Higgs Physics at Hadron Colliders (T)

R. Santos
ISEL & CFTC (U. Lisboa)

IBS-Honam Focus Program on
Particle Physics Phenomenology

30 August 2016



The strike

Many thanks to Shinya for replacing me in the
last minute. A beer is due!



* Summary of the searches (involving scalars) that are being
performed - new particles and new searches?

* The simplest extensions of the scalar sector as
benchmark models

* The singlet extension RxSM and CxSM
e 2ZHDMs
« 3HDMs - Ivanov and Silva's Half CP

Disclaimer: this lecture is about scalars and there is
no supersymmetry involved



Results for couplings after ICHEP
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The 750 GeV turmoil
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A very interesting and
useful exercise for model

builders and
phenomenologists!
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More details - Hyun Min Lee talk
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Higgs production mechanisms
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Higgs production mechanisms -
new scalars - charged Higgs

“main” process below the
top threshold

"main” processes above the

top threshold
o 1

/ T L
J ;‘{ H

still, cross sections could be negligible



Experimental (LHC) R ...‘.".?.‘?.fa.T?Y’
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G. Aad et al. [ATLAS Collaboration], JHEP 1206 (2012) 039 m, . = 90 GeV | 1 E LS
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Experimental constraints on the charged Higgs mass vs. tanB

x 60
< How the ATLAS
" 50|  exclusion plot would
look like in types I
40 and LS (X)
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small tanp excluded for this mass
region

1000
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Deschamps, Descotes—Genon, Monteil,
Niess, T'Jampens, Tisserand, 2010
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Higgs production mechanisms -
new scalars - charged Higgs

Only "model independent” bounds
come from lepton colliders

no Yukawa dependence

+ - try-
ee —Y, Z = HH (except for the decays)

ALEPH, DELPHI, L3 and OPAL Collaborations

The LEP working group for Higgs boson searches!

arXiv:1301.6065v1

Any BR(HT — 7tv) {mpg+ 2 80 GeV

BR(HT = 1tTv)~1 |mpg+ > 94 GeV | Type LS (X)

bound is roughly half the energy of the collider except

if decays are very non-standard »



Higgs production mechanisms -
new scalars - charged Higgs

charged Higgs pair production - only interesting when resonant

similar modes for
HW production

Aoki, Guedes, Kanemura, Moretti, RS, Yagyu (2011)
12



Dark scalars production mechanisms
(a)

’ e, ,
’," “dar'k"
| B ‘\\ charged Higgs
7 2 *
Inert

pp =>AH —-7ZHH — 7 + MET
pp =H"H* =W*W*HH -W*W*MET

cross sections reach 350 fb (first) and 90 fb (second) at 13 TeV
with BRs close to 100%

Fermiophobic

most promising but still with
very small cross section (< 2fb)

pp—>AH —> AVV
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Searches involving neutral scalars

CPC
S. —=VV > H —=VV

%heW

i

In run 1 searches were performed in
WW, ZZ,YY and ZY.
Searches will continue in run 2. There is some discussion
whether ZY
is interesting at all at high scalar masses, if there is anything
experimentalists would be happy to hear.

h. (no definite CP) Analysis are assumed to be

independent of particles CP.
CP(H)=1% CP(4)=-1




Searches involving neutral scalars

5; =8V CPC

H —AV (A —HV)
CPV 2HDM., ...

h, —=hV  C2HDM, ...

A->Zh,,5 was done in run 1.
A->ZH is done for CMS and is being started in ATLAS.

h. (no definite CP) Analysis are assumed to be

independent of particles CP.
CP(H)=1% CP(4)=-1




Searches involving charged scalars

H> =WV Triplets

H —-W~Z

So far there seems to be no concrete
plans even for H*->W+h,,5

Main decays for CPC and CPV 2HDM are the same.

7N\ 28 .
- - <. 5  have been searched for
i R N .
q ~ i ~_ in leptons and WW.

Vs




Searches involving neutral scalars

H —HH, (44,)

CPC RxSM, 2HDM,
f NMSSM
S, 8.8, NV, hohh
< C2HDM,

585, > hhh  CNMSSM

CPV

CPC r
H,— H H, CxSM, NMSSM

A;—> A H, NMssm

.

h. (no definite CP) So far only H -> hh

CP([—[,) =1 CP(A,) =-1 However it covers all cases except final
l ’ : states with different masses - more later.




Searches involving neutral scalars

S.—S.S. —bbbb
! S Resonant S.

5, —>5,5, —bbyy

Vardan Khachatryan et al. Search for resonant pair production of Higgs bosons decaying to
two bottom quark-antiquark pairs in proton-proton collisions at 8 TeV. Phys. Lett., B749:560-
582, 2015.

The ATLAS collaboration. A search for resonant Higgs-pair production in the bbbarbbarb
final state in pp collisions at /s = 8 TeV. 2014,

G. Aad et al. Search For Higgs Boson Pair Production in the yybbarb Final State using pp
Collision Data at /s = 8 TeV from the ATLAS Detector. Phys.Rev.Lett., 114(8):081802,
2015.

CMS Collaboration. Search for the resonant production of fwo Higgs bosons in the final state
with two photons and two bottom quarks. 2014,



Searches involving scalars

: — FC
<Si%ff]fj > H/A— 11T Done
\Si %fffk H/A— u'u~ Done and new analysis
) being prepared
HIA =1 Done for 8 TeV. Being
SeNC HI/A - bb done for run 2.
Being done

h,s —TU, eu, et

t —>ch,,s

S. (any scalar)

There are also ttH and bbH
production with H->ttbar
planned as well.

ATLAS and CMS use the 8 TeV data set to search for LF'V decays of H — e,
er [158] and pr [159, 160], leading to upper limits at 95% CL on the branching

No charged scalars considered

fraction, BR(H — ep) < 0.036%, BR(H — er) < 0.7%, and BR(H —= 1) <
1.51%.




