Higgs Sector Beyond the Standard Model

and a Role of Quarkonia

Damir Becirevic

In collaboration with Olcyr Sumensari
hep-ph/1510.xxxxx

LPT - Orsay

New Possibilities in Physics of Quarkonia, IHP, September 24, 2015

Damir Becirevic (LPT - Orsay) Higgs Sector Beyond the Standard Model and



@ So far no clear signal of NP has been found at the LHC.

@ No other scalar gb below my = 125.7(4) GeV - LEP and Tevatron
[above?]

o )\ indeed small [m? = 2A\v?], perturbativity OK, but metastability of
the SM vacuum at very high energies (academic problem?)

@ Hierarchy and Flavor problems remain unsolved.

@ SUSY solution to hierarchy contrived. [Else?]
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@ No other scalar gb below mj = 125.7(4) GeV - LEP and Tevatron
[above?]

@ Hierarchy and Flavor problems remain unsolved.

@ Attack the problem pragmatically — from the scalar sector [2HDM].

e What about a gb CP-odd below mj = 125.7(4) GeV? Rarely asked a
question!

@ DM portal: mediating interactions between SM and DM fermions.

Coy Mediator: [Boehm et al. 1401.6458]
[Arina et al. 1409.0007]
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@ No other scalar gb below mj = 125.7(4) GeV - LEP and Tevatron
[above?]

@ Hierarchy and Flavor problems remain unsolved.

@ Attack the problem pragmatically — from the scalar sector [2HDM].

e What about a gb CP-odd below mj = 125.7(4) GeV? Rarely asked a
question!

@ DM portal: mediating interactions between SM and DM fermions.

Coy Mediator: [Boehm et al. 1401.6458]
[Arina et al. 1409.0007]

Can a light CP-odd Higgs be accommodated in 2HDM?

What can we learn from Jow-energy processes?
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2HDM

Scalar potential:
A A
V(®1, D) = mi; ®Id1 4+ mpdldy — mi,(dd, + i) + 71(<1>1<1>1)2 + 72(<1>§<1>2)2
A
+ 20001010 + A 0] 020101 + 2 [(®]02)” + (0)01)’]
with
o3 10
¢, = : 5 =4
(%(Va +pa+ m.;)) a

and Z> symmetry [®1, — —®P1 2] & SB term m?,
@ Two of the six fields can be gauged away

@ Remaining spectrum

HY = ¢7 sin 8 — ¢3 cos 3, A = mnisin 8 — m cos B,
H = —picosa — p2sina, h = pisina — prcosa,
with
V2 2(—my + Asasviva)
tang = —, tan(2a) =
p v (20) m2,(va/vi — vi/v2) + AvZ — Aav2
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2HDM

Scalar potential:

V(1, D) = miy @] d1 + m2dids — mi,(dId, + dlo) +

A A
2 (@]01)" + (012’

A
+ 2a0] 010102 1 1 0] 02010, + 2 [(zb{zbg)? n (¢§¢1)2]

In other words,

AL =

Ao =
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As =

2
mio
sin B cos 3
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2HDM

Scalar potential:
V(®1,05) = mi; @101 + m3, 0l — mi, (0], + o) + ﬁ(<I>I<I>1)2 + %(cbicbz)2
A0l 0105, + A dld, 010, + 2 > [(@102)° + (ol0:)]
or conversely,
my = M? sin2(a -B)+ <)\1 cos® avcos® B + Ao sin® asin® B + % sin 2a:sin 25)

m: = M? cos2(a - B)+ ()\1 sin?acos? B + Ay cos asin® B — % sin 2asin 26)

My = M= ==
2
m
where M2 = — 12
sin 3 cos 8
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Generic Constraints

@ Scalar potential bounded from below if:

A2 >0, Az > _()\1)\2)1/27

and Az 4 As— [ As] > —(Arda)Y?

@ Vacuum Stability (9V /Ovi,» = 0) amounts to solving

)\1 V2 )\3 V2
1 2

m§1+ 5 5
XovZ AsvP
iy 222 4 221

Vi
Vi

V2

[mfz —(\a+ )\5)%]

— [mfz —(Aa+Xs) Vlvz]

@ Higgs scattering: unitarity bound on the S-wave partial wave amplitudes

lax|, [b<|, [exl, |fel, [er], [fil, [p1] < 87

@ AND: ma < my/2 watch out for ['(h — AA) not to be large [< 30% " (h)]

= Impossible to have small T'(h — AA) with ma < ms/2 and tan 8 2 10. ‘
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Results |. Generic Constraints

e We studied the 2HDM scenarios with light CP-odd Higgs (ma < my) .
@ Using the general theory constraints = light CP-odd is perfectly
plausible.

IM?|< 1 TeV?
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Results |. Generic Constraints

@ We studied the 2HDM scenarios with light CP-odd Higgs (ma < mp) .
@ Using the general theory constraints = light CP-odd is perfectly

plausible.
120
100f,
2 z
<) 9 e
g g 2
=300 GeV 205" my== 500 GeV] 20 M= 700 GeV
S50 W s ST a0 55 30 5101520 25 30
tan 8 tan B tan 8
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2HDM: Yukawa sector

Ly = —Q (T + Tdd,)df — QL (TV0S + T50S)uf
— L (T{P1 + T5P2)lk + hec.

o " (a=u,d,l et i=1,2) Yukawa couplings
e Q't (L't) quark (lepton) doublet
@ FCNC problematic!

