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Many questions!
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Amazing Standard Model

[The Gfitter group, 1803.01853]
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Collections of a series of couplings that can be used to translate data into
Lagrangian parameters:

Triple Gauge Vertices Lag. [Hagiwara, Peccei, Zeppenfeld & Hikasa, NPB282 (1987)]
Lwwv = — igWWV{QY (W[LW_”VV -Wiv,w- “V) + ky W IW VY
i (L0 <OVl Qo)
V=A{y,2} gwwy =€ =9gSw  gwwz = gcw

The SMvaluesare: g7 =k, =kz=1 and gZ =gl =gZ =0



Collections of a series of couplings that can be used to translate data into
Lagrangian parameters:

Triple Gauge Vertices Lag [Hagiwara, Peccei, Zeppenfeld & Hikasa, NPB282 (1987)]
Lwwy = — igWWV{QY (WJVW_“VV - WiV, W™ “”) + kyWW, VY

—igy P (W Eo,W, =W, 0,W) Vo + g (0, WHW ™Y — 9, W HW ) V,,}
V={y,27} gwwy =€=9gSw  gwwz = gew

The SMvalues are: g7 =k, =kz =1 and ¢Z =gl =g¢Z =0

NOT SU(2)r xU(1l)y invariant, butjust U(1)..,

The gauge bosons are not always written by
means of the gauge field strengths
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When considering only the SM couplings:
[Lafaye, Plehn, Rauch, Zerwas & Duhrssen, JHEP 0908 (2009)]

([ Gooh = go = g5 (1+ Ap) tree-level couplings

SFITTER { g0 =g, = g5 (1 + ASM 4 A)

} loop-induced couplings
X Jdggh = gg — ggM(]- + AEM + Ag)
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Higgs triple vertices with gauge bosons — HVV

When considering only the SM couplings:
[Lafaye, Plehn, Rauch, Zerwas & Duhrssen, JHEP 0908 (2009)]

([ Gooh = go = g5 (1+ Ap) tree-level couplings

SFITTER { gn =9, = M1+ ASM + A
loop-induced couplings

X dggh = 9g = ggM(]- + AEM + Ag)

Equivalent parameters x, =1+ A,
[LHC Higgs Cross Section Working Group, arXiv:1209.0040]



A (k) — Formalism

Higgs triple vertices with gauge bosons — HVV

When considering only the SM couplings:
[Lafaye, Plehn, Rauch, Zerwas & Duhrssen, JHEP 0908 (2009)]

([ Gooh = go = g5 (1+ Ap) tree-level couplings

SFITTER { gn =9, = M1+ ASM + A
loop-induced couplings

X dggh = 9g = ggM(]- + AEM + Ag)

Equivalent parameters x, =1+ A,
[LHC Higgs Cross Section Working Group, arXiv:1209.0040]

w0 £ =L+ AwgmwhWIW,, + Ay =2mzhZZ, — > A= Lh (frfr +he) +
2CW T,b,t v

h h
95 Dy =GP Gy + g7 By = AR Ay,

Again, NOT SU(2); x U(1)y invariant, but just U(1)n.



Results with Ag;=0=A,

[Corbett, Eboli, Goncalves, Gonzalez-Fraile, Plehn, & Rauch, JHEP 1508 (2015)]

Analyses based on event rates from ATLAS and CMS:

L=4.5-5.1(7 TeV)+19.4-20.3(8 TeV) fb”', 68% CL: ATLAS + CMS

DA X G =0y (1+A,) I;Oiungn/ decay mode
H— Z7

0.2 oo

h H— 71T
; H — bb

-0.2 H — Z~
H — invisible

04} | ttH production
kinematic distributions

-0.6

% %% %L % % 9

SM exp. are obtained injecting the SM Higgs signal on top of the background.



Results with A;=0=A,

[Corbett, Eboli, Goncalves, Gonzalez-Fraile, Plehn, & Rauch, JHEP 1508 (2015)]

Analyses based on event rates from ATLAS and CMS:

L=4.5-5.1(7 TeV)+19.4-20.3(8 TeV) fb”', 68% CL: ATLAS + CMS

production/decay mode
H—WW

H— 77
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First analysis: universal modifications of h couplings

T Extended Higgs sector, e.g. extra Singlet, Ay ~ 3%



Results with Ag;=0=A,

[Corbett, Eboli, Goncalves, Gonzalez-Fraile, Plehn, & Rauch, JHEP 1508 (2015)]

Analyses based on event rates from ATLAS and CMS:

L=4.5-5.1(7 TeV)+19.4-20.3(8 TeV) fo'', 68% CL: ATLAS + CMS

DA X O =0y (1+4,) goiugél;l/ decay mode
H— Z7

0.2 o

0 h H— 71T

H — bb

-0.2 H — Z~
H — invisible

04} ] ttH production
kinematic distributions

-0.6

% v % 9% < 9% % <
Second analysis: universal modifications with gauge bosons and fermions

> SU(2)Lscalar triplet or similar: By & ok



Results with Ag;=0=A,

[Corbett, Eboli, Goncalves, Gonzalez-Fraile, Plehn, & Rauch, JHEP 1508 (2015)]

Analyses based on event rates from ATLAS and CMS:

L=4.5-5.1(7 TeV)+19.4-20.3(8 TeV) fo'', 68% CL: ATLAS + CMS

DA |y 5 B O =0y (1+4,) goiugél;l/ decay mode
H— Z7

0.2 oo

h H— 71T
; H — bb

-0.2 H — Z~
H — invisible

04 } ] ttH production
kinematic distributions

-0.6

¥ LY BT v %t T %%
Third analysis: independent modifications of h couplings

3 The ratios remove systematic and theo uncertainties



Results with A;=0, Ay20

[Corbett, Eboli, Goncalves, Gonzalez-Fraile, Plehn, & Rauch, JHEP 1508 (2015)]
hyy is well measured: variation of SM couplings (t, b, W) + NP contributions

L=4.5-5.1(7 TeV)+19.4-20.3(8 TeV) fo™', 68% CL: ATLAS + CMS L=4.5-5.1(7 TeV)+19.4-20.3(8 TeV) fb!, 68% CL: ATLAS + CMS
T T T T T T T T T T T 0.8 B T T T T T T T T T T i
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Results with A;=0, Ay20

[Corbett, Eboli, Goncalves, Gonzalez-Fraile, Plehn, & Rauch, JHEP 1508 (2015)]
hyy is well measured: variation of SM couplings (t, b, W) + NP contributions

L=4.5-5.1(7 TeV)+19.4-20.3(8 TeV) fb_1, 68% CL: ATLAS + CMS L=4.5-5.1(7 TeV)+19.4-20.3(8 TeV) fb_1, 68% CL: ATLAS + CMS
T T T T T T T T T T T 0.8 B T T T T T T T T T T i
04 | ® SMoxp. ge=0x (1+4) & Shioxp Oy =0y (1+4,)
@ data @ data
06 |
0.2
0.2
04}
e I L e e ' l
I e Vi 4 s % <, <Z < < S \/ \V/ <Z
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The addition of a new parameter allows larger changes in the SM couplings,
but the final combination for hyy is very compatible with the SM exp.
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[Corbett, Eboli, Goncalves, Gonzalez-Fraile, Plehn, & Rauch, JHEP 1508 (2015)]
hyy is well measured: variation of SM couplings (t, b, W) + NP contributions

L=4.5-5.1(7 TeV)+19.4-20.3(8 TeV) fb'1, 68% CL: ATLAS + CMS L=4.5-5.1(7 TeV)+19.4-20.3(8 TeV) fb'1, 68% CL: ATLAS + CMS
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The addition of a new parameter allows larger changes in the SM couplings,
but the final combination for hyy is very compatible with the SM exp.
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Results with Agz0zA,

[Corbett, Eboli, Goncalves, Gonzalez-Fraile, Plehn, & Rauch, JHEP 1508 (2015)]

Adding new physics into hgg:

L=4.5-5.1(7 TeV)+19.4-20.3(8 TeV) tb”', 68% CL: ATLAS + CMS
T T T T T T T T T ] 0_8 N

. oM ' SM
@ SMexp. = 1+A @ SM exp. = 1+A
¢ data 9x=0x x) _ 06 @ data Ox =0y (1+4))

L=4.5-5.1(7 TeV)+19.4-20.3(8 TeV) ™!, 68% CL: ATLAS + CMS
0.8 [ T T T T T T T T T T T ]

0.6

0.4

0.2
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Results with Agz0zA,

[Corbett, Eboli, Goncalves, Gonzalez-Fraile, Plehn, & Rauch, JHEP 1508 (2015)]

Adding new physics into hgg:

L=4.5-5.1(7 TeV)+19.4-20.3(8 TeV) fb'1, 68% CL: ATLAS + CMS
1 1 T T T T T T T i 0-8 [

: i ' SM
@ SMexp. = 1+A @ SM exp. = 1+A
¢ data 9x=0x x) _ 06 @ data Ox =0y (1+4))

L=4.5-5.1(7 TeV)+19.4-20.3(8 TeV) fb ™', 68% CL: ATLAS + CMS
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A; has much larger error bar €«—> large deviation in 4,
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[Corbett, Eboli, Gongalves, Gonzalez-Fraile, Plehn, & Rauch, JHEP 1508 (2015)]

Adding new physics into hgg: four degenerate vacual!
L=4.5-5.1(7 TeV)+19.4-20.3(8 TeV) fb”', 68% CL: ATLAS + CMS
0o8F T T T o . ]
@ SM exp. Oy = Oy (1+AX)
0.6 | ¥ data

A; has much larger error bar €——>» large deviation in 4,

11



[Corbett, Eboli, Gongalves, Gonzalez-Fraile, Plehn, & Rauch, JHEP 1508 (2015)]

Adding new physics into hgg: four degenerate vacual!
L=4.5-5.1(7 TeV)+19.4-20.3(8 TeV) fb”', 68% CL: ATLAS + CMS
0o8F T T T o . ]
@ SM exp. Oy = Oy (1+AX)
0.6 | ¥ data

A; has much larger error bar €——>» large deviation in 4,
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Adding the Higgs invisible BR

[Corbett, Eboli, Goncalves, Gonzalez-Fraile, Plehn, & Rauch, JHEP 1508 (2015)]
L=4.5-5.1(7 TeV)+19.4-20.3(8 TeV) fb'1, 68% CL: ATLAS + CMS

| SM
@ SM exp. — 1+A
@ data Ix = I ( X)

0.8
0.6
04t
0.2

0.2
0.4 |
0.6 |
0.8 |

9 - 9 % < 4 < 99, 99 L % %
Y < > > @)L}x@f,%%/? 5%,

The SM prediction essentially consists in h — ZZ* — 4v, BR(h — Inv) = 1%

The results of the fit gives BR(h — Inv) =~ 10% , without affecting much
the other couplings.
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Final Remarks

L=4.5-5.1(7 TeV)+19.4-20.3(8 TeV) fb'1, 68% CL: ATLAS + CMS

exp. = +
0.6 | ¢ data I = Ox X
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Final Remarks

L=4.5-5.1(7 TeV)+19.4-20.3(8 TeV) fb'1, 68% CL: ATLAS + CMS

exp. = +
0.6 | ¢ data I = Ox X
G’? 5, %, qe qé/ qé/
% T T 2 T

+ Everything is consistent with the SM

» The A-framework is not SU(2);, x U(1)y gauge invariant Lagrangian by
itself, but it is a useful tool to interpret experimental data
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Final Remarks

L=4.5-5.1(7 TeV)+19.4-20.3(8 TeV) fb_1, 68% CL: ATLAS + CMS
SM 1
gx = gx (1 +Ax)

08 °
@ SMexp.

