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© Motivation



o The SM Higgs sector is the simplest possibility to accommodate
observations.

o Hierarchy and flavor problems remain unsolved.

o Maybe there exist more scalar states?

o Much richer phenomenology with two Higgs doublets - 2HDM.
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o The SM Higgs sector is the simplest possibility to accommodate
observations.

o Hierarchy and flavor problems remain unsolved.
o Maybe there exist more scalar states?
o Much richer phenomenology with two Higgs doublets - 2HDM.

o What about a CP-odd Higgs lighter than h(125)? Can this scenario
be accommodated in minimal 2HDM?

= Light CP-odd portal for DM — Coy Mediator, [Boehm et al. 2014].
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Relevant questions:

(i) What can be learned on the 2HDM spectrum from general theory and
phenomenology considerations?
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(ii) How can we search for the additional scalars in current/future flavor
experiments?
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Relevant questions:

(i) What can be learned on the 2HDM spectrum from general theory and
phenomenology considerations?

(ii) How can we search for the additional scalars in current/future flavor
experiments?

= Possible due to the maturity of LQCD and unprecedented
precision in flavor experiments.
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© Scalar spectrum and constraints



2HDM: Scalar Spectrum

Scalar potential:

A A
V(®1,®2) = miy ®1®) + m3,®I Do + mis(BIdy + BLdD,) + %(@}@1)2 + ?2(@;@2)2

As
+ 2:0] @1 0] @2 + 0] 020}01 + 5 [(@1%)2 + (@3@1)2] ,
with

¢+
(I)a:< 1 N . >7 a:1a2,
%(va +pa + Zna)

and Zy symmetry [Py — —d5].
e Soft-breaking term oc m?, = more realistic spectrum.
e Physical particles: 3 neutral scalars (h, H, A) and one charged (H¥).
HY = ¢ sin B — ¢3 cos B A® = pysin B — 1 cos B
H = —picosa— pysina h = pysina — ps cos o,
with tan 5 = vy /vy.
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General Constraints

Scalar potential bounded from below if:

> —y/ A1 Ao

M2>0, Ag>—(MA)Y? and Az 4 A —

As

Stationary conditions (0V /Ov; 2 = 0) determine m?,, m3,.

Scalar scattering: unitarity bound on the S-wave partial wave amplitudes:

lat|, b+, [cx], [fe], leral, [fil, [pr] < 87

[more constraining than |\;| < 4]

Electroweak precision tests.

SM-like couplings hZZ and hWW: |cos(8 — a)| < 0.3.

AND: m4 < my/2, watch out for I'(h — AA) not to be large
(< 30%I'(h)SM]
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e \We randomly scan the parameters in the intervals:

2
tan 8 € (0.2, 50], a € (—g, g) ) bm'gg)'sﬁ = |M2} < (1.2 TeV)2,

mpg+ € (my,1.2 TeV), my € (my,,1.2 TeV), ma € (20 GeV,1.2 TeV),
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e \We randomly scan the parameters in the intervals:

T |m122| 2 2
tan 8 € (0.2, 50], ae( 2,2)7 S cos |M?| < ( eV)?,

mpg+ € (my,1.2 TeV), my € (my,,1.2 TeV), ma € (20 GeV,1.2 TeV),

e These quantities fully determine the parameters in the scalar potential:

1 2 5  sin’a 5  cosla o
/\lzﬁ(_tan B +coszﬂmh+0052ﬁmH ’
A _ 1 —cotQBMQ—i—COSQO[mQ—i—Sinzo‘m2

2T 2 sin? 3 h sin? 5 ")

1 9 9 sin(2a) , o 2
As=—[-M" +2 —

3 02 ( + M+ + s1n(2/3) (mH mh) )

1

1
/\5ZE(M2—W§)
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Results |. Generic Constraints

0
0 200 400 600 800 1000 1200
my [GeV] tan G

= Light CP-odd Higgs (m4 < my,) perfectly plausible.
= Impossible to dissociate A and H* (gauge invariance).