Searches involving charged scalars

H® — tv  Done in tt production (mass below the tb threshold)

H® — tb Done (above the tb threshold)

H* — ¢b Done in t1 production
a long time ago - no updates.
H” — cs (mass below the tb threshold)

Other exotic searches that were not covered here can be
found in the review

LHC searches for exotic new particles
Tobias Golling, Prog.Part.Nucl.Phys. 90 (2016) 156-200



Singlet - RxSM and CxSM

21



ScannerS
a tool for multi-Higgs calculations

m Tool to Scan parameter space of Scalar sectors.
m Automatise scans for tree level renormalisable Va4

m Generic routines, flexible user analysis & interfaces.

ScannersS .hepforge.org



ScannerS

« Home

« Download
e Manual

» References
« ChangelLog
« Contact

Home

ScannerS is a C++ tool for scanning the parameter space of arbitrary scalar extensions of the Standard Model
(SM), which is designed for an easy implementation of experimental results/bounds by the user. The code also
contains various example implementations such as the Two Higgs Doublet Model (2HDM) and a complex singlet
extension with or without dark matter (xSM) -- See References.

The code provides a convenient way to perform parameter space scans while applying phenomenological
bounds using various interfaces to codes such as HiggsBounds/Signals, Superiso, SusHi, Hdecay and
MicrOmegas.

Currently the code contains several core routines to numerically generate (on each scanning step) a local
minimum (vacuum) from an arbitrary scalar potential expression. The potential and various options are specified
by the user in a Mathematica notebook. The notebook generates an input file which is used in the main C++
code where the scanning analysis is specified. The core code contains routines to: test tree level unitarity; detect
symmetries for the mixing matrix; detect flat directions and degenerate states; and various template functions to
test the stability of the potential as well as to impose constraints (see comments in the code and the manual for
more information).

Please contact us if you have problems and/or suggestions.

R. Coimbra, M. O. P. Sampaio and R. Santos,"ScannerS: Constraining the phase diagram of a complex scalar
singlet at the LHC", Eur. Phys. J. C (2013) 73:2428, arXiv:1301.2599 [hep-ph]

P.M. Ferreira, Renato Guedes, Marco O. P. Sampaio, Rui Santos, "Wrong sign and symmetric limits and non-
decoupling in 2HDMs", arXiv:1409.6723 [hep-ph]
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Overview of the tool

— Decompose nreals

Doublets, complex, reals, etc

H, HT
S, S*

V(H-. S'.' O* X'.' < ) — (:)., X

®o

0
N 1

@"5n

— V = V,(¢))

|

(V)

Indep. {vi,Mj, \a,. mi;}

= diag/m]

21 |0

\ 0

Local Minimum Generated!
— Check Tree level Unitarity
— Check Global Stability

— Boundedness from below

1

Quadratic Min. Cond. | Block Detection I

MT =1

0 0 0 0
g 0 0 0
0 0 0 0

0 - 0 0
0 0 0

i K

000 0B/

Numeric VEV
Oj = Vi+ 00;
Min. Conditions
= <8,‘V>a =0

A

User Analysis

— Interfaces: Superiso, SuShi,
MicrOmegas, HBounds/Signals.
— Tables & User def. analysis.




The singlet

a) Provide dark matter candidates

Silveira, Zee (i985)

b) Improve stability of the SM at high energies

Costa, Morais, Sampaio, Santos (2015)

c) Help explain the baryon asymmetry of the Universe

Profumo, Ramsey—Musolf, Shaughnessy (2007)

d) Rich phenomenology with Higgs to Higgs decays

LHC run 2 -> probe extended sectors
25



V

CxSM: Phase classification for three possible models

SM plus S = (S + iA)/V2,

= HTH + J(HTH)?+ZH HISP+ % [S1P+ %81+ (55 + a5 + c.c.)

- 2

\

J

Y
soft breaking terms

Model Phase VEVs at global minimum
U(1) Higgs+2 degenerate dark (S) =0
2 mixed + 1 Goldstone (A) =0 (B(1) = Z,)
Lo X Ly Higgs + 2 dark (S) =0
2 mixed + 1 dark (A) =0 (Zo xZH — 7))
Zis 2 mixed + 1 dark (A) =0

3 mixed

(S) #0 (Zj )




CxSM: Minimal model with dark mater + 1/2 new Higgs

SM plus S = (S + iA)/V2, with residual Z, symmetry A — —A

W Zo phase (vg # 0.va = 0): 2 Higgs mix + 1 dark

h cosa —Sina O h
ho = sihae cosa O S
hpu 0 0 1 A
B 75 phase (vg # 0, v4 # 0): 3 Higgs mix
h; Rin Ris Ria h
ho | = | Ren Ros Roa S
hs Ran Has HRaa a

Barger, Langacker, McCaskey, Ramsey—Musolf, Shaughnessy (2009) and many more...
Coimbra, Sampaio, Santos (2013) 27
Costa, Morais, Sampaio, RS (2015)



RxSM: Minimal model with dark mater or new Higgs

SM plus S (real field) Z, symmetry S — —S
V= MHIH ¢ A(HTH? + MsHTHS? + 582 4 As gt
B Z, phase (vg = 0): dark matter
(rou)=(0 7)(5)
homy /  \ 0 1 S
m 75 phase (vg # 0): 2 Higgs mix

hy \ [ cosa —sina h
h /] \ sina cosa« S

Datta, Raychaudhuri (1998)
Shabinger, Wells (2005) and many more... 28



In singlet models, various LO (in EW corrections) observables,
related to SM by a factor of x2:

m Production cross sections: 005000

i = K oSM

m Decay widths to SM particles:
i = rfTsy

m Total decay width:

total _ 2rtotal
79 = ril gy +Z_k:rf—=-fk
j

29



Tree level unitarity

("'5 |¢f>: J = (‘/LE |¢"1o1>:?ﬁ |¢N¢N}z‘@1@2}1"*1|¢N—1¢N>)
Tree level unitarity in 2 — 2 high energy scattering:

1iTO) | &
b;) ,,< |¢j> } %{QEFD]} < % | ag}] _ (bl I-TG?T |¢J> N 234 .
i ) Lee, Quigg, Thacker; PRD16, Vol.5 (1977)
@ In SM, the 2-particle states are ww—, hh, zz, hz
= constrains quartic coupling A, =

@ In BSM = bounds on combinations of quartic




Global minimum and boundedness from below

@ H =0, A= 0 and the following cubic equation must be
solved
S(b1 + by + d282) +2a;1 =0

@ H=0,S=—ay/by and
_ bi(by — by) — b
do b2

@ A=0, HH= —w and the following cubic equation
must be solved — 2a

- 2
S[b1—|—b262m —F(dg{jj) S?

