \>i —2 (€1ka) ((e2A) (t+u) — 3 (eaky) (2t +u)) + (t + u)(2(€1A) (e2ky)
SEVIV.V R TV VAV AN _
w w +T7(e169)t + 2 (€169) u)) .
“/’VV\T"“ ’Y’V\/\1\>/’ M = )é;_i{{, (330(r.n._n)(2(g1e))r—J((q_\) (e1k)) ((€2A) — (eaky)))
W wr/ . =0
YA T +H(=(@1d) = (e1k2)) () — (Fzé‘l))+4(€1€sz)-
M= (:330(11.0..0)(2 (e1e2) u = 5((e120) = (erh2))((€2A) + (e2ky)))
— (1) ((e2A) + (e2ky)) + (e1ka) ((€2A) + (e2ky)) + 4 (€1€2) )
M = 2;;::__}{‘2 (330(11 0,0)(2 (e1e2) u — 5((e1A) — (e1k2))((€2A) + (€2ky)))
@ ~ (@A) () + (k) + (erks) (@A) + (eohy)) + 4 (e162) )
$Q§
0/1
ooo; % %% , etc...
% %
(&
Qg@
>4

* Delgado,Dobado,Herrero,SC ‘14
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*NLO: =>Tree-level =>» One-loop

| |

. S(ap—ap+ap) | 2ad (@ —1)
Alyy 2w w” o = > + — t
v v S
Toap T —
B(yy —=w w” )xuo = 0. S
0&‘% *
I AN
&
&
p2
*Since a**?=1, full one-loop amplitude not simply suppressed by 16.2v2
2 2
but stronger loop suppresion by 1-2a%)p
1672v? ) ,
[ we can rewrite our particular result for the suppression in the form 16252 with £ = 1-a /

* Delgado,Dobado,Herrero,SC ‘14
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Related observables

*How can we determine these ECLh couplings? *

Observables Relevant combinations of parameters
from L, from L,
M(yy — z2z) a cl
M(vy — whw™) a (ai — a5 +ay),
r
['(h — ~7v) a K
S—parameter a aj
Foww a (ah — a})
Sy h _ c

* OVERDETERMINATION=>EFT PREDICTIVITY:

6 observables vs. 4 combinations of parameters {3, Cyr a,,(a,-a;) }

* Delgado,Dobado,Herrero,SC ‘14

J.J. Sanz-Cillero EW Chiral Lagrangians and tue Hllggs proner i
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ECLh running at O(p?)

*This 6 observables overdetermine the 4 combinations of couplings a, C, Ay, (a,-a5)

and provide their running:*

ECLh EcL
(Higgsless)
RG > FCLJ_—G2+G3 0 0
INVARIANTS > T 0 ]
Fal o Fl) (1 o 0’2) o %
() F(Lg—a.g T % (1 - (I,Q) — %
LI L(1—a?%? 1
* % Fa,r, % (b — (12)2 + 11—2 (1 — &2)2 %

* Delgado,Dobado,Herrero,SC ‘14

** Egpriu,Mescia,Yencho ‘13 . ‘
* Delgado,Dobado ‘13 (+) Herrero,Morales ‘95 (x) In agreement with Ametller,Talavera ‘14

J.J. Sanz-Cillero EW Chiral Lagrangians ang tﬂe Hllggs propeWr
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Further improvements:
Theory and Pheno

* Inclusion of top loops (IMPORTANT)
e Beyond the Equivalence Theorem (refinement)
* Beyond m,=m,,=m,=0 (refinement)

* MC simulations of signals at LHC and ILC  (IMPORTANT)
- Experimental selection of this subprocesses at LHC*- %)
- Estimates of integrated event #
- Energy dependence

eJoined analysis of yy-amplitudes + decay-rates + oblique-parameters + FF’s
(IMPORTANT)

(x) Photon-LHC-2008 Workshop, NPB (Proc. Suppl.) 179+180 (2008)
* CMS, JHEP 07(2013) 116 (x) FP420 (Project for a Forward Detector at 420m) (>now CMS-TOTEM)

J.J. Sanz-Cillero EW Chiral Lagrangians and the Higgs proper!les a! !Hew-




(1) Beyond low-energy EFTs:

S & T parameters,
composite resonance models,

completions...

