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Motivation
oe
The Standard Model

Standard Model Lagrangian (naive version, no Higgs)

e Symmetry gauge group: SU(3)¢ x SU(2)r, x U(1)y.

Hermes BELUscA-MaiTo (LPT Orsay) Higgs Couplings in EFT JJC 11 December 2014, Séte 4 /41



Motivation
oe
The Standard Model

Standard Model Lagrangian (naive version, no Higgs)

e Symmetry gauge group: SU(3)¢ x SU(2)r, x U(1)y.

o Lagrangian: - . .
Gauge kinetic + self-interaction terms o nion kinetic + interaction terms
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o Lagrangian: - . .
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Field-strength tensor:

Only for non-abelian interactions
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However...
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Standard Model Lagrangian (naive version, no Higgs)

e Symmetry gauge group: SU(3)¢ x SU(2)r, x U(1)y.

o Lagrangian: - . .
Gauge kinetic + self-interaction terms o nion kinetic + interaction terms
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v However...

o No gauge mass terms: they break gauge invariance
(a(x) = local gauge parameter):
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o No fermion mass terms: they break SU(2)y, chiral symmetry:
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o No fermion mass terms: they break SU(2), chiral symmetry:

mff=mfrfr+mfrfr 7? Aaaaaaar
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Standard Model Lagrangian (naive version, no Higgs)

e Symmetry gauge group: SU(3)¢ x SU(2)r, x U(1)y.

o Lagrangian: - . .
Gauge kinetic + self-interaction terms o nion kinetic + interaction terms

1 i i i i
Lou= =72 VaV"™ o+ RiPfi+TRiP [k
v However...

o No gauge mass terms: they break gauge invariance
(a(x) = local gauge parameter):

2 2 1 1 2
Dyve o D, + —0,0)(VF + —0"a) £ =V, VH
2 2 gv gv 2

o No fermion mass terms: they break SU(2)y, chiral symmetry:

mff=mfrfr+mfrfr??

— How can we include masses?
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Motivation
O@000
The Higgs boson in the SM

Standard Model Lagrangian (complete version)...

... that fits on a T-shirt*!
(after compression)

*notice the peculiarity!

John Ellis, 4th July 2012,
CERN Main Auditorium
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The Higgs boson in the SM

Standard Model Lagrangian (complete version)

@ Lagrangian:

Vukawa terms Higgs Kinetic + gauge-Higgs

interaction terms Higgs potential
— . ’ > —~
Low = Lo+ (YolpHffthe )+ DHP — V()

Gauge invariance is now preserved!

e Higgs SU(2), doublet:
H=(¢" ¢")"
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The Higgs boson in the SM

Standard Model Lagrangian (complete version)

@ Lagrangian:

Yukawa terms Higgs Kinetic + gauge-Higgs

interaction terms Higgs potential
. ] - > —~
Low = Lo+ (YolpHffthe )+ DHP — V()

Gauge invariance is now preserved!
e Higgs SU(2), doublet:
H=(ot ¢)"
@ Higgs potential:

V(H)=p%,H'H + \(H'H)?
When 12, < 0, EW symmetry breaking
(EWSB) happens:

SU(Q)L X U(l)y — U(l)EM.
The potential acquires the famous form:
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[e]e] lele}
The Higgs boson in the SM

Standard Model Lagrangian (complete version)

@ Lagrangian:

Yukawa terms Higgs Kinetic + gauge-Higgs

interaction terms Higgs potential
. ] - > —~
Low = Lo+ (YolpHffthe )+ DHP — V()

Gauge invariance is now preserved!
e Higgs SU(2), doublet:
H=(ot ¢)"
o After EWSB, the neutral part of the Higgs doublet acquires a vacuum
expectation value (vev): v. In unitary gauge:

H—>”<o- 1+h)T
V21w
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The Higgs boson in the SM

Masses and Higgs couplings in the SM (1/2)

The Higgs boson introduces masses for:

o the fermions via the Yukawa terms: mjy = —% (however, not the v's).
— Need to diagonalize the Yukawas for leptons and quarks (CKM matrix
appearing).

— H actually gives mass to down-type fermions only. For up-quarks, use:
_ .2 _ h.q\7¥

HC:ZU H*—%<1+;, 0) .

The Ay are free... so are their masses! ;

o the EW gauge bosons (sauf photon): My, = & ; My = Voiie®,

2 '

o itself via its potential: mpy = V2un = V202
v known via p~ decay (Gp and Myy). But A is free... so is the Higgs mass!

Hermes BiLUscA-MaiTo (LPT Orsay) Higgs Couplings in EFT JJC 11 December 2014, Sete 8 / 41



Motivation
000000800
The Higgs boson in the SM

Masses and Higgs couplings in the SM (2/2)

C
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(WIP) Conclusion
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Motivation
@0
But what?

Some remarks...

Even if the Higgs boson solves few problems within the original SM (generation of
masses for gauge bosons and fermions, and also (not discussed here) W-Wp,
scattering unitarity), there are still problems present:

@ Higgs is a scalar — its mass is not protected by any symmetry principle (like
gauge invariance, ...) — quantum corrections to its mass pushes it to very
large values: "hierarchy” problem.

@ Arbitrary Yukawa matrices.

o The Higgs mechanism is ad-hoc: it was introduced by
hand!
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scattering unitarity), there are still problems present:

@ Higgs is a scalar — its mass is not protected by any symmetry principle (like
gauge invariance, ...) — quantum corrections to its mass pushes it to very
large values: "hierarchy” problem.

@ Arbitrary Yukawa matrices.

e The Higgs mechanism is ad-hoc: it was introduced by
hand! -

Other enigmas (not related a priori to Higgs), not explained by the SM:

o Nature of the Dark Matter; Baryogenesis (f/f asymmetry);

o Inflation;

°

°

and Gravity!
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Some remarks...

Even if the Higgs boson solves few problems within the original SM (generation of
masses for gauge bosons and fermions, and also (not discussed here) W-Wp,
scattering unitarity), there are still problems present:

@ Higgs is a scalar — its mass is not protected by any symmetry principle (like
gauge invariance, ...) — quantum corrections to its mass pushes it to very
large values: "hierarchy” problem.

