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Amazing Standard Model
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LESS Amazing Standard Model

... Positive for Physicists!!!
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LESS Amazing Standard Model

... Positive for Physicists!!!

4 Some tensions:

some observables with not-so-good agreement

# in general, SM is in overall agreement with data

# yet a few quantities stand a bit apart (~ 30)
» the forward-backward asymmetry for b quarks,
A%, at the Z peak
» the anomalous magnetic moment of the muon

s the forward-backward asymmetry for top quarks
at the Tevatron, pp — tt

new NNLO QCD calculation: Czakon, Fiedler, Mitov 2015
data now compatible with SM prediction (QCD + EW)

From Hollik’s talk

Luca Merlo Higgs EFTs IMFP16 3



LESS Amazing Standard Model

... Positive for Physicists!!!

4 Some tensions:

some observables with not-so-good agreement

# in general, SM is in overall agreement with data

# yet a few quantities stand a bit apart (~ 30)

» the forward-backward asymmetry for b quarks,

Al at the Z peak

» the anomalous magnetic moment of the muon

s the forward-backward asymmetry for top quarks

at the Tevatron, pp — tt

new NNLO QCD calculation: Czakon, Fiedler, Mitov 2015
data now compatible with SM prediction (QCD + EW)

From Hollik’s talk

Luca Merlo

Higgs EFTs

4 Evidences of New Physics:
Neutrino masses,
Dark matter,
Baryon asymmetry,
Quantum Gravity - Dark Energy

IMFP16



LESS Amazing Standard Model

... Positive for Physicists!!!
4

4 Some tensions:

some observables with not-so-good agreement
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LESS Amazing Standard Model

... Positive for Physicists!!!

4 Some tensions: 4 Evidences of New Physics:

Neutrino masses,

Dark matter,
# in general, SM is in overall agreement with data Baryon asymmetry

some observables with not-so-good agreement

# yet a few quantities stand a bit apart (~ 30) Quantum Gravity - Dark Energy
» the forward-backward asymmetry for b quarks,
A%, at the Z peak

4p Still many open problems:
» the anomalous magnetic moment of the muon ? y openp

Hierarchy Problem,
Flavour Problem,
Strong CP Problem,

s the forward-backward asymmetry for top quarks
at the Tevatron, pp — tt

new NNLO QCD calculation: Czakon, Fiedler, Mitov 2015
data now compatible with SM prediction (QCD + EW) Dark Energy - Quantum Gravity

From Hollik’s talk

Interesting models are being tested, such as SUSY and Composite Higgs...
... but no clear evidences... even if...
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Whi ' f BSM
background-only fit CMS Preliminary _ 3.31b" (13 TeV) + 19.7 _fE:f' (8 TeV)
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Indirect Searches

The experimental collaborations at LHC are analysing a huge amount of data

l

Indirect sighals of New Physics
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Indirect Searches

The experimental collaborations at LHC are analysing a huge amount of data

l

Indirect sighals of New Physics

l

Effective Field Theory

Phenomenological / —

Effective Lagrangians \ Non-Linear Effective

PART | Lagrangian — HEFT

PART I
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Phenomenological Lagrangians

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




Phenomenological Lagrangians

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

Triple Ga uge Vertices I-ag- Hagiwara, Peccei, Zeppenfeld & Hikasa, NPB282 (1987)

Lwwv = — igWWV{QY (WJVW_“VV -WiV,W™ “”) + kyWIW, VI

—igy P (W EO,W, =W, 0,W.H) Vo + gg (0WHW ™ —9,WHW ) V,,}

V=_y,2Z} 9wwy=€=g9gsSw Gwwz = gew

The SM values are: glz = Ky = Kz =1 and g5Z = g4 = 962 =0




Phenomenological Lagrangians

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

Triple Ga uge Vertices I-ag- Hagiwara, Peccei, Zeppenfeld & Hikasa, NPB282 (1987)

Lwwv = — igwwv{QY (WJVW_“VV -WiV,W™ “”) + ky W W, VY

—igy P (W EO,W, =W, 0,W.H) Vo + gg (0WHW ™ —9,WHW ) V,,}
V={y2Z 9wwy=€=gsw Gwwz = gw
The SM values are: gf = ky=kz=1 and g2 =gl =g¢ =0

* NOT SU(2)r x U(1l)y invariant, but just U(1)em

\

The gauge bosons are not always written
by means of the gauge field strengths



A (k) — Formalism

Higgs triple vertices with gauge bosons — HVV




A (k) — Formalism

Higgs triple vertices with gauge bosons — HVV

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

Gozh = 9o = g (1 4+ Az) tree-level couplings

SFITTER § 9y =gy =g5M (1 +ASY + A)
loop-induced couplings

Jdggh = Gg — ggM(l + AgM + Ag)
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Higgs triple vertices with gauge bosons — HVV

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

Gozh = 9o = g (1 4+ Az) tree-level couplings

SFITTER § 9y =gy =g5M (1 +ASY + A)
loop-induced couplings

Jdggh = Gg — ggM(l + A;?M + Ag)

M 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 & Diihrssen, JHEP 0908 (2009)

Gozh = 9o = g (1 4+ Az) tree-level couplings

SFITTER { 9yvn =9, =g5M (1 +A5M +A)
loop-induced couplings
Jdggh = Gg — ggM(l + AgM + Ag)

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

L =Lsn + AwgmwhWrW, + Az =2—mzhz0Z, =N A" Lh (frfr +he) +
QCW T,b,t v

Again, NOT SU(2)r x U(1)y invariant, but just U(1)em



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) o', 68% CL: ATLAS + CMS

production/decay mode

W =0y (148 H— WW
H— ZZ

0.2 =

i h H— 77

H — bb

0.2 8l = 25
H — invisible

04 tt H production
kinematic distributions

-0.6 : :

Y L% %L % %% L% %

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




Results with Ag;=0=A,

Corbett, Eboli, Goncgalves, 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) o', 68% CL: ATLAS + CMS

production/decay mode

0-4 H— WW
H—Z7
0.2 =
i _{* H— 77
H — bb
0.2 8l = 25
H — invisible
04 tt H production
kinematic distributions
-0.6

A/ VA v/ VU VA /R Y A VAU VS V/
X L % @e/éaéé/é/?é%

First analysis: universal modifications of h couplings

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



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'1, 68% CL: ATLAS + CMS

04 | o- SM exp. (14A,) production/decay mode
@ data H - WW
H—ZZ
0.2 O
O H— 717
H — bb
-0.2 H — Z~
H — invisible
04 } ttH production
kinematic distributions
-0.6

ﬂ ﬂ ﬂ
/sz b % @ e / é 2~ e/@/ é/? é/@

Second analysis: universal modifications with gauge bosons and fermions
AV ~ :|:6%

SU(2).scalar triplet or similar:
Af ~ :|:12%

Luca Merlo Higgs EFTs IMFP16 8



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) o', 68% CL: ATLAS + CMS

production/decay mode

R =0y (148 H— WW
H—Z7

0.2 =

i | H— 717

H — bb

0.2 8l = 25
H — invisible

04 tt H production
kinematic distributions

Y L% %L % %% L% %

Third analysis: independent modifications of h couplings

3 The ratios remove systematic and theo uncertainties




Results with A:=0, A,#0

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) tb!, 68% CL: ATLAS + CMS
' ' ' ' ' ' ' ' ' ' ' 08 F _ ' ' ' ' ' ' ' ' L
04 | ® SMexp. Oy = ng (1 +AX) - @ SM exp. Oy = gf’M (1 +AX)
@ data @ data
0.6
02 0.4
0 -}f * 0.2
0

0.2
02 {
0.4 | ]

0.4}

el 0.6




Results with A:=0, A,#0

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

1 1 1 T T T 1 T T T T 0.8 B L] L] L] 1 L] T 1 1 1 1 i

04 | ® SMexp. Oy = ng (1+AX) - @ SM exp. Oy = gf’M (1+AX)
@ data @ data
o A~ 13%
L 04 |
0.2
04}
W w9 9 w9 9 9 4 9 9 '
9 3 < 9 a5, 4. <4 <
L 7 el 6 o) 4 0y
i A T % Y A

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.




Results with A:=0, A,#0

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) tb!, 68% CL: ATLAS + CMS

' ' ' ' ' ' ' ' ' ' ' 0.8 F _ ' ' ' ' ' ' ' ' L

04 | ® SMexp. Oy = ng (1 +AX) - @ SM exp. Oy = gf’M (1 +AX)
@ data @ data
0.6
0.2 0.4 t r
0 -}f * 0.2 A

-0.2
-04 |
-0.6

%

<. <L
Sy % %

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.




Results with A;z0zA,

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

z: s S =0 (1) | 2:2: X it G =0y (1+4,)
04
0.2
0
02 {
-0.4
-0.6 9 < %« % <2 < q}%'q%q —
55, 0, %%,
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Results with A;z0zA,

Adding new physics into hgg:

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

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

@ SM exp. gy = gf’M (

@ data 1 +AX)

A: has much larger error bar

>

0.8 |
0.6 |

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

@ SM exp.
¢ data

Ox = ng (1+Ax)

large deviation in 4,




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

Adding new physics into hgg: four degenerate vacua!
2 _ L=4.5-51(7 TeV)+19.4-20.3(8 TeV) fb‘1, 68% CL: ATLAS + CMS
At 0.8 1 @ SM exp. g =gSNI (1+A,) |
1 0.6 | # data X X .
G
A 4t -
O \ \\% .
- T
-2 \\ N N
\ \\\\ V.
-3 3
'4 <7 << <L < < < ﬂ I ﬂ ﬂ ﬂ
_4 _3 _2 _1 O 1 2 3A4 y o % % % % 9 }%%o%%e/@ o 6/@
g

A: has much larger error bar <€—» large deviationin A,

Luca Merlo Higgs EFTs IMFP16 10



Adding new physics into hgg:

4 3 -2

A: has much larger error bar

Luca Merlo

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

<
</

B
\ DR

-1 0 1 2 3

>

S o

08

0.6

Higgs EFTs

four degenerate vacua!

