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CP-conserving and explicit CP-violating (softly broken Z, symmetric)
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Lightest Higgs couplings o, =a+m/2

to gauge bosons
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Lightest Higgs couplings

Yukawa couplings
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Free parameters

o, =a+m/2

Parameter 2HDM C2HDM
masses My, My, My, M+ Mp, s Mpyy, M+
va /11 tan 3 tan 8
angles (neutral) o a1, Qg (g
soft breaking m?, Re(m?,)

« Set mh/mhl = 125 GeV.
* Generate random values for the parameters subject to

- Pre-LHC constraints
- Theoretical bounds

- LHC (Tevatron and LEP) results via HiggsBounds and HiggsSignals




ScannerS (scan'rR"Us)

m Tool to Scan parameter space of Scalar sectors. CC!MBRA, SAMPAIO, RS, (2013).

m Automatise scans for tree level renormalisable Vscg/ar.

m Generic routines, flexible user analysis & interfaces. THOR FERREIRA, RS (2727)

interfaced with Higlu srira (1995).

SuShi - Higgs production at NNLO in gg and bb  HarLanDER, LiEsLER, MANTLER, (2013).
HDECAY - Higgs decays Diouapi, KaLinowski, SPIRA (1997) + MUHLLEITNER (2013).
Superiso - Some of the flavour physics observables manmoun: (2007).
HiggsBounds - Limits from Higgs searches at LEP, Tevatron and LHC
HiggsSignals - Signal rates at the Tevatron and LHC

BECHTLE, BREIN, HEINEMEYER, STAL, STEFANIAK, WEIGLEIN, WILLIAMS (2010-2015)

and ScannerS has the remaining constraints/cross sections

* Global minimum, perturbative unitarity, potential bounded from below,
electroweak precision and some alternative sources for B-physics constraints.

http://www.hepforge.org/archive/scanners/ScannerSmanual-1.0.2.pdf



Type 11

30 — Results after run 1 for the CP-conserving case
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Shape comes primarily from p,,

Assuming that the cross section is gluon fusion via top and T, =T (h —bb)
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Results after run 1 for C2ZHDM

No major differences SM-like limit
relative to the CP-conserving sin(p-a)=1 sin(p+a)=1
case
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tanf as a function of sin(x; - T1/2) for Type I and Type II. Full range (cyan),
s, < 0.1 (blue) and s, < 0.05 (red).

FONTES, ROMAO, SILVA, RS, 2015



The future at the LHC

I The CP-
The wrong-sign . b
limit The SM-like conserving line
I = limit limit
sin(f+a)=1 _
(B+a) The pseudoscalar sin(B - )= 1 sin(ow) = 0

limit scenario.
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Left: sgn(C) b, (or b)) as a function of sgn(C) ay (or a,) for Type II, 13 TeV, with

rates at 10% (blue), 5% (red) and 1% (cyan) of the SM prediction.,
Right: same but for up-type quarks.
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Heaviest CP-even scalar as the SM-like Higgs
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Two scenarios that could be probed at run2
with high luminosity

For the 2HDM - Accuracy in h-> yy

Type II — Light scenario Type II — Heavy scenario
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5% would exclude the wrong sign in both scenarios but also the heavy scenario
in the SM-like limit due to the effect of charged Higgs loops + theoretical and
experimental constraints. In fact, the heavy scenario is completely excluded
with a 5 % accuracy in h -> yy.




Scenarios that could be probed at run2
with high luminosity

For the C2ZHDM

* To probe all four versions of the model we need three independent
measurements

Ratio of pseudoscalar to
i=U,D,L scalar components in

tan ¢, =
Yukawa couplings.

.
b

ﬁ
a

* Just one measurement for type I (U=D=L), two for the other three types. At
the moment there are studies for tth and TTh. We also need bbh.

BERGE, BERNREUTHER, ZIETHE 2008
BERGE, BERNREUTHER, NIEPELT, SPIESBERGER, 201 1

BERGE, BERNREUTHER, KIRCHNER 2014

DOLAN, HARRIS, JANKOWSKI, SPANNOWSKY, 2014

BOUDJEMA, GODBOLE, GUADAGNOLI, MOHAN, 2015
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Direct probing at the LHC

The zero scalar SM-like limit
limit
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Left: cosa; as a function of &, for Type II, 13 TeV, with all rates at 10% (blue);
lag| < 0.1 |[by|-1] < 0.1 (green); |by| < 0.05 ||ay|-1]| < 0.05 (red).
Right: same with tanp replaced by sgn(C) a.
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SM-like limit (alignment)
VS
Decoupling