@ Arbitrary Yukawa matrices.

e The Higgs mechanism is ad-hoc: it was introduced by
hand! -

Other enigmas (not related a priori to Higgs), not explained by the SM:

o Nature of the Dark Matter; Baryogenesis (f/f asymmetry);

Inflation;

and Gravity!

The SM+Higgs cannot be the ultimate theory,
we need to go beyond it.
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Motivation
oe
But what?

From the experimental side...

@ No new physics (NP) signs seen at LHC so far: no SUSY, no extra-dims...
(but we hope for NP to be seen at the next run!).
@ Higgs strongly looks SM-like (production and decay rates, spin-parity).
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But what?

From the experimental side...

@ No new physics (NP) signs seen at LHC so far: no SUSY, no extra-dims...
(but we hope for NP to be seen at the next run!).
@ Higgs strongly looks SM-like (production and decay rates, spin-parity).
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(but we hope for NP to be seen at the next run!).
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But what?

From the experimental side...

@ No new physics (NP) signs seen at LHC so far: no SUSY, no extra-dims...
(but we hope for NP to be seen at the next run!).
o Higgs strongly looks SM-like (production and decay rates, spin-parity).

120 CMS X - ZZ + WW 19.7 fb™ (8 TeV) + 5.1 fb (7 TeV)
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But what?

From the experimental side...

@ No new physics (NP) signs seen at LHC so far: no SUSY, no extra-dims...
(but we hope for NP to be seen at the next run!).

@ Higgs strongly looks SM-like (production and decay rates, spin-parity).

@ What is the fundamental nature of EWSB? Its properties? Check for possible
tiny departures of Higgs couplings from predicted SM values...
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— What can we learn from current LHC data?

Two possible approaches:

@ use concrete BSM models to interpret Higgs data (large choice), or...
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But what?

From the experimental side...

@ No new physics (NP) signs seen at LHC so far: no SUSY, no extra-dims...
(but we hope for NP to be seen at the next run!).

@ Higgs strongly looks SM-like (production and decay rates, spin-parity).

@ What is the fundamental nature of EWSB? Its properties? Check for possible
tiny departures of Higgs couplings from predicted SM values...

— What can we learn from current LHC data?

Two possible approaches:

@ use concrete BSM models to interpret Higgs data (large choice), or...

@ ... use an effective model-independent approach (continuous deformation of
the SM) — Effective Lagrangian. We need m(NP) > m(EW).
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@ Effective Approach
@ The basics & an example...
@ Dimension-6 operators & Higgs L.5y
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Effective Approach
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The basics & an example...

Effective Approach — Basics

@ We suppose NP heavy (high energy) degrees of freedom
— Separation of scales.

o At lower energies, NP effect is to modify interactions of SM fields (modify
SM predictions).

e Formally: NP fields are integrated out, generation of (non-renormalisable)
dim. > 5 effective operators.

c(d) _
Lepp = Lot + ) 57770 ({SM fields})
d>5

@ Lgys: the usual Standard-Model Lagrangian.

o A: energy scale of NP;
C@: dimensionless effective coupling (" Wilson coefficient");
O effective operator, function of SM fields only.
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The basics & an example...

Effective Approach — Basics

@ We suppose NP heavy (high energy) degrees of freedom
— Separation of scales.

o At lower energies, NP effect is to modify interactions of SM fields (modify
SM predictions).

e Formally: NP fields are integrated out, generation of (non-renormalisable)
dim. > 5 effective operators.

Lepr=Lsnm + Lp=s

@ Lgs: the usual Standard-Model Lagrangian.

e Lp—s5 (Weinberg operator) gives masses to neutrinos, does not play a role
the Higgs phenomenology.
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The basics & an example...

Effective Approach — Basics

@ We suppose NP heavy (high energy) degrees of freedom
— Separation of scales.

o At lower energies, NP effect is to modify interactions of SM fields (modify
SM predictions).

e Formally: NP fields are integrated out, generation of (non-renormalisable)
dim. > 5 effective operators.

Legr=Lsym +Lp=s+ Lp=s

@ Lgs: the usual Standard-Model Lagrangian.

e Lp—s5 (Weinberg operator) gives masses to neutrinos, does not play a role in
the Higgs phenomenology.

@ Lp—_g is the part of interest for us!
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The basics & an example...

Effective Approach — Basics

@ We suppose NP heavy (high energy) degrees of freedom
— Separation of scales.

o At lower energies, NP effect is to modify interactions of SM fields (modify
SM predictions).

e Formally: NP fields are integrated out, generation of (non-renormalisable)
dim. > 5 effective operators.

Lepr=Lsym +Lp=s+Lp=s+...

@ Lgs: the usual Standard-Model Lagrangian.

e Lp—s5 (Weinberg operator) gives masses to neutrinos, does not play a role in
the Higgs phenomenology.

@ Lp—_g is the part of interest for us!

e D > 6 operators are neglected here as they will not be constrained (given
current experimental precision).
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The basics & an example...

Example: Fermi theory — 3 decay: d et — u 7

(a) Effective vertex (b) Exchange of W, +
propag./vertex rad. corr.

(@) CEy (1 — ) x (1 — ), OF = L e (Gp] = —2
. \/§ “w 5 5)Ve \/5 SA[LZV s
PuPv
g _ . 1—ns A VES 9 _ 1= 2
b) : —=uy" dx — - X —=ey” Ve, =0
() 50" — 2o, <R g el

The W and corrections are "integrated-out” in the effective vertex.
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Effective Approach
ooe
The basics & an example...

Non-exhaustive common usages of EFTs

@ Chiral Perturbation Theory: describes low-energy pions interactions. Needed
because at this scale QCD is non-perturbative.

@ Heavy Quark EFT: for describing hadrons with one heavy quark (bottom or
charm), and the Non-Relativistic QCD for hadrons with two heavy quarks.

@ The SM is very certainly an EFT of some more fundamental UV-complete
theory... Gravity too.