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

@ SMexp.

SM
@ data 9x = 9 (1 +AX)

large deviation in 4,

IMFP16
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Adding new physics into hgg:

4 3 -2

A: has much larger error bar

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

@\%«

B
\ R

-1 0 1 2 3

>

S o

08

0.6

four degenerate vacua!

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

@ SMexp.

SM
@ data 9x = 9 (1 +AX)

large deviation in 4,

Introducing in the fit Az, does not change the results and Az, < 70%

Luca Merlo

Higgs EFTs
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Adding the Higgs invisible BR

0.8 |
0.6
04 |

0.2

-0.2

0.4 |
0.6 |
0.8 |

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

| SM
@ SM exp. = 1+A
@ data 9x = I ( X)

3 -9 % <L 94 < 95,9, b % %
S 6 2 > 0 ’2)&}%4/5%%9/@/?%

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

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




0.8
0.6 |

Final Remarks

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

@ SMexp.
@ data

Ox = g)?M (1 +Ax)




Final Remarks

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

08 B I‘ SM > SM (1 A)
exp. — +
0.6 ¥ data I = Ox X

# Everything is consistent with the SM




Final Remarks

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

08 B I‘ SM > SM (1 A)
exp. — +
0.6 ¥ data I = Ox X

Cn I8 I8, I <L <L
) Y O 6 6
6/3); TR S 5

# Everything is consistent with the SM

# The A-framework is only suitable for rate-based analyses in the Higgs sector




Final Remarks

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

08 B I‘ SM SM (1 A)

exp. — +
0.6 ¥ data I = Ox X
04

0.2

0
0.2
0.4 |
0.6 |
0.8 |

3, PPl % Y
# Everything is consistent with the SM
# The A-framework is only suitable for rate-based analyses in the Higgs sector

# 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




Final Remarks

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

0.8 1 -o- SM exp. 9x=9>?M (1+A,)
0.6 ¥ data
04 f
0.2
0
-0.2
04}
06 |

-0.8

3, PPl % Y
# Everything is consistent with the SM
# The A-framework is only suitable for rate-based analyses in the Higgs sector

# 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

# Ultraviolet theories project into the A-framework




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

exp. — +
0.6 ¥ data = O X

Everything is consistent with the SM

The A-framework is only suitable for rate-based analyses in the Higgs sector

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

Ultraviolet theories project into the A-framework
We need to go beyond the A-framework for kinematics and EWSB sector

Luca Merlo Higgs EFTs IMFP16



Generic HVV Lagrangian

When considering beyond SM couplings:

Brivio, Corbett, Eboli, Gavela, Gonzalez-Fraile, Gonzalez-Garcia, LM & Rigolin, JHEP 1403 (2014)
Luvv = gusrh (frfr +hc.)
T Gty G G b+ Gryy Ay A+ g3, A Z00h + g2 Ay 27D
+ 94y Zuw Z' W+ 95y Zu 2 h + 930y 7 ZuZP D+ gy 2, 2P Oh
+ g 0,2"2,0"h + g%, 8,2"0,2"h
+ gg%ﬁ/w (WJ,,W_ "O¥h +h.c.) + g%%}‘/w W+ W= PR + gg’%vw W+W_ K
+ g8 WEW DR+ 5 + (8, W W b+ he.) + gy B, W1, W VR

Viw =0,V, —0,V, V ={AZ, W, G}

In general: 9wy = Giimy + Aguzy With only non-vanishing SM at tree-level

2 2 2
(3)SM My (3)SM My 3)SM _ 2mI iy
9uzz — S 9azz — e dgww = "

The relation with the A formalism is trivial: Agray = 97y AHay



Generic HVV Lagrangian

When considering beyond SM couplings:

Brivio, Corbett, Eboli, Gavela, Gonzalez-Fraile, Gonzalez-Garcia, LM & Rigolin, JHEP 1403 (2014)
Luvv = gusrh (frfr +hc.)
T Gty G G b+ Gryy Ay A+ g3, A Z00h + g2 Ay 27D
+ 94y Zuw Z' W+ 95y Zu 2 h + 930y 7 ZuZP D+ gy 2, 2P Oh
+ g 0,2"2,0"h + g%, 8,2"0,2"h
+ gg%,[/w (WJ,,W_ "O¥h +h.c.) + g%%}‘/w VVJr W= PR + QS%/VW W+W_ K
+ g8 WEW DR+ 5 + (8, W W b+ he.) + gy B, W1, W VR

Viw =0,V, —0,V, V ={AZ, W, G}

In general: 9wy = Giimy + Aguzy With only non-vanishing SM at tree-level

2 2 2
(3)SM My (3)SM My 3)SM _ 2mI iy
9uzz — S 9azz — e dgww = "

The relation with the A formalism is trivial: Agray = 97y AHay

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



Different question: Which Lagrangian (# Model) describes data best?
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Different question: Which Lagrangian (# Model) describes data best?

l

Effective Field Theory

# Only on relevant contributions at that energy (LHC)
# Calculations are easier

# Benefits in the renormalisation procedure

# Accidental (approximate) symmetries
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Different question: Which Lagrangian (# Model) describes data best?

l

Effective Field Theory

# Only on relevant contributions at that energy (LHC)
# Calculations are easier

# Benefits in the renormalisation procedure

# Accidental (approximate) symmetries

Needs only:
@ Spectrum
@ Symmetry
# Expansion rule
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Which Higgs?
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Which Higgs?

EXACT EW DOUBLET

Hierarchy Problem
(neutrino masses &
DM & Baryon Asym)
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Which Higgs?

EXACT EW DOUBLET

Hierarchy Problem
(neutrino masses &

. DM & Baryon Asym)

two SU(2)r doublets
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Which Higgs?

EXACT EW DOUBLET NOT NECESSARILY DOUBLET

Hierarchy Problem Composite
(neutrino masses & Higgs

. DM & Baryon Asym) Models

Not exactly an EW
doublet, but almost

two SU(2)r doublets
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Which Higgs?

EXACT EW DOUBLET NOT NECESSARILY DOUBLET

Hierarchy Problem Composite
(neutrino masses & Higgs

. DM & Baryon Asym) Models

Not exactly an EW
doublet, but almost

Dilaton

two SU(2) 1, doublets or EW singlet
Exotic
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EXACT EW DOUBLET

Hierarchy Problem
(neutrino masses &
DM & Baryon Asym)

two SU(2)r doublets

SU(Q)L X U(l)y gauge sym

SM spectrum, and in particular
exact EW Higgs doublet &

Luca Merlo

Higgs EFTs

NOT NECESSARILY DOUBLET

Com.p05|te Not exactly an EW
Higgs doublet, but almost
Models
Dilaton
or EW singlet
Exotic

Non-Linear Effective Lagrangian
HEFT

SU(2);, x U(1)y gauge sym

SM spectrum, but non-exact
EW Higgs doublet »

IMFP16

Which Higgs?

15



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

Liinear = Loy + Z ~— (@, + higher orders
with A (= few TeV) the NP scale




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

Llinear —-—I— Z ~— (O, + higher orders

with A (= few TeV) the NP scale

1
— _— _W¢° apv ,LW__ a apuv
B W W BB — GG =V (h)

+ (Dﬂ)) (D*®) +iQPQ +iLIPL
~ (QuoYpDp +he) — (QL®VuUg + hec.)
— (ZL<I>;)2LLR + hC)




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

Llinear :—I— Z %(’)i higher orders

with A (= few TeV) the NP scale

1 a aur 1 14 1 a aur
Lsar =~ Wi, W — 2B, B" — -G}, G —V(h)

4 4 H

+(D,®)Y(D'®) +iQIPQ + iLIPL
~ (QuoYpDp +he) — (QL®VuUg + hec.)
— (ZL<I>;)7LLR + 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
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Liinear = Lgn + Z %Oi higher orders
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Liinear = Lgn + Z %Oi higher orders

Only terms that modify the Higgs couplings




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 = Lgn + Z %Oi higher orders

Only terms that modify the Higgs couplings

Bosonic: Hagiwara, Ishihara, Szalapski & Zeppenfeld, PRD 48 (1993)

Oce = @10 GS,G™ Oww = W, WHo Opp = ®'B,, B ®
Opw = ®'B,, W@ Ow = (D, ®)'WH* (D, ®) Op = (D,®)'B"(D,®)
1
Op1 = (D,®) ® &T(D'D)  Opp= 50" (@T®) 9, (®T®) Op4 = (D,®)" (D"®) (D)

Ogs = % (37)"




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)

higher orders

L:linear — £SM + Z %Oz

Only terms that modify the Higgs couplings

Bosonic: Hagiwara, Ishihara, Szalapski & Zeppenfeld, PRD 48 (1993)

Oce = o1 G2, G Oww = &1, e

Opp = ®'B,,B*"®
Ow = (D, ®)'WH* (D, ®)

Op = (D,®)'B"(D,®)

Opw = 1B, WHd

1
Op1 = (D,®) ® &T(D'D)  Opp= 50" (@T®) 9, (®T®) Op4 = (D,®)" (D"®) (D)
1

Oss =3 (37)"
Fermionic:

Oca.ij = (B1®)(Lideg,), Of) . = &1 (iD,®)(Li"L;), 0F) . = &1 (iD%®)(Lir*o,L;),
Ousij = (¥10)(Qibur,),  OL . = ®1(D,®)(Qn"Q;). OF) ., = 1 (iD%LD)(Qir"0.Q;).
Oupij = (1) (Q:®dr;), Oy ,; = @ (’2‘1’)(53n”633),

o1 (i D

OT (4

.




