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"The 2HDM" (2013)

SPIRES (~103)

- 105 with 2HDM

- 652 with two(-)Higgs doublet
- 11 with THDM

- 102 with inert

- 42 with 2(-)Higgs doublet

- ? unidentifiable
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SM Yukawa Lagrangian

and Y are matrices in flavour space. To get the mass tferms we just need the
vacuum expectation values of the scalar fields

\Y vV = vV =
Lmass=— —D —E Ex +h.c

which have to be diagonalised.



SM Yukawa Lagrangian

So we define
DR - NI_{IDR;DL - NLIDL;UR - KI_{IUR;UL — KLIUL

and the mass matrices are

\% - v
= NIVN =M,  ——= K[V, K, =M

V2 V2

u

and the interaction term is proportional to the mass term (just D terms)

emctions W= 7 DY,
Egteractlons _ DLJYd:[)R < L D IYd:]:)R

72 DaPe & Pl

No scalar induced tree-level FCNCs




2HDM Yukawa Lagrangian
However in 2HDMs

(D1=((h1+vl)/x/§); q)2=((h2+vz)/\/§)

D, Y,D, +— U, Y U, +
JE JE JE b a

H — p———=—=======-=

2 MmO Y+ CoSaYy

h, H are the mass eigenstates (a is the rotation angle in the CP-even sector)

U, (cos oY, +sinaY; )UR o



2HDM Yukawa Lagrangian
How can we avoid large tree-level FCNCs?

1. Fine tuning - for some reason the parameters that give rise to tree-level
FCNC are small

Example: Type ITT models CHENG, SHER (1987)

2. Flavour alignment - for some reason we are able to diagonalise
simultaneously both the mass term and the interaction term

Example: Aligned models  pich, Tuzon (2009)

Y: o« Y} (for down type)




2HDM Yukawa Lagrangian

3. Use symmetries- for some reason the L is invariant under some symmetry

3.1 Naturally small tree-level FCNCs

Example: BGL Models BRANCO, GRIMUS, LAVOURA (2009)

3.2 No tree-level FCNCs

GLASHOW, WEINBERG; PAscHOsS (1977)

Example: Type I ZHDM Z, symmetries

BARGER, HEWETT, PHILLIPS (1990)



2HDM Potential

1 L, \2
5)‘2 (¢2 ¢2)

V(@ $:) =l G+ s 950 — (md @by +hc) 42 A, (479)) +
© 2 () (970) ¢ A (90:)059) + |5 4(070) e

+ [ (0r9.)(00) + 2, (97.)(9:9.) +hc ]

In general m,2, A5, A, and A, can be complex

Three possible minimum field configurations (doublets with same hypercharge -
no inert model)

» CP conserving <®1>=(0); <(D2>=(O)



2HDM Potential

The 2HDM parameters can be chosen so that we have a CP-conserving, a
spontaneously CP-breaking or an explicit CP-breaking potential.

They are all stable at tree-level except!. For instance, once we are in a CP-
conserving minimum the other (different nature) stationary points are
saddle points above it.

BARROSO, FERREIRA, RS (2006)

ITwo CP-conserving minima can coexist but we can force the potential to

be in the global one by using a simple condition.
IVANOV (2007)

1/4
D = my, (m121 - kzmgz) (tanﬁ_ k) k= ()\__2)

Our vacuum is the global minimum of the potential if and only if D > 0.

BARROSO, FERREIRA, IVANOV, RS (2012)