@ data

0.6
04

0.2
0
-0.2

0.4 |
0.6 |
0.8 |

+ Everything is consistent with the SM

» The A-framework is not SU(2);, x U(1)y gauge invariant Lagrangian by

& S, I8, <
9%, T,
,s’z)b g x’kf x%%

<

itself, but it is a useful tool to interpret experimental data

+ We need to go beyond the A-framework for EWSB sector

13



Generic HVV Lagrangian

When considering beyond SM couplings:

[Brivio, Corbett, Eboli, Gavela, Gonzalez-Fraile, Gonzalez-Garcia, LM & Rigolin, JHEP 1403 (2014)]
Luvv = grrrh (frfr +h.c.)
T Gty G G b+ Gryy Ay A+ g3, A Z00h + 62 Ay 27D
T QS)ZZ Zyuw ZH0"h + gg)zz Zyw 2" h +- QS)ZZ ZuZ"h + gg)zz Zu 2P0
+ g\ 0,2"2,0"h + ¢\%), . 8,2"0,2"h
+ ggé‘/w (W:,/W_ “9"h + h.c.) + ggigjvw I/I/'Jr W~ Hh + QS)WW W+W_ L
+ g\ WEWFOh + g + (0, W W, 8h 4+ hec.) + ¢\ 0. W8, W~V h

Viw=0,V, —0,V, V ={A,Z W, G}

In general: 9rwy = 9#ny + Aguey  with only non-vanishing SM at tree-level
(3)SM _ My (3)SM _ M (3)sm _ 2mgcyy

g == g = —= qg —
HZZ v HZZ v HWW v

The relation with the A formalism is trivial: Agrey = 97y Afay
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When considering beyond SM couplings:

[Brivio, Corbett, Eboli, Gavela, Gonzalez-Fraile, Gonzalez-Garcia, LM & Rigolin, JHEP 1403 (2014)]
Lavv = gusrh (frfL +h.c.)
+ 9Hg9 G, G b+ gHAy A A h + gg)z7 A, ZHO" h + gngy A Z"h
T QS)ZZ Zyuw ZH0"h + gg)zz Zyy 2" h + QS)ZZ ZuZ"h + 91(;1)22 Zu 2P0
+ g 0,2"Z,0"h + ¢\%), . 8,2"0,Z"h
+ g5t (WEWTHh 4 hee.) + gyt WiEW ™ h 4 ggjgw WIW—#h

+ g8 WEW Ok + g8y + (0, WH W, 0 b+ hec) + g 8, W0, W h

Vi =8,V, —0,V,  V=1{AZ WG}

In general:  guey = 9rvy + Aguey  with only non-vanishing SM at tree-level
(3)sM _ My, (3)sM _ My (3)sM _ 2myCyy

g — O g = —= qg —
HZZ v HZZ v HWW v

The relation with the A formalism is trivial: Agrey = 97y Afay

Too many parameters for a fit now: difficult and probably inconclusive.

14



EW Effective Lagrangians
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doublet, but almost
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two SU(2); doublets or EW singlet
Exotic
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EW Effective Lagrangians

EXACT EW DOUBLET NOT NECESSARILY DOUBLET
Hierarchy Problem Composite
. (neutrino masses & Higgs SIOJ[ ;X?Cltjlytar; EWt
DM & Baryon Asym) Models LR Gl
Dilaton
two SU(2);, doublets or EW singlet
Exotic
Non-Linear Effective Lagrangian
HEFT
SU(2), x U(l)y gauge sym SU(2)r x U(1)y gauge sym
SM spectrum, and in particular SM spectrum, but non-exact

exact EW Higgs doublet & EW Higgs doublet A

15



sy 45 . . . Buchmuller & Wyler, NPB 268 (1986)
In 4 traditional space-time dimensions: Grzadkowski, Iskrzynski, Misiak & Rosiek, JHEP 1010 (2010)

Liinear = Lonr + Z (9 + higher orders
with A (= few TeV) the NP scale
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sy 45 . . . Buchmuller & Wyler, NPB 268 (1986)
In 4 traditional space-time dimensions: Grzadkowski, Iskrzynski, Misiak & Rosiek, JHEP 1010 (2010)

Liinear —-+ Z (9 + higher orders

with A (= few TeV) the NP scale

1
L a apy ,ul/__ a auv
Lsar 4W W 7 Bu B GG — V(h)
+(D,®)Y(D'®) +iQIPQ +iLIPL
~ (QudYpDp +he) — (QL®VuUg + hec.)

— EL(I)yLLR -+ hC)

16



sy 45 . . . Buchmuller & Wyler, NPB 268 (1986)
In 4 traditional space-time dimensions: Grzadkowski, Iskrzynski, Misiak & Rosiek, JHEP 1010 (2010)

higher orders
with A (= few TeV) the NP scale

1 a apur 1 v 1 a apuyr
,CSM S ZWNVW MY ZBNVBM . ZGNVG MY V(h)

+ (D, ®)"(D"®) +iQPQ + iLIPL
— (Qr®YpDp +h.c.) — (QLi)yUUR + h.c.)
e (EL(I)yLLR —|— hC)

» 59 (no flavour) d=6 operators preserving SM, lepton, baryon syms
» Reduction to a minimal independent set of operators: EOMs
» Choice of a suitable basis (data driven): measurable @ LHC

16



[Elias-Miro, Espinosa, Masso & Pomarol, JHEP 1308 (2013), JHEP 1311 (2013)
Jenkins, Manohar & Trott JHEP 1310 (2013), JHEP 1401 (2014)
Alonso, Jenkins, Manohar & Trott JHEP 1404 (2014)]

Liinear = Lonr + Z %C’)i higher orders
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Liinear = Lonr + Z %(’)i higher orders

Only terms that modify the Higgs couplings

17



[Elias-Miro, Espinosa, Masso & Pomarol, JHEP 1308 (2013), JHEP 1311 (2013)
Jenkins, Manohar & Trott JHEP 1310 (2013), JHEP 1401 (2014)
Alonso, Jenkins, Manohar & Trott JHEP 1404 (2014)]

Liinear = Lonr + Z %Oi higher orders

Only terms that modify the Higgs couplings

BOSONIC: [Hagiwara, Ishihara, Szalapski & Zeppenfeld, PRD 48 (1993)]

Oce = '@ G2, G Oww = TW,, WH o Opp = ®'B,, B"®
Opw = ®'B, WHd Ow = (D, ®)'WH* (D, ®) Op = (D,®)'B"(D,®)
1
Op,1 = (D,®)' @ & (D*D) O = ;0" (270) 0, (2'P) Op,4 = (D,®)" (D'®) (&1 D)

Ops = % (37)"
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Elinear — »CSM + Z %0

[Elias-Miro, Espinosa, Masso & Pomarol, JHEP 1308 (2013), JHEP 1311 (2013)

higher orders

Jenkins, Manohar & Trott JHEP 1310 (2013), JHEP 1401 (2014)
Alonso, Jenkins, Manohar & Trott JHEP 1404 (2014)]

Only terms that modify the Higgs couplings

BOSONIC: [Hagiwara, Ishihara, Szalapski & Zeppenfeld, PRD 48 (1993)]

Ocg = @'® G2,G™
Opw = ®'B, WHd

Os,1 = (D,2)' ® &F (D)

Fermionic:
Oeq),z'j — ((I)T(I))(Eiq)eRj),
Oud,ij = (@T(I’)(Q#IWRJ-),
Ousp,ij = (PT®)(Q;PdR;),

Oww = &TW,,, WHd
Ow = (D, ®)'WH* (D, ®)

Op o = %8“ (®T®) 0, (27®)

o
O41,4 = 21 (1D @) (L Ly),
OC(I}C?),ij (I)T(Zi)u (@ z’Y“Qj)
Ogl ;= @i u®)(€r. Ve, ),
Ogbll)b,’ij — (I)T(iguq))(uR{Y“URj),
Oc(pl(%,w = (I’T(’iDﬁ)(I))(UZRﬂ”dRJ),
Obaais = (1D ®)(r, v dr, )

Opp = ®'B,,B"®
Op = (D,®)'B"(D,®)
Op4 = (D,®)" (D"®) (dT0)

Op3 = % (37)"

O] = @*(zDa ®)(Liv" o, L;),
OC(IDSC?),ij = Of (@Da P)(Qiv"0.Q;),

17



EOMs remove redondant contributions:

oV (h
2052 +200.4 = Y (45(Oca,i)T + ¥i5Ous i + ¥i5(Oas )T + hoc.) — % :
]
1 & 1 1 2 1
205 + Opw + Ops + 9,2 (0@1 N 50‘1”2) ~ _97 Z (_5051311,@'@' + gogblc)),iz‘ - O<(I>1€),ii + gOé)lzz,iz‘ - §O<(I>1a)l,ii>

)

1 2
20w + Opw + Oww + ¢° <0q>,4 — 50@,2) =2 Z (O;SL),M - OEI?C)Q,M)

)



EOMs remove redondant contributions:

oV (h
2052 +200.4 = Y (45(Oca,i)T + ¥i5Ous i + ¥i5(Oas )T + hoc.) — % :
]
1 & 1 1 2 1
205 + Opw + Ops + 9,2 (0@1 N 50‘1”2) ~ _97 Z (_5051311,@'@' + gogblc)),iz‘ - O<(I>1€),ii + gOé)lzz,iz‘ - §O<(I>1a)l,ii>

)

1 g* 3 3
20w + Opw + Oww + ¢° <0q>,4 — 5(9@,2) =7 Z (Opr)u + Oqu)zu) :

)

Which operators are the best to keep?? | | |
[based on: Corbett, Eboli, Gonzalez-Fraile & Gonzalez-Garcia, PRD87 (2013)]

18



EOMs remove redondant contributions:

oV (h
2082+ 20 4 = Z (yiej(oe@,ij)T + Y55 Oud,ij + yzdj(od‘b’ijﬁ +he) - % ’
(%]

2 1 g I a I a 1 2 L i
20+ Opw + O + ¢’ (qu — 5(9@,2) = === ; (_506(1)1);,% + goc(pc)g,u' - Oc(be),ii + gOSI)g,ii - gOfpg,m‘)
20w + Opw + Oww —1—92 Oq>4—1(9q>2 =—£Z(O(3) --—|—0(3) ) .