EOMs remove redondant contributions:

oV (h
2092+ 20¢,4 = Z (45 (Oes,i)T + 415 Ous 55 + 55 (Odga,i5)T + hoc.) — —82 ) :
(]
2
2 1 _ 9 Ly 1,0 W L 2,0 1,0
205+ 0w + OB t 9 (qu — 5(')@,2) =5 Z <_§O<I>L,ii + goch,m' = Ogeii T gocpu,m' - §Oc1>d,m'

)

1 2
20w + Opw + Oww + 92 (O®,4 — §O<I>,2> = _gz Z (Oc(bgl),,ii + OSI?C)Q,M)




EOMs remove redondant contributions:

oV (h
2052 +200.4 = Y _ (U5(Oce,i)T + 415 Ous ij + ¥ (Oas i)' + hoc.) — —82 ) :
(]
2
2 1 _ 9 Ly 1,0 W 2,0 _ 1,0
205+ 0w + OB t 9 (Oq>,1 — §O<I>,2) =5 Z (_50@3,7;7; + goch,u' = Ogeii T gocpu,u' - §Oc1>d,u'

)

1 g* 3) (3)
2 _
20w + Opw + Oww + g ((9@,4 — 50@,2> T E (Och,m; + O@Q,iz’)

Wh|Ch 0perat0 'S are better tO keep?‘P based on: Corbett, Eboli, Gonzalez-Fraile & Gonzalez-Garcia, PRD87 (2013)




EOMs remove redondant contributions:

oV (h
20¢.2 + 20¢ 4 = Z (451(Oc,i5)" + 450us.ij + 455 (Oas,i5)" + hoc.) — 851 | ’
%]
2

1 1 1 2 1
205 + Opw + Ops + 9/2 ((9@,1 N 5(9@72) — _97 Z (_505131)/,@'@‘ + 6086?2,7:7; ~ Ogble),ii + §O<(I>1U)J,7;i - gogcg,m)

)

1 g* 3 3
20w + Opw + Oww + g° (Oq>,4 — §Oq>,2) =7 Z (OC(IDI),m + Oéé}m) :

7

WhICh Operators are better tO keep?—P based on: Corbett, Eboli, Gonzalez-Fraile & Gonzalez-Garcia, PRD87 (2013)

Oce = '@ G2, G Oww = ®TW,, WH o Opp = ®'B,, B*®
Opw = 1B, WHd Ow = (D,®)'WH* (D, ®) Op = (D,®)'B*(D,®)
1
Op1 = (D,®) @ & (DID) Qg = 50" (272) 0, (2T @) Op 4= (D,®)" (D') (01 D)
1
O(I),S — § ((I)T(I))g
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EOMs remove redondant contributions:

oV (h
2052 +200.4 = Y _ (U5(Oce,i)T + 415 Ous ij + ¥ (Oas i)' + hoc.) — —82 ) :
(]
2
2 1 _ 9 Lo 1o 1 L 20 1w
205+ 0w + OB t 9 ((’)@,1 — 5(9@,2) =5 Z (_5(9@1;,7;7; + qunQ,u‘ = Ogeii T §O¢u,ii - §O<I>d,z'i

)

1 g (3) (3)
P _
20w + Opw +Oww + g (O<I>,4 - 50'@,2) I E (chL,m' + O@Q,ii) :

Wthh 0perat0 'S are better tO keep?? based on: Corbett, Eboli, Gonzalez-Fraile & Gonzalez-Garcia, PRD87 (2013)

Oga = ®T® G G Oww = ®TW,,, WH d Opp = ®'B,, B"®
pw = ®' B, WH Ow = (D,®)"WH"(D,®) Op = (D,®)'B*" (D, ®)

Op1 = (D,®) @ 3" (DFD)  Og, = %aﬂ (®T®) 0, (27®) Op4 = (D,®)" (D'D) (010)

Contribute to:

l.e. " Y ?
HVV e *ﬁi

VVV '
AS

v /8




EOMs remove redondant contributions:

oV (h
20@2 I 2(,)(1),4 _ Z ((%ej (Oe@,ij)T + yzyjou@,ij + yzdj (Od@,ij)T —= h.c.) — —8i(z ) )

]

1 1 1 2 1
205 + Opw + Ops + 9/2 ((9@,1 N 5(9@72) = Z (_5051}[)/,@'@‘ + 6086?2,@‘7; ~ Oc(Dle),ii + §O<(I>1U)J,7;i - gofblcg,ii>

)

1 3 3
20w + Opw + Oww + g° (Oq>,4 — §Oq>,2) =7 Z (OC(IDI),m + OEIDC,)QVL) :

7

WhICh Operators are better tO keep?—P based on: Corbett, Eboli, Gonzalez-Fraile & Gonzalez-Garcia, PRD87 (2013)

Oce = '@ G2, G Oww = ®TW,,, WA d Opp = ®'B,, BM®
Opw = 1B, WHd Ow = (D,®)'WH* (D, ®) Op = (D,®)'B*(D,®)
1
Op1 = (D,®) @ & (DID) Qg = 50" (272) 0, (2T @) Op 4= (D,®)" (D') (01 D)
1
O(I),B — § ((I)T(I))B

Contribute to:
HVV

VVV

VVVV
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EOMs remove redondant contributions:

oV (h
2092 +20 4 = Z (yz'ej(Oqu,z'j)T + y?jouqb,ij + ygj(od@,ij)T -+ h.c.) — —82 ) :
(%]
2
2 1 A L @ [INGY o L, 2,0 Lo
205+ 0w + OB t 9 ((’)@,1 — 5(9@,2) =5 Z (_5(9@1;,7;7; + goch,u' = Ogeii T §O¢u,ii - §O<1>d,u'

)

1 g (3) 3)
P _
20w + Opw +Oww + g (O<I>,4 - §O<I>,2> I E (chL,m' + O@Q,ii) :

Wthh Operato 'S are better tO keep?? based on: Corbett, Eboli, Gonzalez-Fraile & Gonzalez-Garcia, PRD87 (2013)

Oce = @10 G4,G™ Oww = ®TW,,, WH Opp = ®'B,, B"®
Opw = ®' B, W & Ow = (D,®)"WH*(D,®) Op = (D,®)'B*(D,®)

Op,1 = (D, @) @ o7 (DFD)) [0pq = -0" (070) 0, (070) Op4 = (D,®)" (D'D) (01D)
Og3 = é (37)"

Contribute to:
HVV

VVV

VVVV

scalar potential
AT



EOMs removes redondant contributions:

oV (h
2092+ 2004 = Y _ (45;(Oca,i)T + ¥i5Ous,ij + 455 (Oas,ij)T + hoc.) — % ,
J
1 & 1 1 2 1
205 + Opw + Ops + 9/2 ((9@,1 N 5(9@72) — _97 Z (_5051}[)/,@'@‘ + EOSblg),ii ~ Ogble),ii + goc(blzz,ii - 50512,%)

)

1 g* 3 3
20w + Opw + Oww + g° (Oq>,4 — §Oq>,2) =7 Z (OC(IDI),M + OEDC?Q%) :

1

Which operators are better to keep??

Ocaij = (®T®)(LiPer,), D s = @*(i@@)(iww, Tt o= @u@@xw%m,
Oupij = (210)(QiPur,), 0} ; = ®N(iD,®)(Qin"Q;), Oy 15 = ®T(ED%U®)(Qin 04 Q;),
Ouwis = (@19)(@udry),  OF),; = B (iD,®)(Err er,)

Ogi; = 1 (iDu®)(@r 1 un,)

Ofblc%,ij — (I)T(iDu(I))(JRﬂ“ng)a

O, ., = (D, ) (@r,"dr, ),
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EOMs removes redondant contributions:

oV (h
2092+ 20¢,4 = Z (45 (Oew,i3)T + ¥5i Ousij + ¥i(Oae,i5)T + huc.) — —82 ) )
1
12 1 g” L ) 1 @) (1) (1) 1 @)
208 + OBW + OBB + g Oq),l . 5(/)@,2 — _7 Z _§O®L,ii + EO(I)Q i OCIDe it _OCI)u i goq)d,ii

)

1 2
20w + Opw + Oww + g° (Oq>,4 — §Oq>,2) = —gz Z (Og’g,m + Ogc?g,m) :

7

Which operators are better to keep??

Outis = (010)(Lider,), |  OX . = &1(D,®)(Liv L;), 0F) . = &1 (iD%®)(Lir*o,L;),
Ousyij = (®10)(Qibur,), | O . = &1(iD,®)(Q:1"Q;), O . = &1(iD%D)(Qi"0aQ;),
O4s,ij = (PT0)(Q:PdR;), 05132,@ = q)T(@q))(@RZ’Y“@RJ),

0513113,,1'] = @/ z’l&ﬂ)) URr,Y"UR,),

Contribute to:

Yukawa Couplings

Luca Merlo Higgs EFTs IMFP16 19



EOMs removes redondant contributions:

oV (h
200, + 200,14 = Y (¥5(Oca,ij)T + 455 Ous,ij + 455 (Oan,ij)' + hc.) — ViR
ij

oh

1 /2 1 1 2 1
205 + Opw + Opp + ¢ ((’)@,1 > 5(9@,2) 92 Z (—5(9((13127“ + 80513122,@'@' - Oé)le),ii + §0(1) — 5(9((1)163,%)

Du,ir
2
g 3 3
I E (OC(I)I)JM + Oéc?g,u) :

Which operators are better to keep??

