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elementary linear R linear
Higgs EWSB effective Lagrangian
composite non-linear non-linear (chiral)

Higgs (dynamical) EWSB " effective Lagrangian
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Higgs EWSB effective Lagrangian
composite non-linear _ non-linear (chiral)
Higgs (dynamical) EWSB effective Lagrangian
Focus:

» first order in the operator expansion
» bosonic sector (gauge & gauge-Higgs), CP even
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elementary linear R linear
Higgs EWSB effective Lagrangian
composite non-linear _ non-linear (chiral)
Higgs (dynamical) EWSB effective Lagrangian
Focus:

» first order in the operator expansion
» bosonic sector (gauge & gauge-Higgs), CP even

Idea:
» they give different predictions! — distinctive signatures

» is the LHC sensitive enough?
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The linear effective Lagrangian

standard Higgs doublet ® — Expansion in canonical dimensions

1
Linear = Lsm + A2 Z,‘ ¢iO;
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The linear effective Lagrangian

standard Higgs doublet ® — Expansion in canonical dimensions

1
Linear = Lsm + A2 Z,‘ ¢iO;

(d=4) Lu=- Zle,/ wer — —B yBH — g;‘,,gAWJr

+ (D) (D"0)+
+ i Dy — [P Yyg + h.c]

(d =6) basis {O;}
> see talk by J. Gonzalez-Fraile
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Linear basis d = 6

Bosonic sector, CP even Buchmiiller, Wyler (1986)
(HlSZ basis) Hagiwara, Ishihara,Szalapski,Zeppenfeld (1993)

V> see talk by J. Gonzalez-Fraile

O = —E 010G, G Oww = —5OTW,, W
Ops = —E 01B,,Bvo Osw = —EEo1B, WHo
Ow = %(D,0)'Ww([D,®)  0p = %5(D,)'B"(D,9)
Oor = (D,®) & &T(DHO) gy = 1o (070, (670)
Ops = 1 (070)° Ops = (D) (D"0) (¢70)
Ouo = (DMD#cb)T(D,,DVcD) Grzadkowski, Iskrzynski,Misiak, Rosiek (2010)
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Example: Op

ig’ t R
Op = T(DM(D) B**(D,®)

Linear effective Langrangian
Non-linear effective Lagrangian

2 D,
— L AW W (v + k)2 — S 7 W wr (v 4 k)2

8 4C9

_EE A T (v + by + 70, 700" (v + h)
4cy M 42

w+ h~ w+ w+ h
E QS S
A w- w- V4

A B A
\\ﬁ{:
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z B z
\
z he Lz
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Linear effective Langrangian
Non-linear effective Lagrangian

Example: Op

ig’ t R
O = T(D“(D) B**(D,®)

2
= AW W (v + h

8

o i
4cy

Z WRWH (v + h)?+

_EE A T (v + by + 70, 700" (v + h)
4cy M 427

same coefficient with fixed relative weights!
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The chiral formalism

o Appelquist,Carazzone (1980)
NN
sz il 2y . RiEai Longhitano (1980,1981)

Goldstone bosons: in a bidoublet of SU(2); x U(1)y
U(x) = e™C7%F  U(x) > LU(X)RT.

Higgs boson: generically a gauge singlet h(x).
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The chiral formalism

o Appelquist,Carazzone (1980)
NN
222 el 5y 1, (80 Longhitano (1980,1981)

Goldstone bosons: in a bidoublet of SU(2); x U(1)y
U(x) = e™®F  U(x) > LU(X)RT.

Higgs boson: generically a gauge singlet h(x) .

U adimensional [ insertions of GB fields do not
add suppression factors

h singlet [ more possible invariants
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The chiral formalism

o Appelquist,Carazzone (1980)
NN
= s [y 5. (MEET Longhitano (1980,1981)

Goldstone bosons: in a bidoublet of SU(2); x U(1)y
U(x) = ™ ®%F  U(x) > LU(X)RT.
Higgs boson: generically a gauge singlet h(x).