8-parameter CP-conserving 2HDM
after the 8 TeV run

Lightest CP-even scalar as the SM-like Higgs

P.M. Ferreira, R. Santos, M. Sher and J.P. Silva, Phys. Rev. D 85, 077703 (2012) [arXiv:1112.3277 [hep-ph]]; D. Carmi,
A. Falkowski, E. Kuflik and T. Volansky, JHEP 1207 (2012) 136 [arXiv:1202.3144 [hep-ph]|; H.S. Cheon and S.K. Kang,
JHEP 1309, 085 (2013) [arXiv:1207.1083 [hep-ph]]; W. Altmannshofer, S. Gori and G.D. Kribs, Phys. Rev. D 86, 115009
(2012) [arXiv:1210.2465 [hep-ph]]; Y. Bai, V. Barger, L.L. Everett and G. Shaughnessy, Phys. Rev. D 87, 115013 (2013)
[arXiv:1210.4922 [hep-ph]]; C.-Y. Chen and S. Dawson, Phys. Rev. D 87, 055016 (2013) [arXiv:1301.0309 [hep-ph]]; A. Celis,
V. Ilisie and A. Pich, JHEP 1307, 053 (2013) [arXiv:1302.4022 [hep-ph]]; C-W. Chiang and K. Yagyu, JHEP 1307, 160
(2013) [arXiv:1303.0168 [hep-ph]]; M. Krawczyk, D. Sokolowska and B. Swiezewska, J. Phys. Conf. Ser. 447, 012050
(2013) [arXiv:1303.7102 [hep-ph]]; B. Grinstein and P. Uttayarat, JHEP 1306, 094 (2013) [Erratum-ibid. 1309, 110
(2013)] [arXiv:1304.0028 [hep-ph]]; A. Barroso, P.M. Ferreira, R. Santos, M. Sher and J.P. Silva, arXiv:1304.5225 [hep-ph];
B. Coleppa, F. Kling and S. Su, JHEP 1401, 161 (2014) [arXiv:1305.0002 [hep-ph]]; P.M. Ferreira, R. Santos, M. Sher and
J.P. Silva, arXiv:1305.4587 [hep-ph]; O. Eberhardt, U. Nierste and M. Wiebusch, JHEP 1307, 118 (2013) [arXiv:1305.1649
[hep-ph]]; S. Choi, S. Jung and P. Ko, JHEP 1310 (2013) 225 [arXiv:1307.3948 [hep-ph]]. V. Barger, L.L. Everett, H.E. Lo-
gan and G. Shaughnessy, Phys. Rev. D 88 (2013) 115003 [arXiv:1308.0052 [hep-ph]]; D. Lépez-Val, T. Plehn and M. Rauch,
JHEP 1310 (2013) 134 [arXiv:1308.1979 [hep-ph]|; S. Chang, S.K. Kang, J.-P. Lee, K.Y. Lee, S.C. Park and J. Song,
arXiv:1310.3374 [hep-ph]; K. Cheung, J. S. Lee and P. -Y. Tseng, JHEP 1401, 085 (2014) [arXiv:1310.3937 [hep-ph]];
A. Celis, V. Ilisie and A. Pich, JHEP 1312, 095 (2013) [arXiv:1310.7941 [hep-ph]]; G. Cacciapaglia, A. Deandrea, G.D. La
Rochelle and J.-B. Flament, arXiv:1311.5132 [hep-ph]; L. Wang and X. F. Han, JHEP 1404, 128 (2014) [arXiv:1312.4759
[hep-ph]]; K. Cranmer, S. Kreiss, D. Lépez-Val and T. Plehn, arXiv:1401.0080 [hep-ph]; F. J. Botella, G. C. Branco,
A. Carmona, M. Nebot, L. Pedro and M. N. Rebelo, JHEP 1407, 078 (2014) [arXiv:1401.6147 [hep-ph]]; S. Kanemura,
K. Tsumura, K. Yagyu and H. Yokoya, arXiv:1406.3294 [hep-ph]; P. M. Ferreira, R. Guedes, J. F. Gunion, H. E. Haber,
M. O. P. Sampaio and R. Santos, arXiv:1407.4396 [hep-ph)].



Z, symmetric CP-conserving 2HDM (softly broken)

. . . L. 1
V(R1,®y) = miP{®1 +m3dhPs — (m, {82 +hie) + SAU(B]01)7 + 5 (DhPs)?

+ AB((I)TI(I)I)((I)TQ(I)Q) + A4((I)J{(I)2)((I)£(I)1) + %/\5[((1)1(1)2)2 1 h.C.]

o

-5 o[

All parameters including vevs real

2
Mo
sin 3 cos 8

7 free parameters + My: mp, Mg, ma, mg+, tan 3, a, M? =

v . :
=) tanf= v_2 ratio of vacuum expectation values
1

== « rotation angle neutral CP-even sector



2HDM Lagrangian

Scalars - gauge bosons couplings

Kfﬁ =sin(f - a)

Kk, =cos(f-a)

Yukawa couplings
(lightest scalar)

Type 1
Type II
Type F

Type LS

IIT =TI = Y = Flipped = 4..

for the light CP-even Higgs

for the heavy CP-even Higgs

(no FCNC at tree-level)

cosa
K, =K, =K, =—
sin
cosa sina
K, = Kp =K, =—
sin 3 cosf3
cosa sina
K, =K, =— Ky, = —
sin 8 cosf3
s 15 cosc Ls sina
KU = KD = : = —
sin 3 cosf3

= 82HDM

l

8sm

at tree-level

2_r2HDM (h %Z)

K. =
i FSM (h %Z)

IV = IT' = X = Lepton Specific= 3..




ScannerS (scan'rR"Us)

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

m Automatise scans for tree level renormalisable Vscg/ar.

m Generic routines, flexible user analysis & interfaces. THOR FERREIRA, RS (22?7)

interfaced with Higlu srira (1995).

SuShi - Higgs production at NNLO in gg and bb  HarLanDER, LIEBLER, MANTLER, (2013).
HDECAY - Higgs decays Diouabi, KaLinowski, SPIRA (1997) + MUHLLEITNER (2013).
Superiso - Some of the flavour physics observables manmouni (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 (2010-2014)

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



2HDM allowed parameter space in September 2014
* Set my, = 125.9 GeV

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

m, +5GeV=m,,m, <1 TeV - -
——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



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



Type F

Type 11
30 . ,
25 30«
20’ e}
lo e
20
o sin(p-a)=1 ;
815
10 |
sin(p + a)

The SM-like limit
(alignment)

all tree-level couplings to
fermions
and massive gauge bosons are
the SM ones.

sin(f—-a)=1 =

1 - m——— " \ , i 2 3 "
05 06 07 08 09 1 05 06 07 08 09 1 = Ky =L Kk, =1
GINZBURG, KRAWCZYK, OSLAND 2001
Wrong-sign limit Kpky <0 or  Kkyk, <0
= = FERREIRA, GUNION, HABER, RS 2014
i cosa .
Kp = R —sin(f+ a)+cos(f+a)tanff Ky = sinB sin(f5+ @) +cos(f+ a)cot 5
COS
sin(f+a)=1 = k,=-1 (x,=1)
, tan” f—1 ,
sin(f-a)=———— = k,=01if tanf=1
tan” f+1




Why the shape? Shape comes primarily from u,

Assuming that the cross section is gluon fusion via top

2

. 2 K

_ sin“(f—-a) 0. ~ KU

L. =T (h —bb) ~an’a tan’ YKkl

Once you impose My, you are hearly there  Ferreira, HABER, RS, SiLvA, (2012).