@ Theories in condensed matter (BCS theory of superconductivity)...
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Effective Approach
@00
Dimension-6 operators & Higgs L ¢

Dimension-6 operators (history)

@ Original list by [Buchmiiller et al. (Nucl.Phys.B268(1986)621)], supposing no
baryon + lepton numbers violation, 80 operators obtained but many of them
redundant (via EOMs).
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Dimension-6 operators (history)

@ Original list by [Buchmiiller et al. (Nucl.Phys.B268(1986)621)], supposing no
baryon + lepton numbers violation, 80 operators obtained but many of them
redundant (via EOMs).

o Complete list of 59 operators by [Grzadkowski et al. (arXiv:1008.4884)] for 1
fermion family (many more with 3 families).
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Effective Approach
@00
Dimension-6 operators & Higgs L ¢

Dimension-6 operators (history)

@ Original list by [Buchmiiller et al. (Nucl.Phys.B268(1986)621)], supposing no
baryon + lepton numbers violation, 80 operators obtained but many of them
redundant (via EOMs).

o Complete list of 59 operators by [Grzadkowski et al. (arXiv:1008.4884)] for 1
fermion family (many more with 3 families).

@ Using EOMs to redefine operators — different choices of bases available —
Need to use a convenient basis, well suited for a study in particular.
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Effective Approach
(o] 1o}
Dimension-6 operators & Higgs L ¢

Dimension-6 operators and Higgs L.f¢: Prerequisites

In this work several assumptions made on NP:

@ Separation of scales: m(NP) > m(EW).
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Effective Approach
(o] o}
Dimension-6 operators & Higgs L ¢

Dimension-6 operators and Higgs L.f¢: Prerequisites

In this work several assumptions made on NP:

@ Separation of scales: m(NP) > m(EW).

@ We also suppose that the Higgs boson £ is part of the Higgs field H that
trasforms as (1,2); /5 representation of the Standard Model
SU(3)c x SU(2)r, x U(1)y gauge group and acquires a vev: v.
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Effective Approach
(o] o}
Dimension-6 operators & Higgs L ¢

Dimension-6 operators and Higgs L.f¢: Prerequisites

In this work several assumptions made on NP:
@ Separation of scales: m(NP) > m(EW).

@ We also suppose that the Higgs boson £ is part of the Higgs field H that
trasforms as (1,2); /5 representation of the Standard Model
SU(3)c x SU(2)r, x U(1)y gauge group and acquires a vev: v.

@ No violation of baryon and lepton numbers.
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Effective Approach
ooe
Dimension-6 operators & Higgs L ¢

Higgs L.s¢

@ SM Lagrangian (with V(H) the potential seen earlier):
Lon D |DHP = V(H) — (i HOLUh +he )+

@ Dimension-6 Lagrangian written in a convenient basis, we use the one of
[Contino et al. (arXiv:1303.3876)]:

Lp—¢ = Lcpc + Lcpv

("CPC": charge-parity-conserving (CP-even); "CPV": charge-parity-violating (CP-odd))

Hermes BELUsCA-MaiTo (LPT Orsay) Higgs Couplings in EFT JJC 11 December 2014, Séte

18 / 41



Effective Approach
ooe
Dimension-6 operators & Higgs L ¢

Higgs L.s¢

@ SM Lagrangian (with V(H) the potential seen earlier):
Lon D |DHP = V(H) — (i HOLUh +he )+

@ Dimension-6 Lagrangian written in a convenient basis, we use the one of
[Contino et al. (arXiv:1303.3876)]:

Lp—s = Lcpc + Lcpv
("CPC": charge-parity-conserving (CP-even); "CPV": charge-parity-violating (CP-odd))

In addition we ignore few things:
@ Pure gauge self-couplings operators;

o (H'H)? term ignored because it modifies Higgs self-couplings only and
current precision is not enough (some prospects for LHC upgrade: [arXiv:1206.5001,
arXiv:1301.3492] (LHC 14TeV), [arXiv:1212.5581] (LHC high lumi));
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Overview

© Contraints on some Higgs-gauge & Yukawa operators
@ Further simplifications for Higgs L.y ¢
@ Physical observables; Global fits
@ Summary
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Contraints on some Higgs-gauge & Yukawa operators
@0000
Further simplifications for Higgs £, ¢ ¢

Additional assumptions for the dimension-6 operators

To simplify the fit of the Higgs-gauge and Yukawa coefficients, we impose extra
assumptions:

@ No Flavour-Changing operators;
@ No 2-fermion vertex and dipole operators, and 4-fermion operators.

We will see what happens with them in the next part...
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Contraints on some Higgs-gauge & Yukawa operators
O@000
Further simplifications for Higgs £, ¢ ¢

Higgs Ly
Final expression:

Lp—s = Lopc + Lcpy
with the CP-conserving part:

Lope :—dﬂ(H*H) O, (H H) + (Hfﬁ’H) (H*ﬁfH)
HfH o _ e
+ —— (cuyquH URr + CayaqrHdr + Gy L Hlg + h.c.)
icw g i v i icg g' i v B
o, (H D”H) (D"Wp)' + m?, (H Dt H) (0"Bu)

+ S (D ) o (DY H)W, + @ g
2

(D*H)(DH)B,,

H/'
= 12 = 2
S (H'H)B,.,B"™ + 35 (0 m)Ge, aom
miy my,

and the CP-violating part:

] 4 ~
Lopy —W(D”H)Tai(D”H)WL ng(D“H)T(D”H)Bw,
rrLW miy
52
C ~ Cq 95 ~
+ :n!] (HfH)BH,,B’“’ + ’:;l;‘]s (HTH)GZVGWV
w w
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Contraints on some Higgs-gauge & Yukawa operators
[e]e] lele}
Further simplifications for Higgs £, ¢ ¢

Higgs L.s¢

After EWSB, in unitary gauge and after canonical normalization of the Higgs
kinetic term, we get: Lopr = Lo + Ly, + - -+ with £, having the form:

Ly =

@\:*

[QLWmWWJW“ +cgm% 2, 7" Z myf (cs +ivscy) f
f=u,d|]l

1 ; 1 1 1
- §CWWWHTUWMU - ECZZZ;JVZ“V - Zc'y'y’}/uu’yu §CZ77/LI/Z + (’ggGa G

puv
1. Co— 1 =0 1. 1 ,
= oW WLW! = 1822, 2" = (Cru " = 52w 2 + ,(ggga G

— (hwwWHD WS, +0.C.) = K22 200 Zyuy = K2, 20 Yy |

@ The ¢; and ¢; couplings are function of the barred ones (see previous slide)

@ The Xyw couplings can be shown to be related to the X7z, Xz, and X,
ones.