) 2 ) 4 (I)L,’L’L (I)Q,’LZ

)

Which operators are the best to keep?? | | |
[based on: Corbett, Eboli, Gonzalez-Fraile & Gonzalez-Garcia, PRD87 (2013)]

Oce = @10 G2,G™ Oww = &TW,,, WH d Opp = ®' B, BM®
Opw = ®'B, WHd Ow = (D, ®)'WH* (D, ®) Op = (D,®)'B"(D,®)
1
Op1 = (D,®)' ® & (DFD)  Opy = 50" (2@) 0, (212) Op4 = (D,®)" (D') (01 D)
1
Oss =3 (37)"
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EOMs remove redondant contributions:

AV (h
2092 +20s.4 = Y _ (45(Oca,i)T + ¥4 Ous,ij + yis (Oas,ij)T + hoc.) — % !

%]
2 1 g 3 1 ) L ) (1) (1) 1 )
208 + OBW + OBB +9 Oq’,l i 50(1372 - _§O<I>L,ii + EO@Q i1 OCIDG i1 O@u 11 goéd,ii
1
2 - (3) (3)
20w + Opw + Oww +g¢ <O<1>,4 - §O<I>,2) I E (chL,m' + O@Q,ii) :

(2

sed on: Corbett, Eboli, Gonzalez-Fraile & Gonzalez-Garcia, PRD87 (2013)]

Oca = @10 G° G Oww = STW,, WHd Opp = ®'B,,B"®
sw = @B, WH® Ow = (D, @)W+ (D, ®) Op = (D,®)'B"(D,®)

Which operators are the best to ke[e ??

Op1 = (D,®)' @ T (DH®)  Op o = %aﬂ (0T®) 9, (®') Op4 = (D,®)" (D'D) (01 D)
Ops = % (37)"
Contribute to: ie. R
HVV R w
VWV e
AS
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EOMs remove redondant contributions:

oV (h
2082+ 20 4 = Z (yiej(oe@,ij)T + Y55 Oud,ij + ygj(odq’ﬁj)]t +he) - % ’
(%]

1 1 1 2 1
205 + Opw + Opp + g~ <(9q>,1 — 5(9@,2) S Z (_§O£I>1L),ii + EOC(I}C)Q,M - O<(I>1€),ii + g(l)gblzz,ii - goél(g,ii>

1 g* 3 3
20w + Opw + Oww + ¢° <(9q>,4 — 5(9@,2) =7 Z (Opr)u + Oqu))u) :

)

Which operators are the best to keep?? | | |
[based on: Corbett, Eboli, Gonzalez-Fraile & Gonzalez-Garcia, PRD87 (2013)]

Oca = ®'® G4, G Oww = W, W & Opp = ®'B,,B"®
Opw = ®'B, WHd Ow = (D, ®)'WH* (D, ®) Op = (D,®)'B"(D,®)
Op1 = (D,®)' ® & (DFD)  Opy = %aﬂ (2T®) 9, (OT®) Op4 = (D,®)" (D') (01 D)
Op 3 = % (37)"
Contribute to:
HVV
VVV
VVVV

18



EOMs remove redondant contributions:

oV (h
2082+ 20s 4 = Z (yiej(OeCD,ij)T + Y5 Ous,ij + ygj(od‘P’ij)T +he) - % ’
1J

9 1 g 1 1 1 2 I
205+ Opw + Opp + ¢’ ((9@,1 — 5(9@,2) = -3 (—§Oc(pL),7;i + ga(pc)g,u' — 05 + gogm)b,u' - goécg,ii)

1 2
20w + Opw + Oww + ¢° (Ocl>,4 — §O<I>,2) =_Z Z (ngg,m + Oggg,m) :

)

Which operators are the best to keep?? | | |
[based on: Corbett, Eboli, Gonzalez-Fraile & Gonzalez-Garcia, PRD87 (2013)]

Oce = @10 G2,G™ Oww = &TW,, W & Opg = ®'B,, B"®
Opw = ®'B, WHd Ow = (D, ®)'WH* (D, ®) Op = (D,®)'B"(D,®)

Op1 = (D,®)' @ " (DH)) [Opo=-0" (70) 0, (37D) Op4 = (D,®)" (D'D) (01 D)
Ops = % (37)"

ontribute to:
HVV

VVV

VVVV

scalar potential
AT

18



EOMs removes redondant contributions:

oV (h
2092+ 20 4 = Z (45 (Oew,ii)T + 435 Ou,ij + Y55 (Oas,ij)T + hic.) — % :
ij
205 + Opw + O + ¢ ( Opt — 20 __ﬁz o L low o0
B BW BB T d D1 9 ®,2 | — 9 L 9 ®Lii T g ®Q,i de,ii
1 2
20w + Ow + Oww + ¢° (Oq>,4 - 5(9@,2) = —gz Z (Ofbgl)/,ii + Ogg,ii) :
Which operators are the best to keep??
Oepii = (PTP)(L; D oL — pt 'Eq) [.~H . OB
ed,1j ( )( 1 6Rj)7 ®L,3j5 (Z (_# )( i ])7 DL,y
Ousij = (210)(Qibur,),  Ohp; = 21(iD,2)(Q:"Q)). O30
Ousij = (BT®)(Q;Pdr;), Opes; = ®1(ID,®) (@R eR,).
Oc(blg,,ij _ (I)T(igucb)(aRi/yuuRJ)a
Ogblcg,z’j — (I)T(iD&(I))(CZRﬂ”dR )
Oua iy = (1D, @) (@ dr,),

(1)

2 1
+ qum,u’ - gOfpi,m)
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EOMs removes redondant contributions:

OV (h
2092+ 204 4 = Z (yqjej(oeq),ij)T + y%ouq),ij + ygj(odcp,ij)T + h-C-) — % ;
(J]
205+ Opw + Opp + ¢ (Opr — 208 ) = _ﬁz 100 L low oW L 2o0 _lom)
B BW BB 9 ?,1 2 ®,2 2 i 2 DL,z 6 PQ,i1 de, it 3 DPu,i 3 dd,i1
1 2
20w + Opw + Oww + g° <C9q>,4 = 5(9@,2) = —gz Z (Oc(bgL),ii + Og%,ii) :
Which operators are the best to keep??
Oupii = (BTD)(L;® 0D _ ot (D, &) (L L 03 o (iD%®)(Lv o, L
ed,ij = ( )(Li 6Rj)’ ®L,ij (2 e )(Liv* Lj), OL,ij (4 - )(LivFoaL;)
gy | _ , o _
Oup.ij = (D10)(Q;Pur, ), O%0.ii = @T(qi)uq))( APQ,), 0% i; = 1 (iD% @) (Qiv 04Q;),
Osnij = (210)(Qi®dry), | Ogly; = 2 (iDy@)(er, 1 eR,),
Oc(blg,,ij _ @T(igucb)(aRi’yuuRJ)a
Oga i = 21 (iDu®)(dr,y"dr,),
O(%qzd,ij = ®1(iD,®)(tug,v"dr,),

Contribute to:

Yukawa Couplings
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EOMs removes redondant contributions:

oV (h
2082+ 20s 4 = Z (yiej(OeCD,ij)T + Y5 Ous,ij + ygj(od‘P’ij)T +he) - % ’
1J

9 1 g 1 a 1« 1 2 I ~a
205+ Opw + O + ¢’ (0@,1 — 5(9@,2) = — Z (_§O<(1>L),7;i + EOEI)C)QM - Oc(be),z'z’ + gofbgm - goéi,m’)

20w + Osw + Oww + 62 (Oou — 208 ) = =L S (0<3> RO ) .
) 2 ) DL,z PQ,i1

(2

Which operators are the best to keep??

Oecp,?;j — ((I)T(I))(Eiq)eRj),
Oua.ij = (@T@)(Qz&)uz%j),
Ous,ij = (PT10)(Q;PdR;),

Contribute to:

Neutral and Charged Weak Currents
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A possible choice:

Occ = @10 G4, G
Opw = ®'B,, W d

Op1 = (D,®)' & & (D'D)

Oecp’ij — ((I)T(I))(Ziq)eRj),
Ouap,ij = (CI)T(I))(Q@URJ-),
Ous.ij = (PT0)(Q;PdR;),

Oww = ®TW,,, WH
Ow = (D, ®)"W"" (D, ®)

Op,2 = %aﬂ (®T®) 0, (T®)

AR _
O41,4 = 21 (1D @)(Lin" Ly),
040,15 = 21 (1Du®)(@Q1"Qy).
Ogesj = 2 (Du®)(Er1 er,)
O 15 = B (iDy®)(ar " un, ),
Ogai = (1D @) (dr,y"dr, ),
Ogia sy = (D, 2) (wr,y"dr, ),

Opp = ®'B,, BM®
Op = (D,®)'B"(D,®)

Op4 = (D,®)" (D*D) (D)

O3 = % (d7)"

(3) g
OCI)L,ij : (I’T(@Zlu@)(liﬂuaaLj),
OC(IDSC?),ij . (I)T(iDauq))(QW“Uan)a

20



A possible choice:

Ogg = @'0 G, G
Opw = ®'B,, W d

Oww = ®TW,,, WH
Ow = (D,®)'WH* (D,®)

1
Op,1 = (D,®)' @ & (D*®)  Opp= 0" (270) 0, (2'P)

Outiy = (D10)(Lier,),  @fflm meetlih (51, @) eyl ),

Ous iy = (B10)(Qibup,),  ON . = &1(iD,)(Qir"Q;)

