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After Higgs boson discovery in 2012

Many open questions:

@ [s the Higgs fundamental or composite 7

@ What is the origin of the stability of the hierarchy between the
electroweak scale (Higgs mass) and the Planck mass?

@ Does the Higgs sector just consist of one doublet?

The "Higgs sector” properties = a way to explore possible Beyond Standard
Model physics.
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Extending the Higgs Sector

Here:

@ Does the Higgs sector just consist of one doublet? Minimal content?
Consider it is not — Extended Higgs sector

Many constraints need to be satisfied by the Higgs sector:

@ The p parameter should be very close to 1

@ There should be a scalar of mass 125 GeV with properties very close
to those of the SM Higgs

@ The other states should be such that they escaped present
experimental searches

Here, we will discuss the case of a Two Higgs Doublet Model (THDM)
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Extending the Higgs Sector to THDM

Consider two Higgs doublets ®,, ®, which mix. Rotate their neutral
components to a basis where one Higgs only has a vev:

(e )-5(e 2 ()

In the new basis, we can write the mass matrix as

Z,v? Zgv?
2 _ (4 6
M = <Z6v2 m? + Z5v2> ’

The mass eigenstates are h and H if Zg =0.

This is the condition for alignment: mass eigenstates align with the
electroweak vacuum expectation value.
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Extending the Higgs Sector

If Z; # 0, the two mass eigenstates h, H are obtained after a further

rotation:
h _( Sp-a Cp-a h
H ) \csa —5sa H

In terms of the masses of the physical bosons m,, j this gives

Z6U2 :sﬂfacﬂfa(m% - m%{)

Summary
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Coupling of the light Higgs to SM

The coupling of the light Higgs h is modified with respect to the SM Higgs’
value.

@ The h coupling to all up-type quarks is multiplied by:

cos
Ky = —
“  sinf’

@ The h coupling to all down-type quarks is multiplied by:
sin o
cos f3

Rg =

@ The h coupling to vector bosons is multiplied by:

Ky =sin(f — «).
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Experimental constraint on Zjg

A combined ATLAS+CMS bound on the ratio:

Ay, = Rv _q+0.13 _ 1

u = —0.12 = 7 1 __°
Ko, 1+7t[3tﬁ,a

This is enough to constrain

7'3tﬁ m%{ — mi

tots o 2 7.3 =124 < ‘

S B3+t2 02 |
Example:
mi —mj,

tﬁm7.3=>|ZG|g‘fo.5

v2

The bound is much more stringent for large or small ¢5.
It is relevant when the two states masses approach degeneracy.

Summary
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Stronger experimental constraint on Zg

K - tﬂ
A, =24 _09240.12= L5 a
d P j: ]_+

u

u tgtg_q

and, since from the previous constraint we know that the denominator is
nearly equal to one, we have

ts
—0.04< 2 <02
ts o

1
o™ and

which in turn implies t5_,, > t5 and so s5_,cg_
mi —mj,

2 2
m
b5 2502
5’1)

,0_04L
tgv2

This leads to a sensible constraint; for example, for m; = 600 GeV and

tg =5 it leads to Z5 < 0.2.
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Towards alignment

2 2 2 02
_0.04M /S O_QM
tgv? tgv?

This leads to a sensible constraint; for example, for m ; = 600 GeV and
tg =5 it leads to Zg < 0.2.

@ So we see that either we should take the mass m to be large, in
which case we have decoupling

@ we keep the new sates light in order to possibly detect them at the
LHC, in which case we need alignment without decoupling

Summary
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Towards alignment

Z 02 Z g2
2 _ (41 6
M, = <Z6v2 m2 +Z5v2) ’

and
m? + Zgv? > Zgv?

@ Decoupling: we take the mass my large: m?% > v?

@ Alignment without decoupling: m g not large, Zg small. We keep the
new states lighter in order to possibly detect them at the LHC,
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Alignment without decoupling

Zv? Zgv?
2 _ (4 6
M, = <Z6v2 m? + Z5v2> ’

Making Zg small:
@ Accidental / tuned as such (example MSSM).
@ Some symmetry

Easy to find a symmetry for the Higgs scalar potential. Less easy is to find
one that is not spoiled by the couplings to matter.
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The THDM parameters

The THDM scalar potentiel can be parametrised as:
V= m%lqﬂ;q)l + m§2<1>$<1>2 - [mizq)]{(bz +h.c]
1 1
PN (@182 + (@],
HFA3(P] 1) (21Dy) + A4 (P P,)(21))
1

+ 5)\5(@’{@2)2 + [>‘6(‘I’J{q>1) + >\7(¢J2rq>2)]q>1rq>2 + h~¢} )

where ®,, ®, are the two Higgs doublets

Summary
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THDM mass matrix elements

To begin with, the mass-matrices for the CP-even neutral scalars in the
two-Higgs doublet model can be parametrised in the alignment basis where

() 2) ()