Hermes B o (LPT Orsay)
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Contraints on some Higgs-gauge & Yukawa operators
[e]ele] o}
Further simplifications for Higgs £, ¢ ¢

Simplifications via S,T",U oblique parameters

@ S, T,U parameters [Peskin, Takeuchi] parametrize potential NP contributions to
radiative corrections to EW bosons propagators.

@ Dimension-6 operators introduce at 1-loop quartic, quadratic and logarithmic
divergences in S,T,U that should cancel (— current constraints on S, T,U
(GFitter)).

@ A second hypothesis: no fine-tuned cancellations between operators of
different types (CP-even, CP-odd and k;).

Removing the divergences in S,T,U requires the following constraints:

/‘QiZO

¢z = cw = cy(— ¢r = 0: custodial symmetry)

Cw ~
CWW = Cyy + —Cz~y (and — wa)
Sw

Sw -
Cz7z = CWW — 7627 (and — sz)
w

Only logarithmic corrections remain.
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Contraints on some Higgs-gauge & Yukawa operators
[e]e]e]e] ]
Further simplifications for Higgs £, ¢ ¢

Effective couplings kept

@ The 1st-order Higgs Lagrangian therefore depend on 7 independent
parameters in the CP-even sector:

Cv, Cyu, Cd, Ci, Cyvy, Cz~, Cgg
and 6 independent parameters in the CP-odd sector:
Cuy, Cdy Cly Cyyy, Cz~, Cgg-

@ The SM Higgs is the case where ¢y = cy=y a1 = 1, Cyy = Czy = Cgg = 0 (at
tree level) and all the ¢; = 0.

h = _
Ly == |200miyWiW* + cym32,2" = > mgflcs+ivs¢7)f
v
F=u,d,l

1 1 1 1
— QCWWWJVW‘“’ — ZCZZZWZ“ — i(wn Y Y — §C/w7uvz + 7cqu’“ G

1. ~ 1. ~ 1_ ~ 1
— QCWWWEVWW — ZCZZZWZW — —Cyy Y — 5C/WA/M,,Z + 7ngwaG‘”“’ ]

4
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Contraints on some Higgs-gauge & Yukawa operators
®000000
Physical observables; Global fits

Higgs rates

. . . “YH _ o Br(h—XX)
@ We use the relative Higgs rates (signal strength) f%% = Ggg U= ey

given by ATLAS and CMS in various channels, with:
Br(h—XX) _  TIxx TLtot,sm
Br(h—=XX)snm ~ Ixx,sm Tiot

widths.

@ We use the given i values or the 2-dimensional (2D) likelihood functions in
ftggH+ttH—vBF+vH Plane, or exploit their given upper bounds on rates at
95% CL (see also [Giardino et al. (arXiv:1303.3570)]).

, where I'y,; is the sum of all the partial

. CMS Preliminary {5=7TeV, L<5.11b" {s=8TeV,L<19.6f"
6T

3 Q[T I T T s j T+ how
[ E ATLAS Preliminary B & +HowWW
@ E ] > T B
X 8- Vs=7TeV: [Ldt=4.6-481" ] = L + H-2z
z C Vs=8Tev: [Ldt=13-20.7 fb" ] a- H - bb
2 E ]
] 6 —How + Standard Model | r How
= [ —Hoz a X Bestit 1 L ’
4 —H ~ ww” _ vy —68%CL —
r HoT ---95% CL 7 r 1
[ il Pl u
2 - L 4
o= E I ]
4 E o 1
E m,=1255cev 7 [ 1
747 Il Il L Il Il Il Il Il Il | I 1
2 1 0 1 2 3 4 5 6 7 8 1””(\]””1 “2\””
uggFﬂlH x B/BSM

ggH.ttH
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Contraints on some Higgs-gauge & Yukawa operators
0O@00000
Physical observables; Global fits

Relative decay widths

Tree-level Higgs-decay:

Tr ~ . .
(I‘) = |cf|2 + |cf|2 (light fermions)
SM/ h—ff

(7o) (i)
—_— and | ——
Usv/) 7z m Psm /) wws o100
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Contraints on some Higgs-gauge & Yukawa operators
0O@00000
Physical observables; Global fits

Relative decay widths

Tree-level Higgs-decay:

Tr ~ . .
(I‘ ) = |cf|2 + |cf|2 (light fermions)
SM/ h—ff

(7o) (i)
—_— and | ——
Usv/) 7z m Psm /) wws o100

1-loop (SM) + tree-level (effective) generated:
Vi=Ve=g)(Vi=Va=7); (V1 =2,Va=1)

( T > |CV1V2 + ‘CV1V2
- o ——
Usn h—V1 Vs ‘c

V1V2,SM

2
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Contraints on some Higgs-gauge & Yukawa operators
0O0@0000
Physical observables; Global fits

Relative production XSecs

Selection cuts efficiencies taken into account in the relative Xsecs, defined as:

o

~ 2 2 2

(0 ) ~cy + aic, + QaCy, + ascyCyy + QqcyCzy + Q5CyyCzy
SM

+ 515»2}/—\, + 526)227 + 5BEWWEZ7

Higgs associated production: ( z

) : Vector boson fusion: ( g
ISM ) W)z

USM)VBF'
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Contraints on some Higgs-gauge & Yukawa operators
0008000
Physical observables; Global fits

Principle of the fit

Minimization of:

X (e, &) = XQEWPT({Ci}) + ZX%D(ﬂtha (7P £ Op)

+ Z Xop (W eerrs BV Brvi) +

The [i*" are functions of the ¢; and ¢;. SM ggH production uncertainty is taken
as a nuisance parameter.
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Contraints on some Higgs-gauge & Yukawa operators
0O000@00
Physical observables; Global fits

CP-even and odd parameters

Central values and 68% CL intervals for the parameters (as of end of April 2014):
cy =1.0440.03, ¢, =1317030, ca=0927032 ¢ =1.097013,
0.0021 0.0008 0.0183
cgg = —0.0016700055, ¢y = 0.000970 5005, ¢z = —0.000610 0550

Gy = (087538, ca= —0.00357 035, @ = £(0.3775F),

Cgg = 0.00047G0035, Gy = H(0.0033¥0505), €z = 0.00757 55355

XM — X2, = 5.3 meaning SM gives a perfect fit to the Higgs and EW precision
data.
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Motivation Effective Approach  Contraints on some Higgs-gauge & Yukawa operators  Flavour-changing Higgs couplings (WIP)  Conclusion

000000000 000000 0000000000800 000000
Physical observables; Global fits

However...