Oas,ij = (PT®)(QiPdry), Ogﬁ,ij = qﬂ('ﬁuq’)(éRﬂ%RJ),
(95133,@-3- — (I)T(iDHuq))(ﬂRﬂﬂuRg)a
Oc(blc%,ij — (I)T(@Suq))(CZRﬂude)a
O .. = ®1 (D, ®)(ap, A dn, ),

1
205 + Osw + Ope + ¢'° (Oq>,1 — §0q>,2)

1
20w + Opw + Oww + ¢ ((9@,4 — 5(’)@,2)

Opp = ®'B,,, B"®
Op = (D,®)'B"(D,®)

Os 4 = (DM(I))T (DH D) (CDTCI))
1
(9@,3 — § ((I)T(I))B
3) g -
O )= = (D5 BN I P 7 B 3,

(3) T 'Ha, Y A
OCI)Q,z'j = ®1(:D9,®)(Qiv"0aQ5),

20



A possible choice:

Oce = @@ GY, G Oww = ®'W,, W Opp = ®'B,, B" @
Opw = ®'B,, W d Ow = (D,®)'WH* (D,®) Op = (D,®)'B"(D,®)
Op,1 = (D,®)" @ o7 (D'®)  Og9= %6’“ (272) 9, (272) ~OT =Dy (D (i)
Qo3 = % (d7)"
_ <> _ <> _
Octij = (@10)(Lier,),  Ofpjmmmbh(#Dy.®)(Lryisl). O o, mem il (HX, DY P 0 3,
Ous,ij = (@T@)(Qii”u}%j), 0513129,@5 i (I)T(Zi)uq))( D7 Q) OC(IJSC?Q,ij N (I)T(iDauq))(Qi’Y“Uan)a
Ous.ij = (PT0)(Q;PdR;), Ogﬁ,ij = T (i <_p;q’)(6_31%7;7“61%3),
(95133,@-3- — (I)T(iguq))(ﬂRﬂ”URg)a
Oc(blc%,ij — (I)T(iDuq))(CzRﬂude)a
O, ;= 81D, ®)(ir, 1dr,),

+» Use the last EOM to remove Ogs 4

oV (h
204 Z (yfj((’)e@’ij)T + Y3 Ou,ij + yzdj(odcb,z'j)T + h.c.) _ —82 ) ;
%

20



A possible choice:

Oce = '@ G, G Oww = W, W &

=Bt Ow = (D, ®)'W" (D, ®)
1
—Or =By Pldy— O = 50" (270) 0, (27P)
= 1 g -
Ocaij = (210)(Lier,), Oy
il 1 | ]
Ousij = (210)(Qidur,),  Cfbrr=aiiBrNGrriy)
Ous,ij = (BTD)(Q;Pdr;), el —atop e o
1y g _
g Glu,zg t Eif_)ﬂiasl_!”z ! !!!EJ;!
6 %15,7,] i~6!£. Hﬂiaélhji , !i”ja;
ud,1) 2 A

Opp = ®'B,,, B"®
Op = (D,®)'B"(D,®)

+ Remove all those operators strongly constrained: Z, W currents and oblique

corrections.
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A possible choice:

Oce = @@ GY, G Oww = ®'W,, W Opp = ®'B,, B" @
~O gD Ow = (DMCD)TWW(DV(I)) Op = (D,®)'B"(D,®)
—OrT=tBrdy D~ Oop = —5*“ (2T2) 0, (®f0) B
Og3 = % (d7)"

B
7

° @é(l).,’lj :.(®t¢)<EZ@8RJ>J. W (I)SL,ZJ — : ju _’I, a J/
N 3 . =
+ Ong,iy = (DIBHQDury)r Gkl i), B Gl
¢ gy =(DIRNQiPdry) s i iy
(1) o ) _
g@u,zg I GGLHI%z 7

tPy
t

O PRAN

FI

# Low energy flavour interactions: strong bounds on off-diag Yukawas (Oys )i;
(maybe relevant 7e and 7u , but not for this analysis!)
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A possible choice:

Oce = '@ G, G Oww = W, WH o Opp = ®'B,,, B*®
=Bt Ow = (D, ®)'W" (D, ®) Op = (D,®)'B"(D,®)
1
—Or =B Pi—  Op2 = 50" (270) 0, (270) S
1
(9@,3 — § ((I)T(I))B
3 R -
DL,y K 2 atzy)s
3 R -
17 Y 2 a 3)7

» (Osa)i for 1st and 2nd generations only via Hgg and Hyy loops: negligible!
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A possible choice:

'

Oce = '@ G, G Oww = W, WH o Opp = ®'B,,, B*®
=B — Ow = (D, ®)'W" (D, ®) Op = (D,®)'B"(D,®)
1
—Or TPy PUdy— Oo = 59" (@T®) 9, (BTP) ST —
1 3
oFT 3 ()

H(3) pi BH“ Por{rrmpliereir
dL,g (_}M (2 a3/
3 . ~ )

,1] 3 (2 a‘xj)/s

Os,3 only relevant for the scalar potential
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A possible choice:
[based on: Corbett, Eboli, Gonzalez-Fraile & Gonzalez-Garcia, PRD87 (2013)]

Oce = '@ G, G Oww = W, WH o Opp = ®'B,,, B*®
=Bt Ow = (D, ®)'W" (D, ®) Op = (D,®)'B"(D,®)

1
TP B Ouo = 50 (010)0, (010)  —OrT—tDrb-Br
1 3
OFT 3 =y
3 R -
'QHWL,@ . =~ v a)
3 . =
Eéé,zj # EEE Mi)é@” Ua@])v

Relevant parameters for Higgs Physics:

fac fww fee fw fB fe2 fr fo fi
A2 7 A2 7 A2 A7 A27 A2 A2 A2 A2
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In the unitary gauge:
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In the unitary gauge:

'CHVV — gHgg GZVGGMVh —|_ gH*y'y A/M/A/“/h _|_ g
+ gg)ZZ Z,L“/Z'uayh + 91(712)22 Z,uz/Zuyh +

U

Luyps = gffrfrh +hec.

(1)
HZ~

(3)

A 7P h + g

Irnzz Zulth
+ Gaww (WhW™#*h+hc) + gy Wi W™ h+ gi3hw WIW ™ #h

(2)
HZ~

Ay ZH

Y
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In the unitary gauge:

Lavv = grgg Ciu G b+ griyy A AP h+ gy, A 70" h+ gyt A ZHh
+ g 2, 7R+ g2 2,7 h + ¢\, 7,7 h

T QS%A/W (WJVW_ “9”h +h.c.) + g.gi)WW W+ W=Hh + QS)WW W.IW=#h,

Luyps = gffrfrh +hec.

G Jagv (1) 927} sw(fw — fB)
JHgg = 81 A2 IHZY = 2\2 2Ca)
g vss, BB + fww (2) g%v syw(28L fBB — 2%, fww)

JHYY = TN 2 JHZy = 9)2 2w

1 g% o fw +s5,fB 1 g*v fw
THZZ = 9N T 2¢2 THWW = 957 2

@ 9V SufBB T Cufww 2) g%
IHZZ = ~9A2 202 IEWW = T2 JWW

9112z = m5(V2Gr)'? (1— s fe. 2> Girww = miy (V2Gr)'/? (1— T, 2>

2
mf (V)
o =" (1 gyates Jtt)
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In the unitary gauge:

Lavv = grgg Ciu G b+ griyy A AP h+ gy, A 70" h+ gyt A ZHh
+ gj(i})ZZ ZLLVZ/JJ@Vh + gg)ZZ Z'LWZLW]'L + QS)ZZ Z ZH"h
B (VAW ) + o W~ #h oy W

Lrrr=grfrfrh+h.c.

gv Sw(fW — fB)

T A2 %y
_ gTvsy, BBt Jww @ _ 970 sw(2sy feB — 2¢5, fww)
JHyy = )2 2 IHZy = gp2 2
1 g% o fw+sifB 1 v fw
HZZ = 9A2 202 THWW = 957 2
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In the unitary gauge:

Lavv = grgg Ciu G b+ griyy A AP h+ gy, A 70" h+ gyt A ZHh
-+ gg)zz Z,LWZ'uayh -+ gg)ZZ Z'LWZ'LW]'L + QS)ZZ Z ZHh

+ gg%ﬂ/W (W/Z/W_ “9"h +h.c.) + QE%W W+ W=Hh + QS%A/W W+W— "I,

Lrrr=grfrfrh+h.c.

sw(fw — fB)

2C

sw(282 fBB — 2¢2 fww)

21



In the unitary gauge:
Lavy = grgs CoyG* Bt giyy Ay AR+ g1 A ZEOV R gy A ZH R

_l_gj(L})ZZ Z,LWZMth -I-gg)ZZ Z'LWZLW]'L —l_gl(;)ZZ Z ZHh

+ Ghww (W, W™ F0"h + hee.) + ey WL W™ h + s Wy W=Hh,

Lrrr=grfrfrh+h.c.

G Jagv (1) 92’0 sw(fw — fB)
JHgg = 87 A2 IHZy = gp2 2Co
g°vsy, fBB+ fww 2 9°v sw(2sifeB —2¢, fww)

JHYY = T o N2 2 THZy = 9p2 2a

1 g% o fw +s5,fB 1 9°v fw
THZZ = 9N T 2¢2 THWW = 957 2

(2) g°v s, BB+ Ccyfww 2 g

HZZ 2IA2 202 HWW = 9A2 Www

21
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+» SMEFT is a well defined EFT, invariant under SU(2); x U(1)y
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+» SMEFT is a well defined EFT, invariant under SU(2); x U(1)y

+ Fewer number of parameters in the fit: easier and more constraining
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+» SMEFT is a well defined EFT, invariant under SU(2); x U(1)y

+ Fewer number of parameters in the fit: easier and more constraining

#» Correlation between HVV and TGV

Lwwy = —igwwy (g (WLW VY — WV, W) 4 my W W, VR4

>‘V —V vpo — —
nr W+ WPV E — gy etr (Wj(?pW,, - (‘)ijW,/ )Va}
2,,2
Ang o ng = = SZZUAQ fW
v same parameters
Aty =y =1 =2 555 (Jw + /B) of HVV Lagrangian

92U2 2 2
Akz =kz — 1= 32 A2 (waW — Swa)

3¢°
A=Az =25

fWWW

K 3 OWWW — —ZgSTI’ (WVW'OW'M) 2
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[TeV?]