= Values of tan 3 > 15 require a tuning of parameters (M? ~ m?%).
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© Flavor physics observables
@ Flavor probes of 2HDM scalars
@ 2HDM and exclusive b — sf{ decays
@ Exploring the light CP-odd Higgs window



2HDM: Yukawa sector

Ly =—Q (T{®) +T5dy)d — Q' (TIDf + TYDS)u,
— T (T{®y + T502) 0 + hec.

o I'"(av=wu,d,l and i = 1,2) Yukawa couplings.

e Q' (L)) quark (lepton) doublet.

e In general = FCNC problematic.
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2HDM: Yukawa sector

Ly = —Q'[(T{®) + T§®y)dp — Q' (T 0] + T505)upy
— T (T @) + T5®2) 0 + hec.

Simplest ways out
e Introduce Zo symmetry = dgr, ugr,{r coupling to one doublet each
= Models type I,II,X and Z

Model UR dR LR

Type | @2 (I)Q CI)Q
Typell &9 &7 Dy
Type X CI)Q (I)Q CI)l
Type Z CI)Q (I)l (I)Q

e Alignment: Yukawa matrices proportional at Axp.  [Pich, Tuzon. 2009]
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Flavor physics observables

e The charged Higgs can affect:

o Tree-level decays (b — cTv, b — utv):
-

1 L";'c<\';
"0 D
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Flavor physics observables

e The charged Higgs can affect:

o Tree-level decays (b — cTv, b — utv):
-

1 L";'c<\';
BUE Tl

d

o Loop-level decays (b — stf):
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Flavor physics observables

e The charged Higgs can affect:

o Tree-level decays (b — cTv, b — utv):
-

1 L";'c<\';
BUE Tl

d

o Loop-level decays (b — stf):

e A light CP-odd opens the possibility to explore new observables: pseudoscalar
quarkonia decays (7., — £7¢~) and Higgs decays (h — 1. ,0T07).
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2HDM and b — st/

Subtleties in the matching prescription  [Arnan, Becirevic, Mescia and OS. 1703.03426]

Standard (dim-6) eff. Hamiltonian for b — s¢¢:

4G e
o = _T; Vi Vi | D Cilp) Oi(p) + > (Ci(u)(?i +Cf (M)OQ)]
i=1 i=7,8,9,10,P,5,...
08 = (57, Prry b) ((40), 018 = (59 Primyb)(7*2°0),
O = (3Pp1,b) (1), OF) = (5Pp(1)b)(D50),

Og/) = mb(EO'MVPR(L)b)F‘U'V .

Relevant 2HDM contributions: Cg, Cp, C7, Cy and Ciy.
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e Boxes: Cg and Cp.

e v penguins: C7 and Cy.
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2HDM and b — st/

Subtleties in the matching prescription  [Arnan, Becirevic, Mescia and OS. 1703.03426]

Important points:

e Couplings to down-type quarks and leptons can be enhanced, e.g. type Il
2HDM with large tan 5.
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2HDM and b — st/

Subtleties in the matching prescription  [Arnan, Becirevic, Mescia and OS. 1703.03426]

Important points:

e Couplings to down-type quarks and leptons can be enhanced, e.g. type Il
2HDM with large tan 5.

o Cy(p) lift the helicity suppression in B(By — ptu™):

2m“ml7

B(By — p~p™) o< |Cs|? 4+ | Cp + 010 ,
where 5.
Op o (5Prb)(ys0), O o (39" PLb) (Eyu750),
—_————
New contribution Dominant in the SM
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2HDM and b — st/

Subtleties in the matching prescription  [Arnan, Becirevic, Mescia and OS. 1703.03426]

Important points:

e Couplings to down-type quarks and leptons can be enhanced, e.g. type Il
2HDM with large tan 5.

o Cy(p) lift the helicity suppression in B(By — ptu™):