. some CP-odd couplings are not constrained by their sign: data actually
constrain the sum of the squares of CP-even and CP-odd couplings.

(Pictures — hypotheses: contrary to the previous slide, here the other parameters take their SM values. Dark green: 68% CL; light green: 95% CL).

G, Vs. G, correlation; rest=SM 4 Vs. G correlation; rest=SM ¢ vs. G correlation; rest=SM
[>SM & 1
04 3 \
N
0 4 -
02 / \
{ 4 Bestit IR
5o 5 ool o s
I ] /
\ / [
—02 A\ /, /
o \ )
-04 \ | /4
N i
-1
0. ——
-10 05 00 05 10 -10  -05 00 05 10
Cy Ca ]

Can be greatly improved by using EDMs and LHC High lumi
[Brod et al. (arXiv:1310.1385)]; tensor structures [Chen et al. (arXiv:1405.6723)], etc...
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Motivation Effective Approach Contraints on some Higgs-gauge & Yukawa operators Flavour-changing Higgs couplings (WIP) Conclusion
000000000 000000 0000000000080 000000
Physical observables; Global fits

3rd-generation CP-violation constraints for ¢t and 7 [Brod et al. (arXiv:1310.1385)],
supposing SM values for the other generations.

Kude=1 Kude=1
Higgsprod. T
Higgs
04 0.0004 (LHC 3000t~
neutr.
Hg EDM EDM
0.000:
02 . EDM
W 0.0] v 0.0000)
-0.2| —0.0002]
—0.4| —0.0004
-10 -05 00 05 10 090 095 100 105 110
Kt K
Kude=1 Kyde=1
3 10|
2]
05 Higgs (LHC 3000 fb™%)
1 Higgsprod. 199
. EDM
W0 W 00 =
-1
-05]
-2{{ é. EDM
3 -10]
-3 -2 -1 0 1 2 3 -10 -05 00 05 10
Kr K.

Figure: Left: Present constraints on top and tau Higgs couplings from EDMs and Higgs
measurements. Right: Projected future constraints considering 14 TeV LHC at 3000 fb~!
and improvements of factor 90 over the current electron and 300 over the current

Cj; and f%i = E,,)
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Contraints on some Higgs-gauge & Yukawa operators
L]

Summary

Summary

@ Reduce number of the effective couplings that are related to each other, and
reduce more using EW oblique corrections arguments.

@ We obtain meaningful constraints on most of the CP-even parameters, they
are SM-compatible within 68% CL;

@ Some CP-odd parameters are constrained, but not all. It should be noted
: . 2~ 2
that until now the rate measurements only constrain |cy|” + |¢y|” or

—

2
2 | |= .
‘C/Vl?z| + ‘cle@’ — more elaborate methods needed to constrain the

possible values of CP-even and CP-odd parameters! (e.g. EDMs, tensor
structure of H — V'V, ...).
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Overview

@ Flavour-changing Higgs couplings (WIP)
@ Why?
@ Experimental data
@ Summary: what to do
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Flavour-changing Higgs couplings (WIP)
o

Why?

Why looking at Flavour-changing Higgs?

@ In the SM there is no flavour-changing Higgs couplings (to fermions) because
you can always diagonalize the Yukawa matrices (and rotate the fermions to
this mass basis) (separately for up- and down-type quarks, and leptons).

@ Some dimension-6 operators can introduce flavour-violating interactions:

o The Yukawa-like operators: HJQH ¢rysfrH fr + h.c. (for quarks and leptons)
introduce corrections to the SM Higgs couplings to fermions, such that the
mass and Yukawa terms take the form:

Tt i opr i i ¢ij ~ij\ b
T mifn' + 1 (mys? +CF ) £~
(4, : flavour indices; f’ denotes fermions after rotation to the mass basis).

The matrix C‘}j can be anything and in particular, not being diagonal and

hence be a potential source for flavour violation.
igtd
H

o The 2-fermion vertex (e.g. —3* (qTiw”q%)(HTﬁH)) and dipole operators
(g “eBUS (GT Ho™ df) Byu).
w — — — p— — — — —
o The 4-fermion operators: (LL)(LL), (RR)(RR), (LL)(RR), (LR)(LR).
In this part the operators of the previous section will be ignored, whereas we
will focus now on part of those FV operators.
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Flavour-changing Higgs couplings (WIP)
@000

Experimental data

Direct searches

o Lepton flavour violation: h — 7u by CMS: [cMS-PAS-HIG-14-005]. However, limit
derived supposing that no other NP operators were present and the other
diagonal Higgs couplings (for the vectors and for the other leptons and
quarks) are SM-like.

Process | 95% CL. upper limits on Br Ref.

h—Tu 1.57 x 1072 [CMS-PAS-HIG-14-005]

NOTE: There are some indirect limits on h — pe and h — Te set via
constraints from u — ey and 7 — ey (see 1209.1397). They are:
Br(h — pe) < 1.0 x 1078 and Br(h — 7e) < 2.0 x 107%.