L=4.5-5.1(7 TeV)+19.4-20.3(8 TeV) o', ATLAS + CM
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m= SM exp. 95% CL
% data 68% CL
== data 95% CL
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Results for Rate-Based Analysis

L=4.5-5.1(7 TeV)+19.4-20.3(8 TeV) fb™', ATLAS + CMS
N N A S AN
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i
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[Corbett, Eboli, Gongalves, Gonzalez-Fraile, Plehn, & Rauch, JHEP 1508 (2015)]

1 0.3
@ S|/ exp. 68% CL 0 i * 90.5
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dala 68% CL 1015 03
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2 2 9

Best constrained from A~ — vy

Strong anti-correlation
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f/A22
[TeV?]

L=4.5-5.1(7 TeV)+19.4-20.3(8 TeV) fo'', ATLAS + CM

1
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@ SM exp. 68% CL
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» W much better than /5
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+ fp only to HZZ (Weinberg angle supp.)
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f/A22
[TeV?]

L=4.5-5.1(7 TeV)+19.4-20.3(8 TeV) fo'', ATLAS + CM

o

bt
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@ SMexp. 68% CL
== SM exp. 95% CL
% data 68% CL
== data 95% CL
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Q Q
73
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» Je2 universal mod. of gauge bosons and
fermion masses
# enters 1n many observables

A
|

[Corbett, Eboli, Gongalves, Gonzalez-Fraile, Plehn, & Rauch, JHEP 1508 (2015)]
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+ Oge has 2x2 degenerate minima

» 2 minima due to interference between SM loop and Oge
second minimum when Ogg ~ —2 SM

- Between: gluon fusion too depleted

- The other 2, switching the sign of the Yukawas
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Englert, Kogler, Schulz & Spannowsky, arXiv: 1511.05170
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Anomalous Lorentz couplings modify the Kinematic distributions:

LHVY = GH gy OpGQ b+ grroy Pmedl T + g1 o HoZEQ o + gy ATl

() Z"0% h + gg)zz

+ 9572 Luv

+ g\ (WHEW™#0"h + h.c.

HWW U

Lrys = grTrfmalic

(1)

9aHZ7 =

(2)

9azz = —

B TP h + G Tl

WhHW™Hh 4 g

g*v o fw + s, [

) +9

(2)

HWW

22 2¢2
g*v st fee +ci fww
2A2 2c2,

B2l

1 9 fw
ST = GRE G

@ _ g
dogww — _2./\2 WW
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Anomalous Lorentz couplings modify the Kinematic distributions:

LHVV = Gy CpG " h+ gy P! h + g Pl 0" h + g5 Pl
+ 955 Zu 2P b+ 921 2y T b+ Gl
+ ggww (WEWTRO h +hee) + g5y WhEW ™ h + g = h

Lury = grTfmhthc.

1y 9°v cofw + s, fB 1 9 fw
THZZ = o2 T 22 THWW = 572 3

2  g*v sufeB+ Chfww 2 g™
IHZZ = T 92 9c2 IJEWW = Topz JWW

Focus on:

+ variable with large flow in the
production vertex: pr

» tagging with2 b’'sand 0, 1, 2
leptons
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[Corbett, Eboli, Gongalves, Gonzalez-Fraile, Plehn, & Rauch, JHEP 1508 (2015)]
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g0
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107 S e
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- — s
10° 5
s ’
| — (SM Higgs)XSO ;
0% ... (f /A_fp/A 20TeV )xso
Lol ! I R
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+ Background rapidly decreases

» Strong dependence on d=6
operators at larger momenta

Kinematic distributions from ATLAS h — bb (1409.6212)
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Results with Kinematics

Corbett, Eboli, Gongalves, Gonzalez-Fraile, Plehn, & Rauch, JHEP 1508 (201
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[Corbett, Eboli, Gongalves, Gonzalez-Fraile, Plehn, & Rauch, JHEP 1508 (2015)]

L=4.5-5.1(7 TeV)+19.4-20.3(8 TeV) fo"', 68% CL: ATLAS + CMS
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+ Biggest impact of Kinematics on Og, Ow,Opg, Oww , respectively.
+ Energy scales probed by Run | are 300-500 GeV (O(1) coeff.)
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» Correlation between HVV and TGV: Example
Op = (D,®)'B*(D,®)
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» Correlation between HVV and TGV: Example
Op = (D,®)'B*(D,®)

In unitary gauge can be rewritten as:

. 9 - 2
O :%AMVW_“W+”(U +h)? - (;‘ssg 7w W W (v + h)?
W
Y A, ZM0"h(v+ h) <y 719" h(v + h)
14 v I 14
4cos Oy " 4 cos? Oy "

Wt h o W w h, o Wt
4 A, R
w- A W W Z W~
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» Correlation between HVV and TGV: Example
Op = (D,®)'B*(D,®)

In unitary gauge can be rewritten as:

Wt h o W w h, o Wt
4 A, R
w- A W W Z W~

All these couplings are correlated!!
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Corbett, Eboli, Gonzalez-Fraile & Gonzalez-Garcia, PRL 111 (2013)
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+ Assuming

fwww =0—=Ay =0

+ Only two independent:

2.2
AgZ=g? —1=2L"
2.2
gv
AKW:%7_1:80120A2 (fw + fB)
9202

A — — 1 =
Nz = ha 8c2 A?

(2 fw — 2 fB)
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0.2

0.1

Corbett, Eboli, Gonzalez-Fraile & Gonzalez-Garcia, PRL 111 (2013)

)
o= gl X

I
TR

X

A
XX OQQb&Qv\ P AKX
R RIIIUILRAK
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QSN

0

0.1
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A91Z

+ Assuming

fwww =0—= Ay =0

+ Only two independent:

2,2
A A gv
Agl =91 —l=co v

92,02
Afi»—y — /{/fy_]- — SCZAQ (fW+fB)

921}2

_ . 2 2
Aky = ky — 1 = SC%UA2 waW_Swa

+ Higgs data bounds
7+8 TeV data used,
iIncluding kinematics
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Chen, Dawson & Zhang, PRD89 (2014)
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Which Higgs?

EXACT EW DOUBLET NOT NECESSARILY DOUBLET
Hierarchy Problem Composite
. neutrlno masses & Higgs SIOJ[ ;X?Cltjlytar; EWt
DM & Baryon Asym) Models ety LA GUUARE
Dilaton
two SU(2); doublets or EW singlet
Exotic
Non-Linear Effective Lagrangian
HEFT
SU(2), x U(l)y gauge sym SU(2)r x U(1)y gauge sym
SM spectrum, and in particular SM spectrum, but non-exact
exact EW Higgs doublet & EW Higgs doublet A
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SMEFT: constructed with
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SMEFT: constructed with

Higgs: h Singlet GBs: U(z) = e (@)/v
U(z) —» LU(z)R!

Independent!!

34



SMEFT: constructed with

Ay
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SMEFT: constructed with

i

» Being m Independent, many more operators can be constructed
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Decorrelations & New Signals
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Decorrelations & New Signals

U(z) is a 2x2 adimensional matrix. This leads to a fundamental difference
between the linear and chiral Lagrangians:
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Decorrelations & New Signals

U(z) is a 2x2 adimensional matrix. This leads to a fundamental difference
between the linear and chiral Lagrangians:

SMEFT

The GBs are in the Higgs doublet ¢
® has dimension 1 in mass
d=4+n operators are suppressed by A’y 5
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Decorrelations & New Signals

U(x) is a 2x2 adimensional matrix. This leads to a fundamental difference

between the linear and chiral Lagrangians:
SMEFT

The GBs are in the Higgs doublet ¢
® has dimension 1 in mass
d=4+n operators are suppressed by A’y 5

HEFT

The U(z) matrix is adimensional
and any its extra insertions do not
lead to any suppression
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Decorrelations & New Signals

U(z) is a 2x2 adimensional matrix. This leads to a fundamental difference
between the linear and chiral Lagrangians:

SMEFT HEFT
The GBs are in the Higgs doublet & The U(x) matrix is adimensional
® has dimension 1 in mass and any its extra insertions do not
d=4+n operators are suppressed by Ay, | lead to any suppression

The dimension of the leading low-energy operators differs

35



Decorrelations & New Signals

U(z) is a 2x2 adimensional matrix. This leads to a fundamental difference
between the linear and chiral Lagrangians:

SMEFT HEFT
The GBs are in the Higgs doublet ® The U(x) matrix is adimensional
® has dimension 1 in mass and any its extra insertions do not
d=4+n operators are suppressed by Ay, | lead to any suppression

The dimension of the leading low-energy operators differs

Investigate on the signals of decorrelations: due to the nature of 2the
chiral expansion vs. the linear one, and due to F;(h) # <1 + @>

U
SMEFT HEFT
|
| | -
| ] | |
| ]
| |
>
40
d=206 -
.ﬁr == o

[Brivio,Corbett,Eboli,Gavela,Gonzalez-Fraile, Gonzalez-Garcia,LM&Rigolin, JHEP 1403 (2014)] 35



Decorrelations & New Signals

U(z) is a 2x2 adimensional matrix. This leads to a fundamental difference
between the linear and chiral Lagrangians:

SMEFT HEFT
The GBs are in the Higgs doublet ® The U(x) matrix is adimensional
® has dimension 1 in mass and any its extra insertions do not
d=4+n operators are suppressed by Ay, | lead to any suppression

The dimension of the leading low-energy operators differs

Study the anomalous signals present in the chiral, but absent in the linear

SMEFT HEFT
d =12 S —
d =10 - ><,, 60
d =

[Brivio,Corbett,Eboli,Gavela,Gonzalez-Fraile, Gonzalez-Garcia,LM&Rigolin, JHEP 1403 (2014)] 35
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ChiPT
U = 21/ f

D, U'D*U
3 GBs SM
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The Higgs Effective Field Theory (HEFT) is a fusion of SMEFT and ChiPT

U = 21/ f

D,U'D*U
3 GBs SM

HEFT describes an extended class of “Higgs” models:
Standard Model
SMEFT
Technicolor-like ansatz
Dilator-Like models

Composite Higgs models

Alonso,Brivio,Gavela,LM&Rigolin, JHEP 12 (2014) 034
Hierro,LM&Rigolin, arXiv:1510.07899

special limits and
fixing the parameters
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What is HEFT?

