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W

Check if the Higgs-like particle found at the LHC with a mass around
125 GeV is the SM Higgs boson

Find out what is the space left for new Physics in the Higgs sector after
the 8 TeV run at the LHC

Deviations from the SM are expected to occur even before new
particles are found due to their contributions to loops

These deviations are potentially larger, in relative terms, in processes
that are absent at tree level and only occur in the SM at one-loop order

While h — v~ has already been measured at LHC, there is only an
upper limit for h — Z~. So this process will be a very important check
of the SM and extensions in the next LHC run

Therefore we perform a complete evaluation of the h — Z~ process in
the general C2HDM
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3 We consider a model with two Higgs doublets, ¢; and ¢2, with the Z5

symmetry ¢1 — ¢1, 92 — —@o violated softly.
Vir =m |61 +m3y|af® — mTy 1 dz — (miy)*

A A

+ S0+ S0l 4 dalor Pl + As (6]62) (8hen)
A A

+ SH(@62)" + 2 (shon)*

Hermiticity implies that all couplings are real, except m%, and \s. If
arg(\s) # 2arg(m3,), then the phases cannot be removed. This is
known as the complex two Higgs doublet model, C2HDM

If arg()\5) = 2arg(m?,), then we can choose a basis where m?, and s
become real and, if the vacuum expectation values (vev) of ¢; and ¢o
are also real, we talk about the real 2HDM

The potential has 9 independent parameters. We trade these for v and
for the 8 input parameters 3, mpy=+, a1, as, as, m1, ma, Re(m?,)
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The relevant couplings are defined in the Lagrangian

1/2 _
= — (\/iGM) my WY ((I + ib"m)tbh,
EhH+H— = )\UhH+H_,

Lyyy =C [g mWW;W’u_ + ﬁmzZMZ“ h,

where a, b, and C are real, cyy = cos 8y, and 6y is the Weinberg
angle. In the limit, a = C' =1, and b = A = 0, we obtain the SM
In the real 2HDM we have

2
2m M+

C =sin(f—a), A=-— (91 +92+93) with

02
( ms ) ~cos(B+a) mj
~ sin(28) %{i’

M+
2cos (6 + ) m%Z
sin (28)  m7.

93 = —
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A In the C2HDM we have

Motivation

The Model C :cﬁRn + 85R12

o Potential

~\ =cg [5%)\145 + C%)\:ﬂ R11+ sg [c%)\245 + 5%)\3] Ria + sgegIm(As) Ras
oops

Wrong Sign 2HDY 3 Here )\145 = )\1 — )\4 — Re()\5) and )\245 = )\2 — )\4 — Re()\5) with
h— Zry & C2HDM
R11 = c1c9, Ri2 = 8102, R13 = 89

Conclusions

A For fermions in the C2HDM

Type | Type Il Lepton Flipped
Specific
Up 2 jeg iy | T2 —jegtiliyg | 2 —qep ling | 2 —jcg iy,
Down Z—? + 7305]?—;375 Ji—}; - ’isﬁi—?% JE—? + ’i%f—?% ]E—;l — iS,BJE—;?’%
Leptons R;—;Q + i%}z—g”% }z—;l — isﬁ%% 1“2_;1 — isﬁli_?% }i_;f + i%ﬂ;_;»%

A In the 2HDM: Ry — —sina, Rj93 —cosa, Ri3—0
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W T2 Amplitudes for i — ~~ and h — Z~

3 We write the general form for the amplitudes (V=2,~;i=F, W, Hi)

Motivation

2
The Model 1% e‘g 1 Vo oo BV
M7 = [ c Qo €1 €2—q1 - €2Qo - €1) X, € Fasete, Y.
Loops i myy 1672 (1 -q2€1-€2—q1-€2q2-€1) X; "+e€uap 1 q3€7€5 Y,

e Widths
e Renormalization | (7 \Ae do not write the results for ¢ = W as they are the SM value x C

® Renormalization

Wrong Sign 2HDM

A For fermion loops

h—s Zy & C2HDM Q2 )
. da Q)5 m
Conclusions f'of 2 2 2 2 2 2
XZ:Y = — Z m}% [(4mf —mh) CO(0,0,mh,mf,mf,mf) —|—2:|
f
2 2 2 2 2 2
Y};ny :Z4be mf CO(0,0,mh,mf,mf,mf)
f
4a fQ m? 22
Xp'=-% N e [ L ABy(m?)
- SWCw (my —m7)
1
+— 5 [(4m?c—m,2l+m22) C’o(mQZ,O,m%,m?,m?,m?)—l—Z}
My, — Mz
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4bng m>

Z Ve tty

YiT = E N/ - CO(mQZ,O,m%,m?c,m?,m?).
¥ |%7453%74

where ABy(m?) = Bo(m3?,m?,m?) — Bo(m%, m*, m?) |Finite!