Constraints from [y, within 20% of the SM

Type 11
30 T 20 .
; | | 18 1L
25 g_ S ertenebiastsanehsnseteneta fartenestnntbanetissaantsasnesesfatessannssnare S T tosessasroassasnere 167 OLD PLOT :,' 2
20 — 14 -_LCC(SC o] :
use for -
_ E : 12+ h 25
§ 15 ¢, Shape
: purposes
E sl * ¥
0F only
o 6
5 - Al
o o S T T T PR T S 2t
-0.8 -0.6 -04 -0.2 b 0i5 0
sina sino

Plot from: Fontes, Romdo, Silva, 1406.6081



Type 11

. 35 Why is the SM-like
20 o (but not the wrong sign)
20 | Lo e region so close to
2 sin(p - a) =1 | sin(B-a) = 12 Again the
15 same reason.
10 ¢
sin(p+a)=1 :
5 ' sin”(B - o)
1 el J - . . N B = ana tan’f3
0.5 0.6 0.7 0.8 0.9 1 05 06 0.7 0.8 0.9 1
sin(8 — «) SiIl(B . O:)

| oa=-026 = u, =22
Sin(f-a) =08 @nf=2.5 1026 = u, =14

What is the effect of the b-loops? Exclude the high tanp region.

sin” o
cos’f

= (sin(B - a) —cos( — a) tanf)’

sin(fB—-a)=0.8; tanf=10= Kk, =27



The shape of type LS

M M
rlfb +rrSc

2HDM 2HDM
I;ab + rrr

u,, =sin’*(B-a) k;,

Om, /m> +1

Wy, = sin’ (8- )

9m; /m’ +tan’ o tan’ B

307
25!
3 =
tan 8 Qg : Hyy 0.8
lo - 20+
50 T T T T T .
45 ?
4o S 15}
Two legs? Wrong Sign .
scenario? But w | 10;
25 +
5,
20 + ‘ ‘ ‘ ‘ ‘ ‘ / ‘
Kpky >0; k,k, >0; Kk, K, >0; 5| ~1.0-08-0.6-04-02 00 02 04
10 | sin
5 |
0

More later

-1 08 06 04 02 0 02 04 06

sin «v



30 The shape of type I
25 .
K, =K, =sin(f — a)
20
Q.
§ 15 Cross sections and widths are like in the SM
0 | +singlet for “large” tanf. Only Higgs self-couplings
are different.
> Using the same approx as in type IT
0 — sin?(B-a) =0.8 =
05 06 07 08 09 1

sin(8 — a) Uy = U, =sin*(B-a) sin(f - &) = 0.89

Except for h -> yy

) o Therefore bounds are
Yy =K, Which is close fo 1. almost independent
of tanf

Also there is just one "“leg” (next slide).

cosa
sin 3

K, =K, =K, =sin(f—a)+cos(f—-a)cot



Type I _cosa

=sin(fB+ a) +cos(fB+ a)cot B

_Sil’l/))
sin(f+a)=1 = K, =1 (k,=1)
. tan” -1
sin(f-a)=——— = Kk, <0 if tanf=1
(=) tan® B +1 v=01f anf<

Because constraints force tanf to be order 1 or larger, "there is
no wrong-sign Yukawa coupling” in Type I (more about this later).

Type I Type I, mg > 300 GeV Type I, mg > 500 GeV

0.5 0.6 0.7 0.8 0.9 1 0.5 0.6 0.7 0.8 0.9 1 0.5 0.6 0.7 0.8 0.9 1

sin(f8 — «) sin(f3 — «) sin(f3 — «)



30

blue - 20% all rates Plot
. green - + my> 300 GeV from
2 red - + discriminant THOR
20+
315 )
A
10
Local minimum
(N) - m,, =804 GeV
5_
v=2
0.9 092 V.-V, = -42x10° GeV
Global
minimum (N) - m,, =107.5 GeV
v = 329 6eV_

While usually forcing the minimum to be the global one does not add much to
constrain the parameter space, this is a case where it excludes part of the
large tanp region.

D = m;, (m121 —k2m§2) (tan 3 — k)

Our vacuum is the global minimum of the potential if and only if D > O.



tan 3

' The fermiophobic
: limit (type I)
- JT
- o =—
2
| cosa
KU = KD = KL = -
| sin 3

0.8 0.6

0.4 -02

Sin «v

0

02 04 06 Ot

sinx =1 is excluded at 3 sigma.



The dark side of the wrong sign scenario

Possible in
all types.

sin(B+a)=1 = k,=-1 K, =1
2
tan” p—1 ,
sin(f3 - a)—z—ﬁ = kK, <0 if tanf=<1
tan” f+1
Type II, tan 3 < 1 Type II, tan g < 1
0.65 ype o o b . 700 Bt/ i .ﬁ .
0.6 650 |
0.55
~ L, 600
2 05 T
8 g
550 }
0.45 |
04 | 500 |
0.35 - - - 450 U —
08 07 06 05 0.4 350 400 450 500 550 600 650 700

sin(f — «)

ma

Z->bb and b -> s y included.