Building blocks for the Lagrangian:

GBs V,=D,UU', V, — LV, LT
T = Us3UT, T — LTL" — Custodiatsym.
Higgs F(h) ouF(h)
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The non-linear effective Lagrangian

U is adimensional — expansion in derivatives
In a phenomenological approach: V> see talk by S. Rigolin

Lehiral = Lom + 2 6P

Alonso,Gavela,Merlo,Rigolin, Yepes (2013)
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The non-linear effective Lagrangian

U is adimensional — expansion in derivatives
In a phenomenological approach: V> see talk by S. Rigolin

Lehiral = Lom + 2 6P

1 1 1 ;
Fow == GWL, W — B B — ZGAGM + i Dyt

(v + h)?
—

[ZZ_)LU Yir + h.C-] Yukawas

GB kinetic terms
gauge bosons’ masses

1
+ §6Hh6"h - V(h) —
v+h

V2

Tr[V, VH] +

{P;} operators with up to 4 derivatives

Alonso,Gavela,Merlo,Rigolin, Yepes (2013)
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The non-linear basis

Puw = —E W2, W Fy (h)

Ps = —£ B, B" Fa(h)

Pe=—EGA, G4 Fo(h)

Pr = 208,hd" hF(h)

Pe = —2 Tr(V*V,) Fe(h)

Pr =2 Tr(TV,,) Tr(TV*)Fr(h)

P1=gg’' B Tr(TWH) F1(h)

Py = ig' B Tr(T[V, V")) Fa(h)

Ps = ig Tr(W, [V¥, V*]) Fs(h)

Pa=ig' By Tr(TVH)” Fa(h)

Ps = ig Tr(W,., V*) 3" Fs (h)

Ps = (Tr(VuV*))? Fs(h)

P7 =Tr(V,.V*)8,0" F2(h)
=Tr(V,.V,) 0" Fe(h)d” Fi(h)
=Tr((DLV")?) Fo(h)

Pio = Tr(V, DuV*)3" Fio(h)

Pu = (Tr(V.V.) > Fui (h)

Pro=g? Tr(TW,..))2 Fia(h)

Pis = ig Tr(T W) Te(TIVH, V¥]) Fis(h)
Pra = ge"P Tr(TV,,) Tr(V, W,») Fra(h)
Pis = Tr(TD,V*) Tr(TD, V) Fis(h)
Pio = Tr([T, V. ] D V*) Tr(TVY) Fig (h)
Prz = ig Tr(TWw) Tr(TV#) 0" Fiz (h)

Prg =Tr(T[Vy, V. ]) Tr(TV#)0" Fag(h)
Pro=Tr(TDLV*) Tr(TV,)0" Fio(h)

Pao = Tr(V, VH) 8, Fao (h)8” Fho (h)

P = (Tr(TV,.))20, Fa1 (h) 0" Fhu (h)

P2 =Tr(TV,,) Tr(TV,,) 0" Faz (h) 0" Fra (h)
Pas = Tr(V, VH)(Tr(TV.))? Fas(h)

Pas = Tr(V, V) TH(TVH) Tr(TVY) Fas (h)
Pas = (Tr(TV,,))?0,0” Fas (h)

Pas = (Tr(TV,,) Tr(TV,))2 Fas(h) 8/17
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Best bounds on the chiral coefficients
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Example: Py, Py vs. Op

Expanding in unitary gauge: O — % e %

2
Op= %Aw W=HWH (v + h)? — ’: 8 7 W W (v + h)?+

2
ge o "
_TGAWZM(? h(v + h) + 4—C922WZM6 h(v + h)

Pa— eg? A, W R W Fy(h) — 28 " Zu W W Falh)

ge e?
Po= =2 A, 210" Fy(h) + 5 Z,, 210" Fa(h)
o 0

10/17



Outline
Effective Lagrangians Decorrelation effects

llaria Brivio
UAM/IFT Madrid Phenomenological comparison Characteristic signatures
Conclusions

Example: Py, Py vs. Op

(o
Expanding in unitary gauge: O — 1_2 e ?

Po =eg? A WHWT Fo(h) _QIe—gZuuW HWY Fo(h)

&, e?
P4 = p,z/Zﬂ al/]:4( ) aly —ZZW,Z” 6”;4(h)
Co Cy
w+ h N w+ w+ h N w+
At A, % A,
w- A w-— w- V4 w-—
A h N A V4 h N V4
’ ___< >< ’ ___< ><
"z z he' \z

V4 h
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Example: Py, Py vs. Op

Expanding in unitary gauge: O — % e %

Py = eg?A, W W+ Fy(h) —2’e—gzww m Wl Falh)

2
e e
. - _g_A#UZH- + _22#1’2#-
Co Cé?