EQ’C — _ Z % (Chf ?fh—f— CHf ?fH - iCAf ?7564)
f=u,dt

Damir Becirevic (LPT - Orsay) Higgs Sector Beyond the Standard Model and / 20



2HDM: Yukawa sector

Ly =—Q(T{d1+Tds)dg — Q' (T{dF + M5dS5)uk
— L7 (Tidy 4+ T5®2) 0k + h.c.
Ways out

e Introduce Z; = dg, ug, {x coupling to one doublet each = models
type |, Il, X et Z

Model UR dR LR

Type | ¢2 d>2 ¢2
Type Il ¢2 Cbl q)l
Type X &y &y Oy
Type Z ¢2 ¢1 (DQ

@ Alignment — Yukawa matrices (nearly) proportional
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Flavor Observables

Flavor observables can provide strong constraints:
o T — ~mp, through mixing A ~> np.
@ Bs — pu~uT. Pich et al. 1404.5865

New (scalar) contributions:

b

W

wl
al
o
il
:L
al
ju]
A
T

= Impossible to dissociate A and H* (gauge invariance).
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Flavor Observables

Flavor observables can provide strong constraints:
e T = npyyand T — 47 7.
@ B, — p~pt. Pich et al. 1404.5865

In our framework, the relevant contributions are:

2
B(Bs — pu*) ox |Csf? + | Cp + 2™
mBS
where C; are Wilson coefficients of
Op o (5Prb)((y,7s¢) O10 (39" Prb)(lvs0)
—_— —
New contribution Dominant in the SM
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(g —2),

@ We don’t know if the anomaly is due to NP.

@ Problematic cancellation between 1 and 2-loop diagrams (Barr-Zee)
= A more systematic study is needed.
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Results Il. Flavor Constraints

@ We separated two situations: ma < my/2 or ma > mp/2.
@ Former case: important possible signatures in T — 7,y (mixing A — ).
@ Major constraint from Bs — p*pu~: HT cannot be dissociated from A .

@ B — D71v and BT — 71v - useful constraint for my+ < 500 GeV.
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Results Il. Flavor Constraints

@ We separated two situations: ma < ms/2 or ma > mp/2.

@ Former case: important possible signatures in T — 7,y (mixing A — ).
@ Major constraint from Bs — p*pu~: HT cannot be dissociated from A .
@ B — D71v and BT — 71v - useful constraint for my+ < 500 GeV.

Type II — my+= 500 GeV Type II — mp+= 700 GeV

1001 5 100} g
Permitted by
Ba — pu " p
80 o e s 1] 80
/9 —~
60 > 60
o [&)
O @)
40 ~ 4o0f
g <
20 S 20}
0L = R =N
0 10 20 30 40 50 60 70 0 10 20 30 40 S50 60 70
tan S tan 8

@ (g —2), is not a reliable constraint (white lines) ...
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Results Il. Flavor Co aints

L =~ 3 (G Ffh+ Cur FIH — iCar FrsfA)

f=u,d,l

@ What if Car were universal?

Universal Universal
120F 120 p :
100} 100
80 [ _. 80
% %
O 60 O 6
< <
S £ .
201 my== 300 GeV 20 my== 500 GeV
ok 0
0 2 4 6 8 10 0 2 4 6 8 10
CA CA
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Future Experimental possibilities

Large enhancements can be checked in the decays 7, — (T¢~(JP =07):

@ Process suppressed in the SM = We are sensitive to New Physics.
@ New Physics appears at tree-level.
o Non-perturbative QCD effects are under control (Lattice QCD).

<=

o VS

3 \ A

Damir Becirevic (LPT - Orsay) Higgs Sector Beyond the Standard Model and / 20



Future Experimental possibilities

Large enhancements due to pseudo-scalar bosons can be checked in the
decays np,c — ¢4~ (JP = 07) and similar modes.

For 2HDM-II,
1 B
Exp. limit

? """""""""""""""""""""
Il\ 0.01

& 10

10—6 L Enhancement:

g T — (A~ )y P BT —
S~—r an b =
Q 0, [ —

10710 . .
20 40 60 80 100
ma (GeV)
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There is still room for a light CP-odd A in minimal models (such as
2HDM)!

The situation can change with
@ More accurate measurements of Bs — p~ ™ at LHCb.
e Search for npc — ¢~ ¢* in Belle-2, LHCb and elsewhere.

@ B, decays can be very useful too! If

B(B — D™7u,)

Rot) = oy —
ot = B(B = D™ puw,)

is indeed at odds with SM then the same effect of charged Higgs

should be testable in B — 7v;, Bc — J/Y/lvy and B, — nlyy, and
even in T — B.luyy.
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@ More accurate measurements of Bs — p~pu™ at LHCb.
@ Search for np . — =% in Belle-2, LHCb and elsewhere.
@ B. decays can be very useful too! If
R _B(B- DY ru,)

P = B(B = DM uw,)

is indeed at odds with SM then the same effect of charged Higgs
should be testable in B, — 1v,, B. — J/¢¥lv; and B. — nlvy, and
even in T — B:lyy.

N.B. In the whole discussion above, lepton flavour universality was assumed!

LFUV effects can be tested too!
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