The dark side of the wrong sign scenario

1000

2% A MgaA M

, ) 800
Type II, tan 8 < 1

0.65 700
0.6 30 E“I 500 I:‘b
20 400
0.55 300
200

Excluded area: CL > 95%
100

tan 3
o
un

0 02 04 06 08 1 12 14 16 18

tan(B)
0.45 A
DESCHAMPS, DESCOTES-GENON, MONTEIL,
0.4 NIESs, T’ JAMPENS, TISSERAND, 2010
0.35

-0.8 0.7 0.6 0.5 0.4
sin(f3 — «)

Final results when the limits from BB mixing are included.

2



The 8-parameter CP-conserving 2HDM
after the 8 TeV run

Heaviest CP-even scalar as the SM-like Higgs

P. M. Ferreira, R. Santos, M. Sher and J. P. Silva, Phys. Rev. D 85, 035020 (2012) [arXiv:1201.0019 [hep-ph)]
L. Wang and X. F. Han, arXiv:1404.7437 [hep-ph].

{sin(ﬁ — «v) — sign(a) cos(ff — «)

cos(f3 — a) — —sign(a)sin(f — «)

This is true in our convention. The reasons for the exclusion can be easily
rephrased in terms of tanP and cos(B-x).



Type 11

30 cos(p-a)=1

20’0
lo e

cos(p+a)=1

0.5 0

cos(fB — )

Wrong-sign limit K, Ky <0

The SM-like limit

cos(f-a)=1 =

= K.=1 Kk, =1

cos(f—-a)=-

cos(f+a)=1 = Kk, =1 (k,=-1)

tan” B—1

tan” B+1

= Kk, <0 if tanf=1




Type I Type LS

cos(p-a)=1

cos(p+a)=1

-1 0.5 0 0.5 1 -1 -05 0 0.5 1
cos(ff — «) cos(fB — @)

Type I and LS
cos(B+a)=1 = k,=kKk, =-1

tan” B -1

COS(/3— OC) = —m

= K, <0 if tanf=1

All couplings change sign - same conclusions as for the light scenario.



The Future

Surprises in h-> yy



Type II — Light scenario

-/

«20%
] 10%)

5%

KD

H+

2
v th+H./m

Colour code from
THOR

Type II — Light scenario

1.1

Y 4
09 |
0.8 |

e 20%

0.7 1 e 10%
o6 | 5%
0.5 . - A - .

1.5 1 0.5 0 0.5 1 1.5

KD

If we were only considering the gauge
bosons and fermion loops we should find
points at 5 % for the wrong-sign
scenario.

In fact, if the charged Higgs loops were

absent, changing the sign of ky would imply a

change in k, of less than 1 %.

The relative negative values (and
almost constant) contribution from the
charged Higgs loops forces the wrong
sign ., to be below 1.



Type 11 0.2
30 J- 0.1
' ' 0.05
1.2 '
25 + *20% 4 115 |
10% ;
20 v
¢
g 15
10 VV and YY within 5 %

of
the SM predictions.

0.7 0.8 0.9 1
, tan 3
sin( — «)

A measurement of the rates at 5% will exclude the wrong sign leg.
And in this case sin(f-«) = 1 and the 2ZHDM can go home.

If p.,is within 10% of the SM prediction, large values of tanf are excluded.



Type LS

30

25 | *20%
*10%

20 5%

Q ° °
g 15 | Light Scenario

0.92 0.94 0.96 0.98

sin(f8 — «)

The combination of the two rates
leaves just a few points at 5 % -

scan in progress.

The two legs of type LS

No wrong sign limit but symmetric limit.

sin(f+a) =1

tan® -1

sin(f-a) = tan” B+1

= Kk, =0 if tanf=1

In the symmetric limit the k, and k,
are not affected.

13
12 Lo
11 |

1 ¢+

fhrr

0.9 ¢

0.8 r

0.7

1 1.05 1.1 1.15 1.2
My~



Heavy scenario for type I

sina < 0 sina > 0
1
0.99
— 0,98
=
|
o 0.97
~
w
S 0.96
0.95
0.94 0.94
0 10 20 30 40 50 0 10 20 30 40 50
tan 3 tan 3

It is clear the points are not close to 1 in the symmetric limit.



Type II — Light scenario Type Il — Heavy scenario

1.2 - 1.2
11 ¢ ] 1.1 ¢t '
> >
e e
1t ¢ 20% ] Lr ¢ 20%
e 10% e 10%
5% 5%
0.9 ¢t - 0.9 t
-1.5 -1 -0.5 0 0.5 1 1.5 -1.5 -1 -0.5 0 0.5 1 15
KD RU
Type II — Light scenario Type II — Heavy scenario
1.1 . . . . . 1.1 : . . . .
| v
0.9 | e ] 09 | N\
£ 08 | ] < 08 |
¢ 20% e 20%
0.7 | [} 10%3 ] 0.7 7 o 10(7()
06 t 5% ] 06 e 5%
0.5 : : . : : 0.5 : : : : :
-1.5 -1 -0.5 0 0.5 1 1.5 -1.5 -1 -0.5 0 0.5 1 15
KD KU

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.