2m“ mp

B(By — p~p™) o< |Cs|? 4+ | Cp + 010 )
where 5.
Op  (5PRb)(ly50), O1g o (39" Prb) (Ey,50),
—_————
New contribution Dominant in the SM

= The O(mymy/m3,) corrections to Cg(py must be computed to reliably
assess the 2HDM contributions.
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2HDM and b — st/

Subtleties in the matching prescription  [Arnan, Becirevic, Mescia and OS. 1703.03426]

Important points:

e Couplings to down-type quarks and leptons can be enhanced, e.g. type Il
2HDM with large tan 5.

o Cy(p) lift the helicity suppression in B(By — ptu™):

2m“ mp

B(By — p~p™) o< |Cs|? 4+ | Cp + 010 )
where 5.
Op  (5PRb)(ly50), O1g o (39" Prb) (Ey,50),
—_————
New contribution Dominant in the SM

= The O(mymy/m3,) corrections to Cg(py must be computed to reliably
assess the 2HDM contributions.

= Significant contributions by [Li et al. 1404.5865]. Issue of matching to order
O(megmy/m3,) recently clarified by [Arnan, Becirevic, Mescia and OS. 1703.03426].
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2HDM and b — st/

Subtleties in the matching prescription  [Arnan, Becirevic, Mescia and OS. 1703.03426]

To consistently compute the O(mgmy;/m3,) terms in the amplitude, one
should keep track of the external fermion momenta.
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2HDM and b — st/

Subtleties in the matching prescription  [Arnan, Becirevic, Mescia and OS. 1703.03426]

To consistently compute the O(mgmy;/m3,) terms in the amplitude, one
should keep track of the external fermion momenta.
e Some amplitudes can be easily reduced:
my 7 memy
T(SPRI)) (E(g’b — HS)PRE) ~ 2 5 Op,
myy my
where p, — ps = ps+ + p—, i.e. b(py) = s(ps)l* ()0 (p-).
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2HDM and b — st/

Subtleties in the matching prescription  [Arnan, Becirevic, Mescia and OS. 1703.03426]

To consistently compute the O(mgmy;/m3,) terms in the amplitude, one
should keep track of the external fermion momenta.
e Some amplitudes can be easily reduced:
my 7 memy
T(SPRI)) (E(g’b — HS)PRE) ~ 2 5 Op,
myy my
where p, — ps = ps+ + p—, i.e. b(py) = s(ps)l* ()0 (p-).

e While others (of the same order) cannot be matched onto ’Hé?f):

T:%Z/ (EPR b) (Z(z/b + gS)PRK) — non-trivial contribution!
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2HDM and b — st/

Subtleties in the matching prescription  [Arnan, Becirevic, Mescia and OS. 1703.03426]

To consistently compute the O(mgmy;/m3,) terms in the amplitude, one
should keep track of the external fermion momenta.
e Some amplitudes can be easily reduced:
my 7 memy
T(SPRI)) (E(g’b — HS)PRE) ~ 2 5 Op,
myy my
where p, — ps = ps+ + p—, i.e. b(py) = s(ps)l* ()0 (p-).

e While others (of the same order) cannot be matched onto ’Hé?f):

T:%Z/ (EPR b) (Z(z/b + gS)PRK) — non-trivial contribution!

[ = The Hamiltonian needs to be extended by derivative operators.]
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2HDM and b — st/

Subtleties in the matching prescription  [Arnan, Becirevic, Mescia and OS. 1703.03426]

These amplitudes can be matched onto derivative operators:
1 _
Ot = — (57" P;b)0" (Lo, P;{)
mw
- 1 B i,j =L, R.
Oijq = ———0"(50,,P;b)({y" P;l)
mw
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2HDM and b — st/

Subtleties in the matching prescription  [Arnan, Becirevic, Mescia and OS. 1703.03426]
These amplitudes can be matched onto derivative operators:
1 _
14 _
Ot = — (57" P;b)0" (Lo, P;{)
mw

Tq 1 b _ Z,] - L, R
0, = _m—wa (50, Pib)(Iy" P;l)