Z,v? Zgv?
2 _ (4 6
M = <Z6v2 m? + Z5v2> ’

where, using A5 5 = A3 + Ay + A5 we have

1 1
Z, E)\lc‘é + )\28;13 + §>‘345S§B’ Zy = ngﬁ A1+ Ay — 2X545] + A5
1
Zy=— 5528 [>\1C§ — /\28% — /\345025] .
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THDM tree-level masses
The parameter m , is the pseudo-scalar mass, given by
2
m?% =— Miz _ A5v?,
SpCs
while the charged Higgs mass is
2 1 2 2
M+ :§(>\5 — A v® +mi.
The neutral Higgs masses are
1
m3, = 5 m3 + (2, + Z)v? + \/(mi1 +(Zy — Z,)02)? + 42204

Summary






S R m—
Supersymmetric THDM

SM — Minimal Higgs sector: 1 Higgs doublet
Supersymmetry — at least: 2 Higgs doublets

In the minimal version, MSSM, only alignment with decoupling is natural.
Extend the MSSM with:

@ A symmetry of the Higgs potential

@ The required new states to enforce realistic model

Check its experimental viability.
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Introduce more supersymmetries: N = 2

Higgs sector Chiral matter

Gauge sector

Figure: N=2/N=1 sectors.



The added new states S and T

@ Make the two MSSM Higgs doublets (H,, H;) an N = 2
supersymmetry hypermultiplet.

@ Introduce two chiral supermultiplets S and T" adjoint of U(1) and
SU(2).

DA



S and T' coupling in the Higgs superpotential

New couplings to the Higgs:

Whiges = p Hy - Hg + AsSH,, - Hg +2Ar Hy - TH,,

The role of N = 2 is to fix:

Sl Sl
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Decoupling part of the added new states S and T

@ S and T fermionic components combine with U(1) and SU(2) to
generate Dirac masses for gauginos

@ S and T bosonic components get vevs: small contribution to p
parameters — small vevs — TeV mass for S and T" bosonic
components

1 - The (pseudo)scalars in S and T" made massive:
They are decoupled — effective THDM

2 - Fermions in S and T remain light: extended neutralinos and charginos

sectors.
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Higgs potential

Vew =Vo+ Vi +V;
The first part:

g% +g’?
32

(mig, +1%) 5 (i, + 4%
2 “ 2
is the MSSM contribution. The second,

Vo= hifB#huhdJr (h2 — h2)?

Ag? + A p?
Vi= s 4 = hihi
is a quartic term.
V, contains the explicit dependence on the mass parameters of the S and T’
adjoints. In the case of interest: m ¢ — oo and m, — oo

AS2 + >‘T2

v
! 4

V, — 0

hah

the MSSM scalar potential and a quartic term.
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Mapping this model to generic THDM: masses

To map our model onto the THDM make the identification:

; j Hy
&, =H,, @3 :7Eij(Hd) AN ( H; ) = ( _((I)ir)* )

from which we can write down

_ 2 2 2 _ .02 2 2 _
miy; = my, +p°, M3y =My, + 17, mi, =B,.

Summary
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Mapping this model to generic THDM: couplings

The (pseudo)scalars in S and 7" massive are decoupled — effective THDM
The parameters A, are given at tree-level (mg — 0o and my — c0):

sy

A ==(95 +9%)

—

Xy ==(93 +9%)

Az = (95— 9%) + 2272

NG

1
Ag=— 593 +’\S2 _>‘T2

Ay =Ag = A, = 0.
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Higgs alignment without decoupling from N=2

WHiggs = H‘Hu : Hd + ASSHu : Hd +2>\T Hd : THu

The scalars mass matrix

Z,v? Zgv?
2_ (4 6
M= = <Z6v2 m3 +Z5v2> ’

with at tree-level:

1 (9> +9"?)
Ze = —5528C2p {T —(As®+Ar?)

— Zg = 0 for the N =2 THDM at tree-level

Summary

N=2 = Alignment without decoupling
I. Antoniadis - K.B. - A. Delgado - M. Quiros, 06

This has experimental consequences: constraints and signals
K.B.- M. D. Goodsell - S. Williamson ’18 / J. Ellis - J. Quevillon - V. Sanz, ’16
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Higgs misalignment from N=2 to N=1

The alignment without decoupling was a consequence of N = 2
supersymmetry in the gauge/Higgs sector. BUT:

@ this can be realised above some scale M y_,.

@ below M y_o/Mgpygy till Mgy gy the theory can be at most N =1
because it has chiral matter.

@ below Mgy gy the theory must be N = 0.

