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BSM-EHS - What are they good for?

Motivate searches

N\

New scalar?

Discovered Higgs very
SM-like

Information from
precision measurements?



Uneventful

Am | alone?

My Life as a Boson
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What once was so colourful
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b . magenta + blue = RxSM (also CxSM)
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magenta + black + blue + red = N2HDM

€ There is a 125 GeV Higgs (other scalars can be lighter and heavier).

€ From the 2HDM on, tan p=vz/vi. Also charged Higgs are present.

€ Models (except singlet extensions) can be CP-violating.

€ They all have p=1 at tree-level.

€ You get a few more scalars (CP-odd or CP-even or with no definite CP)
€ In case all neutral scalars mix there will be three mixing angles

€ They can have dark matter candidates (or not)



Searching (almost) everywhere!

5, = SV H—AZ(A - HZ),h, > hZ  2HDM, C2HDM..
eH = AZ, A= ZHand A = Zh_,, ATLAS and CMS
R(C)xSM, 2HDM,
5; = 55 H; - HH(AA) NMSSM,C2HDM,C-NMSSM,
3HDM..
eh .2 AAand H— h,, h_,ATLAS and CMS butstillno H; = hypsHi(j # k)
Sl —> ﬁf] Hi/Ai — bl_?, tlT, T+T_,,Lt+,l/l_ h125 — TU, U, eT

Still, the CP-nature of the Higgs not probed (but it is not CP-odd).
Attempts in tth (production) and tth (decay) starting (many theory
papers).



For the 2ZHDM

YY. 22, W, 7, bb, tt
Si - VvV / t t

small Br absent or small Br or

N

difficult @ LHC |
suppressed  large BG

hy = ZZ(+)hy = ZZ(+)hy = hZ Combinations of three decays

hy - Z72ZZ « CP(h) =1 hy — hyhy = CP(h3) = CP(h,)
Decay CP eigenstates Model
hy = h,Z CP(hy) = — CP(hy) None C2HDM, other CPV extensions

haz = MZ CP(hyz)=—1 2 CP-odd; None C2HDM, NMSSM,3HDM...

h, > ZZ CP(hy =1 3 CP-even; None C2HDM, cxSM, NMSSM,3HDM...

C2HDM - FONTES, RoMAoO, RS, SILVA, PRD92 (2015) 5, 055014
CNMSSM — KING, MUHLLEITNER, NEVZOROV, WALZ; NPB901 (2015) 526-555



A->VV

[o(gg—A)+o{bbA)].Br{A — ZZ)[pb]

Beware of loop induced decays

the same order.
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Is allowed, and if the CP-even decay is suppressed, they could be of

Parameters: sin(f - o) = 1, m}, = 125 GeV, my+-= my = 600 GeV. A will decay
mainly to fermions.

(A = ZZ) as a function of m, (Type |) for tan B between 1 and 4o0.

Below the tt threshold, where o(pp = A)BR(A — ZZ) is largest, the width
is below 107> GeV while '(H = ZZ) is zero at tree-level (sin(B - a) = 1).

At one loop '(H — ZZ) can be of the order 10™>to 1074. So BR(A — ZZ)
and the BR(H — ZZ) will be of the same order of magnitude.

Even if BR(H = ZZ) can be slightly larger, also the production cross
section of a pseudoscalar is larger than that of a scalar in gluon fusion.

A 100 TeV collider will finally probe A = ZZ at the level of zero tree-level H
— ZZ (and very model dependent - dependent on higher order
corrections).

ARHRIB, BENBRIK, EL FALAKI, SAMPAIO, RS, 1809.04805.

BERNREUTHER, GONZALEZ, WIEBUSCH, EPJC69, 31 (2010).