A For Charged Higgs loops

ADdmwv
X = 2w [zmgi(}o(o, 0,m2, m2 ., m2e,m2e) + 1]
gm,
1 M?(1 —tan26 m2
A %4

-+ (ZmiCb(m%, 0,m7,,m%, m5,ms) + 1)]

3 We have compared with all known results and the numerical evaluation
was done using LoopTools
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A  We get for the widths

Gpozzm%

128+/273

Gra’m; m2 Y 7 Z~12 Z~12
Db = 27) = (1—— (1X77 + X37 + X2+ Y0P

P(h = y) =

3 Important points

¢ All results finite and gauge invariant (verified with FeynCalc)

€ No interference between the scalar and pseudoscalar components of
the Higgs boson even in the case of the decay h — Z~

¢ In principle large values for h — Z~ (and also h — ) can be
obtained due to the new contributions in the loops

€ We will show how the current limits on h — WW, ZZ put
constraints on this possibility.
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4 Q5 Z A 7 \
O oo Lo
A
Y Y
N o Y
~
A 4 A Z\
h h ‘Hrrrrﬁ h ﬁﬁ .
4+ - + |-------- . 4 mmmme-- X = finite
< ¢ G0 lk“vﬂi
Y Y
N Y -
4 A 7 )
__}E _____ + __}E _____ —0
A A . — O
i
~
\__ J
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@ However one can show that

4 )
A A
h h
———————— e —0
y ol
N J
[  So we can also have
4 N
Z Z
h @ h
----- + -------- = finite
Z
N
_ T
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W

We generate points in parameter space with m; = 125 GeV, the angles
o, a1 2.3 within the usual intervals, 1 < tan 5 < 30,

my < mg < 900 GeV, —(900 GeV)? < m%2 < (900 GeV)?, and

340 (100) GeV < mpg+ <900 GeV (T2, Fli) or (T1, LS)

Finally for each final state f, we compute the ratio of rates

~ o?MPM(pp — b)) T2HPMIR — ] TM[R — all]
B~ "o™M(pp = h)  TSM[h — f] T2ZHDM[p ]

Rp Rp Rrw
We then compare with the experimental results from ICHEP2014

channel ATLAS CMS

Ly 1571058 1.1340.24

W W 1.007 555 0.83 +0.21

fzz 1.4470-32  1.00 £ 0.29

T 141072 0.91 £0.27

s 0.2 0.93 + 0.49
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a

In Type Il 2HDM the coupling to down type quarks relative to the SM

can be negative (kp = 1 in the SM)

3 Ferreira et al. showed that a measurement of p., at 5% could exclude

Mbb: |-lyy

this pOSSibi“ty (PRD89(2014)115003)
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a

A

While we reproduced their result for p., our result for p,7 was larger

We understood that this was due to a different version of HIGLU to
calculate the NNLO corrections to the production, leading to a different
production ratio Rp

But the question then arose, how could we be in agreement on p
while having different production ratio Rp?

The key to understand this is trigonometry. Let us make the bold
assumption that all the production is gluon fusion with top loop and
that h — bb is the only Higgs decay. Then
2 2 1 k%] . 2
pvy = ki x ki X 5 = 72 5in (8 — )
D D
Now we vary a € [—7/2,7/2] and tan § € [1,30] and require
0.8 < puyy < 1.2, The results are extremely similar to what Ferreira et
al. obtained with the full model
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Independence of /.., on the QCD corrections to Rp

Motivation

The Model

Loops

Wrong Sign 2HDM

e® Simulation

e Wrong sign
e Trigonometry

o LHC@14TeV
h— Zy & C2HDM

Conclusions

a

A

For each tan 3, k? = sin?(3 — «) is almost fixed

If we wish to keep pyy = Rp k%/ R7w constant and close to one then
RpRprw ~ constant

An increase in Rp implies a decrease in Ry that goes as 1//@%

This implies an increase in k% and therefore in the decays h — bb and
h— 711"

Finally, vy = Rp k% Rrw. As the effective coupling k.- is
determined mainly by the W diagrams and the coupling £y and this is
fixed by trigonometry and uyy we obtain that 1. is independent of
the production because Rp RTw ~ constant