The problematic amplitudes can then be matched

L - Oy + O1p m
m(sPRb) (€ + p) Prt) — ORf, + %ﬁ ’

1 - @ @
—— (7" Pb) (€ + )7 PrE) — ~OTf + <OS +Oop+ 2T T5> o
w

2 2mw
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2HDM and b — st/

Subtleties in the matching prescription  [Arnan, Becirevic, Mescia and OS. 1703.03426]
These amplitudes can be matched onto derivative operators:
1 _
14 _
Ot = — (57" P;b)0" (Lo, P;{)
mw

Tq 1 b _ Z,] - L, R
0, = _m—wa (50, Pib)(Iy" P;l)

The problematic amplitudes can then be matched

L - Oy + O1p m
m(sPRb) (€ + p) Prt) — ORf, + %ﬁ ’

1 - @ @
—— (7" Pb) (€ + )7 PrE) — ~OTf + <OS +Oop+ 2T T5> o
w

2 2mw

{ = (’);]r-qw) are important for matching, but can be neglected afterwards.]
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2HDM and b — st/

Subtleties in the matching prescription  [Arnan, Becirevic, Mescia and OS. 1703.03426]
These amplitudes can be matched onto derivative operators:
1 _
14 _
Ot = — (57" P;b)0" (Lo, P;{)
mw

Tq 1 b _ Z,] - L, R
0, = _m—wa (50, Pib)(Iy" P;l)

The problematic amplitudes can then be matched

L - Oy + O1p m
m(sPRb) (€ + p) Prt) — ORf, + %ﬁ ’

1 - @ @
—— (7" Pb) (€ + )7 PrE) — ~OTf + <OS +Oop+ 2T T5> o
w

2 2mw

{ = (’);]r-qw) are important for matching, but can be neglected afterwards.]

NB. This choice is not unique and can affect the Wilson coefficients
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2HDM and b — st/

Subtleties in the matching prescription  [Arnan, Becirevic, Mescia and OS. 1703.03426]

Example of Fierz trick:

1, . 2
o 8 PL0) (L 7 Prt) = o (5Pt) (G P1d)
2my ,_ -
= m—w”(sPRz) (IPgb)
_ 1 _
= % (5Prb) (EPre) + 7 (50, Prb) (lo,u, Prl) | -
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2HDM and b — st/

Subtleties in the matching prescription  [Arnan, Becirevic, Mescia and OS. 1703.03426]

Example of Fierz trick:

1 _ 2 _

o 8 PL0) (L 7 Prt) = o (5Pt) (G P1d)
2m ~
me (sPrt) (LPRb)

Mp

The piece of the amplitude with p; gives rise to (’) p + other terms :

W(E’}/MPLI)) (Z(g/b +p/5)%PR€) OLR+

Op+0
(OS Ot T+T5) ,
QmW

2

Olcyr Sumensari 2HDM anf Flavor Physics 15 / 22



Back to phenomenology...
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(Clean) exclusive b — s observables

o Use fLatt = 224(5) MeV and B(Bs — pup)™P = 3.0(6)(3) x 107°.
: [LHCb, 2017]

B(B, = u* ") = Fi, (fs.. Co = Cio, Cp — G, Cs — C§)
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(Clean) exclusive b — s observables

o Use frott = 224(5) MeV and B(By — )P = 3.0(6)(3) x 107°
: [LHCb, 2017]

B(B = u* ™) = Fa. (fin., Cro = Clo, Cp = Cp, Cs = C¥)

o Use fF77 (¢*)" " and B(B — K puge) o =8.5(3)(4) x 1078,

[LHCb, 2014]

2€[15,22] GeV?

dB
i (B— Kptu™) = Fok (f+,o.»,~(q2), Co + Cs, Cro + Cio, Crs,p + Cé,s,p)
MILC [1509.06235]
[ fr e
25+ fo — 1 25

0 5 10 15 20 0 5 10 15 20
A(GeV?) ¢*(GeV?)
Results consistent with HPQCD 1306.2384.
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Results Il. Flavor Constraints

Allowed points (at 30): Bs — ptp~ (gray) and B(B — K pujt)nigh 42 (red).

tan 8 tan G

We also show the constraints from B(B — 7v) (green), and B(B — X,v) (black
hatched) [Misiak et al. 2016].