1
20w + Opw + Oww + g° (Oq>,4 — 50@,2>

Oecp,ij — ((I)T(I))(Eiq)eRj),
Olys, 35 = (CI’T(I))(Q@URJ%
Odw,ij = (PT2)(Q; PdR;),

Contribute to:

Neutral and Charged Weak Currents



A pOSS| ble ChOICe: based on: Corbett, Eboli, Gonzalez-Fraile & Gonzalez-Garcia

Oce = @10 G&, G
Opw = B, WH

Oww = STW,,, WHd
Ow = (D, ®)'WH* (D, ®)
1

Op1 = (D) @ 1 (D*®)  Op2 = 50" (272) 0, (272)

Octiy = (10)(Liber,),  OF) ;= ¥1(Du@)(Liy"Ly)

Ous,ij = (PT0)(Q;Pur,), 051322,7;] = ®1(iD,®)(Qiv"Q;),

Ousij = (D10)(Q:®dr;), Oy ,; = @ ('2@(@&7%33),
O i; = B (1D, @) (@r, 7 ur,)
O%0.i; = ®1(iD,®)(dr,V"dR,),
O, ., = 1D, ) (@r,"dr, ),

Luca Merlo Higgs EFTs

, PRD87 (2013)

Opp = ®'B,,B*"®
Op = (D,®) B (D, ®)

Op4 = (D,®)" (D"®) (D)

1 3
Op 3 = 3 (27®)
0B _ ¢tiDe (L L
DL,1j (Z <_>,u )( i) Oa j)7
051)322’%] (I)T(?’DCL,UJ(I))(szy UCLQ]))
IMFP16 20



A _DOSSI ble ChO|Ce: based on: Corbett, Eboli, Gonzalez-Fraile & Gonzalez-Garcia,

Oce = @10 G&, G
Opw = B, WH

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

— Lon (@T®) 5, (2T®)

Og 2 5

Op1 = (D,®) & & (D'®)

Oca,ij = (PT®)(L; Per, ), e 1273':‘(“(*&!@)@?7“[’7)',

Ousij = (®10)(Qibun,), O . = &1(iD,®)(Qir*Q;)

Ousij = (D10)(Q:®dr;), O .. = &1 (iD,®)(er, e, ),
O . = (D, ®)(@r, 1 un,),
oY) . = ®1(iD,®)(dr,v"dr,)
O .. = BY(D,®) (i, v dr,)

PRD87 (2013)
Opp = ®'B,,B*"®
Op = (D,®) B (D, ®)

Op4 = (D,®)" (D"®) (D)

1
OCID,S — § ((I)T(I))g
(3) g -
O = = P (3D D W o o, B
) <_> B
OC(IDSC?Q,z'j N (I)T(iDauq))(Qi’Y“Uan)y

# Remove operators that contribute tree-level to EWPO via EOMs

2
2 1 9 L) k1,0 W 2,0 1 m
20+ Opw + OB + g/ (Ocp’l — 5(9@,2) — _7 22: <_ EO@Q,M - OCI)e,z'i + §O<I>u,z'z' o §O<I>d,i'é
1 g 3) 3)
2 _
20w + Opw + Oww + g (OCI>,4 o 50@,2> I Z O@Q,m) :
Luca Merlo Higgs EFTs IMFP16

20



A pOSSI ble ChOlce: based on: Corbett, Eboli, Gonzalez-Fraile & Gonzalez-Garcia

Oce = o' G4, G
Opw = B, WH

Op1 = (D,®) & & (D'®)

Oeq)ﬂ;j = ((I)T(I))(Eiq)eRj),
Olyv g5 = ((I)T(I))(Qi(i)uRj))
Ousp,ij = (PT®)(Q;PdR;),

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

1
O 2 =

2= 50" (®T®) 0, (27®)

# Use the last EOM to remove Og 4

©J

Luca Merlo

Z (yfj(Oeé,ij)T + Y3 Oua 55 + yfj(Odcb,ij)T +h.c.) —

oh

Higgs EFTs

, PRD87 (2013)

Opp = ®'B,,B*"®
Op = (D,®) B (D, ®)
ST —

Op3 = = (B1®)°

|

(3) o g —
Vg~ (PD¥,® W I v o B,

(3) N T
O@Q,z’j = ®1(iDP)(Qiv"0.Qj),

oV (h)

Y

IMFP16 20



A pOSS| ble Ch0|ce: based on: Corbett, Eboli, Gonzalez-Fraile & Gonzalez-Garcia, PRD87 (2013)

Oaa = OTP GZVGG'LW Oww = (I)TWMVWMV(I) Opp = (I)TBW/B'“V(I)
T Ow = (D, ®)'WH* (D, ®) Op = (D,®) B (D, ®)
1
e O = 50" (27®) 0, (27) B Ty B
1
O(I),S — § ((I)T(I))s
T T 1 .H = 3 ,*‘* =
Ocarij = (B10)(Lider,), Ol opadidory T
= = 1 : = 3 : ~
Ousij = (210)(Qiur,),  Offm=—_diBrdHerriay), - NGl
Ouzij = (P12)(Qibdr;),  CpbmdPrHemricm—

1 = _
@HMW@M,@ . 0 3 =

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

corrections. No impact on Higgs Physics. 0§} 0F) Opw 0s

Luca Merlo Higgs EFTs IMFP16 20



A pOSS| ble Ch0|ce: based on: Corbett, Eboli, Gonzalez-Fraile & Gonzalez-Garcia, PRD87 (2013)

O = '@ G4,G™ Oww = W, WH @ Opp = ®'B,, B"
T Ow = (D, ®)'WH* (D, ®) Op = (D,®) B (D, ®)
1
=P Og 2 = 50" (2'®) 9, (27P) P e —
1
O(I),S — § ((I)T(I))s

t = 1 R = 3 . T
* Opanip =+(P1@)¢L;Pep, 3, @H%% 4y L ¢ atg s
I 1 . e 3 . a
cOray = (DIBNQDuny): Oyt EHGrRT) reH Qi T),
¢ Opryy =(DIBNQiDelny)r Oy
1 st . .
'@meéud,ij . H i j9>

# Low energy flavour interactions: strong bounds on off-diag Yukawas (O )ix;
(maybe relevant re and 7, but not for this analysis!)

Luca Merlo Higgs EFTs IMFP16 20



A pOSS| ble Ch0|ce: based on: Corbett, Eboli, Gonzalez-Fraile & Gonzalez-Garcia, PRD87 (2013)

O = ®'® G4, G Oww = W, W & Opp = ®'B,,B" @
T Ow = (D, ®)'WH* (D, ®) Op = (D,®) B (D, ®)
1
L — (L Op 2 = 58“ ((I)T(I)) ((% (CI)TCI)) —@m—ﬁ% e
1
O(I),S — § ((I)T(I))s
Qélg iiE'DH Pk 3 g =
1’13 g - 3’ij_ .*‘*ﬂ o

(Of0)ed,33 | e i
%@W@udm = i : -

(Ofa)uv,33  (Ofs)ds, 33

# (Ore)i for 1st and 2nd generations only via Hgg and Hyy loops: negligible!

Luca Merlo Higgs EFTs IMFP16 20



A pOSS| ble Ch0|ce: based on: Corbett, Eboli, Gonzalez-Fraile & Gonzalez-Garcia, PRD87 (2013)

O = ®'® G4, G Oww = W, W & Opp = ®'B,,B" @
T Ow = (D, ®)'WH* (D, ®) Op = (D,®) B (D, ®)
1
L — (L Op 2 = 58“ ((I)T(I)) QL (CI)TCI)) —@m—ﬁ% e

(Ofs)es,33 1 D

(Ofa)uv,33  (Ofs)ds, 33

# O3 only relevant for the scalar potential

Luca Merlo Higgs EFTs IMFP16



A pOSS| ble Ch0|ce: based on: Corbett, Eboli, Gonzalez-Fraile & Gonzalez-Garcia, PRD87 (2013)

OGG = (I)T(I) GZVGG'LW OWW = (I)TWW/W“V(I)
=B Ow = (D,®)'WH"(D,®)
1

L= (P Op 2 = 58“ ((I)T(I)) ((% (CI)TCI))

1 g —

Xy Pie

1 . =

O DB G,

(Ofs)es,33 1 e i

(Ofa)uv,33  (Ofs)ds, 33

Relevant parameters for Higgs Physics:

feec fww feB fw fB foo fr fo

Opp = ®'B,,B*"®
Op = (D,®) B (D, ®)

A27 A2 7 A2 AT AZT A2 T AZT AT A

Luca Merlo Higgs EFTs

3 Y
g T H
3
1] K
ft
IMFP16

20



In the unitary gauge:




In the unitary gauge:

LHVV — JHgg GZVGCWV}L -+ JH~~ AHVA“V}L + g
+ 9550 ZuwZ"Oh+ gy y 2 2+

+ 9w WEWTEO R+ hc) + givw WEW = #h 4¢3

uv

Lrysr=gsfrfrh+hc.

(1)
HZ~

(3)

AL ZP0"h + g

9177 Zul"h

Luca Merlo Higgs EFTs

(2)
HZ~

Ay 71 b

IMFP16

21



In the unitary gauge:
Gyt = Gpet Conf CLl A ape ) Ay el O sty A 5353y Al 0

—|_gj(f—})ZZ Z,uVZ'uth -+ gg)ZZ ZW/Z’MV}L —|_gl($)ZZ Z ZH"h

T gg%/vw (Wj,/ W=H#9"h +h.c.) + gf'iz/vw W+ W="h + QS%/VW WIW=Hh,

Lrysr=gsfrfrh+hc.