SM-like limit (alignment)
VS
Decoupling

The decoupling limit of 2HDM
ﬂ[fQ — oo, cos(av — 3) — O
e In this limit, the masses of b=H, H*, A:

772..?{) = A[i?‘z + E ;02 + 0(114/]\1122), . 772,21 = E ;02
i i
e When M7, = \;v?, m%, 4 o are determined by AMZ,, and are

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

below Afi5 is described by one Higgs doublet. In this limit:

ROVV/(hspVV) =sin(3 — a) — 1

S1N v COS v

hObb/hsnbb = — — 1

— 1, (h°tt) /hsntt = ,
cos 3 - (RTt) [ hsn sin 3

H°VV ~ cos(3—«) — 0, (hhh)/(hhh)sy — 1
RO HYH -, h°A°A° h°HOH°, H*tb... #4 0

GUNION, HABER (2003)



Heavy scenario and boundness from below

2
IhH+H+V/M H+

1.7 —
175 |
Type II, Heavy — Right Sign 18|
1.04 . . ; .
1.02 -1.85
1 o 1.9
0.98 , 105
_ 096 2
S 094
0.92 ' 2.05
0.9 2.1
0.88 b 2.15 e
0.86 . 350 400 450 500 550 600 650 700 750
0.84 - Mg+
0 5 10 15 20 25 GhH+H+V/ M
tan 8 -1.75
2 2 2 2 2
gSM—like _ _2’/}1H+ - mH _2M Wrong Sign _ _2mH* - mH -1.8
HH*H™ 2 HH*H" b2
-1.85
Boundness from below 1o
2 2 2 -
M < \/mH + mh /taIl ﬁ 1.95 R
b -> S Y 2 \ ! A ! \ .
350 400 450 500 550 600 650 700 750

m?. > 340 GeV

mpg+



Short comment on the
charged Higgs bounds



Experimental constraints on the charged Higgs mass

*LEP |o*e” = H*H"

ALEPH, DELPHI, L3 and OPAL Collaborations
The LEP working group for Higgs boson searches!

Any BR(Ht — rttv) {mpg= 2 80 GeV

BR(HY = ttv) =1

e B factories

myg+ 2 94 GeV

arX1v:1301.6065v 1

(Type LS)

HERMANN, MISIAK, STEINHAUSER (2012)

Models II and Y

myg+ 2 360 GeV

Best available bound on
the charged Higgs mass



Experimental (LHC)

=) | pp —tt =bbW "H"

ATLAS-CONF-2013-090

w0 60

% — — - Median expected exclusion

— [ Observed exclusion 95% CL
50 Observed +10 theory

--------- Observed -1o theory
— — - Expected exclusion 2011
40 —— Observed exclusion 2011

120 130 140 1
m,,- [GeV]

0
90 100 110

G. Aad et al. [ATLAS Collaboration], JHEP 1206 (2012) 039
S. Chatrchyan et al. [CMS Collaboration], JHEP 1207 (2012) 143

19.7 b (8 TeV)

40

30

20

10

~ CMS

_ Preliminary

[t = HD,H - v,

- 1,+ets final state

- MSSM mpe*

— -#— Observed

- —-Observed 1o (th.)

i Excluded

- %% Expected median * 1o
" Expected median * 2¢

o1 ;i1 [TV AN T A v S

......
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$

m,. =9
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m,- (GeV)

LAURI WENDLAND TALK

Corrected for

BR(H™ —1Vv)
0GeViy 11 F LS

tanf3

43 64 32 52




(X)
I
" Iand LS top and charged
o : Higgs Branching
. 1 ooy it =90 GV Ratios in models I
o = and LS
Si“(‘j—a)=1 0.001 ' mpy+ = 140 GeV
1 15 5 t32n5,3 3 35 1 . 2 4 6 8 ttglﬁ 1 “ 80
= How the ATLAS
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The Aligned "Model” after the 8 TeV run

A. Pich and P. Tuzén, Phys. Rev. D 80 (2009) 091702 [arXiv:0908.1554 [hep-ph]].
E. Cervero and J. -M. Gerard, Phys. Lett. B 712 (2012) 255 [arXiv:1202.1973 [hep-ph]].

W. Altmannshofer, S. Gori and G. D. Kribs, Phys. Rev. D 86 (2012) 115009
[arXiv:1210.2465 [hep-ph]].

Y. Bai, V. Barger, L. L. Everett and G. Shaughnessy, Phys. Rev. D 87 (2013) 115013
[arXiv:1210.4922 [hep-ph]].

A. Celis, V. Ilisie and A. Pich, JHEP 1307 (2013) 053 [arXiv:1302.4022 [hep-ph]].
V. Barger, L. L. Everett, H. E. Logan and G. Shaughnessy, arXiv:1308.0052 [hep-ph].
D. Lopez-Val, T. Plehn and M. Rauch, JHEP 1310 (2013) 134 [arXiv:1308.1979 [hep-ph]].