AE

+2a; =0

@ S=—ay/by, H'H = —”FHE&SE“LAE) and — 2b
_ b.lz()u(th — bg) + mzég) — d2312)\ + 5%3‘?
Gpb2) — 6207

AE

A>0 A dbh>0 A (65 <)\dy if 62 <0)



Phenomenological constraints imposed using Scanners:
scanners.hepforge.org

m Electroweak precision observables — STU
m Collider data (LEP, Tevatron, LHC) HiggsBounds/Signals

m Dark matter relic density below Planck measurement &
bounds from LUX on og; (micrOMEGAS)

— Decay widths — adaptation of HDECAY— sHDECAY.
www.itp.kit.edu/~maggie/sHDECAY/

m EW corrections consistently off

B CxSM and also RxSM

= We also turned EW off for 13 TeV o(gg — h;)

We define global signal rate for direct channels

pi = R BR(h — Xsm)
Xsm



sHDECAY

The program sDHECAY is a modified version of the latest release of HDECAY 6.50.
It allows for the calculation of the partial decay widths and branching ratios of the
Higgs bosons in the real and in the complex singlet extenszions of the Standard Model,
both in the broken and the dark matter phase of the models.

Eeleased by: Raul Costa, Margarete Miihlleimer, Marco Sampaic and Rui Santos
Program: sHDECAY obtzined from extending HDECAY 650

When vou use this program, ple.ase cite ﬂlE' fo].ln:r'wlng refﬂrences
sHDECAY: ot :

HDECAY:
An update of HDECAY: 2

Informations on the Program:

= Short explanations on the program are given hege.

= To be advised about future updates or important modifications, send an E-mail to
Lllei Skit od

« NEW: Modifs'comected bugs are indicated explicitly jpthiz file.

Downloading the files needed for sHDECAY:
» zhdecaviar ez contzins the program packape files: the input file shdecay.in; shdecay f, dmb £, elw £,
feynhiges f, haber £ hoapa f, hep £, hegsg £, susylha £
= nakefile for the compilation.
Example for an ontput file:
The Input file Zhdergy n provides the aurpur fles BLBLL ibon, BLOLS DOiDo] Silbon, Dol 20l

For additional information, comments, complaints or suggestions please e-mail to: Eaul Costy. Mareareie
Mdiiblicimer. Marco Sampaio. Rui Santos

Last modified: Wed Dec 16 09:45.24 CET 2015



CP and the CxSM

SM plus S = (S + iA)/v/2, with residual Z, symmetry A — —A
This is a CP-transformation
S =S =4 — -A

so, if A gets avev, CP is broken, right? Wrong|

The model has two phases, one with a dark matter candidate
and one where the three neutral scalars mix.

In any case the model is always CP-conserving. The phases only
play a role if new particles are added to the theory.

34



CP and the CxSM

The crucial point is the following: V has two CP symmetries

H—-H:S—-=S (1)

H—-H:S—=S (2
Symmetry (2) can be seen as a CP symmetry as long as new fermions are not
added to the theory.

Therefore even if (1) is broken there is still one unbroken CP symmetry (2) and
the model is CP-conserving.

Transformation (2) ceases to be a CP transformation with e.g. the introduction
of vector-like quarks.

Branco, Lavoura, Silva (1999)

Bento, Branco (1990)
35



The two phases of CxSM at the LHC

| M| ¢ eSM; (mix & all bounds) | M| ® cSM; (mix & all bounds)
® cSMj (1DM & all bounds) ® cSMj (1DM & all bounds)

0.96 096 |

0.92 092
0.88 088 t

0.84 084 |

0.8 0.8

0 100 200 300 0 100 200 300
Myight (GeV) Mheavy (GeV)

@ We can say if we are observing the lighter or the heavier scalar
given a measurement of My, and the mass of a new scalar in a
region exclusively of the "mix" phase (in pink), excluding the DM
phase.

7 2 mixed Higgs + 1 DM (A =0)
(a1 € R) 3 mixed (S #£0)



@ By measuring physical particle masses and mixing angles we
found that
» identification of the phase that is realized in Nature is possible in

some cases,
» we can exclude the dark matter phase with a simultaneous
measurement of the mass of a non-dark matter scalar together with
Its mixing angle
» we can say whether the new scalar is the lightest or the heaviest.



The status of the singlet - scan boxes

Broken phase

Input parameter Min Max
Mh,s (GeV) [ 1251 1251
mp.,. (GeV) | 30 1000

v (GeV) || 246.22 246.22
vs (GeV 1 1000
01 —7/2 w/2
ap || —m/2 /2
(g —7/2 m/2

Input parameter Qark phase
Min Max
M., (GeV) || 125.1  125.1
Mp.,.. (GeV) || 30 1000
my (GeV) 30 1000
v (GeV) || 246.22 246.22
vs (GeV) 1 1000
a1 || —7m/2 /2
ai(Gev®) || —108 0

Scan parameter Brpken phase
Min Max
Mh,, (GeV) || 125.1  125.1
Mhyory (GEV) || 30 1000

v (GeV) || 246.22 246.22
vs (GeV) 1 1000
o || —m/2 /2




Stability conditions under RGE evolution

Stability conditions (imposed also in evolution):
m Boundedness from below: A >0 A do >0 A o > — /b

m Perturbative unitarity:

{|A|., o], 102] [2A+ b 1/ BN+ b)® + 2

}<_i16ﬂ
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RGE stability bands - no Phenomenology

Dark matter phase

Vacuum stability
consequences

1 dark m
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i
e

100 150

atter pt

200 250 300 350 400 450 500

T Hy (GeV)
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RGE stability + Phenomenology

I
Dark matter phase log1o(zev)