_ % fogu oD 9*v su(fw — [B)
9Hgg = Ir A2 IHZy = 9p2 2Cu
g°vsy, [BB+ fww @2 _ 9°v sw(2s,,fBB — 2¢, fww)

JHyy = T oA 2 JHZY = g7 2y

W gv A fw+safB 1y _ gv fw
IHzz = )2 902 THWW = 582 75

@ _ 9 sufBB T+ cufww 2 _ g
I9az7 = T 9A2 92 Iaww = Topz IWW

9itzz = m5(V2Gr)'? (1— 5l 2> Girww = miy (V2Gr)'/? (1— 5 fe, 2)

2
mf (V)
gr = — . (1_Wfq)2_\/§/\2ff>
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In the unitary gauge:
EHVV — JHgg GZVGG'LWh + 9H~~ AIU,I/AIUJVh/ + gg)zy A,W/Z'uayh + gj(qQ)ny A,ul/Z'uyh

+9i1zz ZuwZ" 0N+ 91y 7 Zuw 2D+ Gy g 220N

+ 9w (WEW TR h 4 hee) + gy WEW PR 4+ g8 WEW ™ #h

Lrgy=grfrfrh+h.c.

Sw(fW - fB)




In the unitary gauge:
EHVV — JHgg GZVGG'LWh + 9H~~ AIU,I/A'L“/h + gg)zy A,W/Z'uayh + gj(qQ)ny A,ul/Z'uyh

1% Y, 3
+ 9552 Zuw 20N+ Gy 7 D BN+ gty g Zu Bt

+ 9w (WEW TR h 4 hee) + gy WEW PR 4+ g8 WEW ™ #h

Lrgy=grfrfrh+h.c.

Sw(fW - fB)




In the unitary gauge:
LHVV — JHgg GZVGa'uyh + 9H~~ A/LVAMVh + gg)zy A,W/Z'uayh + gj(qz)zfy A,ul/Z'th

+ g8 2y 70 h + ¢\2) . Zu ZM b+ g\, Z, ZMh

+ Giww (Wi, W™ #0"h +h.c.) + Gy WL, W™ h + it W, W™=k h,

Lrgy=grfrfrh+h.c.

_ as feau 1) _ 9°v su(fw — fB)
JHgg = 81 A2 IHZY = 2A2 2Co
g US /BB + Jww (2) 92”0 Sw(QS%UfBB — 2Ci,fvvvv)

THYY T TN 2 THZy T ) 2w

v g i fw + 55 fB o 9°v fw
THZZ T oN2 T 22 THWW = 952 3

2 g% sufeB+ Chfww 2 g
IHZZ = T 92 902 JHWW = Topz JWW

3
9ry s = mz(V2GR)'/? (1 ~opzle 2) Grrww = miy(V2GF)!/? (1 ~opzle 2)

2
mf (V)
g = — ” (1—Wf<1>2—\/§A2ff>
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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

Lwwyv = —igwwy {91 (WELW VY — WIV,W™H) 4 ky W W, VI

A
V W—I— W—VPVPM . gg/GMVpO-(W,L_Ll_aPWI/_ — QOW:W,/_)VU}

2
g-v

gev
Ariy =ty =1 =g 53z (fw + /) same parameters
of HVV Lagrangian

92U2 2 2
AKZ — Ry — 1 — 802 A2 (C’wa _S’wa)

3g° n@ W
Az JWWW

A, =My =
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Results for Rate-Based Analysis

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

A2, AN 6% T | AN
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Corbett, Eboli, Goncalves, Gonzalez-Fraile, Plehn, & Rauch, JHEP 1508 (2015)
fBB/A21O
[TeV?] 5

Best constrained from h — v

Strong anti-correlation

“10 5 0 5 10 15 20
fw/AZ [TeV?]
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L=4.5-5.1(7 TeV)+19.4-20.3(8 TeV) fo ', ATLAS + CMS

A%, AN A2 T T | AN
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240 Corbett, Eboli, Goncalves, Gonzalez-Fraile, Plehn, & Rauch, JHEP 1508 (2015)
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0
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-40
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L=4.5-5.1(7 TeV)+19.4-20.3(8 TeV) fo ', ATLAS + CMS
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Corbett, Eboli, Goncalves, Gonzalez-Fraile, Plehn, & Rauch, JHEP 1508 (2015)

# fe2 universal mod. of gauge bosons and
fermion masses
% enters in many observables
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# Oce has 2x2 degenerate minima

# 2 minima due to interference between SM loop and O¢c¢ :
second minimum when Oga ~ —2 SM

# Between: gluon fusion too depleted

# The other 2, switching the sign of the Yukawas
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# Oce has 2x2 degenerate minima

# 2 minima due to interference between SM loop and O¢c¢ :
second minimum when Oga ~ —2 SM

# Between: gluon fusion too depleted

# The other 2, switching the sign of the Yukawas




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

Pomerol & Riva, JHEP 1401 (2014)

Gupta, Pomarol & Riva, PRD91 (2015)

Falkowski & Riva, JHEP 1502 (2015)

Ellis, Sanz & You, JHEP 1407 (2014)
Ellis, Sanz & You, JHEP 1503 (2015)
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Englert, Kogler, Schulz & Spannowsky, arXiv: 1511.05170
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Anomalous Lorentz couplings modify the Kinematic distributions:

Lavy = gy &Gl h + Griyy Hmedlsh + {7 Amlid” h + gl o et h
9510z Zuw 2P D+ 9337 Zuw 2P b+ Gy gl
+ gaww (WhHW™#0"h+hc) + giww W W ™" h + gyl - *h

Liys = gr T fmhtlic.

1 g cufw + s fB 1y 9 fw
THZZ = 9p2 T 902 THWW = 92

@ _ 9V sufBB+chfww 2) g%

IHZZ = T A0 202

dogww — A2 WW




Anomalous Lorentz couplings modify the Kinematic distributions:

LHVV = GH gy QY b+ gty Pmdll T + g7 ATLLD 1 + g1 Al
9510z Zuw PR+ 95 5 Zu P+ Oyl
+ gaww (Wi, W0 h+h.c.) + gigiw Wi W™ h+ giimwRed "1,

Lryy = griTfmhthc.

1y 9°v cofw + s, fB 1y 9 fw
THZZ = oN2 T 92 T = 908

2  g*v sufeB+Chfww (2) g*v
IHZZ = T 92 2c2 IJEWW = Top2 JWW

Focus on: . : :
# variable with large flow in the

. vV
production vertex: Pr

% tagging with 2 b’sand 0, 1, 2
leptons




Corbett, Eboli, Goncalves, Gonzalez-Fraile, Plehn, & Rauch, JHEP 1508 (2015)
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2 L. . ' # Background rapidly decreases
# Strong dependence on d=6
¢
0% operators at larger momenta
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Kinematic distributions from ATLAS h — bb (1409.6212)
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Results with Kinematics

Corbett, Eboli, Gongalves, Gonzalez-Fraile, Plehn, & Rauch, JHEP 1508 (2015)
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f/A°

[TeV™?]

% Biggest impact of Kinematics on Og,Ow,Opg, Oww, respectively.

# Energy scales probed by Run | are 300-500 GeV (O(1) coeff.)

L=4.5-5.1(7 TeV)+19.4-20.3(8 TeV) fb™', 68% CL: ATL
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@ rate only
@ rate+distributions
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# Correlation between HVV and TGV: Example
Op = (D,®)'B*(D,®)




# Correlation between HVV and TGV: Example
Op = (D,®)'B*(D,®)

In unitary gauge can be rewritten as:

.9 - 2
Leq — 1% 2 e g — 1% 2
Op=——A, W H*WT h 7, W HFWT h
B o (v+ h) S cos b W HW ™ (v + h)
Y A, 7RO h(v+ h) A ~ 719" h(v + h)
4cosby " 4cos? By M

Wt ha o W W hs, o WT
4 A, T R
w- A W- W~ Z W~




# Correlation between HVV and TGV: Example
Op = (D,®)'B*(D,®)

ie?q
| 6
(D

Wt ha o W W hs, o WT
4 A, T R
w- A W- W~ Z W~

All these couplings are correlated!!

In unitary gauge can be rewritten as:

W HEW Y (v + h)?

L ZPOYh(v + h)




Corbett, Eboli, Gonzalez-Fraile & Gonzalez-Garcia, PRL 111 (2013)
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8c2 A2

% Higgs data bounds
(7+8 TeV data used,
including kinematics)




Chen, Dawson & Zhang, PRD89 (2014)
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EXACT EW DOUBLET

. two SU(2)r doublets

Hierarchy Problem
(neutrino masses &
DM & Baryon Asym)

SU(Q)L X U(l)y gauge sym

SM spectrum, and in particular
exact EW Higgs doublet &

Luca Merlo

Higgs EFTs

NOT NECESSARILY DOUBLET

Com.p05|te Not exactly an EW
Higgs doublet, but almost
Models
Dilaton
or EW singlet
Exotic

Non-Linear Effective Lagrangian
HEFT

SU(2);, x U(1)y gauge sym

SM spectrum, but non-exact
EW Higgs doublet »

IMFP16

Which Higgs?
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SMEFT: constructed with
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Higgs: h Singlet GBs: U(z) = pioam (2) /v

Independent!!
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# Being h asinglet: generic functions of h




SMEFT: constructed with

Higgs: h Singlet GBs: U(z) = pioam (2) /v

Independent!!