EW Chiral Lagrangians and the Higgs properties at th
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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 and the Higg



(24
* However, it can’t be just a copy of QCD:

Naive rescaling
from QCD to EW scale

QCD >  EW

Energy scales?

tE

F,=0.090 GeV - v=0.246 TeV
MAAssaasasaaan strong scale A g
A pr=4n,= 1.2 GeV 2>  Agy=4nv =3.1TeV
M =0.770 GeV > My=2.1TeV
My P
M,;=1.260 GeV > M,;=3.4 TeV
| = e} > mg=0.126Tev !t
.................... W, Z, h
[Contino EPS-HEP’13 €]
_ - Bounds on Mg
* AIM of this work**:

- Bounds on hWW coupling from (S,T)

** Pich, Rosell, SC ‘12, ‘13

J.J. Sanz-Cillero EW Chiral Lagrangia
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Obligue EWPQO’s

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

] ! l ! i o) i v ” .
Laepor = ~ 5 Wil (@OW; = 3B, 1150 ()8, = WTI ()8, — Wi T ()W,
with the subtracted definition,
2
~ g° tan Oy
—1 Ms0(¢°) = ¢*s0(q?) + Tv2
o (Mza(0) o) =27
61:—H330—wao> = -1
m3y 7,(0)
— T40(0)
e =
3 tan fw 30
E‘?M & —E log My + const, E‘%M ~ % og ? + const’
i s Z

323’1—2 ° ."L{Z

ik A
- ﬂ We find that
T = "9 2 (61 o e?h{)
g~ cos” Ow strongly-coupled models are
167
= (e3 —e3™). perfectly/naturally allowed
* Peskin and Takeuchi '91, '92 : fggeéwwe k /

_** Barbieri et al."93 + Zfitter
J.J. Sanz-Cillero EW Chiral Lagrangians and the Higgs pr:



NLO results:* 1stand 2"4 WSRs in Il s

(asymptotica//y-free theories)

3 ms m§ |
= 1+log—H2 —xi [ 1 +log—k 04f
167 cos? By ngz, W ( gMi ;
0.2; /
LOI' -------------- \I A2 . ’
1 1 1 ' 11
S =my? (—+—>:+ —_ [<log—v——> i
:\ Mg ME) 1 12w m3 6 o oo
""""""" MZOO11 M3 M
2 A A A
_ ; 1 D l .
o (Og m3, 6 M2 P M&H
-0.2
[ terms O(m¢?/M?,,,) neglected ]
v 1stand 2 WSRs at LO and NLO + nn-VFF: T

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

At NLO with the 1st and 2" WSRs
M, > 5.4 TeV, 0.97 <k, <1 at68% CL
** Gfitter

** LEP EWWG Small splitting (M\/M,)? = x,
* Pich,Rosell,SC ‘12, ‘13 * Zfitter

J.J. Sanz-Cillero EW Chiral Lagrangians and the




NLO Results:* Only 15t WSRs in Il “

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

~ 16mcos? By

my; 2 m%
1 +loe—H 12 [ 1 +10e 2L
+log m2 Y +log M

LQ--?\ 2 2 2
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 ]

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

v Only 1t WSR at LO and NLO + nr-VFF:

- Free parameters: M,, M, and iy

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

J.J. Sanz-Cillero EW Chiral Lagrangians and the
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NLO Results:* Only 15t WSRs in Il

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

04

0.2

ool

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

3 n2, g,
= ———— |1+logH4 — 141

l6mcos 6y | 7 M2 {1+ 1og MA
TR My 11 M; 17 M;
T . v A o
S > : :+ (ln y——)—l("jv og—A—— ’i
My 127 my 6 mg, 6 My

At NLO with only 15t WSRs
B o 0.2< My/My<1 7
o 0.02< My/My <02 | M, >1TeV, k, € (0.6, 1.3) at68% CL

R NI {Sul)ower ey M, < MAJ for moderate splitting 0.2 <M, /M,< 1

(normal hierarchy)

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

J.J. Sanz-Cillero
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NLO Results:* Only 15t WSRs in Iy, “

(walking & conformal TC, extra dimensions,...)** 2, 2
1+log——1cw 1+log
MV MA
---\