V. Ilisie, arXiv:1310.0931 [hep-ph].



Analytical dependence

hO HO A0
1+ Aw sin(8 — «) cos(fB — ) 0
1+ Az sin(8 — «) cos(f — ) 0
1y i i n?
sin(a — cos(a —
1+ Ay - CF)S(( — 313 COSE — 3:; tan(8 — )
sin(a — v cos(a — -
1+ A, — COS(( 5 ZT; COSE 5_ ZT ; tan(8 — )
1+ A, Av(a,tanﬂ,mfz,mai) Aﬁy(a,tanﬂ,m%Q,mfli) A (a, tan B)
14+ A, Ag(Ag, Ap) Ag(At, Ap) Ag(Ag, Ap)

Type I: vp,r = /2

Table from: Lopez-Val, Plehn, Rauch, 1308.1979

The typical Z2 symmetric (softly broken) models can be obtained
from the aligned by setting some phases to zero.



Plot from: Lopez-Val, Plehn, Rauch, 1308.1979

Type | Type |l lepton—specific flipped

sin o
sin o

- -1 -1 -1
0 10 20 30 40 50 0 10 20 30 40 50 0 10 20 30 40 50 0 10 20 30 40 50
tan tan B tan B tan B

The upper row shows the allowed parameter space in the Z,
symmetric models (softly broken). The lower row shows deviations
from the hVV and hbb couplings relative to the SM.



A complex 2HDM after the 8
TeV run

[. F. Ginzburg, M. Krawczyk and P. Osland, hep-ph/0211371; W. Khater and P. Osland, Nucl. Phys.
B 661, 209 (2003) [hep-ph/0302004]; A. Wahab El Kaffas, P. Osland and O. M. Ogreid, Phys. Rev. D
76, 095001 (2007) [arXiv:0706.2997 [hep-ph]|; B. Grzadkowski and P. Osland, Phys. Rev. D 82, 125026
(2010) [arXiv:0910.4068 [hep-phl]; A. Arhrib, E. Christova, H. Eberl and E. Ginina, JHEP 1104, 089
(2011) [arXiv:1011.6560 [hep-ph]]; A. Barroso, P. M. Ferreira, R. Santos and J. P. Silva, Phys. Rev. D
86, 015022 (2012) [arXiv:1205.4247 [hep-ph]]; B. Coleppa, K. Kumar and H. E. Logan, Phys. Rev. D
86, 075022 (2012) [arXiv:1208.2692 [hep-ph]|; D. Fontes, J. C. Romao and J. P. Silva, arXiv:1408.2534
[hep-ph].

* The parameter space;

* The amount of mixture between CP-even and CP-odd states
that is still allowed.



The CP-violating 2HDM potential

1 KR + ]. + ]. -
V(®1.®2) = mi®{®; +m3idy — (mfy {8y +hc) + S A1 (R]81)% + S Aa(P] Do)

+ Ag((I)Tl(I)l)((I);(I)Q) + )\4((1)1(1)2)((1);(1)1) + %)\5{((1)1(1)2)2 4+ h.C.}

P1 = Q1 P = —do

We choose m?;, and A5 complex and the vacuum configuration

2 arg[mlzz] = arg[)»s]

2 Tm[m, | = vy, Im| 4] j

Minimum condition

1 (0) 1(0
=l o)

10 + 2 parameters - 3 are fixed by the minimum conditions and one
by the W mass v2 = v,2 + v,2. The remaining 8 have to be chosen.

I.F. Ginzburg, M. Krawczyk, P. Osland, hep-ph/0211371.



Parametrisation (8)
= 2 charged, H%, and 3 neutral, h;, h, and h; 3 masses

h
S I Y RM? BT = diag (m}. m3. m3)

hs 73

C1Co 51C2 52
R = —(C18233 -+ 81C3) C1C3 — $152S53 €253 3 Ongles

—C182C3 + S153 —((3183 + 818263) CoC3

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

m) tan  ratio of vacuum expectation values

m% ng(ng tanﬂ — Rll) + m% RQB(RQQ tan/B — RQl)

2 _
= my= R33(R31 — Rastan 3)




 couplings that involve gauge bosons

C = CﬁRll + Sﬁng

e couplings that involve fermions

2HDM Lagrangian (for the CP-violating potential)

Extending the Z, symmetry to the fermions — 4 models with no FCNC

at tree-level
Type 1 Type 11 Lepton Flipped
Specific
R R . R R . R R R tan /3
R - R R - R R . R R . R
Leptons —5;132 + zcﬁ—s};”- —C;L — zsﬁ—cg" rrale zs,g—c;?'- 2 ticgT Lt
€162 5162 52

R =

—(618283 + 8103)
—C152€3 + $153

C1C3 — 515253 €253
—(c183 + s189¢3) Cac3




To find the allowed parameter space

e Set My = 125 GeV.

* Generate random values for potential's parameters such that

1 <tanp < 30 — /2 < a; <7/2
mp1 < mp2 < 900 GeV /2 < ag < /2
0<az<mn/2

—(1000)? Gev? < Re(m?y) < 1000% GeV?

|so| =0 = hy is a pure scalar,

|so] =1 = h; is a pure pseudoscalar

hy m C1C2 $1C2 2
ho =R\ n0 R=| —(c1s283 +s1c3) cic3 —s18283 283

—C189Cq + S$18 —(c189 + s189¢C CoC
h3 3 152C3 153 (13 123)23



Barroso, Ferreira, RS, Silva (2012).