Other more exotic final states: fermiophobic Higgs

h125 — hh —> 4}/ In the 2HDM and also in any extension beyond the 2HDM
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Multi-photon production in the Type-I 2HDM - This paper presents a study of a possible contribution to a Higgs boson
signal in the hh — vyyyy channel due to H — hh decays, in the framework of the CP-conserving 2-Higgs Doublet Model Type-I, where
the heavier of the two CP-even Higgs bosons, H, is the SM-like Higgs state observed with a mass of 125 GeV at the LHC. Then, after
validating our numerical framework against public experimental analyses carried out at the LHC, we proceed to assess its scope in
constraining and/or extracting the gg — H — hh — vyyyy signal in presence of a sophisticated Monte Carlo (MC) simulation. We find
that, over a substantial region of the 2HDM-I parameter space presently un-accessible, the LHC will be able to establish such a
potential signature in the next 2-3 years.

ARHRIB, BENBRIK, MORETTI, ROUCHAD, YAN, ZHANG, JHEP 1807 (2018) 007.



m, [GeV]

Searches

the physics of limits
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Upper bounds at 95% CL on the
production cross-section times
the branching ratio Br(A —
ZH)xBr(H — bb) in pb for
gluon—gluon fusion. Left:
expected; right: observed.

Observed and expected 95% CL
exclusion regions in the (m,,m,,
) plane for various tan B values
for Type | (left), and Type Il
(right).

Assumptions: aligment, lightest Higgs 125 GeV, m,, = m,, U(1) symmetry (fixes m_,2).



Searches - the physics of limits
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Lightest Higgs coupling modifiers (to gauge bosons)

h,,5 couplings measurements

For many extensions coupling modifiers are similar

WV o hVV
S ppy = SI(f — a)ggy,

hVV _ hVV CP-VIOLATING 2HDM
8comapm = €OS X 85ppm

[ ——————» "PSEUDOSCALAR" COMPONE

(DOUBLET)

|so] =0 = hy is a purescalar,
hVV hVV

Enarpm = €08 X2 8rppm |so] =1 = hy is apure pseudoscalar
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h,,5 couplings measurements

Models need couplings modifiers - simple in many extensions of the scalar sector

The 2HDM (CP-conserving and no tree-level FCNC)

2HOM Typa | ATLAS
—— Obs. 95% CL
5= 7TaV, 454710
X Bosttt

E=8Tav, 20300"
==== Exp. 6% CL
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ATLAS 1509.00672
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ATLAS and CMS allowed rc'OeS(gBions in type I and type
IT for the CP-conserving 2ZHDM. The central
region is the SM-like limit (or alignment) where
the Higgs couplings to the
other SM particles are just the SM ones.

The extra leg on the right has the wrong sign in
the b/tau couplings relative to SM ones.
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h,,5 couplings measurements

»N2HDM _ (R;3)? singlet admixture of H, (measure the singlet weight of H.)
Ehl‘zs in %J for Hl = h125

0 6 12 18 24 30 36 42 48 54
25 - 25 :
¢
20r wrong-sigh s 1 20F
H SM like
15+ 15+
Q. Q
g g
10+ 10+
SF 5
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—-12 —-10 -08 -0.6 —04 —0.2 0.0 02 04 —-1.2 —-1.0 -08 -0.6 —04 —0.2 0.0 0.2 04
sgn(c(h125V'V)) x sin(a; — 7/2) sgn(c(h125V'V)) x sin(a; — 7/2)

SM-like and wrong-sign limit in the N2HDM type II - the interesting fact is
that in the alignment limit the singlet admixture can go up to 54 %.

MUHLLEITNER, SAMPAIO, RS, WITTBRODT, JHEP 1703 (2017) 094



Cruel faith for the EHS?

ABRAMOWICZ EAL, 1307.5288.
CLICDP, SICKING, NPPP, 273-275, 801 (2016)

Parameter Relative precision [76,77]

350 GeV  +1.4TeV +3.0 TeV

500 fb~!  +1.5ab™t +2.0 ab~!
RHZZ 0.43% 0.31% 0.23%
RKHWW 1.5% 0.15% 0.11%
K EHbb 1.7% 0.33% 0.21%
KHee 3.1% 1.1% 0.75%
Kt — 40% 40%
KHrr 3.4% 1.3% <1.3%
KHpup — 14% 5.5%
KHgg 3.6% 0.76% 0.54%
K Hryy — 5.6% < 5.6%

Predicted precision for CLIC

CxSM _ p?2
Z = R: 5

SN2HDM = R2

C2HDM _ p2

+ R2 Non-doublet pieces of the SM-

like Higgs. CxSM - sum of the
real and complex component of
the singlet. N2HDM - singlet
component. C2HDM -
pseudoscalar component.