The decoupling limit of 2HDM
M3%Z, — oo, cos(ax — 3) — O
e In this limit, the masses of ®=H, H*, A:

m3 = M7 + > Ao + O /M3), . mi =) A\’
i i
e When M7, = A\;v?, m3; 4 g, are determined by M7, and are

independent of A;. In this case o« — 3 — 7 /2, The effective theory

below Afy9 is described by one Higgs doublet. In this limit:

ROVV/(hspVV) =sin(3 — ) — 1

S11 v COS v

— 1

RObb/hsabb = — — 1, (hO%t) /hsprtt =

cos 3 sin 3
H°VV x cos(3—a) — 0, (hhh)/(hhh)sy — 1
ROHTH— h°A°A° h°H°H® HFtb... £ 0

GUNION, HABER (2003)



Alignment 2
: e V/ M.
Heavy scenario and boundness from below gH”_'l HY /My
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o W. Khater and P. Osland,
Parametrisation (8) Nucl. Phys. B 661, 209 (2003).

= 2 charged, H%, and 3 neutral, h;, h, and h; 3 masses

hy N :
- ho | =R | no RM? RY = diag (m3,m3,m3)
h UE

—C182C3 + S153 —((3183 + 818203) CoC3

C1C9 S51C2 S92
R= | —(c18283+s1C3) €103 — 818283 (983 3 ang|es

= Re|m,]  real part of the soft breaking term

m) tan3 ratio of vacuum expectation values

m% ng(R12 tanﬂ — Rll) -+ m% R23 (RQQ tanﬁ — Rgl)
R33(R31 — R3a tan 3)

‘m%:



* There are 3 neutral scalars. The CP nature of h; is determined by s,

|sg] =0 = hy is a pure scalar,
gcry = 8cpe = 8su COS(P —,)

|sg] =1 = hy is a pure pseudoscalar

but we can still have CP-violation (the two heavier scalars can mix).

« However if

a,=0; f-o,=0 Ry, =cp; Ry =55 R;=0

that is, the hyWW vertex is the SM one

gepy = &oy COS(a,)cos(f—a)) = gy

the model is CP-conserving.

GRZADKOWSKI, OGREID, OSLAND, 2014.



Scan 2HDM
* Set my, = 125.9 GeV

* Generate random values for potential's parameters such that
50GeV=m _, <1TeV
" 0.5 <tan <50

m, +5GeV=m,,m, <1 TeV - n
-—sas—_
2 2

-900° GeV? = m/, =900 GeV?

* Impose theoretical and pre-LHC experimental constraints

* Calculate all branching ratios and production rates at the LHC

« Use collider constraints via HiggsBounds and HiggsSignals



Scan C2ZHDM

* Set My = 125 GeV.

* Generate random values for potential's parameters such that,

— /92 < 7/2
m/2 <ar3 </ 100 GeV < mpy+ < 900 GeV

1 <tanf < 30 mps > 340 GeV
m1 < mo < 900 GeV

—(900GeV)? < Re[m?y] < (900GeV)?

* Impose pre-LHC experimental constraints,

* Impose theoretical constraints: perturbative unitarity, potential
bounded from below.



Predictions:

Same as before except no HiggsBounds and HiggsSignals:

* Calculate all branching ratios and production rates at the LHC

o™ (pp —h) x BR*™" (h = XX)
Foax = o (pp = h) x BR" (h — XX)

° ASk for' Wyw s Uzz s MW, U_.

to be within 5, 10 and 20 % of the SM predictions (at 13 TeV)

 Sum over all production cross sections



The zero scalar scenarios

* There is only one way to make the pseudoscalar component to vanish

R,=0 = s,=0

and they all vanish (for all types and all fermions).

* There are two ways of making the scalar component to vanish

R,=0 = cc,=0 ‘ ¢, =0 = g,,, =0 excluded

~S

¢, =0 allowed
R,=0 = s,,=0

excluded Type I Type II Lepton Flipped
Specific
L‘p }z_‘l;z — icg }.25133 }212 ca R;;:s 1;132 ca 1:133 12;2 icg 2;3
Down 72 4icg®ls L —isgfld 12 4icgila T — s il
Leptons £12 4 jcg Es:;a %;L ,3—Cf-31 ECJ; 5?;1 %152 — ?,C'g%z-




Plot from: Brod, Haisch, Zupan, THEP 1311 (2013) 180.

See also
INOUE, RAMSEY-MUSOLF, ZHANG, 2014

CHEUNG, LEE, SENAHA, TSENG, 2014