The Higgs Effective Field Theory (HEFT) is a fusion of SMEFT and ChiPT

U = 21/ f

D, U'D*U
3 GBs SM

Building blocks:

V,=(D,U)U" V = LVIL
L & SU(Q)L
T = Uog3U! T 5 LTL'
YL R
A, X,

h  singlet of SM syms: arbitrary F(h)

|
|
o
5
N\
g
N

36



The HEFT Lagrangian

Azatov, Contino & Galloway JHEP 1204 (2012)

Alonso, Gavela, LM, Rigolin & Yepes, JHEP 1206 (2012)

Alonso, Gavela, LM, Rigolin & Yepes, PLB 722 (2013)

Alonso, Gavela, LM, Rigolin & Yepes, PRD 87 (2013)

Buchalla, Cata & Krause, NPB 880 (2014)

Gavela, Gonzalez-Fraile, Gonzalez-Garcia, LM, Rigolin & Yepes, JHEP 1410 (2014)

Luyprr = Lo + AL

1 1 1
— GG — TWE W — B, B
1 2
+ 50uhd"h - %Tr(VMV“)FC(h) — V(h)+

+iQrDQr +iQrPQr +iL DL +iLrIlPLr+

— \% (QLUYo(h)Qr + h.c.) — % (LLUYL(h)LR + h.c.)

Ly =
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Luyprr = Lo + AL

1 (87 o v 1 a a uv 1 v
— GG SW W By, B
1 2
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The HEFT Lagrangian

Alonso, Gavela, LM, Rigolin & Yepes, PLB 722 (2013)

Alonso, Gavela, LM, Rigolin & Yepes, PRD 87 (2013)

Gavela, Gonzalez-Fraile, Gonzalez-Garcia, LM, Rigolin & Yepes, JHEP 1410 (2014)
Gavela, Kanshin, Machado & Saa, JHEP 1503 (2015)

Brivio, Gonzalez-Fraile, Gonzalez-Garcia & LM, Eur.Phys.J. C76 (2016) 416

Luprr = Lo + AL

145 (no flavour) operators preserving SM, lepton, baryon syms, up
to NLO in the renormalisation procedure (4 derivatives & d=6)

Reduction to a minimal independent set of operators: EOMs
Choice of a suitable basis (data driven): measurable @ LHC.

Analysis on similar lines as for SMEFT
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Lavv = grgg G, G0+ gy A A+ 92)27 A 210" + gg)z,y A 2 h
sz Zuw 200+ Gy Zuw 2D Gty 2y 20

+ gtrw (WEW TR h 4 he) + gow WEWTH R+ g\l WHW ™ Fh

Luypy = gsfrfrh +hec.

39



Ly Grigah G G B gl WAL AR B LA L7 O Rt g iR AN 72
+ 92z ZuwZ b+ Gi1y g ZuwZ" h+ g5y g ZuZMh

+ gtrw (WEW TR h 4 he) + gow WEWTH R+ g\l WHW ™ Fh

Luypy = gsfrfrh +hec.
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HVV

LHVV = gHgg GZ,/GC“W}L + GH~~ A/WA'W/h + gg)zy A/WZ,M(‘)V}L + gg)zv A/WZW/h
+9n27 ZuwZ'0"h+ Gy Zuw ' h+ Gy 22" h

+ QS)WW (WLW™H3"h +h.c.) + gg{%/[/W WL W™ H b+ QS%/VW WIWw~+Fh,

Uy

Lrysr=gsfrfrh+hc.

_ s fegu @ _ 9% so(fw — fB)
YHgg = T g A2 YHZy = A2 2o SMEFT
_ g’vsy, fBB T fww 2 9%V sw(282 feB — 22 fww)
9H~y = I\2 2 IHZ~ = N2 2.
1 9% cofw+sofB g% fw m Ik
gHZZ_2A2 902 gHWW_WT gf:_T 1_Wf@2_
@2 9% sufeB+Chfww (2) g*v
9uzz = 2A2 9202 9daww — W fww

QS))ZZ = m%(V2Gr)"/? <1 — chb 2) gj(T-I%/VW miy (V2Gg)/? (1 — Wf@ 2)

_ _ia 1 __ % [, + 25w, + 2a
JHgg 2 G gHZ'y Amrvcy, 5 S 4 17 HEFT
1 2 SwCw
Gy = 5= (shaw + Aas) Gy = (ap — aw)
(1)
n __9 28wa —as — 2a (1) —_ 9 a ———Yf
IHz2 = 4y | Cy 4 ) o Iaww = Ay ° 9f = Yo
2 1 2 1
gl(r{)ZZ ~ o, (S?UCLB + C%UGW) géﬁww = UGW

1/2 1/2
9\, = M2 (\@GF) (1+Aac) g\ = ME, (\@GF> (1+ Aac)




£HVV — JHgg GZVGa'uyh + 9H~~ A,uyA'uyh + g
+9g
+ 9

HWW

Lrysr=gsfrfrh+hc.

/BB + fww

W _ g% o fw +sofB

A feB +c fww

g°v

JHyr = 790
9077 = N2

2 _ g

YHZZ = T 9p2

3
gl(LI)ZZ = mzz(

1] — —

JHyy = 7o)
(1) g
IHZZ = A
(2) 1

w
as — as — 20,17)
C

HVV

WTW~"0"h + h.c.

dgww = ;aW

1/2
g = M2, (\@GF> (1+ Aac)

(2)

(1) 1Ay v
2
2 7P h+ ¢\2) , Z, 2R+ g\, 7, 7Pk
(2) — KV (3) 11— U
)—|_gHWW ,u,yW h"’gHWW WNW h,
1 _ 9°v sw(fw — fB)
IHZY = A 2¢u SMEFT
@ _ 90 sw(2s, B — 2¢, fww)
YHZy = GA2 2%,
2 2 2
v 9w _my v v
W T 282 1=y ' "o~
2
g°v
g}f)ww ~ T oA2 fww
Giww = iy (V2Gr)'/? (1 T 2A?
(1) 9Sw Cw
- = + 2—ay + 2a17
HZ~ 4TV, (a5 S HEFT
(2) SwCuw
9HZy = (ap —aw)
(1)
() = ia _ _Yf
THWW Amv 9f = V2
(2) 1
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HVV

Lavv = gHgg G2 G b+ gryy A A" B+ g Au 7407k + g7, A 2 b

1 . 9 U 3
+ gg{)ZZ 2w Z"0"h + gﬁi)ZZ 2w Z"h + QJ(LI)ZZ ZuZ"h

+ gpww (WhLW ™0 h+he.) + 9w Wb W ™" h+ gigpw Wi W™ h,

Uv

Lusy=grfrfrh+h.c.

_ s faau 1 _ 9°v su(fw — fB)

ooy = — g2 ¢ i), = o 22 SMEFT
_ gPus 2 9°v s.2s% [ — 262 fww

9H~y = — 9HZ~ = =

1 g°v i fw +s5,fB (1 g fw _ My v’ oo —
9HZZ A2 2 Iaww A2 9 gr = " o222
I9HZ7 = T 9A2 ) Iagww — —

2
(3) (V2GF)Y2 J1 - v—fcb,z)

9077 = daww A2
(1)  GSuw o Cw 7
9H gy 9HZ~ irvc, (a o a4 + a17) H EFT
(2) SwCw
GH~~ gHny 7 ap — aw
(1)
(1) (1) g _
9HZ7 = Iaww = "Ng_, % gf = i

_ 2 _
2 1 2

1/2
Gityz = M} (\@GF> (1+Aac)  giww = My (\@GF> (1+ Aag)
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HVV

Luvv = gHgg G, G R+ grqy A A" h A+ gg)ny A 280 h + gg)zv A 28R
+ 92z Zuw 2 O+ iy g Zuw 2R+ Giy g ZuZMh
+ gpww (WhLW ™0 h+he.) + 9w Wb W ™" h+ gigpw Wi W™ h,

Uv

Luyss = grfrfrh +he.

_ s faau @ 9% sw(fw — fB)
YHgg = T g A2 YHZy = A2 2o SMEFT
G — gvss, [+ fww O G*v s (282 fBB — 262 fww)
" 2A>2 2 HZy = 9\2 2Cw
W g% cfw +sofB 1 9v fw my v? v?
9822 = Gp3 502 Iuww = 5x3 5 95 === 1—Wfq>,2— \/§A2ff
2 9% sufee+chLfww 2 g
= = =— [
9077 A2 2c2 9aww oAZ T WW

9%, 5 = m%(V2Gr)? 9w = miy (V2Gp)Y?

1 (1) 9Sw
_ — —_ — 2_ | 2
YHgg 2% aG 9H 7~ ATTvey, a5 + ay + 2a17 HEFT
1 2 SwCw
JH~y = —% (S,?UCLW +C,,ap gl(q)27 — T (aB — CLW)
(1)
W) _ 9 (pfw o _ 9. _ Y
IHZZ = gry \ "¢, T 95 Iaww = = 05 gf = i
2 1 2 1
gl(r{)ZZ = —% (S?UCLB —= 2a gl(r{%/VW — ;aw

1
QS?WW = M%/ (\/ﬁGF)




HVV

(1)

EHVV — JHgg GZVGa'uyh + 9H~~ A,uyA'uyh + gHny A,uI/Z'uayh + g

2 %
§{)Z’y A/U/Z'LL h

1 2 3
+ 9112z Zuw 2" W+ 911y D 2N+ 91y5 Zu 2D
1 — 2 — 3 _
b o (W40 h 1 ) + oy W W= 4 g8y WA W
Lrysr=gsfrfrh+hc.
s J 2
=221 i - £ D) SMEFT
_ g’vsy, fBB T fww 2 _ 9°v sw(253 kB — 262 furw)
ST IHZy = 212 s
2 2 2
@ _ 9% s, el fow (2) g%,
9077 = 2A2 C%U HWW — 2A2
QS))ZZ = my(V2Gr) /Y 1 - chb 2) gl(r{%/VW = miy ( 1/2 2A2 f<I> 2

9Hgg = _%GG gl(a})z7 = —

JH~y = —% (S%UCLW + CwaB> 91(3)27 = ap — aW)
8hr = e —202) el =-
9hz = —5- (3as + chaw) 0B = —aw

1/2 1/2
i)y = M2 (\@GF) (1+Aac) g\ = ME, (\@GF> (1+ Aac)
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+ The HVV analysis for HEFT has 10 parameters vs 9 in SMEFT:
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The HVV analysis for HEFT has 10 parameters vs 9 in SMEFT:

_ _ L4551(7TeV)+194203(8TeV)fb ATLAS + CMS
The fit WITHOUT a7 is the same as for SMEFT: [~ T

Corbett, Eboli, Goncalves, Gonzalez-Fraile, Plehn, & Rauch arXiv: 1511.08188
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HVV

+ The HVV analysis for HEFT has 10 parameters vs 9 in SMEFT:

L=4.5-5.1(7 TeV)+19.4-20.3(8 TeV) fb!, ATLAS + CMS

+ The fit WITHOUT a7 is the same as for SMEFT:

4 1

Corbett, Eboli, Goncalves, Gonzalez-Fraile, Plehn, & Rauch arXiv: 1511.08188

0.5 f
Kinematics are important in several couplings

-05 F Rates 68% CL

Rates 95% CL

S
+ Adding ai7 : correlation with a4 and ap A p I Ratessdst 68% OL
== Rates+dist. 95%
Brivio, Gonzalez-Fraile, Gonzalez-Garcia & LM, Eur.Phys.J. C76 (2016) 416 ! . !
3 % %

S
T —————— - - I— %*G@

~Q
o0 I
%)

%

Minor impact on
the fit results

ajy

-0.5 —

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 | | | |
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The h functions

The functions F;(h) = g(h, f) are generic functions of //f (and can be derived
only once a fundamental model 1s chosen). It 1s common to write,
h h?

with «; ,3; generic functions that could contain powers of & = v2/ .