@ Quark flavour violation:

Process 95% CL. upper limits on Br Ref.
t—q(=c+u)h 7.9x1073 ATLAS faxiviaos o3
t—ch 5.6 x 1073 CMS (cus eas G 13.034]
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Experimental data

Flavour-changing Higgs couplings (WIP)

0800
Indirect searches (Leptonic sector)
Process 95% CL. upper limits on Br Ref.
= ey 57 %1013 MEG farxiv-1303.075
nw— 3e 1.0 x 107%2 SINDRUM sinpr 67.09)
T — ey 33x10°8 BaBar farxivoo0s 2381)
Ty 4.4 %1078 BaBar (axivos0s 2361)
7 — 3e 2.7 x 1078 Belle faxivao0r 3201
T = e ptp 2.7 x 1078 Belle fuxivi0013201)
T = etpup 1.7 x 1078 Belle faxivi001 3201
T—3u 2.1x10°8 Belle fanxvioona221)
7T = puTete” 1.8 x 108 Belle farxivio013221)
T~ = pteTe” 1.5 x 108 Belle rxivioor3221)
29 5 pe 75x 107 ATLAS faxsisssr
AR 9.8 x 107° OPAL (cern-ppe os.013)
7% = 1 1.2 x107° DELPHI (cern-pre-g6120)
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Experimental data

Indirect searches (Quark sector)

Flavour-changing Higgs couplings (WIP)
[e]e] ]o)

Process 95% CL. upper limits on Br Ref.
t— Zu 5.1x 1073 (single top) CMS (cvs.pas-Top-12.001]
t— Zc 11.40 x 1072

t— Zq(=c+u) 0.05 x 102 CMS fxvasizanog

And also, DY, Bg/s and K° mesons oscillations constraints, see Table 2 of
[Harnik, Kopp, Zupan (arXiv:1209.1397)] and [UTfit Collab. (arXiv:0707.0636)].
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Flavour-changing Higgs couplings (WIP)
oooe
Experimental data

Indirect searches

We use the indirect upper limits from the processes listed above to obtain

constraints on effective coefficients combinations, from which we can derive upper
limits on NP processes.

If only vertex operators in the game:
Br(h — ZuteT) < (1.14 +£0.01) x 10710
Br(h — Z7%e¥) < (1.51£0.01) x 107°
Br(h — Zt*u%) < (1.84+0.02) x 107°

If only dipole operators in the game:
Br(h — ZuteT)
Br(h — Zt%eT)
Br(h — Zt%u7)

< (1.33+£0.01) x 1078
< (1.71£0.01) x 1077
<(2.1140.01) x 1077
Processes generated only with dipole operators:

Br(h — yuFeT) < (3.4634 + 0.0006) x 1073
Br(h — yrteT) < (1.7344 £ 0.0003) x 107%°
Br(h — yrHuT) < (2.2826 4 0.0004) x 1071°
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Flavour-changing Higgs couplings (WIP)
°

Summary: what to do

Summary

Since studying the full parameter space of dimension-6 operators would be
extremely difficult, we can first restrict to the simpler case when only one
dimension-6 operator is present at the time.

What needs to be done:

@ Obtain the limits on each of the operators from precision tests of the SM. For
quark operators, need to use RG equations for dimension-6 operators [Alonso,
Jenkins, Manohar, Trott (arXiv:1308.2627, 1310.4838 and 1312.2014)] when using
indirect constraints from low-energy processes to obtain bounds on the
effective coefficients at high-energy.

@ Obtain maximum exotic Higgs branching fraction that these limits permit.
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Overview

© Conclusion
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Conclusion

Conclusion

@ We used a model-independent effective framework for parametrizing
deviations of Higgs couplings to matter from their SM prediction.

@ Meaningful constraints on most of the Higgs-gluon and Yukawa CP-even
parameters are obtained, they are SM-compatible within 68% CL;

@ Some of the Higgs-gluon and Yukawa CP-odd parameters are constrained,
but not all, when using the signal strengths. More elaborate methods need to
be used to constrain the possible values of CP-even and CP-odd parameters
(e.g. EDMs, tensor structure of H — V'V, ...).

@ Explore possible BSM flavour-violating Higgs couplings.

@ With LHC Run 2 at 14 TeV, check in more detail how these constraints
evolve, and hope for an era of Higgs precision physics!

Thank you!
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Higgs L.rs: Neglected parts (1/3)

Lopc = ALsipa + 555 + ALk, + ALyp + ALGauge

@ 2-fermion vertex operators ALp,; couplings of fermions to SM gauge bosons
modified; strong constraints from EW measurements — Higgs
phenomenology not really affected.
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Higgs L.rs: Neglected parts (1/3)

Lope = ALsiom + D + D + ALyr + ALGauge

@ 2-fermion vertex operators ALp,; couplings of fermions to SM gauge bosons
modified; strong constraints from EW measurements — Higgs
phenomenology not really affected.

o 2-fermion dipole operators ALp,; contributes to electric dipole moments and
anomalous magnetic moments; strong constraints from EW measurements;
contribute to 3-body Higgs decay — very suppressed.
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Higgs L.rs: Neglected parts (1/3)

Lope = ALsiim + 5w + Dby + ALip AL Gauge

@ 2-fermion vertex operators ALp,; couplings of fermions to SM gauge bosons
modified; strong constraints from EW measurements — Higgs
phenomenology not really affected.

o 2-fermion dipole operators ALg,; contributes to electric dipole moments and
anomalous magnetic moments; strong constraints from EW measurements;
contribute to 3-body Higgs decay — very suppressed.

o AL, (4-fermion operators) and ALgquge (pure-gauge operators) are
ignored because they do not affect Higgs phenomenology.
ALGauge modifies only triple and quadruple gauge couplings.
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Higgs L.rs: Neglected parts (2/3)

Strongly-Interacting Light Higgs [Giudice et al. (arXiv:hep-ph/0703164)]:

CH ., ¢ T D)
ALsipn =5 50" (HVH)O, (HUH) + (#'DH) (H*ﬁH) }Z\(ﬁifﬁ

H H
—— (Cuvu@rH upr + CayaqrHdRr + ey LLHlR + h.c.)