Lon'4yrv~ O | M 11 5 M; 17 M3
§ > H B (ln Q—E)—Kﬁ, lg——g-l— 5
MV 1 ¥ mey 77751 MV

———I

3
~ 16mcos? By

At NLO with only 1st WSRs

e 0.2 < My, ".MA <1 ]

M, > 1 TeV, k,, € (0.6, 1.3) at68% CL

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

SM

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

0 0 ° 1 < MV/M < 5 S upper-bound for M, <M,

)| —— b inverted hierarch
05 1.0 15 20 25 ( Y

. S identity for M, =M,
Pich,Rosell,SC ‘12, ‘13 My (TeV) (degenerate)

* Orgogozo,Rychkov ‘11
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Conclusions
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* Very close to SM + large mass gap = EFT’'s can be the safest choice
= Need for obs. sensitive to NP

* (I) Low-energy EFT: SU(2), ®SU(2)s / SU(2), . W/ NGB’s + Higgs (ECLh)
L R L+R
vy2>wawP up to NLO

- Chiral power counting ala Weinberg (always tree+loops)

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

- Combine yy-scattering + S-parameter + I'(h->yy) + w*wy* VFF + hyy* TFF

 (Il) Compositeness: NGB's + h + R + High-energy constraints
‘/ 1st+2nd WSR’'s:  Tiny splitting (68% CL) 0.97<(M,/M,)? =k, <1, M,>54TeV
‘/ Only 15t WSR: For a moderate mass splitting M, ~ M,, (lighter) , x, ~1, M, >1TeV

J.J. Sanz-Cillero EW Chiral Lagrangians and the Higgs properties at the one-loop level
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*A Higgs-like boson discovered at LHC

*M,,=125.64 + 0.35 GeV

*Still many questions:

- Spin?
+ ° - + + %) 4500i | I e ‘_1‘ T IE
0" mostlikely [0 4527] G 00 s=7Tev J-Ldt=0.04fb Apr21,2011 -
2 4000 =
- Coupling to gauge bosons? Y OWE | e TheHiges !l ATLAS Preliminary
3000 ;— i H—vyy channel —;
Very close to SM’s aso0f E
.. 2000 - =
- Invisible decays vs SM? 1500/ E
— ATLAS: BR,, <0.60 @ 95% CL (0.84 exp.) 1000 = E
- CMS: BR,, <0.75@ 95% CL (0.91 exp.) - -
From yy: I',,<6.9 GeV at 95% CL (direct) 0F ) E
- SM Higgs? L 20 *
= 0
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,7Z  (k,M=1)

o 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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LHC prospects for next years [1307.7135 [hep-ex]]

ATLAS Preliminary (Simulation) CMS Projection

— 7 T T T[T T T
o — . _ -1, _ -1 Expected uncertainties on 1 300" at Vs = 14 TeV Scenario 1
\S = 14 TeV fl_dt 300 fb fl_dt 3000 fb Higgs boson couplings 1 3001b"at Vs = 14 TeV Scenario 2

fLdt=300 fb™" extrapolated from 7+8 TeV
K,

oy [ T L =300fb !

Kz

Kg

Ky

Ky

. — 4-15%

1 1 1 1 1 1 L 1 1 L | 1 1 1 1 I 1 1
0.00 0.05 0.10 015
expected uncertainty

H—> WW -5 CMS Prolectlon
VH:H%'Y'Y F Expected uncertalntlels orll I |—| lBOOOIfb"EIn IEI:14ITeVIScer:arioI1
; Higgs boson couplings F— 3000 at s =14 TeV Scenario 2
ttH, H—>yy F
: K, p—t— 1
VBF Hyy [ w ——— L =3ab
. K, F——
H=vy (+) E . |
H—yy % N ’
[l L1 [ L1 1 K,
0 02 04 06 08 S N 2-10%
Aw T —o00 005 0i0 015 -
w expected uncertainty