The h functions

The functions F;(h) = g(h, f) are generic functions of A/f (and can be derived
only once a fundamental model 1s chosen). It 1s common to write,

h h?
with «; ,3; generic functions that could contain powers of & = v? /f 2

If we consider the SM as a reference, the combinations ¢;Fi(h) become:

fBw fBW 32 o :”+h 0
7 Onw = "5 ®f B, W 2(z) = —5 U4
/ 2

_ fBW%BWTr(TWW) (”;h)

/ A 2
= fBw ¢ %BWTI‘(TW“”) (1 + —)

U

= ¢1 99' B, Te(TWH) F1(h) = c1P1(h)

with Clz—f a1 = 1 51:1



» More important effects when comparing TGV and HVV: for example

Op = (D,®)'B*(D,®)
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Decorrelations

More important effects when comparing TGV and HVV: for example

.9 . 2
Leg — 1% 2 e g — 1% 2
Op =—2-A, W *WT h)* — 7, , W HWT h
Y AL 7P (v 4 h) + "y 719" h(v + h)
4dcos Oy M 4 cos? Oy M
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.9 . 2
Leg — 1% 2 e g — 1% 2
Op =—2-A, W *WT h)* — 7, , W HWT h
Y AL 7P (v 4 h) + "y 719" h(v + h)
4dcos Oy M 4 cos? Oy M

’U2 112 A 2

J

(\V)

o
|

iB,, Tt (T [V*, V*]) Fa(h)
Pa(h) = iB,, Tr (TVH) 8" F4(h)
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Decorrelations

More important effects when comparing TGV and HVV: for example

.9 . 2
Leg — 1% 2 e g — 1% 2
Op =—2-A, W *WT h)* — 7, , W HWT h
Y AL 7P (v 4 h) + "y 719" h(v + h)
4dcos Oy M 4 cos? Oy M

’U2 112 A 2

(V)

. 2
Po(h) = 2ieg? A, W HW T Fy(h) — 2——2— Z,., W HW " Fy ()
cos O
Py(h) = —— 2 A, 710" Fy(h) + g T F ()
N cos Oy~ MY 4 cos2 Oy~ 4

W+ ha o W w+ hs, o WT
e T L
w- A W~ W~ Z W-
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Decorrelations

More important effects when comparing TGV and HVV: for example

. 2 . 2
Leg — 1% 2 e g — 1% 2
Op =—2-A, W *WT h)* — Z,, W HWT h
B ) H (U + ) 8 COS HW M (U + )
Y A7 h(v + k) + "y LM h(v + h)
4dcosby " 4 cos? Oy "

2 2 2 2
Op = 1_6P2(h) T §774(h) with  Fi(h) = (1 + —>

v
2 i€29
Po(h) = 2ieg” A, W HFW T Fy(h) — 2 Z, W HFW T Fo(h)
cos O
Py(h) = ——2 A, 710" Fy(h) + g T F ()
SN cos Oy M 4 cos? Oy M 4

due to the decorrelation in the F;(h) functions: i.e.
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Decorrelations

More important effects when comparing TGV and HVV: for example

.9 . 2
Leg — 1% 2 e g — 1% 2
Op =—2-A, W *WT h)* — 7, W HWT h
Y AL 7P (v 4 h) + "y ZH9" h(v + h)
4dcos Oy M 4 cos? Oy M

’02 ?JQ A 2
Op = LPo(h) + S Pulh)  with  Fi(h) = (1 " _)

(V)

. 2
Py (h) = 2ieg? A, W HFW T Fo(h) — 2——2— 7., W W Fy(h)
cos O
Py(h) = — 9 A ZHOVF (h) + e Zu, ZH0Y Fu(h)
SN cos Oy MY 4 cos? Oy M 4

due to the nature of the chiral operators (different c¢; coefficients): i.e.
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HEFT (bosonic) basis

1

PB(h) — _ZB,UJI/B'LW‘FB
1

Po(h) = —7GhG* Fo

Pi(h) = B, Tr(TWH)F,

[/

Ps(h) = —Tr(Ww[VH, V¥]) Fs

A7
Ps(h) = ﬁTr(WWV“)E?”]%
1
Pg(h) = (4W)2Tr(vuvy)a”fgané

Plg(h) = (TY(TWHV))Q.FlQ

5/JVP>\

P14(h) — e TF(TVM)TI(V,/WP)\)FM
Ps(h) = (4;)2%('11[\/“, V) Tr(TVH)" Fig
1 2 v T/
Pgl(h) = (47‘(‘)2 (TI’(TVM)) (9,,.7:218 F21
ng(h) = (4711_)2TI’(V“V“)(TI’<TVV))2F23
PQG(h) = (471_‘_)2 (TI(TVM)TI(TVV))2f26

1
Pw(h) = —ZW/jVW“W]-“W

Pou(h) = (0,Fpu(h)0" Fpp(h))’

Po(h) B, Tr(T[VH, V¥]) F;

4
Pa(h) = ﬁBMTr(TV“)ﬁ”H
Palh) = s (TH(V, V)T
Pou(h) = (471)2 (Te(V,V,))2Fus
P -
Pra(h) = ﬁTr(TWW)Tr(TW)Wn
Panlh) = o1 TV, V)0, Faod Py
Pas(h) = (471T)2Tr(TVM)Tr(TVV)(?“]:gg(?”]:ég
Paa(h) = (471T)2Tr(Vqu)Tf(TV“ )Tr(TVY)Fau

Alonso, Gavela, LM, Rigolin & Yepes, PRD 87 (2013)



Connection with the Linear Basis

We can repeat the previous exercise and see the connection among the bases:

Oss/1? = SPu(h) Oww/f* = 5Pw(h)
Oca/f* = ~=5Palh Opw/f? = SPi(h
O/ = SPa(h) + SPu(h) Ow/f? = EPy(h) — SPy(h)
Ooi/f?= SPu(l) = SFWPr(h)  Osa/f* = €Pull
ch,4/f2 = gPH(h) + g]:(h)Pc(h)
Ocn/* = SPam(h) + SPa(h) + SPy(h) — EPs(h) — SPo(h) — SPao(h)
" ho R
with in general F(h) =1+ 2— + )
U U
We added two pure-h operators:
1
Pir(h) = 5 (0uh) (0" h) Fi () Pon = —5 (0,0 1) Foop ()
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+ Considering all the couplings together:

o 0 O
T

2
AX TGV+Higgs
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N SN
TYT T T

Brivio,Corbett,Eboli,Gavela,Gonzalez-Fraile, Gonzalez-Garcia,LM&Rigolin, JHEP 1403 (2014)

EeUnes oM analis/:
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+ Adding the data from kinematic distributions:
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New Signals

Brivio,Corbett,Eboli,Gavela,Gonzalez-Fraile, Gonzalez-Garcia,LM&Rigolin, JHEP 1403 (2014)
Signals expected in the chiral basis, but not in the linear one (d=8

Pra(h) = e"PATe(TV ) Tr(V, W, ) Fra(h) q

95Z€’LW’O>\8MWV—|_WP_Z)\‘F14(h)

number of expected events (WZ production)

with respect to the Z pr q
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Longitudinal Gauge Bosons

As U 1s so special in HEFT, why don’t study the physics associated to the SM GBs

. . + —
Scattering of WoWr and ZLZL Cross section for vy — W W
Delgado, Dobado & Llanes-Estrada, JHEP 1402 (2014) Delgado, Dobado, Herrero & Sanz-Cillero, JHEP 1407 (2014)
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# To go beyond A(k)-formalism: SU(2), xU(1)y EFTs

SMEFT HEFT
Exact EW doublet non-Exact EW doublet

4% Kinematic Distributions are important in analyses both 1n
SMEFT and in HEFT

4  Distinguishing between SMEFT and HEFT 1s crucial:
# Decorrelation signals in HEFT wrt SMEFT
# New Signals in HEFT wrt SMEFT

# Signals related to the longitudinal gauge boson sector

4 Next data analysis could shed light on the Higgs nature, 1if NP

1s 1n the few-TeV region
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Conclusions

#  A(k)-formalism useful tool for Higgs rate-based analysis

# To go beyond A(k)-formalism: SU(2), xU(1)y EFTs

SMEFT HEFT
Exact EW doublet non-Exact EW doublet
b Kt isiibtionaae DN TNUNE BT
S
4 Dis

o INCW Dignals in HEF T WIt DMEF
# Signals related to the longitudinal gauge boson sector

4 Next data analysis could shed light on the Higgs nature, 1if NP

1s 1n the few-TeV region
49






Validity of SMEFT

From Falkowski’s talk at ATLAS meeting

Example BSM Model: SU(2)LxU(1) vector resonances

Fine—tuned SU(2);, X U(1)y model: ud - Z, W,

4

AA,Gonzalez-Alonso,
Grel jo,Marzocca,Son
in progress

800 1000 1200 1400
\/—S_[GeV]
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HEFT basis

Gavela, Jenkins, Manohar & LM, arXiv: 1601.0755

Assuming B and L conservation, and no BSM custodial breaking

Operator | d, N, NDA form
Y2U 3 1 Ap?U Fyeu(h)
X2 4 2 X?% Fxz(h)
YD 42 Y=D >
(Oh) 4 2 (Oh)?
\% 4 2 (4 )2 V2 Fya(h) <+—>
V2V 5 2 V2V Fyov (h)
2 XU 5 2 2T 2 XU Fyexu(h)
) 6 | 2 Gr)” o Fya(h)
XV? 6 3 L XV Fxvz(h)
Jge 6 | 3 Q1) X3 Fys(h)
XVo 6 3 = XV 0Fxva(h)
V2VUO | 7 3 | x*VUIFyevua(h)
2 V? 7 3 1 2V2U Fevey(h)
2 UH? 7 3 + 12U 02 Fyeyae (h)
V25? 8 4 (4+)2 V202 Fy2p2(h)
\'%% 8 4 V4 Fya(h)

(4 (4m)?