Type | C2HDM Type || C2HDM

ol .
R
s
08F,"
E P I
o

R
Nogl=t, ™
S 3
. *
e
+

0.4 {1 o

0.2

0

0 0.2 04
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How close are we (will we be) to s, =0?

045 <|s,| <055 blue

Plots show that very close to (1,1) there are many

|s,|>083  red blue points. Will not be excluded by the rates.



Plot from: D. Fontes, J.C. Romdo, J.P. Silva, 1408.2534.

Type | C2HDM Type Il C2HDM

Hyy Hyy

‘Sz‘ <0.1

045 <ls,|<0.55  blue How close are we (will we be) to s, =0?

[>083  red Recently reviewed by FRS with the same

conclusions new interesting plots.



Plot from: D. Fontes, J.C. Romdo, J.P. Silva, 1408.2534.

Type || C2ZHDM
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Figure 8. On the left (right) panel, we show the results of the simulation of Type IT C2HDM (real
2HDM) on the sgn(C) sin (ay — 7/2)-tan 3 (sin a-tan 3) plane. On the left panel, in cyan/light-
grey we show all points obeying pyy = 1.0 + 0.2; in blue/black the points that satisfy in addition
82|, |s3] < 0.1; and in red/dark-grey the points that satisfy |ss|, |s3] < 0.05.



Conclusions

The allowed space of softly broken Z, symmetric 2ZHDMs is now
cornered into two regions - the SM like limit where sin(B-a) is very
close to 1 independently of tanP and the wrong sign limit (or
symmetric limit) where large values of tanB are excluded but smaller
values of

sin(B-«) are allowed (strongly correlated).

In types I and LS there is no wrong sign limit but rather a symmetric
limit that will be very hard to resolve especially for large tanp.

An interesting non-decoupling effect allows for a possible exclusion
of a type IT model in the SM-like limit of a heavy Higgs scenario.

Large mixing between the neutral states is still allowed in CP-violating
models.



The 8-parameter CP-conserving 2ZHDM
after the 8 TeV run

CP-even scalar as the SM-like Higgs

G. Burdman, C. E. F. Haluch and R. D. Matheus, Phys. Rev. D 85, 095016 (2012) [arXiv:1112.3961
[hep-ph]]; A. Freitas and P. Schwaller, Phys. Rev. D 87, no. 5, 055014 (2013) [arXiv:1211.1980 [hep-ph]]:
S. Chatrchyan et al. [CMS Collaboration|, Phys. Rev. Lett. 110, 081803 (2013) [arXiv:1212.6639 [hep-
ex|]; G. Aad et al. [ATLAS Collaboration], Phys. Lett. B 726, 120 (2013) [arXiv:1307.1432 [hep-ex]].
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FIG. 1: The ratio R =0 x BR(99 - A — vv)/o x BR(gg —
h — ~7) vs. tan 3. The dashed line corresponds to the type I
and lepton-specific schemes, with the solid curve being for the
type II and flipped cases. The horizontal dotted line corre-
sponds to o x BR(gg — A — 77) equal to the prediction for
this process mediated by the SM Higgs.

First analysis on the CP-odd Scalar as the SM-

like Higgs in the context of the 2HDM.

Even with no couplings to massive gauge bosons
involved it was already a problematic scenario

with tanp below 1.
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Vacuum structure of 2HDMs

my = ()

Local minimum - PLB603(2004), PLB632(2006), PLB652(2007)

NORMAL (V,)
M. Maniatis, A. von Manteuffel,
O. Nachtmann and F. Nagel

EPJC48(2006)805

Global minimum - CHARGE BREAKING (V) I. Ivanov
PR 2007)035001, PR 2008)1501
m, # 0! D75(2007)035001, PRD77(2008)15017

A. Barroso, P. Ferreira, RS

The tree-level global picture

1. 2HDM have at most two minima
2. Minima of different nature never coexist
3. Unlike Normal, CB and CP minima are uniquely determined

4. If a 2HDM has only one normal minimum then this is the absolute minimum - all other SP if
they exist are saddle points

5. If a 2HDM has a CP breaking minimum then this is the absolute minimum - all other SP if
they exist are saddle points




Two normal minima - potential with the soft breaking term

Local minimum (N) -
ve2a66ey  m, =804 GeV

V.-V, = -42x10° GeV

Global minimum (N) -

v=3296ey My =107.5GeV

THE PANIC VACUUM!

and this is one that can actually occur...

A. Barroso, P.M. Ferreira, I.P. Ivanov, RS, JHEPO6 (2013) 045.
A. Barroso, P.M. Ferreira, I.P. Ivanov, RS, J.P. Silva, Eur. Phys. J. C73 (2013) 2537.



Type-lIl
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Colour code
Red - all rates within 5% of
corresponding SM values.
Green - 10% and Blue - 20%;
No points at 5 %.

In the large tanf limit, as
Ky = sin(B-«) approaches 1,
sin(B+o) approaches sin(f-«).

sin(B+ @) —sin(f - @) = % <«<1

(tan f >> 1)
Need interference.

Type-ll
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Why isn't it excluded by the p,y ?

Type-ll, only wrong—-sign Yukawa couplings
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Assuming WW and ZZ rates to
be within 5 % of the SM
predictions.

pt(LHC) =

O.QHDI\"I(pp N h) BR.QHDI\‘I(}Z‘ N f)
oM (pp — hsm) BR(hsm — f)

Type-Il, only wrong-sign Yukawa couplings
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How come we do not have any points at 5 %?