In conclusion p~~ (and pz) do not depend on the details of the
production. In particular, as stated by Ferreira et al., a measurement of
pi~~ at 5% could decide about the wrong sign kp coupling. The same is
not true for pz~, because its value can be very close to one
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3 In the Flipped 2HDM coincides with the Type Il except that leptons
couple to the Higgs proportionally to ki instead of kp,

Hr+r— klzj
I937a% sin? (8 — a)

therefore the u.+_.- has a larger impact as shown on the left panel

3 However, this does not change the conclusions on v+ and Z+, as those
are determined by uy . This is shown on the right panel

Flipped, Hyy at 20% Flipped. Only kp <0

e |

'8N NS RS NPT S

0E |
0 25

sin?(B-a) Hyy
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a

We simulate points as described before. We considered all the different
variants of the C2HDM, Type |, Type Il, Flipped and Lepton Specific.

As so = 0 (|s2| = 1) corresponds to the Higgs hi being a pure scalar
(pseudoscalar), in the following figures we separate three regions of ss

¢ |so| < 0.1 (green)
¢ 0.45 < [s2| < 0.55 (blue)

& s > 0.85 (red)

In some figures the 1-0 LHC limits are superimposed

For some figures we show what remains after requiring pyy at 20%
(red) or 5% (cyan)
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A  uyy puts an upper limit on as. This is shown in the next plots, where
we can see that |ag| < 50°. In red (cyan) is shown the constraint on

puyy at 20% (5%)

3 Notice also that if p.- is measured around 1.2 (compatible with
ATLAS), that would mean that as # 0, and a Type | C2HDM would be
needed to explain the data

Type | C2ZHDM Type | C2ZHDM

Hzy
Hyy

-90 -60 -30 0 30 60 90 -90 -60 -30 0 30 60 90
ay (deg) oy (deg)
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3 In the Flipped C2HDM the i +,.- can be very large.

A  On the left panel we show the current 1-¢ limits from LHC

A On the right panel, we show that even with py v at 5% (cyan) p -+ -
could be as large as 7. Therefore better limits on p_+. - are crucial

3 A pure pseudoscalar,

Flipped C2HDM

Hrt

Y R =~ = i R N

.~ CMs

Hyy

1.5

2.5

Mt

so| =1, in Flipped C2HDM is excluded at 1-¢

Flipped C2HDM

2.5

Hyy
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A As in the real 2HDM trigonometry has a strong influence on the
Motivation parameters
The Model
Eacps A On left panel we assume uyy at 20% and plot in the x-axis
rone ign 2108 sgn(C) sin(a1—/2) that reduces to sin «v in the 2HDM limit. In cyan
h— Zy & C2HDM . . . .
« Setup all points, in blue |s2|, |s3] < 0.1 and in red in blue |ss|, |s3| < 0.05.
o Type |
e A This should be compared with the result in the real 2HDM
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A3 In the 2HDM wrong sign solutions exist only with kp ~ —1 This

e requires a large hH T H ™~ coupling \.

The Model

Loops 3  We show the equivalent situation in the C2HDM. Left (right) panel for
Wrong Sign 2HDM ILL,S at 20% (5%)
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e Setup . . . .

o Type | 3 Now we have a continuous region, but it remains true that

e sgn(C)ap ~ —1 requires a large value of \
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Motivation

The Model

Loops

Wrong Sign 2HDM

h— Zy & C2HDM

A

We have done a full calculation of the decay of a mixed scalar/pseu-
doscalar boson in Z~ (also ) in the full C2ZHDM

In the particular case of the real 2HDM, we analyzed the wrong sign hbb
Yukawa coupling. We showed that while the results for p .+, and p,;
are sensitive to the details of the production, p., and uz. are not. We
agree with the claim of Ferreira et al., that a measurement of p at 5%
would exclude (or confirm) this possibility

We have performed a full update of the bounds on all types of C2HDM
from LHC@8TeV and the outlook for LHC@14TeV, for all decay channels
of interest

In all types a large pseudoscalar component is already disfavoured at 1-o.
In the Flipped case we can have i+ .- ~ 7, so a better measurement is
crucial

Concerning the wrong sign solutions, we found that we have more room,
due to the existence of the pseudoscalar couplings, but that the general
situation is similar to the 2HDM. However, even measurements at 5%
would not exclude points with sgn(C)ap < 0
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