«—> LT (W,, [VH, V) Fxve(R)
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HEFT (bosonic) basis

1

PB(h) — _ZB,UJI/B'LW‘FB
1

Po(h) = —7GhG* Fo

Pi(h) = B, Tr(TWH)F,

[/

Ps(h) = —Tr(Ww[VH, V¥]) Fs

A7
Ps(h) = ﬁTr(WWV“)E?”]%
1
Pg(h) = (4W)2Tr(vuvy)a”fgané

Plg(h) = (TY(TWHV))Q.FlQ

5/JVP>\

P14(h) — e TF(TVM)TI(V,/WP)\)FM
Ps(h) = (4;)2%('11[\/“, V) Tr(TVH)" Fig
1 2 v T/
Pgl(h) = (47‘(‘)2 (TI’(TVM)) (9,,.7:218 F21
ng(h) = (4711_)2TI’(V“V“)(TI’<TVV))2F23
PQG(h) = (471_‘_)2 (TI(TVM)TI(TVV))2f26

1
Pw(h) = —ZW/jVW“W]-“W

Pou(h) = (0,Fpu(h)0" Fpp(h))’

Po(h) B, Tr(T[VH, V¥]) F;

4
Pa(h) = ﬁBMTr(TV“)ﬁ”H
Palh) = s (TH(V, V)T
Pou(h) = (471)2 (Te(V,V,))2Fus
P -
Pra(h) = ﬁTr(TWW)Tr(TW)Wn
Panlh) = o1 TV, V)0, Faod Py
Pas(h) = (471T)2Tr(TVM)Tr(TVV)(?“]:gg(?”]:ég
Paa(h) = (471T)2Tr(Vqu)Tf(TV“ )Tr(TVY)Fau

Alonso, Gavela, LM, Rigolin & Yepes, PRD 87 (2013)



Connection with the Linear Basis

We can repeat the previous exercise and see the connection among the bases:

Oss/1? = SPu(h) Oww/f* = 5Pw(h)
Oca/f* = ~=5Palh Opw/f? = SPi(h
O/ = SPa(h) + SPu(h) Ow/f? = EPy(h) — SPy(h)
Ooi/f?= SPu(l) = SFWPr(h)  Osa/f* = €Pull
ch,4/f2 = gPH(h) + g]:(h)Pc(h)
Ocn/* = SPam(h) + SPa(h) + SPy(h) — EPs(h) — SPo(h) — SPao(h)
" ho R
with in general F(h) =1+ 2— + )
U U
We added two pure-h operators:
1
Pir(h) = 5 (0uh) (0" h) Fi () Pon = —5 (0,0 1) Foop ()
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HVV FIT

L= 4 5-5.1(7 TeV)+19.4-20.3(8 TeV fio! ATLAS + CMS

ltter

j ' i
‘ ! I1
Rates 68% CL

Rates 95% CL
Rates+dist. 68% CL

" th

mm Rates+dist. 95% CL
2% % 3 % % % 3 %
The differences are due to

different definitions and

normalisations

The HVV analysis for HEFT has 10 parameters vs 9 in SMEFT:
The fit WITHOUT aq71s the same as for SMEFT:
Corbett, Eboli, Gongalves, Gonzalez-Fraile, Plehn, & Rauch arXiv: 1511.08188
1
0.5
Adding a7 : correlation with a4 and ap |
Brivio, Gonzalez-Fraile, Gonzalez-Garcia & LM, to appear
-0.5
S ’
* 95% CL ‘ 1
S I T T T S
t ] !
I - e S == = = 18
£E4774 53
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New Signals

Brivio,Corbett,Eboli,Gavela,Gonzalez-Fraile, Gonzalez-Garcia,LM&Rigolin, JHEP 1403 (2014)

The simulation for LHC (7 TeV, 14 TeV) has been done taking cuts and precautions:

Focused on WZ production, considering leptonic decays of W and Z (background)
pp — LT ETE™S (") = ¢ or p

Main background: SM production of WZ pairs; W and Z production with jets; ZZ

production with one Z 1n leptons with one charged in missing E, the other in tt pair.

Detection efficiencies rescaled to the one by ATLAS for TGV\K 7, glz , Az

We closely follow the TGV analysis performed by ATLAS (cuts on transverse

momentum and pseudorapidity).

The cross section 1n the presence of an anomalous g5Z 1s then given by

2
0 = Ohck T O0SM T Oint 95Z + 0ano (952)

In the SM, Vit contain a CP odd component. The amplitude for any subprocess
qq — W Z contains SM contributions that are both C and P odd and that interfere

with the contribution from the anomalous.
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68% CL range

95% CL range

Data sets used

Counting p% > 90 GeV

p#% binned analysis

Counting p% > 90 GeV

p#% binned analysis

748 TeV (—0.066, 0.058) (—0.057, 0.050) (—0.091, 0.083) (—0.080, 0.072)
(4.64419.6 fb1)
748414 TeV (—0.030, 0.022) (—0.024, 0.019) (—0.040, 0.032) (—0.033, 0.028)

(4.64-+19.6+300 fb—1)

Z
Counting P7 > 90 GeV

Simple even counting analysis, assuming that the observed events are SM and
looking for values of 95 inside the 68% and 95% CL allowed regions. The
restriction to p% > 90 GeV increases the sensitivity.

p% binned analysis

. 2 . A .
Simple X based on the contents of the different P7 distributions with no cuts.

Same conditions of the previous method.




So far we have compared the phenomenology of the Higgs being a
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So far we have compared the phenomenology of the Higgs being a

What if the Higgs is a

non elementary - doublet?

Alonso,Brivio,Gavela,LM&Rigolin, JHEP 1412 (2014)
Hierro,LM&Rigolin, 1510.07899
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http://arxiv.org/abs/1510.07899

Generic Composite
Higgs Models

A

1
(h) # v

-
- strong resonances -

As < Anf

- Goldstone bosons
(h included)

}—

. .
effective interactions
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| G

A - strong resonances -
Generic Composite > &

Higgs Models As < dmf
/ - Goldstone bosons

(h included)
" s x v
. :
} effective interactions

# his embedded in a doublet of SU(2)r (reducible rep of G )

h h? . .
®  Fi(h) =1+2a;— + B;— + ... not generic but specific
v v

4  If the number of operators at the high-energy i1s smaller than the

generic basis at low-energy, there must be correlations among

operators
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At the high-scale: £ still a GB together to all the others generated by G /H ,

the most generic effective Lagrangian (with same Custodial breaking on SM)

h_AC

hlg

it = cr.

high + [’hlgh

hlgh — AB + AW T CBEABE + CWEAWZ + Z ¢; A
1=1
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At the high-scale: £ still a GB together to all the others generated by G /H ,

the most generic effective Lagrangian (with same Custodial breaking on SM)

h_AC

h1
p* g
Ehlgh — £hlgh + [’h1gh

hlgh — AB + AW T CBEABE + CWEAWZ + Z ¢; A
1=1

.ZC = —f—QTI' (\7“\7”)

) 14 b Ay =igTr (WW [\7‘“,{7”})
Ap = —~Tr (BWB“”) R o .
411 Ay = Tr (V V“) Ty (V V“)
Ay = =7 (W, W)

(e,
7

./Zl/BE — g/2TI' (Z]A?;M,/Z_lﬁ“”) (
s 2 A7 —1xx7
_ 2T (zw 5> WW)
Aws =g (B I _Tr( )

1 S Sy 17,
A = gg Tr (EBWE W ) .

Ay =i g Tr (]A?;W {\7“,{7”})
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Let’s concentrate on Ay = 4 ¢’ Tt (Euv [{M’ {}VD
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Let’s concentrate on sz =ig Tr (Euv [{}M’ {}VD

distinguishing the A from the others GBs: ¢ = h + (¥)

Ay — sin’ {Qf} P2 + /& sin {f} Pa

M ig' B, Tr(T[VH, V"))

Fi(h) Py = ig' B, Tr(TV#)3" (h/v)
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Let’s concentrate on Ay = 4 ¢’ Tt (Euv [{}M’ {}VD

distinguishing the A from the others GBs: ¢ = h + (¥)

Ay — sin? {Zf}PQ — fsm{f}m

// ig' B, Tr(T[V#, V"]

Fi(h) Py = ig' B, Tr(TV#)3" (h/v)

going to the limit of small §

Ay — O + O(£%)

Op = (D,®)" B* (D, d)
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Let’s concentrate on Ay = 4 ¢’ Tt (ﬁuv [\7“’ ‘N/—VD

distinguishing the 4 from the others GBs: ® = h + (@)

AVQ% sin? [2]‘} Po + fsm[f}PéL

M ig' B, Tr(T[V#, V"]

Fi(h) Py = ig' B, Te(TVH)0" (h/v)

going to the limit of small §

.AVQ — Op + O(gz)

Op = (D,®)" B* (D, d)
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2
./Zl/(j = —fZTr (\N/'M\N/'“) _— (DMCI))T (D"®)
Ap = —iTr (B, B") -— By, B""
A = T (W, W) ——— W
Aps = ¢2Tr (zﬁwz—lfg’w) S 9'B,B™0

Aws, = ¢*Tr (ZWWZ_l\/ﬁ“”) —_— OTW,, WH &
“2(1 =gg Tr (Eﬁuvz_lww> —— CIDTBWWWCI)
PO, i —N,u <~ T puv
Ay =ig Te (B, V9 VY]) —— (D) 5" (D,2)

~——

Ay =igTr (WW '\7‘“,&7?) 5 D w(D,o)

Ag = Tr (D V*)?) —— (D,D"?)'(D,D"9)

A, As A, Ag Os1 Os2 O3 Os4

irrelevant: redundant or irrelevant: custodial breaking or
contribute to d>6 linear ops. pure Higgs corrections
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deviations from (v + h)? =——————p

other type of deviations

.AQ — Si].’l2 {

Y

2f

—
1..

}792 + /Esin {ﬂ P,

elementary
VS.
composite

doublet

VSs.
singlet
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