1 20
i Lower bound my,,, = 170 GeV from the
15 combination of all imposed constraints.
09 Lower bound on the dark matter particle
g mass just below mDM = 3 m;,5 and an
S 'Y excluded wedge around mDM = + my,,,
08
5
075 :
~..combined with RGEs
07 o et Dark matter phase |vsda|(GeV)
0 50 100 150 200 250 300 350 400 450 500 500 T e, — 200
M, (GeV) 0 1 Stable moSEEey 450
400 - esturate rdSns 400
. 3E0F 50
:?.f 300 f 300
These correspond to regions where the % 250+ 250
annihilation channels AA — Hi (to visible = 200 | 200
Higgses) are very efficient in reducing E 150 f Ee : 150
the relic density so it becomes difficult to 100 anid ,ﬁ[@ﬁ# x4 [l 100
saturate the measured ()c. 50 B
0 R 0

o BD 100 150 200 250 300 350 400 450 500

M Hye (GEV)



2HDMs
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The 2HDMs

a) Also provide dark matter candidates

b) Also improve stability of the SM at high energies

>

c)

Iso help to explain the baryon asymmetry of the Universe

d) Also richer phenomenology with Higgs to Higgs decays
e) New types of particles: charged Higgs and pseudo-scalars

f) CP-violation in the scalar sector

43



2HDM particle content

SM — 4 degrees of 2HDM — 8 degrees of
freedom = freedom

All symmetries broken — 4 GB + 4 scalar bosons (= CB)

U(1),,, unbroken but not CP — 3 GB + 5 scalar bosons (2
charged, H*, and 3 neutral, hy, h, and h;)

U(1),,, and CP unbroken — 3 GB + 5 scalar bosons (2
charged, Ht , and 3 neutral, h, H and A)

All symmetries unbroken — 8 scalar bosons



The softly broken Z, (U(1)) symmetric 2HDM potential

V((I)le (1)2) — 'T??%(I)Tlcl)l + 'T??ECI)E(I)Z — (_-;73%2(1)1(132 -+ h.Q) 1 %)\1((1)?1(1)1)2 4 %/\2(([);:1)2)2

+ Ag(BID ) (DID,) + Ny (DT Do) (DI D) + %)\5{(@’1‘1&)2 +hel]

¢1 = P11 Py — —o

Different models are obtained by tuning m?,, and )5 together with the
possible vacuum configurations (all other parameters real - hermiticity)

» NORMAL (N) (P©;(?§
» CHARGE BREAKING - —
(cB) . v

> CP BREAKING (CP) (ng(.);:@g



CB is possible in 2HDMs! Suppose we live in a
2HDM, are we in DANGER?

Can one potential have a Normal and a CB minimum
simultaneously?

V4 0

Local minimum —
NORMAL (Vy)

)

Global minimum — CHARGE BREAKING (V)

|
my;tO.






For a safer 2HDM

M2 2
— HY - ! 21,2
Vi, -V, = > [(vlv2 V2V1) +a Vl]
M ?
> H; :> Calculated at the Normal stationary point.
vV

e it ) 5500 0 NN

The Normal minimum is below the CB SP. The CB SP is
a saddle point.

Valid for the most general 2HDM but not for 3HDM!




Some beautiful relations

For charge breaking

74

For CP breaking

2
Vep =V = jz\ié [(Vlllvz _V"zvl)2 + 2V12] @

2
V V _M[{i ( 1 1 )2+ 2 2
c8 " VN T 22 ViV, = VoV a v,

For 2 competing normal minima

&

1 M2* M2* " " 2
Vv, =V, =2<( ! ) —( ! ) >[(v TV, =V 2v1) +(52v12]
N N




Vacuum structure of 2HDMs

The tree-level global picture for spontaneously broken symmetries

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

The tree-level global picture A. Barroso, P. Ferreira, RS
PLB603(2004), PLB632(2006), PLB652(2007)
6. An explicitly CP-violating 2HDM potential M. Maniatis, A. von Manteuffel,
can have two non-degenerate minima O. Nachtmann and F. Nagel
7. If they exist they must be non-degenerate EPJC48(2006)805
I. Ivanov
PRD75(2007)035001,
PRD77(2008)15017,

PRE79(2008)021116



Two normal minima - potential with the soft breaking term

Local minimum (N) -

v=2466eV My = 80.4 GeV

V.-V, = -42710° GeV

Global minimum (N) -

v=3206ey M, =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.



2HDMs Higgs Potential and the vacuum

2HDMs are stable at free-level - once you are in a CP-conserving minimum,
charge breaking and CP-breaking stationary points are saddle point above it.

Barroso, Ferreira, RS (2006)

However, two CP-conserving minima can coexist - we can force the
potential o be in the global one by using a simple condition.

IO

D=m/, (m11 k2m22) (tanb-k) k= glzg

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

Barroso, Ferreira, Ivanov, RS (2012)

In the case of explicit CP-breaking 2HDMs two minima can also coexist. In
that case the condition is:

a; = sf;, [mlsz B (m233 + mscs} c%] R

1 bi = & [e1s2 (—m] +miss + micd) + s1sacs (m3 — m3)]
_ 2 2 az = 2"“&2% 48T (m2 +m3) (1 C2Ca +.B)
D - B_EIE 34 ':2 {_ﬂ'l .’J" + bl} (ﬂ'z ."" _ 2 bz) + (m3 —m3) [cos (2as) (s2, _Hg ca, +555) + sin (2as)ss sin (201 +28)]
ﬂ ,IE by = (m3ck+misk) mici +mimiss.

lvanov, Silva (2015) 52



Softly broken Z, symmetric Higgs potential

V(F, F,)=mlFiF, +mF;F, - (m5FF, +he)+

~ NN

+ IB(F;Fl)(F;F2)+ I4(FIF2)(FZF1)+ SS(FIFz)Z +h.c.

we choose a vacuum configuration

Q- O

Q -l O

3

* m2;, and )5 real potential is CP-conserving (2HDM)

* m?;, and A5 complex  potential is explicitly CP-violating (C2HDM)