Unitarity = «7,  + Pi(E) < 1

If no new physics is discovered and the measured values are in
agreement with the SM predictions the singlet and pseudoscalar
components will be below the % level.

Beware of radiative corrections.

AZEVEDO, FERREIRA, MUHLLEITNER, RS, WITTBRODT, 1808.00755



Singlet admixture

N2HDM type I

! 25 ;

NZ2HDM type IT

20p

Yhyos in %

MUHLLEITNER, SAMPAIO, RS, WITTBRODT, JHEP 1703 (2017) 094

base
® pvv
® [y
® v /pr
Hrr
® all i

60

tanP as a function of the singlet admixture for type I N2HDM (left) and type II
NZ2HDM (right) - in grey all points with constraints; the remaining colours denote p
values measured within 5 % of the SM. In black all p's. Singlet admixture slightly

below 10 % almost independently of tanp.

The plot shows how far we can go in the measurement of the singlet component

of the Hiqggs.



But what kind of people are we after all?

There are two types
of people in the world:

1) Those who can extrapolate
from incomplete data




BEASTIE BOYS

(YOU GOTTA) AIGHT FOR YOUR RIGHT (TD PARTY!)

The right to party!

Desperate? -There is still so much to explore!

V=md | @ >+ m}| D, > —m}, (@, + h.c)+(AD D, Dg + 1 . )
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/15 + mbg 2 ’16 4 ’17 + 2 }“8 + 2
+2 (@@ +h.c.|+ —H0F+ 20+ + @00} + S0y

4
with fields
or by
D, = . D, = : Qg = v+
: é("l +py+in) 2 %(‘Q"‘Pz"‘mz) =T Ps
—> Vg = 0 scalar dark matter

— L = — iy% (DS)? YsX  fermionic dark matter

BAUER, HAISCH, KAHLHOEFER, JHEP 1705 (2017) 138



But even stranger things can happen

Two doublets + one singlet and one exact Z, symmetry
Q) - @, ©, —» —D,, Q5 — — D
with the most general renormalizable potential
V=m}|® >+ mh| @, +(AD D, D+ /1 .c.)

p p
+71(<1>”;c1>1)2 + 72(¢;¢2)2 + 13( DT (DID,) + 1y(@ID,) (@I D))

% [@idn) + & " 024 200t 4 P @i 02+ 2 (@i 02
+7( 1 2)+ .C. +7 S+? S++7( 1 1) S+7( ) 2) S

and the vacuum preserves the symmetry

G* HY
® = [é(v +h+ iGO)] ®, = [é(p + in)] s =75

The potential is invariant under the CP-symmetry
QICP(ta 7) = ¢T(t7 - 7)a ®gp(t, ’_;) = q)ak(ta - 7), ®§P(I9 ?) = QS(L - 7)

except for the term (ACDICI)ZCDS + h.c.)  for complex A

AZEVEDO, FERREIRA, MUHLLEITNER, PATEL, RS, WITTBRODT



Dark CP-violating sector

The Z, symmetry is exact - all particles are dark except the SM-like Higgs. The couplings
of the SM-like Higgs to all fermions and massive gauge bosons are exactly the SM ones.

The model is Type I - only the first doublet couples to all fermions

The neutral mass eigenstates are  fy,, h,, hy

hy p €163 5162 52
hy,| =R ( ’7) R=|—(c1883+5163) €163 = 51583 €383

hy Ps —C18503 + 8183 — (€183 + 515,03) €3
But now how do we see signs of CP-violation?