EW Chiral Lagrangians an
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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
2g-anatl{ )i 2e.p(S5) Syets Vs 207 & 11TeV milj<esncer ATLAS CONF 2013007
GMSB ( NLSP) 2eu s Yes 47 tang<t5 1208.4688
GNISB {7 NLSP} 12r  02fls Yes 207 14T wyote ATLAS-CONF-2013026
GGM (pino NLSP) 2y [ Yes 48 mji}-50GeV 12000753
GGM wino NLSP) Tepsy 0 Vs 48 i 1:50Ge ATLAS-CONF-2012-144
GGM (higgsin-Lino NLSP) ¥ 1h Y 48 mill-2200eY 12111167
GGM (higgsino NLSP) ZeulZ) 03fels Yes 58 miF)» 200GV ATLAS-CONF-2012-152
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
Tyf(medum), &b ] 2h Vs 24 |§ 150-580 GeV. iL1<200GeY, m(F] kT 5 GV ATLAS-CONF-2013:053
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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*The ECLh is a general low-energy EFT  (even for non-composite models!!)

*But for specific models one has specific predictions for the couplings

*For X, (LO Lagrangian):

> =b=0 Higgsless ECL
a* =b=1 SM.,
2 2
W =1 — % h=1-— QfLQ SO(5)/SO(4)
2
a* = b = %, Dilaton
1('

*For L, (NLO Lagrangian): Less studied but

¢y, = 0, Higgsles ECL
a; =0, ¢, =0, SM

EW Chiral Lagrangians and the Higgs pr:
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*O(pY) loop divergence + O(p9) chiral coupling = UV-finite

°[n OUR case, renormalization : o T T
at O(p4) a1, Gz, a3, Cy —> Ay, Ay, 3, C,,

9 V

2
*Naively, our EFT range of validity given by P2 < min {16772" 3 a_}
1

J.J. Sanz-Cillero



eCalculation up to NLO

*Two different Goldstone coset parametrizations

eEXponential U(:E) = exp Zz
v
5 -
—>Spherical U(r) = y/1- % +is
°Two separate cross-checks: FeynArts+FeynRules

& Analytical computation

*Masses neglected:

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

J.J. Sanz-Cillero

[ More vertices and more couplings would be needed

my,m,,m,=0

[ Their effects would enter as corrections porportional to m?.
E.g., the w? wave-function renormalization would be

* i
( ) 2 2
Z_1+167T’UQAO( )_

a - my,

327202

E.g., the b coupling for hhWWwW ]

EW Chiral Lagrangians a



Deviations from SM: BSM’s >wz>@§f

% Measuring SM couplings up to (Aa) precision > Tests NP scale up to A% ~ 1671'2f2 —

[Espinosa et al. “12]

Higgsless (Aa=100%) =» Loop scale at A=4nv = 3 TeV
[Delgado,Dobado,Herrero,SC ‘14]

Aa=15% =>» Testing scales up to A=6 TeV

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

J.J. Sanz-Cillero EW Chiral Lagrangians and the



Why so simple?
SO(5)/S0O(4) MCHM

* SO(5) invariant model - Spontaneous breaking to SO(4) [unspecified dynamics]

0

0

e Usual CCWZ formalism* b, = 0
f sinf
f cost

—> Pw") = UWw") Po

*EFT construction in the exponential parametrization**

LMCHNM %anﬂ' D,® =

N\

lx.’)l»-—

L @uny? +—(D“(”D,,(’)f)sm (9+ ;)
v .

v? 2ah  bh?
Mc HM _ 7t an L
2
5 U
a’ = cos’l = 1— —
* Coleman,Callan,Wess,Zumino ‘69 f ,
** Agashe,Contino,Pomarol ‘05 b=cos(20) =1—-2—.

** Contino et al. ‘12

J.J. Sanz-Cillero EW Chiral Lagrangians and the Higgs




1/2
. . . . UJQ _ 2 a2
* However, in the S* spherical parametrization** 5 _ 3 x=|r= ) )

@

cwt + sy with s = sinf. ¢ = cos#
—sw* + ¢y / and 0 being the misalignment angle.
o, L3

W

9o = Oapt+ m5——"—3
SRR YN

| 1 ,
MCHM , "o i
Ly = 59’(15(&’) D*w® Dyw
1 [ 5] . — O, + + i, — 2 A2, +, ,—
= §ga5(w)3 w* Ow” +ieA, (w MW —wT'WwT) + " AT wTw
'\'\Z\,.\ wt wa// '\,\31\1\ W+ W?”/ ,\fj- “?, -,
] . o o ! \\ ,’/ ! “\ //’ 7 \\ s

*The one-loop computations gets greatly simplified w1 >« WY Sl b L S S
A/\/“"/ w' \\ ﬁ/*/‘/'/ w' \\ ¥ =% N

Y ¥ Y%

1 2 3

reproducing the previous (complicate) calculation

: : D

A(s, t,u)7% = — ﬁ > = —M
' d7* f* dr-v”

R 1 (1 —a?)