Ginzburg, Krawczyk, Osland (2002). 53



-

y
tanb=-=2
Vi

Parameters

ratio of vacuum expectation values

=) 2 charged, H*, and 3 neutral

CP-conserving - h, Hand A

CP-violating - hy, h, and h;

== rotation angles in the neutral sector

CP-conserving - a

CP-violating - a4, a, and o

=) soft breaking parameter

CP-conserving - m?,,

CP-violating - Re(m?,,)
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Lightest Higgs couplings a=-a+pl 2‘

to gauge bosons

k' =sin(b- a)
k' =cos(b- a)

gZHDM =sin(b - a) g V=Ww,Z

c?—comsevvnns

gCZHDM =C g = (Clel t Slez) gg]\V/IV = COS(&Z)COS(b - al) ggz\VfV

CP-violating
144 —_
eanpu = C08(&, )gZHDM CO¢. R.+5.R
b" M1 b2
i
c 16, 516, SF.
so| =0 = h; is a pure scalar, R=C (5,8 ¥5165) €16y =515,8; €8
sa| =1 = h; is a pure pseudoscalar g —C,5,C3F 8,83 =085+ 5,5,C5) 550,55

= -l-1- -1- -l O



SM Yukawa Lagrangian

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

which have to be diagonalised.



SM Yukawa Lagrangian

So we define
| = - - =]

and the mass matrices are

e

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

No scalar induced tree-level FCNCs




2HDM Yukawa Lagrangian

However in 2HDMs

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



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 ITI 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)

Y2 uY; (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; Paschos (1977)
Barger, Hewett, Phillips (1990)

Example: Type I 2HDM Z, symmetries




Lightest Higgs couplings a=-a+pl2

i c, =cos(a,)
YUkGWG CouDhnqs CP-conserving
t,=tan b
(0] . I, tb
YCZHDM CZ)IZHDM i lg5S2 I C?—Vl0|3'l>|h9

¥ 1/¢,

0 .
ap tigsby
®, always couples to up-type quarks
Type I ®, to leptons and to down quarks
K =k =k =22 T o, to | dtod k
Type I =Ky, =K, = —b ype II 1 to leptons and to down quarks
SIn Type F=X=III @, to leptons ®, to down quarks
T IT T _ cosa kH — kH - _ Siha Type LS=Y=IV @, to leptons ®, to down quarks
ype Y sinb P cosh
cosa Sina
kF = /(F = — /(F = -
Type F/Y - %v =% = ginp P cosh
cosa sina
S _ LS _ S — 61
Type LS/X K =kis =S58 pus o SN



Status of the CP-conserving 2HDM
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Experimental
All models

- Bg—ﬁd and BS—EO mixing

5

= R, =1(Z — bb)/T(Z — hadrons)

tan 8 2 1

== Precision Electroweak

Theoretical

Vacuum Stability
Perturbative Unitarity

111

Global minimum (discriminant)



Scan (light scenario)
* Set my, = 125 GeV.

* Generate random values for potential's parameters such that
90 Gev € my+, ma € 900 GeV

125 GeV =m, £m,, £900 GeV

1 Ztanf <€ 40

ES

(SIS
N[5

—(900)? Gev? € mi, € 900 GeV?

* Impose all experimental and theoretical constraints previously
described.

e Calculate all branching ratios and production rates at the LHC.

o™ (pp = h) x BR*™ (h = XX)
e =7 5 o o) % BRY (h — XX)

* Impose ATLAS and CMS results.



Scan (heavy scenario)
* Set mH = 125 GeV.

* Generate random values for potential's parameters such that

90 Gev € my+, ma € 900 GeV
1 Ztanf <€ 40

m, £m, =125 GeV

(SIS
B

o<
—(900)? Gev? € mi, € 900 GeV?

* Impose all experimental and theoretical constraints previously
described.

e Calculate all branching ratios and production rates at the LHC.

o™ (pp = h) x BR*™ (h = XX)
e =7 5 o o) % BRY (h — XX)

* Impose ATLAS and CMS results.



Alignment and wrong-sign Yukawa

The Alignment (SM-like) limit - all tree-level couplings to fermions and gauge
bosons are the SM ones.

sin(b-a)=1 b k, =1 k =1 k, =1

Wrong-sign Yukawa coupling - at least one of the couplings of h to down-type
and up-type fermion pairs is opposite in sign to the corresponding coupling of
h to VV (in contrast with SM).

k,k, <0 or Kk k, <0

The actual sign of each k; depends on the chosen range for the angles.



tan 3

30

25 ¢

20 +

10 +

Type 11

30’0
20’.
lo e

sinp-a)=1

sin(p+a)=1

Results after run 1 for the CP-conserving case

The SM-like limit (alignment)

ki - &2 1M
8sm
at tree-level

Sin(b—a):]. P kF:l, kV:l N L

0.5

06 07 08 09
sin(3 — «)

20

Type Il - CMS data

K. =
i rSM (h _>l)

Wrong-sign limit

k,k, <0 or

k k, <0

18+

16

tanp

sino.

OLD PLOT - just to
show the behaviour
with sina



Wrong-sign limit (type II and F)

Ginzburg, Krawczyk, Osland 2001

sin(b+a)=1 b k,=-1 (k, =) kk <0 or kk, <0
2
sin(b— a) = —tan2 b-1 P kV 30 if tanbh31 Ferreira, Gunion, Haber, RS (2014).
fan” H+1 Ferreira, Guedes, Sampaio, RS (2014).
. 20%
tan 3 10%
40 5%
1509.00672 ;
35 ¢t ' Type 11
2HDM Type I ATLAS 2HDM Type | ATLAS 0 L ! myy > 480 GeV |
T gbs' ?5% et 5=7TeV. 4547 " = Obs. 95% CL 5=7TeV. 4547 o .‘ my > 200 GeV
S Ejzt 9ﬂ5% cL fF=gTev. 200 m" __x_- Ejm gtso, cL f5=8TeV. 203" > '
= 10 I —-SMp- ° 20 ¢ ‘.‘s
S PR K ' . ! |
T RRRRE . \
i A S—
s N T
TEX XX G °
””””’ I : 0.1 0 01 02 03 04 05 06 07
Ny
03 A I
SRS HERSREES
ORIRRIIGEHRKIKE 02t |
10" SR A LKL OO0 .99 909, 68

-1 B 1 b 1 L e 1y
-1-08-06-0402 0 02 0406 08 1 10 -1-08-06-0402 0 02 0406 08 1

cos(p-a! cos(p-a)



The heavy scenario (m, < m, = 125 GeV)

The Alignment limit

cos(b-a)=1 b
b k.=-1 k =-1

but no decouupling

Type 11
30 cos(p-a)=1
20 e
lo e
cos(p+a)=1 J
05 0 0.5 1
cos(fB — «)
Wrong-sign limit k,k, <0
cos(b+a)=1 b k,=1 (k,=-1
tan® b-1

cos(b-a) =-

tan® b+1

P k,£0 if tanb31 59




Why is it not excluded yet?