# Being h asinglet: generic functions of h

# Being mindependent, many more operators can be constructed






Decorrelations & New Signals

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

The GBs are in the Higgs doublet &
® has dimension 1 in mass
d=4+n operators are suppressed by Axp

HEFT

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

The dimension of the leading low-energy operators differs

Luca Merlo Higgs EFTs

IMFP16 35



Decorrelations & New Signals

U(x) 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(z) matrix is adimensional
® has dimension 1 in mass and any its extra insertions do not
d=4+n operators are suppressed by Axp| lead to any suppression

The dimension of the leading low-energy operators differs

Investigate on the signals of decorrelations: due to the nature of ;che

chiral expansion vs. the linear one, and due to F;(h) # <1 + E)
v

SMEFT HEFT |
| | -
I P I |
| .
| |
—
40
d=256 -

Brivio,Corbett,Eboli,Gavela,Gonzalez-Fraile, Gonzalez-Garcia,LM&Rigolin, JHEP 1403 (2014)
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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 HEFT
The GBs are in the Higgs doublet & The U(z) matrix is adimensional
® has dimension 1 in mass and any its extra insertions do not
d=4+n operators are suppressed by Axp| 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=28
d—6 - 40

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

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

3 GBs SM
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What is HEFT?

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

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

3 GBs SM

Building blocks:

vV, = (D,U) U V- LVL
LeSU(2).
T = Uo3U! TS LTL'
YL R
A, P .
h  singlet of SM syms: arbitrary F(h) = a; (;)
i=0

Luca Merlo Higgs EFTs IMFP16
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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)

Luyeprr = Lo + AL

1 (8% o U 1 a a (v 1 14
LO i ZGNVg MY ZWMVW Hy ZB'W/BM -+
1 2
+50,h0"h — %Tr(VMV“)]-"C(h) —V(h)+
+iQLPQL +iQrPQr + iLL DLy, + iLrIPLr+
Vo, = v,
— — U h +h.c.)— — (L U h)Lr + h.c.
\/§(QL Vo(h)Qr ) \/5( tUYr(h)Lg )
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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)

Luyeprr = Lo + AL

1 (8% o v 1 a a v 1 174
LO — ZGNVg g ZWMVW g ZB'W/BM —I—
1 2
D,®'D® + §8Mh8“h — UZTr(VMV“)]—“C(h) — V(h)+
+iQLPQr +iQrPQr + L DLy, + iLrIPLr+
(V) — v _
— — U h +h.c.)—— (L U h)Lr + h.c.
ﬂ(QL Vo(h)Qr ) ﬂ(L Vi(h)Lg )
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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, to appear

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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174 14 2 1%
LHVV = GHgg G4 G™ B+ gripy Ay A¥ R + gg)zv A ZROVh + ggf)Zv Ay ZH R
+ 92z Zuw 'O b+ Gi1y g ZuwZ* h+ g1y g 2, 2R

- % 2 Y 3 —
+ 95w (WEW RO h 4+ 1ee) + g WEW = h 4 g8 WEW = #h

Lrrr=grfrfrh+h.c.




1% 174 2 174
Lavv = Grgg GO G b4 grryy Ay ARV R+ gg)zv A ZH0 b + gl(T{)Z'y A ZM b
91122 Zuw 2" N+ iy Zuw 2 b+ gy 22"

- % 2 Y 3 —
+ 95w (WEW RO h 4+ 1ee) + g WEW = h 4 g8 WEW = #h

Lrrr=grfrfrh+h.c.




HVV

Lavv = grgg Gi G b+ grigy Au AP R+ gy, A ZHO R+ g1y, A 2R

(1)

v 2 U 3
+ 9177 ZuwZ"0"h + gE'J)ZZ Zuw L h + gg{)ZZ ZuZ"h

1
+9§{)WW
Lrrr= gffoRh + h.c.

g fagu
IHgg = T g A2

_g°vsy, fBB+ fww

THYY = " 9A2 2
g0 — g*v i fw + s, fp
Hz2Z — 92 U
2 _ _ 9*v s, fBB + Cofww
IHZZ = Top2 22
(3)  — m2(V2G )2 1_i
9nzz = mz(V2GF) TVEAL
1
9Hgg — _%GG
L 2
9Hyy = —5- (si,aw +c,ap)

S
QS)ZZ = 47gw (2 Cw g — a5 — 2a17>

2 _ 1
I9uz77 = o (32

wadB + C%UGW)
1/2
9\ ), = M2 (\@GF> (1+ Aac)
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— v 2 — v 3 _
(WEW RO h 4 hee.) + gimpw Wh W= h 4 g8 WEW = #h

2
1 _ gv sw(fw — fB)
IHzy = 92 T 9c SMEFT
@2 _ 9*v sw(2s5, fe —2¢, fww)
gHny — 2A2 2Cw
2 2 2
v _ 9w _ my v v
IHWW = 9x2 o gf—_T (1Wf<1>,2 \/§A2ff)
2
2 g°v
gfq)WW =582 fww
(3) 2 1/2 v?
grrww = miy (V2Gr)Y (1 — Wf@,z)
(1) _ gSw 2C_w 9
IH 7~ drve,, (a5 + - a4 + a17) HEET
2 SwCw
9&{)27 = ——— (a —aw)
1
G 9 _
HWW - gr V2
2 1
9aww = ;aW
(3) 9 e
Irww = My (\@GF) (1+ Aac)
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HVV

Lavv = grgg Gi G b+ grigy Au AP R+ gy, A ZHO R+ g1y, A 2R
+ 9122 Zu Z* R+ i1y ZuwZM R+ Giry g ZuZMh
+ gww (WhLW™H0"h+ ) + ggww Wb W™ " h+ gy WIW ™R

Lryrr=gsfrfrh+hc.

g’k fe+ fww

JHyY = "0 2

1 _ gv fw+sufB
THZZ = 9p2 | 22,

2 g*v Sﬁ,fBB + Cﬁ,fWW
9uz7z = T o2 902

2
3 v
gl(r{)ZZ = m2z( F)1/2 <1 — chbg

gHyy = —5- (siaw + coap)
S
QS)ZZ = 47gw (2 ~a4 — a5 — 2a17>
1
2
gl(q)zz = "5 (swaB + cpaw)

Luca Merlo

2
@ 97 sw(fw — fB)
IHzy = 92 T 9c SMEFT
@2 _ 9*v sw(2s5, fe —2¢, fww)
gHZ’y _ 2A2 26“}
2 2 2
(1) 9V fw m ¢ ( v
gHWW_W o gf:_T (1Wf<1>,2 \/§A2ff)
2
2 g-v
(3) 2 1/2 v?
9iww = miy (V2Gr) (1 — mf@,z)
(1) _ gSw QC—w 9
IH 7~ drve,, (a5 + . a4 + CL17) HEET
(2) . SwCw
IHzy =~ (ap —aw) .
(1) - g Yf
9aww — — %% g = _W
2 _1
Iaww — —aw

(%

1/2
9w = M2, (\@GF) (1+ Aac)
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HVV

Lavv = grgg Gi G b+ grigy Au AP R+ gy, A ZHO R+ g1y, A 2R
+ QE)ZZ 2w ZH0"h + gg)zz ZuwZ*h + QS))ZZ ZuZ"h
+ gw (WEWTHO b+ he.) + g Wi W™ h+ giyy WEW ™ h,

Lryrr=gsfrfrh+hc.

s fagu @ 9% sulfw — fB)
gHgg—_S_ﬂ_ A2 gHZ’Y_ 2A2 9 SMEFT
_ g 2 _ gV Sw
THy = T gA2 THZy T 9p2 o
S0 _ 9 cufw t sy G0 9 fw oo M (12 v
HZZ — 9A2 2 HWW — 9A2 9 f__T _W ¢’2—\/§A2 f
I9u77 = T 9A2 ) 9aww = —
2
3 3 v
gl(LI)ZZ = gé&vw = /2 f1 — W‘f@’Q)
(1) Cw
ong sz, W 2520+ 20 HEFT
2
(1)
1 S 1 Y
QJ(LI)ZZ = 2C—wa4 — a5 — 2a17> gl(f{%/VW = g5 = _%

2 1 2
b 2GED s )

1/2
9\ ), = M2 (\@GF) (1+Aac) g\ = M, (\/iGF) (1+ Aac)
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HVV

Lavv = grgg Gi G b+ grigy Au AP R+ gy, A ZHO R+ g1y, A 2R
T QE)ZZ Zuv 2" 0"h + gg)zz ZuvZH"h +- QS)ZZ ZuZ"h
+ gaww (WhW™#8"h+hc.) + ggww Wi, W™ *h+ gy WEW ™ h,

Lryrr=gsfrfrh+hc.

s fagu @ 9% sulfw — fB)
9Hgg = T 81 A2 97~ = IN2 20 SMEFT
_ g’vsy fBB T fww @ _ 9% suw(2s,fB —2¢ fww)
9Hyy = — A2 9 9HZy =
W g chfw +safB
IHZZ = 9p2 T g2
@ _ g*v shfee+cfww
IHzZ = ") 22

gg)zz = m%(V2Gr)'/?