Different coefficients and unrelated weights!

w+ h ~ wt w+ h ~ w+
M P TR 2
w- A w- w- Zz w-

11/17



Outline
llaria Brivio Effective Lagrangians Decorrelation effects
UAM/IFT Madrid Phenomenological comparison Characteristic signatures
Conclusions

Example: Py, Py vs. Op

L P, P
Expanding in unitary gauge: Og — l_g A ?
2 = ie’g -
P = eg?Auw WHW* Fo(h) —2—=Z,, WW*" Fy(h)
0

ge e?
Py = —C_A#,,Z/‘ 0" Fa(h) + ?Z;wz” 0" Fa(h)
0 0

The same couplings also receive a contribution from Oy :
Ps3 g Tr(WW[V“, VV])f3(h)
Ps = ig Tr(W,,,V*)d" Fs(h)

@y = %(DHCD)TW“”(DVCD) >
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Correlation / decorrelation effects

@ in .Z chiral in .Z linear @

W+
w
A, ’\A{'\’ AM,,WJ”‘W*” ,%(16._4_8 ) f%%( cg) + (ew))
Wy,
A
3 3
Z, «A{;’ Z ,WHrw v 73%(*1655.'*'8‘33 a) ,gg?e}é(,sg ) + cilew)
W,
AIJ'
h ———< AH,,Z*‘&”h *%(8 as +4.) E;Lv/‘(i( cB — Cw)
Z,
ZH
2 2
h ———< ZH,,Zf‘a”h e, 853 as —4Cg. —Z%#(Se CB — Cp Cw )
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Correlation / decorrelation effects

Decorrelated! Correlated!
A
A, »\,\{ A WHEW=v —%(16.-}-8 c)) —%Xé( cg) +lew))
W
w
3
Z, v{ Z,, WHrw=v —%(—l6s§.+8c§ 0] —3%,(—2(—53 cg) + c2lew))
W,
A
2
h ———< A ZF0"h —12,(8 2 +4(@9) — 7, % (@8 — (ew))
Z,
Zu
2 2
h ——-< ZuZro'h  —E-(8sy a —4c@) (5B — colew))
Z,

12/17



Outline
llaria Brivio Effective Lagrangians Decorrelation effects
UAM/IFT Madrid Phenomenological comparison Characteristic signatures
Conclusions

From TGV + Higgs data

A BSM sensor A linear vs non-linear discriminator
g = 4(2C2 + 34) Ag = 4(2C2 = 34)
Tw= 2(2C3 = 35) Ay = 2(2C3 + 35)
1.5 | - | 16 . .
L 1 LN it
] i B inearity R
203 |
|
_03 - =
—0.9 + .
-1.5 : '6 7 -1.5 = . '6 2
ZB AB

x? dependence after marginalizing over the other chiral parameters
Datasets: TGV (LEP) and HVV couplings (D04CDF+LHC7+LHCS8).
Colored areas: 68, 90, 95, 99% CL
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Generalizing: linear - chiral correspondence

Two towers of operators:

Linear Non-linear

el ‘ - |

- [ P o [ N .

2 .

I d=12

o

2 d=10 °

g d=38

: 9=9 40
(0} {Pi}

Correspondence O; — P;
Replace in O;: ¢ — vth U (0>
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Generalizing: linear - chiral correspondence
Two towers of operators:

Linear Non-linear

60

more suppressed

40

{0i} {Pi}

Correspondence O; — P;
Replace in O;: ¢ — vth U (0>
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Characteristic signatures of a dynamical EWSB

Linear Non-linear ‘

Qo X
T :
[SY- RN

Effects that are expected to be
» leading-order corrections in the non-linear expansion

» higher-order corrections in the linear series
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Characteristic signatures of a dynamical EWSB

Linear Non-linear ‘
d=12 ~
d=10 —
d=238
d=6

Effects that are expected to be
» leading-order corrections in the non-linear expansion
» higher-order corrections in the linear series

cHVpA <¢T5p¢) (cDTa,-E)\(D) W, d=38

Prg = gePr Tr(TV,,) Tr(V, W) Fra(h)
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Characteristic signatures of a dynamical EWSB