SM-like limit

Wrong sign

K, —> 1 (sin(f-a) — 1)

K, = -1

(sin(f+a) = 1)

pum—

K

—

Vv

—>

Defining

K, = 1 (sin(f-a)—=1)

tan’f -1

tan” B+ 1

sina

(sn(f+a) =1 -

kK, =- =-1+e¢

cosb

Blue: Ky < 0. Green:xn =0

15

sin(b+a) -sin(b-a) =

2(1-¢)
1+tan®h

<< (tanb>>1)

Difference decreases with tan B



Probing Wrong-sign limit and SM-like limit in Heavy Scenario

Ferreira, Guedes, Sampaio, RS (2014).

Because m, < my (by construction), if m, =125 GeV, m, is light and there is no

1.1

09 |
v 08 ¢
0.7 t

06

0.5

decoupling limit.

Type II — Light scenario

v

¢ 20%
e 10%

«5%

-1.5

-1 0.5

0 0.5 1
KD

1.5

1.1

09

0.8 }

0.7 ¢

06 }

0.5

Type II — Heavy scenario

N

e 20%
e 10%

L 50/_6

-1.5

-1 0.5

0 0.5 1
KU

5% accuracy in the measurement of the gamma gamma rate

could probe the wrong sign in both scenarios but also the SM-like limit in the
heavy scenario due to the effect of charged Higgs loops + theoretical and

1.5

experimental constraints.
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How come we have no points at 5 %?

L()‘hHﬂgH’U/’I’J’LIQLIJr th+H+v/m%+
1.7 . : ; ; . . . -1.75 T : T T . T :
. : Considering onl
R SM-like Sk Wrong Sign gauge bosogs anii
18 A s io) oth. Scenamos) :
e | e reavy ocenario) : b fermion loops we
10 |8 : 185 should find points
195 [9 ¥ at 5 % for the
2 '8 R wrong-sign
205 | % K o e scenario.
) A 1.95 TR : & AL
2.1 b KPR R . i : “. e 7 XA .
D S — 5 e In fact, if the
350400 430 500 550 €00 630 700 750 350 400 450 500 550 600 650 700 750 charged Higgs
mpg+
2H . . e > loops were absent,
SM - like . _ 27’7’11_11r —Mmy = 2M Wroith_ign 5 — 2n/lHi —Mmy Changlng The S|9n
S - 2 HHH v of Ky would imply a
change in k, of less
Boundness from below than 1 %.
M < \/ 2 4 2 tan? b The relative negative values (and almost
My ™M, constant) contribution from the charged Higgs

b->sy loops forces the wrong sign 1, to be below 1.
2
my. > 340 GeV (500 GeV) It is anindirect effect.

Updated in Misiak eal (2015). 72



Heavy scenario for type I

sinca < 0 sina > 0
1
0.99
— 0.98
3
[
w~ 0.97
o
o
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

The two scenarios (distinguished by the sign of sin ) can be distinguished in all
models but sometimes very precise measurements are needed



Status of a CP-violating 2HDM -
the C2HDM

Fontes, Romao, Silva (2014)
Fontes, Romao, RS, Silva (2015)
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Scan

. Set m,; = 125 GeV.

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

/2 < < 7/2
T/2 <13 ST/ 100 GeV < my+ < 900 GeV

1 <tanf <30 mps > 340 GV
m1 < me < 900 GeV

—(900 GeV)? < Re[m?,] < (900 GeV)?

* Impose pre-LHC experimental constraints,

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



Results after run 1

Type | Type Il
Eﬂ ' | [ [ ' | | [ [ | [
60 - -
= =3
ik} 1]
2 =2
23 23
60 - _
_Eu I L I I i L I L i I L | | L 1 | | | | L L
-80 -60 -30 0 30 60 90 - - -30 0 30 60 a0
a4 (deq) 4 (deq)

0Ly VS. Qo
for Type I and Type II. The rates are taken to be within 20% of the SM
predictions. The colours are superimposed; cyan for y, blue for u_, and red for

UYY'



tani )

Typa i

as

F41

code.

tanB as a function of Ry,
Ri, and Ry; for Type I
and Type II. Same colour

“tanip)

15

10

Results after run 1

15

Type |
T — 1 1 1 1 1 3'3_
25 |
20
- i
‘5’15—
10 F
5
. i i
0.5 0 1] -1
R4z

Type I

tan(B)

Type 1 Type 11 Lepton Flipped
Specific

1 Hya Hja  His Riz Hyn - Hya Hya . Ria
LP S,Iﬂ S'ﬂ 3'5 Sﬁ S,lﬂ 1C Slg 55 EE'E 3'5
Ris - Riz Ry Riz Ris - Rijz Riz .. Ria
Down o + icg s c S8, s +ics =, s iSB7c,

R . . R R . R R . R
o Hyg Ay fga By fya Hyo s
Leptons + icg sn ea T USBTY Tt —ise sy s s




The zero scalar scenarios

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

R,=0 P 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 P ¢c,=0 ‘ C, = 0 P gy = 0 excluded

i S

.=V allowed
R,=0 P sc,=0

excluded Type I Type 11 Lepton Flipped
Specific
T Ria oo H1a Hio no Bz Ry o Hiz Ria . Hia
UP Sy TR, Gy TR, ey TR, ) iR,
Ria - Hiz  Hii - Hiz Hjis g 13 Ry .. Hia
Down P + I8~ op T USBT. ep +icgg oy T USB,

Leptons Eiz_F?;CﬁEm E:L:L_E'Sﬁﬂli By jsgfa E11+icﬁ£ﬁ
58 55 ca cg cg Ca Sg




The zero scalar scenarios

* So, taking
c,=0 P R,=0

and

Even if the CP-violating
Type F a,=0 by =-5, parameter is small, large
tanB can lead to large

Type LS a, =0 b, =-s,t, values of b.