ZCWQQ (HTUiD;LH) (DWW, + icp g’ (HTD“H> (8"Byw)

2m3, 2mi,
+ Y gy (D YW, 4+ B (DY (DY) B,
mW mw
= /2
S8 BB+ IS (G, o
My myy

(HTH)? term ignored because it modifies Higgs self-couplings only and current
precision is not enough (some prospects for LHC upgrade: [arXiv:1206.5001, arXiv:1301.3492] (LHC

14TeV), [arXiv:1212.5581] (LHC high lumi)).
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Higgs L.rs: Neglected parts (3/3)

CP-violating part:

ZCHW g ZCHB g

(D*H)"(D"H)B,,

Lcpy = (D*H)'o'(D"H )Wﬁu

mW mW

CV g t uv Eg 9?9 t a apv
+ (H'H)B,,B" + 35 (H H)G", G
miy myy

3
S

fachZU Gl;p G;}L

Gauge self-couplings modifications are also ignored here.
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Structure of Losr = Lo+ Ly +--- (1/2)

1 1 1 1 T T
Lo == gFu " = g2 2" = gWLW T = GG + T P fi+ Tri P fi

m%V 17— mZZ =, r
+TVVHW k “r?(l*CT)ZuZu* Z Mfff
f=u,d,l

2
+ 26, tan2 Oy (52 Zuw 2" + 2™ — 250Cuw Zu™) + ZEgz—gGWG“” + CP-Odd

+égZto” (tan2 Ow Z,,, — tan 9W’Y;w) + CP-Odd
+ ew (tan Oy Z0" v, + 210" Zy, + W' D"W], + h.c.) + CP-Odd
+ ¢pp X 3-boson + ¢y x 3-boson + CP-Odd

h - -
Ly = » |:2(2w7rLWW]LWM + czmzZ A Z myf (cg+ivsCr) f
f=u,d|]l
1 T v 1 A 1 1 AL a apv
- icWWWHuW - ECZZ nv - Zc'y'y'}/uu'y QCZ"/’Y[UJ + CQQGIWG

1. 1 1_ ~ 1
- §CWWWT W 7CZZZ 7 - ZCW’YW’Y §CZWWZ + *(ggGa G

— (Rww WD WS, +0.C.) = K22 200" Zyy = Kz, 20 Yy |
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Structure of Losr = Lo+ Ly +--- (2/2)

Not all of these parameters are independent. Indeed, it is a consequence of the
SILH Lagrangian that:
— 2 2
CWW = CpCz7 + 2C08wCz~ + 53Cyy
CWW = CpCz7 + 2C0SwCz~ + 55,Cyy

2
EWW = CyKzz + CwSwkzy
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SILH — L. sy dictionary

cw—l—c7H ; czzl—%{—%T
CH ~ ~ _
cf=1——+Re(ér) ; ¢f=1Im(¢s) where f=u,dl

2
cww = 4¢gw  and same for ¢y

2 4
_ s se ~
4 (cHW + —chHB — 472”@) and same for ¢z
c c

Czz =
w w
_ 2 =
cyy = —16s3,6, and same for ¢,
S _ _ _ ~
czy =2-" (egw — Cup + 8s5,¢,) and same for ¢z,
Cuw
9%
Cgg = 16?09 and same for ¢y
Sw ,_ _ _ _
Kzy = —2— (Cyw + ¢w — CuB — CB)
w
~ _ s2 s2
Kzz = =2\ Cuw +Cw + 5 Cup + 5 CB
c’u) c’u)
kww = —2(Caw + ¢w)
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Oblique corrections — S,7',U parameters (1/2)

[Peskin, Takeuchi (Phys.Rev.D46(1992)381-409)] They parametrize potential NP contributions
to radiative corrections to EW bosons propagators.

Vi= WiuZ7’Y'
\'
P N p P
[ AUV, Vo e Ve s
V1 V3 Vlu\\\v/// Va2
h
(a) Tree from Lo (b) Loop from Lp,

T (%) = G (Mava (p2) = T, 0) + 2T, (0) + (BT, (0) - ) + s -+

2 .2
aS = —4swcw5H§39) =4s%c2 (51_[(;% — 5H'(v2'v) - C“(;CS“WH(ZQW))
0 0 0 0 0 0
- s — 511y oy, oIy ST, oIy
2, m2, 2, m2,  md

aU = 452, (o) — oY) = as?, (o117, - 20N G) — 2,012 — 205,017

Hermes BELUscA-MaiTo (LPT Orsay)
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Oblique corrections — S,T',U parameters (2/2)

o At tree-level:

aS =252 (eg+ew), aT=cr, alU=0
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Oblique corrections — S,T',U parameters (2/2)

o At tree-level:

aS =252 (eg+ew), aT=cr, alU=0

e Dimension-6 operators introduce at 1-loop quartic (in T only), quadratic and
logarithmic divergences in S, T,U.
Current constraints on S,T,U (GFitter) — divergences should cancel.
A second hypothesis: no fine-tuned cancellations between operators of
different types (CP-even, CP-odd and k;).

After cancellation of the quartic divergence in T":

A% — m%, In A2

o Plen G rizz) + O (mP)

S, T,U =

where P is a multinom of degree 2.
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Simplifications via S,T,U oblique parameters

Removing the divergences in S,T,U requires the following constraints:

ki =0—=>cygp+cg=0=cygw +cw

cz = cw = cy — ¢r = 0 : custodial symmetry

and:

Cw ~
CWW = Cyy + ;szy (and — wa)
o — euw +¢up =0=cyw +Cup
Czz = CWW — ?CZ'y (and — sz)

w

Only logarithmic corrections remain.
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SM Constants values for numerical computations

We use the following values for the SM constants (from PDG 2012):

Grp=1.16637 x 107°GeV~2, agw(myz) =7.8186 x 1073,
ag(mz) =1 0.1184, myz = 91.1876GeV, my, =2 125.6 GeV

IWorld's average of ag in 2012, see [arXiv:1210.0325].
2This is the Higgs mass combination from ATLAS and CMS as of April 2014.
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Relative decay widths (1/3)

For (FF ) :
SM h—>V1V2

o Vi = V3 = g (which gives also _7222—):
- ggn,

Cay = Cgg +10721.298¢, — 1073(0.765 — 1.077i)c
Cog ™ Cgg — 10721.975¢, + 1073(0.875 — 1.0841)3,

|Cgg,sa1| =~ 0.0123

G~ oy 4 1072(1.050cy — 0.231¢;) + 1075(3.399 — 4.7861)c
+1075(2.934 — 2.674i)c,

Gy = Ty + 10733.5092, — 1075(3.887 — 4.813i),
—1075(3.136 — 2.6764)c;

|57 51| = 0.0083
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Relative decay widths (2/3)

oV =2ZV,=7:

€z =~ €z +1072(1.507cy — 0.0784¢;) + 107°(2.063 — 1.210i)c,
+1077(3.570 — 1.535i)c,

Ty = Gy + 10731.1902, — 1075(2.414 — 1.213)5,
—1077(4.008 — 1.5364)c,

|cz.501] ~ 0.0143
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Relative decay widths (3/3)

r
<F> ~ ¢y +0.022¢2, + 0.035¢%,, + 0.253cy ¢y
SM /J zzx—al

+0.316¢cy czy + 0.056¢yczy
+0.009¢2., 4 0.014¢%., 4 0.023¢,, ¢z~

r
(r) ~ ¢, +0.051¢3,, + 0.166¢7., + 0.380cy ¢y
SM /] Ww*—212v

+0.687cyczy + 0.184cyczy
+0.021¢2., 4 0.069¢%., + 0.076¢, ¢z~
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Relative production XSecs

Many events generated with MadEvents at /s = 8 TeV to simulate the
production of Higgs via pp collisions for a set of values of ¢; and ¢; couplings,
then we perform a fit on a multinom of the form:

o

2 2 2

(U > >~y +aich, + ety + Q3Cy Cyy + QUCY Czy + Q5CyyCry
SM

+ 18, + B2, + BalyyCay

"SM)hW/Z
Coefficients depend on set of cuts (=— efficiencies):
o VBF — ATLAS: pr > 25 GeV and |n| < 2.4; pr > 30 GeV and
2.4 <|n| <4.5; m;; > 500 GeV; |An;;| > 2.8, AR;; =0.4
[ATLAS-CONF-2013-030, ATLAS-CONF-2013-067]
e VBF — CMS: pr > 30 GeV; |n] < 4.7; mj; > 650 GeV; |An;;| > 3.5;
AR;; =0.5

[CMS-PAS-HIG-13-007]

g
osM )y R

Higgs associated production: ( ; Vector boson fusion: (

o VH: pry > 200 GeV; pry > 190 GeV ("boosted” Higgs)

[LHC Higgs XSecs (arXiv:1307.1347)]
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Relative production XSecs (1/2 — VH)

(U> ~ cfr 4 24.481c2, + 79.810c%., — 4.610cy ¢y — 8.324cy 2
OSM /) hw
+ 88.405¢Cz~

+22.430¢2 ) + 73.122¢%., + 80.997¢,,Cz

(") ~ i + 18.992¢, + 57.969¢%., — 4.460cy ¢y — 6.708cy 24
OSM / hz

+59.580c,yCz~
+ 16.54672 | + 50.645¢7%., + 51.865¢,Cz~
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Relative production XSecs (2/2 — VBF)

o

2 2 2

( ) ~cy + o1c, + Q2Cz,, + Qa3Cy Cyy + QY Czy + Q5Cy Czy
0SM /) vBF

+ ﬁlazw + ﬂZEQZry + BSEW'VEZW

Table: Coefficients a; and (3; for the VBF relative cross-section. For each coefficient,
two values are given, the first one corresponds to a fit where cross-terms cwwczz/~y/z+
(and Eww€zz/y/2~) Were kept, whereas the parenthesized one corresponds to a fit
where those cross-terms were removed, because they are approximately two order of
magnitude less (Values given for the chosen cuts described before).

[ Cut [ a1 | o [ a5 | g | a5 [[ B | B | B3 |
ATLAS | 1.483 | 3.065 | 0.327 | 0.569 | 3.329 1.367 | 2.765 | 3.004
(1.490)| (3.086) (0.328)| (0.570) (3.352)|| (1.370) (2.777)| (3.017)
CMS 1.281 2.419 | 0.270 | 0.465 | 2.635 1.210 | 2.243 | 2.451
(1.284)| (2.429) (0.270)| (0.466) (2.645)|| (1.212)| (2.255)| (2.460)
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Experimental data (1/2)

@ Combined Tevatron measurements [CDF & D@ (arXiv:1303.6346)]:

~incl.

Hyy

=6.27

~inel. +0.9 ~VH _ +0.77  ~incl. _ +2.2
wiir = 092058, Ay = 1.62Z0 77, i = 2.17557,
@ ATLAS and CMS data:
CMS
ATLAS Prod2LI1)ct|on Decay - 77;1029 Ref.
Production Decay /:/« Ref. ’;’YZ 0‘92183% [CMS-PAS-HIG-13-001]
2D 7y 1557058 fooiv1307 1627] WW 0 72*8'5‘2’ [T
77 1A10E JE— 09 -
033 T 0977027 [R——
WwW 0.9870 5 o307 1427 =025
028 VH bb 1.0£0.5 Jarxiv1310.3667)
T 1.36:1:38 [ATLAS-CONF-2013-108] VBE M 0TE1d
VH bb 0.2707 [ATLAS-CONF 2013079 o 0 T e e o
ttH bb 1.7+£1.4 | prssconraomon) 0 233;?4
Yy 130 £ 3.18 | (rins conr aorsoen i o fthcomel
inclusive | Z~ PRT RN — - T
151456 S — multi-¢ 3.7 [CMS-PAS-HIG-13-020]
e : : inclusive | Zv 021 £4.86 | pororses
LufL 2-9t§i7 [CMS-PAS-HIG-13.007]
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Experimental data (2/2)

@ EW precision measurements from LEP, SLC and Tevatron collected in
Table 1 of [Falkowski et al. (arXiv:1303.1812)] using a cut-off scale A = 3 TeV for the
logarithmically divergent corrections from the Higgs loops to the EW

precision observables.
0 2

The X%WPT function can be approximed around its best-fit point (c?,, Comys CZ

by the following quadratic form:
Xpwpr({ei}) =193.005+ Y (e —¢)(0%);; (¢ =€)
L,j=V 7,2y
where (0%);; = 0;pi;o;; its minimum point and the corresponding standard
deviations for each component being:
) =1.082, ¢, =0.096, %, =-0.036,

Cryy
oy = 0.066, 0, =0.653, 0z, = 0915

and the correlation matrix in the {cy, ¢y, cz~} basis:

1 0.275 —0.138
p=1 0.275 1 —0.989
—0.138 —0.989 1
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