= The b — sll exclusive decays exclude values of tan 8 < 1.

= B(B — tv) and B(Ds; — Tv) (in green) are useful constraints for the Type-Il
model with large tan 3.
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Lepton flavor universality violation (LFUV)?

[LHCb, 2014-2017]

B(Bt — K*tpuu)
central __ = 0.090
RK — B(B+ - K+ ee) == 0745 i0.074 Zl:0036,
q2€(1,6) GeV?
B(B — K*
Reentral _ M — 0.685 £0113 £0.047
¢2€(1.1,6) GeV?

In the whole discussion above, LFU was assumed. Can these scenarios

; exp SM 9
explain RK(*) <Ry
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Lepton flavor universality violation (LFUV)?

[LHCb, 2014-2017]

B(Bt — K*tpuu)
central __ = 0.090
RK — B(B+ - K+ ee) == 0745 i0.074 Zl:0036,
q2€(1,6) GeV?
B(B — K*
Reentral _ M — 0.685 £0113 £0.047
¢2€(1.1,6) GeV?

In the whole discussion above, LFU was assumed. Can these scenarios
explain R?& < Rf(l\(/[*)?

= LFUV effects in b — sfl (¢ = e, ) cannot be explained by general
2HDM (only Cg(py are LFUV).

See D. Becirevic talk for viable models!

Olcyr Sumensari 2HDM anf Flavor Physics 17 / 22



© Motivation
© Scalar spectrum and constraints

© Flavor physics observables

@ Exploring the light CP-odd Higgs window

@ Summary and perspectives



Future Experimental Possibilities: my4 < 125 GeV

Large enhancements can be checked in the decays 1, . — ¢4~ (J¥ =07):

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

T

<=

o VS

3 \ A
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Future experimental possibilities: my < 125 GeV

Preliminary results

Large enhancements due to pseudo-scalar bosons can be checked in the decays
Np.e — (70~ (JF =07) and similar modes:

) ms
E _J
y D § Cay ” JsfA,
Feud,e

e.g., for 2HDM-II: Caq = Cay = tan 3,

107°¢
of tan(B)=50

107 tan(B)=3
= an(p)=30
% 1077 tan(B)=10
=S
=
m

10710

20 40 60 80 100 120
ma[GeV]

2HDM anf Flavor Physics
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Future experimental possibilities: my < 125 GeV

Preliminary results

Large enhancements due to pseudo-scalar bosons can be checked in the decays
Np,e — (0~ (JF =07) and similar modes:
R _ B — )
1T By — 00)SM
e.g., for 2HDM-II: Cyy = Cyy = tan g,

106 10°

1050 Typell

my [GeV] tan
Current limit: B(ny — pu) < 9 x 1072 [BaBar]. Can LHCb do better?
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@ Summary and perspectives



Summary and perspectives

o We derived the complete set of b — sf{ effective coefficients in
full generality.

e We elucidated the issue of b — sff matching when the external
momenta are kept nonzero.

e We showed that B(B — K ujt)pigh 42 can also be helpful to
constraint the 2HDM spectrum.

Most importantly,

= Our expressions for the effective coefficients remain general.

= More experimental precision can allow us in the future to reconstruct
the Yukawa structure BSM by a bottom-up approach.
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Furthermore...

There is still room for a light CP-odd A in minimal models (such as
2HDM)!

We proposed strategies to look for these particles:

= Search for 7, . — (¢ in LHCb, Belle-1l and elsewhere.
[Becirevic, OS. To appear]

= Higgs decays h — ) .¢¢ can also be helpful.
[Becirevic, Melic, Patra, OS. 1705.01112]

Thank you!
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