The zero scalar scenarios

In Type IT, if

a,=a,»0 P b,=b, »1

and the remaining h; couplings to up-type quarks and gauge bosons are

\l 2

La a; =(1-s,)=1-1/1,) gZIZ/I;—IDMO = (? = tb -1_1-5
2= h g g ;o 2+1 1+s?
:I: bU:SZ:]_/z‘b € gSM 2 2

This means that the h; couplings to up-type quarks and to gauge
bosons have to be very close to the SM Higgs ones.



Results after run 1

No major differences SM-like limit
relative to the CP-conserving sin(p-a)=1 sin(p +a) =1
case

Leplon Specific

tanipl
tan(pl
tan(p

0.8 d6 04 0.2 0 0.2 0.4 0.t 0.8 48 04 0.2 0 02 04 0t 0.8 48 N4 0.2 0 0.2 0.4
5O " ginfay - 1) sqniC) " ginfay - i2) sam(C) * sin(ay - 12}

tanB as a function of sin(a, - ©/2) for Type I, Type IT and LS. Full range (cyan),
s, < 0.1 (blue) and s, < 0.05 (red).

17 cos? ap cos?(f — aq) sin’a; cos

Hvy =~

2 g + sin? a9 cos? 3

tan? 3 cos? aq cos? a + sin?

as sin®

0.6



Scalar or pseudo-scalar?

O .
Yeouom © ar Ti05h,

b,=0 and a,=0?

Find a 750 GeV scalar decaying to tops h=H—tt

Find a 750 GeV pseudoscalar decaying to taus /4, =A—> 't

Tt's CP-violation!




Type IT

: The CP-
The wrong-sign _ ing li
limit The SM-like COﬂSGItVII:]g liné
e limit limit
sin(B + o) = 1 The _imit o
sin(B - a) =1 sin(ay) =0
pseudoscalar
N\ - . .
/ limit sgenario.
Type ll Type ll
F S L B BN/ I B By A T S A B I ]
1F <
05
(] -
0
Gmome :
= i I
> [ [
05 | 50
AF :
15 | i | I | 45 L | i | | |
1.5 1 0.5 0 0.5 1 18 1.5 1 0.5 0 0.5 1 1.5

san(C) * ap sgn(C) * ay

Left: sgn(C) by (or b)) as a function of sgn(C) ay (or q,) for Type IT, 13 TeV, with
rates at 10% (blue), 5% (red) and 1% (cyan) of the SM prediction.
Right: same but for up-type quarks.

So what about EDMs?



Direct probing at the LHC (tth)

Berge, Bernreuther, Ziethe 2008

pp _) h _) t+ t_ Berge, Bernreuther, Niepelt, Spiesberger, 2011

Berge, Bernreuther, Kirchner 2014

* A measurement of the angle

b can be performed Df,=40° 150fb™

2

tanf, = % : :
t with the accuracies DF,=25° 500 fh-L

a,

Numbers from:
Berge, Bernreuther,

Kirchner, EPJC74,

S c
tanf,=-"Ztana, P tana,=--Ltanf, (2014) 11, 3164.

¢ Sp

It is not a measurement of the CP-violating angle a,.

More later!



CP-violation with a combination
of three decays



Combinations of three decays

Already

observed h—>2Z << CP(h)=1

hy—>hh = CP(h)=CP(h,) CP(h)=CP(h,)

Decay CP eigenstates Model

h,—>h,Z CP(h)=- CP(h,) None C2HDM, other CPV extensions
hyy —>MmZ CP(hys)=-1 2 CP-odd; None C2HDM, NMSSM,3HDM...

h, — 77 CP(h,)=1 3 CP-even; None C2HDM, cxSM, NMSSM,3HDM...




Classes of CP-violating processes

* ON going searches

,/\\ ,/\\
Classes C, / C, \/ C; \ Cy Cs
Decays h, - hZ\hy = ZZ |hy - ZZ | hy - ZZ |hy - ZZ only
hy = WZ \h, = ZZ |\hy - ZZ | hy - ZZ |h) — ZZ

DN

only two to go

I/_\\ 1/\\
Classes / Ce \ / C

hy — hyh, hy3 — hih,
Decays hy = hZ hy3s = hZ

hy = ZZ hy = ZZ

. D

Classes involving scalar to two scalars decays

87
Fontes, Romao, RS, Silva (2015).



Qg

=30

-6l

=90

CP-violating class €2 (and C3 and C4)
h2 —> h3 hl — h2

h—>7Z < CP(h)=1

Observing the three decays
constitutes a "model

h2 —> /4l & CP(hZ) =1 independent" sign of CP-

violation.
h,—>hZ = CP(h)=CP(h,)
= BR(h, > 22)
BR(h, — h7)

&l

—T
G0

a0

The benchmark plane is (m,, x)

0

., is already constrained by the
first decay. The constraints from
the other two decays could be
combined in a (m,, sina,) plane.
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TABLE VIII. Predictions for 6 x BR at /s =

13 TeV for the

benchmark points P5 (Type I) and P6 (lepton specific).