9Hgg — — 570G

2v

1 g S
o8hs = 7 (22200 —as -

I9uZ7 = 5
gg)zz = M% <\/§GF)
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HVV

_ a apv % (1) v (2)
Lavv = grgg GG h+ gryy Ap A" b4 gyy, A ZP0"h 4 gy, Auw ZMh
(1) [TRaY, (2) Yy (3) L
+ Gr177 2w 2P0 R+ 957, 20w 2" R+ 9575 Z2,,Z7 R
(1) + —rAvY (2) + — pv (3) + 17— B
+ 9w (WWW 0" h + h.c.) + 9w WWW h+ gmww Wu W—Fh
Lurs=9grfofrh + h.c.
o, fagv 1 g
gHgg—_S_ﬂ_ A2 gHZ’y_ 2A2 SMEFT
_ dPvsy, fBBt fww 2) 97U Su(2s 2
gH’y'y—_ 2A2 gHZ’y_ 2A2
2 2 2 2
1 _ g Hn _gv L o N
9HuZ2 A2 W 9aww W@ gr = ” (1 2A2f®’2 NoTE
2 g°v Sy, [BANF Co fww 2) g*v
IHzz7 = T oA2 2 9aww = ToAz [WW
2
gg)zz = m(V2Gp)"/ A 1 - Wf‘b’2> gg%/{/w = miy (VRGp)'/? (1
_ 1 1 _ L%, 1o
9Hgg — QUQG 9H27 — ( as S Qg aiy HEFT
1
9gH~~ = _% (S?UCLW + CwaB) gg)ZW = ap — aw)
(1)
1 g Sw 1 g Y
(2) _ 2 2 2 1
I9uZ7 = _% (SwaB + CwaW) dauww = EGW
1/2 1/2
G5y = M (\@GF) (1+Aac)  giw = Mp (\@GF) (1+ Aac)
Luca Merlo Higgs EFTs IMFP16

39



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




# 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) fo'!, ATLAS + CMS

% The fit WITHOUT a17 is the same as for SMEFT: [

Corbett, Eboli, Goncalves, Gonzalez-Fraile, Plehn, & Rauch arXiv: 1511.08188
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# The HVV analysis for HEFT has 10 parameters vs 9 in SMEFT:

% The fit WITHOUT a1~ is the same as for SMEFT: _ [

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

Kinematics are important in several couplings

# Adding a17 : correlation with a4 and ap

Brivio, Gonzalez-Fraile, Gonzalez-Garcia & LM, to appear

1

0.5

-0.5 |

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

|
°1HHHH':Hﬁf

.::";;itter

@ Rates 68% CL

== Rates 95% CL
Rates+dist. 68% CL

== Rates+dist. 95% CL

g ¢ 3

PRELIMINARY PRELIMINARY

Minor impact
on the fit results
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1 ‘ 1 1 1 1 1 1
_'] 1 1 1 1 ‘ 1 1 1 ‘ 1 1 1 1
-0.05 -0.025 0 0.025 005~ 5 1 0

IMFP16 40



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

Op = (D,®)'B"(D,®)




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

.9 - 2
teg - 2 e g - v 2
—— A, W FWTY h)* — 7, , W rWT h
Og g A W=HFW™ (v + h) y——t W=FW™ (v + h)
2
cg
dcos@y " (v+h)+ 4 cos? Oy " (v+h)




Decorrelations

More important effects when comparing TGV and HVV: for example

- 2 . 2
Op =~ 2 A, W HWH (v + h)? — ——2

: 7 W WY (v + h)?

8 cos Oy

€qg 2

 4cos O

A, ZP0"h(v+ h) +

Z,,ZH0" h h
4 cos? Oy " (v+h)

2 2

v v h 2
Op = 1_6P2(h) + §734(h) with  F;(h) = (1 + —)

(V)

ﬁ

(\)

)
|

iB,,Tr (T [V*, V")) Fy(h)
Pi(h) = iB,, Tr (TVH) 8” F4(h)

Wt h o W W h, o Wt
T S ‘
w- A W W~ Z W-
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Decorrelations

More important effects when comparing TGV and HVV: for example

: 2 . 9
veg — v 2 e g — 7, 2
:—A L M + h _ Z y v’ - h
Op ; W HW ™Y (v + h) Sy—— W THRFW ™ (v + h)
2
cg
_ A VZ,U Vh h Z VZILL l/h h
4cos By " O hlv+ )+4COS29W uv ZH0"h(v + h)
02 02 1 2
Op = 1_6P2(h) + §734(h) with  Fi(h) = (1 + 5)
. 9
Pa(h) = 2ieg” A, W HW TV Fy(h) — 2 9 2,y W WY Fy(h)
cos Ow
Py(h) = —— T A, Zr’ Fu(h) + < TF ()
=N cos Oy M 4 cos? Oy M 4

Wt ha_ o W W ha, o Wt
W= A W= W= 4 W=

Luca Merlo Higgs EFTs IMFP16 41



Decorrelations

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

; 2 - 2
ieg B 1e“q B
_ 59 4 y 7 +v h 2 VA y jz +v h 2
OB ] 7 %4 4% (’U"— ) 8COS€W H 14 4 (U_I_ )
2
eg
_ A, ZPO"h h 2 2P0 h h
Toong A 8" h(v + )+4COS29W uwZH 0" h(v + h)
V2 v? h\’
Op = 1—6732(h) o+ gm(h) with  Fi(h) = ( 1+ -
. 92
Pz(h) — 2@'eg2AW/W_’uW+VJT"2(h) — 2 € 9 ZMVW_MW+VF2(}L)
cos Ow
Pa(h) = ——2— A, 240" Fah) + 7,70 F (7)
4 - cosbOy M : cos? Oy~ M *

due to the decorrelation in the JF;(h) functions: i.e. o
see also Isidori&Trott, 1307.4051]
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Decorrelations

More important effects when comparing TGV and HVV: for example

; 2 - 2
ieg B 1e“q B
_ 59 4 y WYX/ +v h 2 VA y Ty VaantZ h 2
OB 3 L %4 |14 (’U"— ) 8COS€W H 14 4 (U_I_ )
2
€g
_ A, ZPO"h h 2 2P0 h h
Toong A 8" h(v + )+4COS29W uwZH 0" h(v + h)
V2 v? h\°
Op = 1—6732(h) + gm(h) with  F;(h) = (1 + ;)
. 92
Pz(h) — 2@@92AMVW_“W+VF2(h) — 2 € 9 ZHVW_MW+VF2(h)
cos Ow
Py(h) = —— T A, Zr’ Fu(h) + i 2w ZH0” Fy(h)
4 - cosbOy M : cos? Oy~ M *

due to the nature of the chiral operators (different c; coefficients): i.e.
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Brivio,Corbett,Eboli,Gavela,Gonzalez-Fraile, Gonzalez-Garcia,LM&Rigolin, JHEP 1403 (2014)
# Considering all the couplings together:

~ Bounds from TGV+Higgs

0 Bounds from TGV+Higgs 0
N e L I A B B B - L N R A :
T8 E P8 E
LB B¢ LB B¢ =
X 4 ¢ o R ECRETECES ZLPPTREE =
= 2 f AXZ TGV+Higgs < 2 f ---------------------------------- -é AXZ TGV+Higgs
. El\>4>ovooc_5 e e EM#CDOOS
i B 0.9 - -
0.75 |~
N 0.3 |- E
< oL ¥ g
- % -0.3 |- -
-0.75 - B
: ¥ -0.9 - s
— L ‘\iui‘\u‘ \ — L EHET EEEE NN
=7 0 7 >3 0 7
Z AB
2324(262%—&4)%]03 AB:4(262—CL4)%O
EW = 2(263 — CL5) — fW AW — 2(263 + CL5) — 0

Data: Tevatron DO and CDF Collaborations and LHC, CMS, and ATLAS
Collaborations at 7 TeV and 8 TeV for final states yy, WtW—, ZZ, Zy, b b, and tt~
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Brivio, Gonzalez-Fraile, Gonzalez-Garcia & LM, to appear

# Adding the data from kinematic distributions:
~ Bounds from TGV+Higgs

0 Bounds from TGV+Higgs -
(g, F T T T ‘ T T T ‘ T T T ‘ I T \: g ¢ T Tty B
A * A *
B 6 JEo6 £
X 4 ¢ S S N SRR -
g - g N g
2 F AXZ TCV+Higgs 2 — AXZ TGV+Higgs
1,5 I \]\M -P o’ m 8 1,5 ‘---:--------- — -: \]\M -P m m 8
7 : “Linear doblet :
0.75 - . 09 ¢
i 0.3 -
= =
N o[ b 3
I -0.3 —
~0.75 -
- -0.9 -
p— | T T T T ‘ | | | | | | ] \:\‘\:\\:‘\\\‘\\\‘\\\ —_— |
15 5 5 7 15 5
3»10 = 310 =
NS 6; Ns 6;
X4 - B
2 F 2 L
0.5 0.5 R s
0.25 | 0.25 - L
. . B
-0.25 - -0.25 - i
- T 1 PRELIMINARY §
— [ L N N — B | | | | | IR \ \
02,5 0 2.5 02,5 0 2.5
lg Ng
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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 ) Te(V, W0 ) Fra(h) q

g5 M PrO W IW - Z\Fia(h)

number of expected events (WZ production)

with respect to the Z pr q
’g I]‘GOOOW T \‘ T \‘ [ ‘ T T ‘\ 1T ‘\ I \‘ FT T [ FT T I
S sl f
e MO | Il Bockground -
C [ —
L% 12000 . SM WZ .
"""" . 1g5°=0.1

10000

8000

@95% CL:
300 fb™ at 14 TeV present g7 € [-0.08,0.04]
------- ; LHC(7+8+14) g7 € [—0.033,0.028]

2000 eenenn .
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Longitudinal Gauge Bosons

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

Scattering of W W and Z.Z;,

Delgado, Dobado & Llanes-Estrada, JHEP 1402 (2014)

200

q
. II I’ a,=a;=0
.'I J{— — a,=+0.005 a, =0 |
150+ . / I'_:' ---12,=-0005a,=0 |
_',I' - a4=0 a5=+0.005
/é . II.'. ...... a :0 a :_OOOS-
< N /, g 4 5
< 100 sl o
o . ///
VA
50 RS ]
. //
’0//“.‘
o
0 ' ' ' | |
0 1 2 3 4 5
s (TeV?)

Similar studies in:

Espriu & Yencho, PRD87 (2013)
Espriu, Mescia & Yencho, PRD88 (2013)

Luca Merlo

Cross section for vy — W,/ W,
Delgado, Dobado, Herrero & Sanz-Cillero, JHEP 1407 (2014)
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Conclusions

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

4» To go beyond A(k)-formalism: SU(2). x U(1)y EFTs

Thanks

#  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, if NP

is the few-TeV region
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Validity of SMEFT

From Falkowski’s talk at ATLAS meeting in Madrid last Friday!