Linear Non-linear ‘

Qo X
T :
[SY- RN

Effects that are expected to be
» leading-order corrections in the non-linear expansion

» higher-order corrections in the linear series

: g3c14
Pra O Zp —2—(:06““//))\6# ler Wpiz)\‘l‘ h.c.
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Expected LHC sensitivity

Current best bound at 95% CL

gf = g%cua/2¢} g% € [—0.08,0.04]
Dawson, Valencia (1994)

Simulation analysis

» WZ pair production
pp —> WEZ — grtgt+y— prmiss

> binned analysis of p% distribution

» dataset: 7+8+14 TeV
(4.64+19.6+300fb~ 1)

» Result (95% CL)

background

25 50 75 100 125 150 175 200 225
pZ (GeV) g% € [—0.033,0.028]
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Conclusions

» New physics effects at low-energy can be properly described
by an Effective Lagrangian

» linear if the Higgs is elementary
» chiral if the Higgs is composite

» The two descriptions give significantly different predictions!

> correlation/decorrelation effects
» distinct characterizing signals

» The next LHC run may already have something to say about
the nature of the Higgs boson!
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Triple gauge vertices

Lavwy = — fgwwv{gf/(wjuwfuvy = WJVqu’“’) + Ry WFEW, v

Backup slides

— igg' e P (WiHo, W, —

W a,W,H) Vo +

+ g (OuWHHW™ — 9, WHWY) v,}

gwwz = gcosl, gww, =e
Coeff. Chiral Linear
xe?/s? 2
Ak 1 —2c1 +2¢ + 3 —4c1p + 2¢13 %(cw + cg — 2¢cBw)
Agy —Cy =
Agf L + "c +c Loy + S cpy — —20_c
i1 < 4e2c29 cr A9 &3 BW T Zcyg “BW T T6e2cyy <001
2 2 2 2
45 25 1 Sp So St
Akz 1 ezC29 T+ e~ GFa+ e —dan +203 | W — g2 0B + 5, CBW ~ gae, o1
1
Agsz =z Cla _
0
1
AgZ = s2cg —cie —
0
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Backup slides

i =8Hgg G G b+ groyy Apn AP b+ 813 Ay ZH0"h + g Au 2 h

+ 8Ny ZuwZM 0" h+ 8y ZuwZM b + g8y ZuZPh + g9, ZuZ 0 h

+85),0,2"2,0"h + g%), 0,248, 2" h
) —ngy @ SN C) -
+ 8w (WEWTEh 4 hc) + gy Wi W™  h+ gl Wi W™ Eh

+ gy Wi W o h + gp) (0, WHHW,; 0" h + h.c.) + giomy 0uWHHo, W ™"h
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HVV vertices

Coeff. Chiral Linear

xe?/4v xv?
Aghigg %; —2cgac —4cge
DgHq~ 1 —2(cgag + cwaw) + 8cia1 + 8crpare —(css + cww) + cew
Agr(qlz)n, 9217 —8(csas + 2caas) — 16ci7arr 2(cw — cB)
Ag/EJZZ)‘y :f 4%55.35 —4dewaw + 8%15,3, + 16c12a12 Q%CBB — Pz b %gcgw
Dgp, ;lgr —4%5535 +8caan — 8%517317 %Cw +es
Dgldy -4 2% cpag + 2ewaw + 8% cra — Bcran % co + cnw + Scow

Ki o % a3 =

s, || % 2y + 2cc(2ac — 1) — Ber(ar — 1) — 4micun cor + 2¢os — 2002
Ag»(fz)z *é 16¢7a7 + 32ca2s _
Ag»(fz)z *52%7 16c10a10 + 32c19a19 =
Ag,(fz)z *52%7 16coag + 32ci15a15 _
Agf(-fl\zxw % —4csas w
Agﬁﬁa)/w ;T{ —4cwaw —2cnw
Agfom ’%ﬁ —4cn +4cc(2ac —1) + %61 + lfj cr — 8mipcen — %:rz =% #‘i’sé)m.] +4coq —4cop + %CEW
g -3 8crar _
Ag/%)/w *é 4cioain =
Ag;(-fv/w *% 8cgag —
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Quartic gauge vertices

Zix = {850 (ZuZ"V + gy Wi WHW, WY — g0 (W w k)2
+ gQWHIW ™Y (Vu V], + VI VL) — gl Wiw = ViV,
+ gl e T W WV, V)

Coeff. Chiral Linear
xe?/4s3 xv?