P5 P6
o(hy) 13 TeV 55.144 [pb] 53.455 [pb]
n’Ehl BR(hy — W*W¥) 10.657 [pb] 11.069 [pb
o(h,)BR(h, — Z*Z*) 1.093 [pb] |_LIL]_|1.136 [pb]
o(hy)BR(hy — bb) 33.118 [pb] 3Z.15Z [pb]
agh] gBREk, -7 3.825 [pb] 2.845 [pb]
o(h;)BR(hy — yy 119.794 [{b]  122.579 [fb]
6, =o(hy) 13 TeV 1.620 [pb] 4.920 [pb]
o, x BR(h, » WW) 1.032 [pb] 0.542 [pb]
6, x BR(hy — ZZ) 0.427 [pb] 0.232 [pb]
6, x BR(h, — bb) 0.012 [pb] 0.097 [pb]
05 X BR%hz - 77) 0.001 [pb] 0.109 [pb]
6 X BREhz - 77) 0.123 [fb] 0.344 [fb]
o, x BR(h, = h,Z) 0.140 [pb] 0.075 [pb]
6, x BR(hy = h,Z — bbZ) 0.084 [pb] 0.045 [pb]
s X BREhz = hZ - Z) 9.683 [fb] 3.982 [fb]
6, x BR(hy — hihy) 0.000 [fb]  3772.577 [fb]
o, x BR(hy = hihy — bbbb)  0.000 [fb]  1364.787 [fb]
6, X BREhZ - hyhy = bbr7) 0.000 [fb]  241.505 [fb]
6, x BR(hy, = hh, — 7777) 0.000 [fb] 10.684 [fb]
03 = (hy) 13 TeV 0.442 [pb]  10.525 [pb]
03 X Bthg = ww) 0638 [pb] 0945 [pb]
63 X BREhg - 77) 0.293 [pb] 0.406 [pb]
05 x BR(hy — bb) 0.004 [pb] 0.422 [pb]
o3 X BR(hy — 77) 0.432 [fb] 407.337 [ib]
63 X BREhg = 77) 0.140 [fb] 2410 [fb]
6y x BR(h; — h,Z) 0.383 [pb] 0.601 [pb]
63 x BR(hy = h,Z — bbZ) 0.230 [pb] 0.416 [pb]
03 X BRE}@ - Z - mtZ) 26.554 [fb] 36.779 [fb]
63 x BR(h; — hyZ) 2.495 [pb] 0.000 [pb]
6y x BR(h; — hyZ — bbZ) 0.019 [pb] 0.000 [pb]
63 X BREhg > hyZ — 712Z) 2.188 [fb] 0.000 [fb
63 x BR(hy — hihy) 433.402 [fb] [6893.255 [b
05 X BREh3 — hy h] — bbbb) 156.329 [fb] | 2493.740 [fb]
o3 X BR(hy — hyhy — bbrr) 36.111 [fb] 441.277 [ib]
03 X BREhg - h hl — TT7T) 2.085 [fb] 19.521 [tb
oy x BR(h; — hyh) 0.000 [fb] 0.000 [
63 X BRE}@ — hyhy = bbbb)  0.000 [fb] 0.000 [fb]
5 x BR(hy — hyh, — bbrr) 0.000 [fb] 0.000 [fb]
63 x BR(hy — hyh, — 7777) 0.000 [fb] 0.000 [fb]

Class C7

h—72Z2 <« CP(h)=1

h,—>hZ = CP(h)=-CP(h)=-1

h,—>hh << CP(h)=1
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a special 3HDM
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Slides by I. Ivanov

Consider 3HDM with the following potential V = V, + V4 (notation: i = ¢;):

Vo = —m?y(111) — m§y(272+ 313) + 2 (171)2 + X, [(272)% + (373)?]

+23(171)(272 + 373) + A5(272)(373) + A4 [(11‘2)(21‘1) + (1*3}(3*1]] + 24(273)(372),
with all parameters real, and
Vi = as(3T1)(271) + A—; [(211)2 — (371)2] + As(23)? + 20 (273) [(212) — (313)] + h.c.

with real As g and complex Agg. It is invariant under order-4 gCP:

—1 0 0
JZ(;S,'I—}*XH(;B;? X = 0 0 I
0O —1 0

Its square, J? = diag(1, —1, —1), and J* =1T.
This model has no other symmetries [lvanov, Keus, Vdovin, 2012].
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Slides by I. Ivanov

The model is similar to the usual Inert Doublet Model (IDM) but with elaborate
interaction pattern within the inert sector.

Vi = As(3T1)(2F1) + %ﬁ [(21‘1)2 - (3*1)2} +2s(213)2 + Ao(213) [(212) - (3*3]] +h.c.

g "
T

T

similar to As{qf?; #1)?

new

@ Extending J to the entire lagrangian: ¢, 3 decouple from fermions, the
J-symmetric minimum is (v, 0, 0), inert scalars protected from decay to SM

fields.

@ The scalar spectrum is exactly IDM-like: a pair of degenerate H*, and two
pairs of degenerate neutrals.
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Slides by I. Ivanov

Possible to diagonalize the mass matrix staying within complex neutral fields

(‘P):(C-r %)i(@%@g*)
e —sy ¢ )2\ -3 )

with tan2y = —Ag/As. Complex fields @ and ¢ are eigenstates of mass,

2
Mz? mzz—mgz—l—%()g—l—)\q:l:ﬂ,\%—l-)‘%) ;

and are also eigenstates of J with charges g = +1:

J: = iP, p—ip.
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The real complex fields @, ¢ have weird CP-properties: Slides by I. Ivanov

J: @—idP, p—ip.

They are neither CP-even nor CP-odd but are half-CP-odd.

NB: J, which was antiunitary in the ¢; doublet space, becomes unitary in
(P, p)-spacel!

Conserved quantum number: not Z,-parity but the charge g defined modulo 4.

The map from (¢3, ¢3) to (@, ¢) conserves the norm implying
‘8;&@35{2}'2 + |"~c’)p«(-1i’{3}|2 = |"5),u,@|2 + |8u‘¥3|2:

while the interaction potential contains only combinations

e*o, ot (), @ (¢*)?,  where ¢ stands for @ or o,

all of which conserve g. Transitions ¢©™ — @, e — ©* ™, or loop-induced
© <> @ as possible, while ¢ — ©* are forbidden by g conservation.

Instead of ZHA vertex in CP-conserving 2HDM, with H and A of opposite
CP-parities, we have Z®p vertex, with two scalars of the same CP-properties:

instead of (4+1)-(—1)=—-1 wehave /-i=—1.
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END of Part I
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