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

Fine—tuned SUQ2);, x U(1)y model: ud - Z W,

AA,Gonzalez-Alonso,
Greljo,Marzocca,Son
in progress

200 400 600 800 1000 1200 1400
Vs [GeV]
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Assuming B and

HEFT basis

| conservation, and no BSM custodial breaking

Operator | d, N, NDA form
12U 3 1 AU Fyey(h)
X2 4 2 X?% Fxz2(h)
V2D 4 2 V2D
(Oh) 4 2 (Oh)?
V?2 4 2 ( 41\)2 V2 Fya(h)
V2V 5 2 V2V Fyav (h)

2 XU 5 2 2T 2 XU Fyexu(h)
P 6 | 2 Gn ot Fya(h)
XV? 6 3 + XV Fxvz(h)
X3 6 3 1) X3 Fys(h)
XVo 6 3 = XV 0Fxva(h)
P2VUO | 7 3 | x*VUIFyevua(h)
P2V?2 7 3 | 2 ¢?*V2U Fyevey(h)
W2Uo% | T 3 12U 9% Fyevae (h)
V202 8 4 (4+)2 V202 Fy252(h)
\% 8 4 V4 Fya(h)

(4 (4m)?

Gavela, Jenkins, Manohar & LM, arXiv: 1601.07551

<> AN UYrFeu(h)

> W I

2

(47)?

> Tr (V,VH) Fya(h)

<= 4—Tr (W [VE,VY]) Fxva(h)

T

1

< G VIV R




HEFT (bosonic) basis

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

Po(h) = 1 Bu B Fs Puv(h) = — Wi W Fiy

Pa(h) = —iGZVG“W}—G Pou(h) = (0, Fpua(h)0* Fiy(h))?

Py(h) = B, Te(TWH) F, Pa(h) = =B Tx(T[V*, V¥))

Py(h) = ﬁTr(WW[V“,V”])]—"g Pa(h) = ﬁBWTr(TV“)(?”}}

Py(h) = - TH(W,, V42" F; Palh) = s (TH(V, V)T

Pa(h) = (471T)2Tr(VMVV)E)“]-"88”]:§ Pry(h) = (4;)2 (Tr(V, V)2 Fun

Pra(h) = (Te(TW,,))2Fra Pis(h) = - Te(TW, ) Te(T[V*, V) Fis
Pri(h) = 5;::/\ TH(TV,)Te(V, W,0) Fs Pra(h) = ﬁTr(TWW)Tr(TV“)(?”]:N

Pr(h) = (471T)2Tr(T[vM, V) Tr(TVH)0* Fis Pao(h) = (4;)2Tr(VMV“)8Vf205’”f§O

Po(h) = (4;2 (TE(TV,))20, Frd” Fy Panlh) = o1 TH(TV,)TH(TV, )04 Find F
Pos(h) — (471T>2Tr(VMV“)(Tr(TV,,))Q]-"Qg Poa(h) = (4;)2Tr(VMV,,)Tr(TV“)Tr(TV”)]-"M
Pan(h) = g (T, ) TH(TV,)
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The h functions

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

with «;, 8; generic functions that could contain powers of & = v2/f2.



The h functions

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

with «;, 8; generic functions that could contain powers of & = 02/f2.

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

N v+ h 0
O = T @B o) =27 ))
/ 2
o Btirwen (1)
8 /
/ h 2
o€ 2 g (141)

= ¢1 99 B, Te(TWH) F1(h) = ¢1P; (h)

fB_Wg

with C1 = 3
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Connection with the Linear Basis

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

O/ = SPah) Oww /> = SPw(h
Oc/f* = —=Pa(h Opw/f* = SPi(h
Op/f? = %Pg(h) + §P4(h) Ow /f? = gpg(h) — %775(h)
Oua/f* = SPu(h) ~ SFWPr(h)  Ona/f>= €Pu(h)
Op4/f* = gpﬂ(h) + g]-"(h)Pc(h)
O/ 1> = SPa(h) + SPo(h) + SPr(h) — EPs(h) — SPo(h) — SPuo(h)

L h  h?
with in general F(h) = 1+2— + —
v v
We added two pure-h operators:

Pu(h) = %(auh)(ﬁuh)]:}l(h) Pou = %(%auh)Q]:DH(h)

U
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HVV FIT

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) fo"', ATLAS + CMS

The fit WITHOUT a17 is the same as for SIVIEFT:
Corbett, Eboli, Goncalves, Gonzalez-Fraile, Plehn, & Rauch arXiv: 1511.08188 ”
0.5 |
CHTEL |
0 ‘ | d .
Adding a17 : correlation with a4 and ap s RatesGS%CL I i I
Brivio, Gonzalez-Fraile, Gonzalez-Garcia & LM, to appear Rates 95% CL
1t Rates+dist. 68% CL
== Rates+dist. 95% CL
PRELIMINARY 95% CL- 2, % % % % % ¢ % 9

o r— . -

The differences are due to
I S + *********** +* g different definitions and
normalisations

O = m < = T N '
I S N A e
<] N
S o o = S
L | p— p— — —
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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 — O'F - EMISS /) = e or p

Main background: SM production of WZ pairs; W and Z production with jets; 77

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

Detection efficiencies rescaled to the one by ATLAS for TGV AK 5 , glz , Az,

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

momentum and pseudorapidity).
The cross section in the presence of an anomalous g5Z is then given by

2
0 = Ohck +O0sm + Oint 95Z + Jano (952)

In the SM, Vff 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 p7 > 90 GeV

p#% binned analysis

Counting p7 > 90 GeV

p#% binned analysis

7+8 TeV (—0.066, 0.058) (—0.057, 0.050) (—0.091, 0.083) (—0.080, 0.072)
(4.64419.6 fb~1)
7+8+14 TeV (—0.030, 0.022) (—0.024, 0.019) (—0.040, 0.032) (—0.033, 0.028)

(4.64-+19.6+300 fb—1)

Counting p% > 90 GeV

Simple even counting analysis, assuming that the observed events are SM

Z
and looking for values of g5 inside the 68% and 95% CL allowed regions. The

restriction to p% > 90 GeV increases the sensitivity.

P% binned analysis

2 Z
Simple X based on the contents of the different PT distributions with no

cuts. Same conditions of the previous method.
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So far we have compared the phenomenology of the Higgs being a




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 As | - strong resonances -
Higgs Models Ay < dnf
J - Goldstone bosons
(h included)
(h) # v

+
effective interactions

}—




} ?7? G + ultracolor

Generic Composite As | -strongresonances |[G/H
Higgs Models As < dmf
J - Goldstone bosons
(h included)
(h) # v

} SU(3)e X U(1)em

effective interactions

h is embedded in a doublet of SU(2), (reducible rep of G)

2
Fi(h) =1+ 20@,;E -+ ﬁih—Q + ... not generic but specific
(V) U

If the number of operators at the high-energy is smaller than the

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

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

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

= A
B hlgh ¢
Ehigh — 'C high + /:’hlgh

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

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

h_AC

h1
p’ g
'Chlgh — Ehlgh + /:’hlgh

hlgh — AB T AW T CBZABZ + CWEAWE + Z ¢; A
1=1

.Z(C = —f—QTI‘ (\N/.M\NNJ)

N cy Ay =igTr (W, [V, V]
AB = ——Ir (BMVBMV) ~ o~ P
! Ay =T (V, V) Tr (V,, V)
o = L1 (W, W) IR gy
W U A5 =T (V, V) Tr (V4 V)
1 /2 D —11n
= Tr (2B, % ~'B") N _
Aen = g (BB, As = Tr (D))
Aws = ¢*Tr (SW,, 7 W) N ey
WE g A A =Te (V, V'V, V)
A = gg/ Tr (3B, 5~ W) - SN
RN As =Te (V, V, Ve V)

le/g =g Tr (EW {\N/'“,\N/"’D
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Let’s concentrate on A, = ig Tr (ﬁuv [\7“’ {71/])




Let’s concentrate on A, — i g Tr (EW Ff“, {7”})

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

2f f

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

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

Ay = sin? {ﬁ} P, 4+ +/Esin {f} P,
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Let’s concentrate on A, = i g Tr (EW Ff“, ivaD

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

AVQ — SiIl2 |:%:| 7)2 2 fSiIl |:§:| P4

/% ig' By Te(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 A, = ig Tr (ﬁuv [\7#’ {/—V])

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

Ay — sin? [%} Py + /Esin [ﬂ P,

M— ig' B, Tr(T[VH*,V])

Fi(h) Py = ig' B, Tr(TV#)0” (h/v)

going to the limit of small &

Ay = Op + O(&%)

Op = (D,®)" B* (D, ®)




2
fo= L) s (pa o
Ap = —iTr (B,,B") - B, B
Ay = T (W, W) 5 whwew
Aps = g°Tr (8B, 2 'B") ——> o' B,, B" O

Aws = g°Tr (EW,, 57 W) ————5  TW, W0
A =gg Tr (Zﬁwz—lﬁ‘““) —_— o', W
Ay =ig Tr (EW _ivf“,\?”_) ——> (D,®)' B" (D, %)

~——

Ay =igTr (WW '{’w,{’fv') 5 (D)W (D,®)

Ao = Tr (D V")?) —— (D,D"3) (D,D"9)

As As A As Op1 Os2 Os3 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)? —on—>

other type of deviations

l.e.

—

Az — sin” {ﬁ} P> + \/Esin {ﬂ P

2f

Luca Merlo

Higgs EFTs
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