;4 qu t. li A}f'}'—}l('-’-u-‘ — — ; r e S
(5,2, u) 8??2]"2 822

** Delgado,Dobado,Herrero,SC [forthcoming]
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=»\\/3B correlator*

< Z.

AVAYAY, m VAVAV VIR e 2
-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
e Taking just tree-level is incomplete — | 5= —16mai(p?), T= %ao(u?) }
and similar if only loops —> T o (1—a?) I 112 s 30 —a2)1 2
127 m3’ B 16mcs, m3

*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 a




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= (SM), /

: 2 2, _‘2 b
a? =1 — }T , b=1-— 7% (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 the Higgs




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

The Light Higgs dS d 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 and the



H-> vy

t, b -

*Higgs decay through a top loop g ¥ I A
W,
‘b .

(mainly enhanced by H-2tt coupling; prop. to m,)

Hagge praductize ~ Higge decay to photons

p“ ________ %\J T T 1 [ T 1 T T | T T@T [ T 1 T [ T T T T [ T T 1T
S H oy

4500 Vs=7TeVMl Ldt=0.04f0 " Apr21,2011
4000

Events / GeV

3500 ATLAS Preliminary

H—yy channel

_+_
5
&

3000
— Background-only
2500
2000
1500
1000

500

200

0

Data - Fit

Signature: 2 energetic, isolated v, -200 — . . . ‘ . .
a narrow mass peak on top of a S )
steeply falling spectrum

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

J.J. Sanz-Cillero EW Chiral Lagrangians and the Hig,



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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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 MEESREIN

e Strongly interacting models? Composite states?

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

Tower of composite
resonances* (QCD-like)

J.J. Sanz-Cillero EW Chiral Lagrangians and the Hig,

* Arkani-Hamed et al. ‘01

* Csaki et al. '04

* Cacciapaglia et al. '04

* Agashe,Contino,Pomarol ‘05
* Hirn,Sanz '06 ...




*UV-finite also with Higgs (as in Higgsless ECL)

eRenormalization (or lack of it): ny — Cy

J.J. Sanz-Cillero EW Chiral Lagrangians and the



CalcHEP+Pythia -- CMS Simulation, \s =7 TeV,L=5fb"

= F A =500 GeV; E, = 3.5 TeV; p = 2.0
g . :_ SM: a,'/A%=0.0 GeV?; al/A?=0.0000 GeV?
q OC — L— ----- a}'/A?=-0.0002 GeV'%; a}¥/A?=0.0000 GeV*
w f—
"E : T a}}\’b\2=+0.0002 GEV-Q; a‘(’:"IAZ':O_OOOS GE‘\I'-2
S —_— — —  a¥/A®=-0.0003 GeV'%; a¥¥/A*=0.0000 GeV2
L - | ——— a}//A®=+0.0003 GeV?; a¥/A=0.0008 GeV*
3— |
— EEEE —
: i
2 F-- i
— i ——
- ‘ IIIIIIII I:
| 3 b= == —
1oy . T
- \‘\ 1 H
\‘\\\‘\ - - = Py
o, o T LTI
0 50 100 150 200 250 300

p,(eu7) [GeV]

* CMS, JHEP 07(2013) 116
(2013) 0T>100GeV
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*Again, UV-finite also with Higgs  (as in Higgsless ECL)

*Renormalization (or lack of it) + yy>zz result: ”y(kl, 51)7(/{2, 62) — Z(pl)z(pg)

(a] — a5 + a3) = (a1 — as + a3)

2
*Since a®P= 1, full one-loop amplitude not simply suppressed by %
167°v
2\ .2
but stronger loop suppresion by (1-a%)p
16m%v?
p’ v?
[ we can rewrite our particular result for the suppression in the form 6212 with £2 = 1 2| ]
T —a

J.J. Sanz-Cillero EW Chiral Lagrangians ang tﬂe Hllggs pmrope
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