Missing energy signals are similar to some extent for all dark matter models. They need
to be combined with a clear sign of CP-violation.

qqlete™) —» Z* > hh, - hhZ
Mono-Z and mono-Higgs events.
qq<e+€_) — 7% > hlhz - h1h1h125



With one Z of f-shell the most general ZZZ vertex has a CP-odd term of the form

2 2
iy = — e 2
pafp — 2

I7 (&ualap+ 8upP3.a) + - --
myz

that comes from an effective operator (dim-6)

~

kzz
~220,7,0'2°0,7"

myz
Z
p2.«  in our model it has the simple expression
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T
k.7 Z(2 20 my 2 2 2 2 2 9
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But the bounds we have from present measurements by ATLAS and CMS,
we are still two orders of magnitude away from what is needed.

%dﬂZydﬂZ”G Z*¥  Also, the measured quantity is a constant unlike f4.

CMS COLLABORATION, EPJC78 (2018) 165. —12x107° < f4<1.0x 1073

ATLAS COLLABORATION, PRD97 (2018) 032005. -15%x1073 < f42 <15%x107°

51:10'

2 Finally: there are also charged particles that that can only

E decay to to another Z,-odd particle. They also contribute to

E e the decay of the SM-like Higgs into photons. But again no
b . .. 1 deviation was found so far.

0 200 400 600 800 1000
my+(GeV]



Stranger things can happen IT

What if the discovered 125 GeV reveals different CP behaviour in fwo decay channels?

The SM-like Higgs coupling to ZZ(WW) relative to the corresponding SM coupling is

hipsWW _ 1 —
Koo = €2 sin(ff — a)

and cz cannot be far from 1. But g, is the CP-violating angle and therefore it should
be small. However, the CP-odd component has an extra tanp factor for down quarks
and leptons, but not for the up quarks

yorel =, Y Pl —iyssot,  bottom, tau

C2HDM 2HDM
YTypeH =c, YTypeII j 2 tOp
C2HDM ompm U5 t

Thus, the SM-like Higgs couplings to the tops could be mainly CP-even while couplings
to the bottoms and taus could be mainly CP-odd.

FONTES, MUHLLEITNER, ROMAO, RS, SILVA, WITTBRODT, JHEP 1802 (2018) 073.



In the CP-odd vs. CP-even plane, the bounds on the Yukawa
couplings look like rings.




Softly broken Z, symmetric 2HDM Higgs potential

V= 771121 | D, |2 + 171222 | D, |2—m122 (CI)TCDQ +h.c)

M i N2 4 22 2 i V(b N Py
FH@]0) 4+ X @]D,)° + M@0 (@D, + Ay(@]D) (@] )+ [(cplqaz) +h.c.

and CP is not spontaneously broken

0 . e m2,, and A, real
<O >=| L <P, >=[ 2
V2 V2

2HDM

) e m2,, and A; complex C2HDM

cosa

Type I Kllj =KID =K = sinf3
Tvoe II i _cosa w_ i _sino,
YP Ky sin B Kp =K, cosp
t t
F_. F_cosa F__sina Y. =cY. «jf b _y 4 f b
Type F K, =K, Sinp Kp cosp c2Hom = G 1 rpm ’Yssz{ l/tﬁ N2HDm * IV 55, l/l‘B
s 15 cosa s sina
= = K = -
Type LS «y =xp sinp L cosp

IIT =T = Y = Flipped = 4..

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



The allowed parameter space in type IT C2HDM

- 1.0 L0 L pyperr o (h,ff) = )

-

S 051 0.5 tan(f3)

I 0.0 L * ERNE ,
S - < ’ ¢ (h,,bb(tt)) =sin(a., ) tan(p )
S —0.51 —0.5-

1.0 1.0 tan(p) =1
~1 0 1 ~1 0 1
ce(h125bb) = ce(hi2s77) ce(h1astt)

Bounds are stronger for the up-quarks couplings. They come from p,, and the bound on
tanp. In type I all couplings are very constrained.

=8 =0 = by=b, =1

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

& =(-8)=(-1/t) (ghva) -1 1-g

- C=t -
b=s =1/t Jav £+l 1+8

J\\

"



EDMs constraints completely kill large pseudoscalar components in Type II.

Not true in Flipped and Lepton Specific.