We need the alignment w/o decoupling at the LHC scales

Not enough to achieve alignment at a very high scale.
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Higgs misalignment from N=2 to N=1

The presence of chiral fields generates some misalignment:

1
Zs(Msysy) = 526C2p (2As2 —g3) + (2Ap2 — g%)] + threshold corrections.

The misalignment due to runnings of Ag and g’, and A, and g:

[2/\ 2 79/2] _ 29”2 [3|y |2 + 3y |2 +ly ‘2 - 109/2] log Apn_s
3 ANt 1672 t b T Any )’
2g° Ay
2X-2 — g2 - _ 2 2 2 _ 64211 N=2 )
222 =g?], | Toz [B1Yel* +3lysl* + |y, |* — 69°] log (AN:1

K.B. - M. Goodsell - S. Williamson, 18
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Higgs misalignment from N=2 to N=1

These equations are only useful for small M _,/ Mgy sy, because for large
ratios the top Yukawa coupling can change by a factor of two or more, but
it gives an indication of the amount of misalignment:

t t3 -1 log My_o/M
Zs(Mgysy) ~—0(0.1)—- < 2 ) ( =2 SUSY) .
1+ t% t% +1 10

Small !!!!
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Higgs misalignment from N=1 to N=0

Misalignment induced from:
@ the threshold corrections at Mg gy
@ the running between M g5y and the scale of the THDM

These can both be approximated at one loop by corrections to the d\;:

1 M% [ 4 4 2 2-
yi , mf
Oy =0, + o2 log e
1 MZ T |
X3 =15 log /722 Ag? + 30 — 22202
1 M2
Xy :@4)\32)@2 log 2

Summary
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Higgs misalignment from N=1 to N=0

We then find the remarkable result:
@ The singlet/triplet scalar contributions to Zg exactly cancel out!
@ The dominant contribution to Zg is that coming from the stops:
2

3y4 m
Zg(v) 2Zs(Mgysy) + sheg x 8771'; log m*%a

Summary

Although the magnitude of this is the same as the loop contribution to Zg

in the MSSM, the misalignment thus induced is much smaller, because

@ there is no tree-level contribution

@ it is also proportional to the stop correction to the Higgs mass, which
is smaller than in the MSSM due to the tree-level boost to the Higgs

mass from Ag r.
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Higgs misalignment without decoupling precisely

A precision study using numerical tools shows that the misalignment in the
model is even smaller than the above naive estimate

SzC ~
Z BB m%4 —m32)(m2 — M2) —v25 m2 s2 — M?2
6 — v2(mAsB+MZCB mle) [( A h)( h Z) 345( A°B Z

~ 2
tg 21+tﬁ

012 1 ¢
~ 2o 2rs - )+ 2ant - )] Q0
The departure of Ag - from their N = 2 value accidentally cancels the
other contributions making Z; smaller !!!
K.B. - M. Goodsell - S. Williamson, ’18
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Numerical value of Zg

0.1

Zs(Q
/

My 2= Mgy

—
Veh=1010 o]
~ Gey S~

0
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-o.

10 15 20 25 30 35 40 45 50 10 5 20 5 o
tanf

Figure: Z4(Q) against tan 8, where @Q = 400 GeV is our low-energy
matching scale. We find that the model shows good alignment for all
values of tan 8 > 1.5, with the surprising conclusion that raising the
N = 2 scale improves the alignment.
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Fitting the Higgs mass

—
—
ASOSpy = T=Npy

~—_ 2
— N
My_,=10" Ge

2000 3000 4000 5000 6000 7000  10° 10°

Mgysy (GeV)

Figure: SUSY scale that fits mj = 125.2 GeV against tan 3. The cases

Mpy_o = {Mgygy,101°0 GeV,10'6 GeV} are the solid lines in blue, red and purple
respectively and are labelled in full; the cases M _g = {104, 106, 108} GeV are respectively
shown in blue dashed, solid green and solid orange curves and only labelled with

{104,109, 108}.
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Experimental constraints fron p parameter

2.4
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Flgure: Ap calculated at one-loop in the low-energy theory, for different values of M _o
given in the legend. We see that the magnitude is roughly equal to the experimental error, and
we are always well within 30 of the experimental central value (which is anyway above the
Standard Model value by 1.60).

Ap=(3.7+£2.3) x 1074, (4)



Introduction THDM THDM parameters Alignment w/o decoupling Challenges Summary

experimental constraints
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Figure: Ap calculated at one-loop in the low-energy theory, for
different values of My _o given in the legend. We see that the
magnitude is roughly equal to the experimental error, and we are
always well within 3o of the experimental central value (which is
anyway above the Standard Model value by 1.60).
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Experimental constraints on M
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Figure: Bounds from pp — H/A — 7+ 7 (blue region) and B — s~ (red region, m 4 < 568
GeV).

The present limit on M puts it in the region where it corresponds roughly

to decoupling ( i.e. the value needed to fit the precision on couplings for
alignment).






Take-away

@ For THDM: LHC data require alignment of the light Higgs with the
direction having a vev

@ Alignment is realised either with or without decoupling

@ N = 2 susy of the Higgs sector leads naturally to alignment without
decoupling

@ An alignment without decoupling to an impressive amount remains
after quantum corrections !!!

@ Alignment without decoupling important if the data improves
precision of Higgs couplings measurements
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