All rates within 20% (blue), 10% (green) and 5% (red) of SM. ]_'f we were only consider'ing the gauge
1.05 T T r - -

bosons and fermion loops we should
find points at 5 % for the wrong-sign

1»

095} scenario.

0.9 | Infact, if the charged Higgs loops were
o oss| absent, changing the sign of Ky would

imply a change in K, of less than 1 %.
0.8 i 2HDM
- 2 r (h %)/y) 1
075} N S AN s
; " (b —yy)
0.7 : E ot
06 05 0 05 : 4l
kD o~ T §

th+H-/m
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The relative negative values (and
almost constant) contribution from . N
the charged Higgs loops forces the '

wrong sign W, to be below 1.

v

It is an indirect effect. 5




All rates with
900 .

What is the origin of this indirect effect?

in 20% (blue), 10% (green) and 5% (red) of SM.

800}
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Table 1-20 of 1310.8361

Large non-decoupling charged-Higgs loops
contribution until the unitarity limit is
reached.

The bound is imposed on A; due
to |a*| < 0.5.

1 |3 9 2 2
a’ =E[§()Ll+)t3)+\/z(l1 —A2) +(2)»3+)»4)

15

10t

Facility LHC HL-LHC ILC500
V3 (GeV) 14,000 14,000  250/500
J Ldt (fb—1) 300/expt 3000/expt 250500 <5
Kory 5— 7%  2-5% 8.3%
g 6—8%  3-5% 2.0%
kW I=6% 2— 5% 0.39% ol
Kz 4 — 6% 2 —4% 0.49%
Ke 6 — 8% 2 —-5% 1.9%
KRd = Rp 10 — 13% 4 — 7% 0.93% . . ~
Koy = Kt 14— 15% 7—10% 2.5% Ss -1 05 0 0.5 T 15
K
D

S. Dawson, A. Gritsan, H. Logan, J. Qian, C. Tully, R.

Van Kooten et al., arXiv:1310.8361 [hep-ex].



Should one expect a direct effect in the coupling to gluons?

All rates within 20% (blue), 10% (green) and 5% (red) of SM.

In h -> gg only fermion loops
115) “ contribute.

\wf

111

, r2HDM (h %gg)

o 4 05| K, = =127 <= sin( f+a)=1
2 1.05 g FSM (h %gg) /3)
1 -
0951 Table 1-20 of 1310.8361

o L 1 | , 1 Facility LHC HL-LHC  ILC500
- ~05 ;’ 05 ‘ Vs (GeV) 14,000 14,000  250/500
D [ L£dt (fh=1)  300/expt  3000/expt 2504500

For 5—1%  2—5% 8.3%

. . . Q0 ) )
Region will be excluded even in . 6 8(;0 ; ;’ 02;;0;;
. o o . I‘Eu/ 4 - 6 (8] -5 (4] .' (8]
e pessimisti enario.

the pessimistic scenario . I—6%  2-4%  O40%

Ko 6-8%  2-5% 1.9%

Kd = Kp 10 — 13% 4 — 7% 0.93%

Ky = Kt 14—-15% 7-10% 2.5%




Exclusion at the ILC
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tanp

At the ILC, the 95% CL predicted measurement for a center-of-mass energy
of 350 GeV and 250 fb! luminosity is u,, = 1.02 + 0.07.

Measurement would exclude all points in the figure.

S. Dawson, A. Gritsan, H. Logan, J. Qian, C. Tully, R. Van Kooten et al., arXiv:1310.8361 [hep-ex].
H. Ono and A. Miyamoto, Eur. Phys. J. C 73 (2013) 2343 [arXiv:1207.0300 [hep-ex]].



Exclusion at the ILC

Type-Il

Could also work due to expected
precision-
at 95% CL predicted measurement

for a center-of-mass energy of
350 GeV and 250 fb! luminosity is

M, = 1.00 + 0.01.

ete” — Zh — Zbb

BR>™ (h — bb)
BR* (h — bb)

u, (ILC) = sin’*(B - a)

0 5 10 15 20 25 30

tanp

Other processes will be measured with less precision but can also be used.

e'e” — Zh — Zcc e'e” = Zh —= Z1t' 1



Experimental - not considered

SM - 3.40 deviation R(D)= Br(B—=Dtv)
Br(B — D/(v)
1
Type I tan 8 m 4+
1 A o et
Type X.,Y —— Aoaf Type IT
081
For most of the 023_/
parameter space 1 T S Y S F R
2HDM=SM tang/my+ (GeV™)

FIG. 2. (Color online) Comparison of the results of this anal-
ysis (light gray, blue) with predictions that include a charged
Higgs boson of type II 2HDM (dark gray, red). The SM cor-
responds to tanf/my+ = 0.

J.P. Lees et al. [BaBar Collaboration]

Evidence for an excess of B > D*)tv decays
Phys. Rev. Lett. 109, 101802 (2012)



FCNC constraints in 2HDM

—0 =0 . .
=% B,~B,and B{~B, mixing New tree-level FCNC diagrams

s,b d

e

h,H, A
d s,b
m=) Rare B decays
2 W = S H

-—»—-
h,H A

v, Z