(1) 8s3 < &
Agyiy 1 %CT + oyt 4cs 4 2cn — 16 + 8as EFar a%CEW Tz Cot
pg?) 1 S0 cr 4 Sy 4 des — dco — Ly — 201 — 1601 + 8 w o

Eww Py Tt g0t 4 — 46 — Fcop — 2cn1 — 16c12 + 8ars +22 & CBW 4%52 Co1
1
Ag( ) :% G+ 5 Cnh + o+ 2¢3 + 2¢ + 4c =
0

3) 1 2ch cwed
Agy) Z Foer + ﬁiq +4cics — 2sjco + 2c11 + Asjcis + 2c w4+ f}f; Bw — 1Al b con

@) 1 2505 45 o SBach
Agyy z By €T +22a+ 8c9q —4cs — 7cnh — 4 CWCg + 24: L CBw — 52 Co1
Ag(s) sp —2¢ =
gt 2 ¢ +85"c +4c3 + 4sjco — 4c; ‘W+59c g

v = ZogCT 1 3 5 Co — 4cip g CBW — Gorgez CoL

4) so. 22, lesﬁ 2y
JAV: 7 o Zo5CT + a +8c cw + 25 Ty CBW — 3oez Co1

5
Ag( ) %Z‘ 8ciq -
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P>, Py in explicit CH models

o _q Alonso,|B,Gavela,Merlo,Rigolin
Defining ;
to appear very soon!

Az = ig' B Tr(T[VH,VY]) . Ag = ig'B,,, Tr(TV#) 0Vh/v

| % > & Fa(h) Ao + caFa(h)Ad |

model caF>(h) cs Fa(h)
5 CB 1 cB 1
linear 216 (v + h)? ﬁzv(v+h)
SU(5)/50(5) _ _
50(5)/S0(4) Eg\ﬁsm2 % &+/2€ sin %
SUB)/SUR) x UQ1) 52 sin” 2 BBl 27“’

p=<{py+h ¢=v?/fPel01] /
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P>, Py in explicit CH models

In SU(5)/SO(5):

Backup slides

Alonso,|B,Gavela,Merlo,Rigolin
to appear very soon!

model c2F>(h) caFa(h)

linear %%6(\/4_/7)2 %%V(V—I—h)
SU(5)/SO(5) o |
50(5)/50(4) C2\/§S|n2 [%] czﬁsm [%]
5in2[§]=i<v2+2th/1—§+h2<1—§)+ )

Vesn[ ] -
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Correspondence between first orders

Backup slides

Linear Non-linear
|
| [
| | } [ [
| |
e
degT———0b& 40

772,734 - OB and 773,735 — OW

10 inear operators of d = 6 An interesting effect also is seen in
Ps  Pr Pos P
correspond to Oue — Pan + 9 + i Pg — T
17 chiral operators with 40 Oso = (1DuD“¢)T (D, D" ®)
Pon = 5(6H6“h)(6y6”h)

IB,IéboIi,GaveIa,Gonzalez-Garcia,Merlo, Lee-Wick r he Hi
Rigolin (2014)  [hep-ph/1405.5412] - BEUES (RIAEF el U2 e
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qu) VS. th

In the linear basis: O = (D,D"®)" (D, D ®)
L
2

Backup slides

In the chiral basis: Py = ~(0,0"h)(0,0"h)

1B, Eboli,Gavela, Gonzalez-Garcia,Merlo,
Rigolin (2014) [hep-ph/1405.5412]
Applying the EOMs:
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Basic idea for a composite Higgs

Georgi,Kaplan (1984)
Dimopoulos, Georgi,Kaplan (1984)
Galison, Georgi,Kaplan (1984)

: Banks (1984)
A+ [strong resonances (techmcolor)] Dugan,Georgi,Kaplan (1985)
Agashe, Contino,Pomarol (2005)
Gripaios,Pomarol,Riva,Serra (2009)
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>

energy A

global symmetry G

f + [Goldstone bosons characteristic scale] 4f > N

condensates 2 {7?, h}
G spontaneously broken in H 2 SU(2) x U(1)

Vv electroweak scale

SU(2)L x U(l)y — U(1)em breaking
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