1.5 1.5
0 no EDM no EDM
S : lepton specific o 1.0 flipped
g o5 ‘ &
s £ " . . S 057
[ S e =
8 I 0.0 2 T -
< Iy & i 00
¢ % 3 €
s 05 8 05
3 &
—1.04 ‘ < —1.01
-1 0 1 -15 . : i -15 1 : 1
Ce(hasTT) ce(hastt) = c.(hyasbb B _ - )
1 ( 125 j ( 125 ) Ce(hlﬁbb) C:(thstZ) = Ce(h]%TT)
CP-odd coupling proportional to sina, tanp
no EDM . no EDM
L. $ Type 11 30 1 e flipped
15 - . . h.. "
] ] A R
s i .
e . n 20 1 X
g 10 g
. 10
0 T T T T 0 T T T
-1 0 1 —20 0 20 —20 0 20
Co(h125bb) az [°] Co(h125bb) az [7]

EDMs act differently in the different Yukawa versions of the model.

Cancellations between diagrams occur.




And this brings a very interesting CP-violation scenario

1.5 1.5
no EDM
1.0 1 > 1.0 1 « Type Il
¥
051 e 0.5
Q= :. 2
Il 0.0 1 com— < 0.0+
—0.5 1 e —0.51
—~1.0 —1.0 1
—1.5 —1.5

e __ e
C, = (&

Find two particles of the same
to tops as CP-even

ss one decaying

h=H-tt
and the other decaying to, taus as CP-odd
h=A—=1t't"

Probing one Yukawa coupling is not enough!

YCZHDM =d:+ iYst

b,=0 and a,=0

A Type IT model
where H, is the SM-

like Higgs.

Type 11 BP2m BP2c BP2w
my, 94.187 83.37 84.883
m, 125.09 125.09 125.09
m g+ 586.27 591.56 612.87
Re(m?,) 24017 7658 46784
aq —0.1468  —0.14658 —0.089676
a9 —0.75242 —-0.35712  —1.0694
o3 —0.2022 —0.10965 —0.21042
tan 3 7.1503 6.5517 6.88
My 592.81 604.05 649.7
¢y =5 0.0543 0.7113 —0.6594
cy = ¢ 1.0483 0.6717 0.6907
wy /pr 0.899 0.959 0.837
Hvv 0.976 1.056 1.122
Py 0.852 0.935 0.959
Mrr 1.108 1.013 1.084

b 1.101 1.012 1.069




But more: there is still plenty of parameter space to cover!

Decays of hy,5 (h; or h,) to H H | for all types in the C2HDM

101 1 Type II 101 _;I
= Typel =
c- B ‘& -
E 10° - 10°4
S S
? 1014 B 10714 : %
8 S r -
= 10_2‘5 3 'r < 10724 e - .
T 5 T
=, 1 . = 5
= 10735 = 10 flipped
3 +  lepton specific
101 ; ; 104 - ;
0 50 100 0 50 100
My mgy

4

Left - Signal rates for the production of h,,s
decaying to H, H, for 13 TeV as a function of

my, for Types I and IT

Right - Same for Flipped
and Lepton Specific

We are able to distinguish different types of the same model - maximal rates range
from 10 to 30 pb



Non-125 to tt
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Signal rates for the

production of H |
(upper) and H 1
(lower)
for 13 TeVas a
function of m,,.
Dashed line is the
"SM",



Conclusions

“Ode to Intimations of Immortality”

Though nothing can bring back the hour
Of splendour in the grass, of glory in the flower;
We will grieve not, rather find
Strength in what remains behind;
In the primal sympathy
Which having been must ever be;
In the soothing thoughts that spring
Out of human suffering;
In the faith that looks through death,
In years that bring the philosophic mind.

Or as the poem is known in
the HEP community -
“Phenomenologists
stop whining and just move
on as the LHC is still
running.”
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Working Group 3: Sub-group - Neutral Extended Scalars

1. Motivate searches at the LHC - Look for new scalars (new signatures?) in
simple extensions of the scalar sector - benchmark models for searches.

2. Precision - H,,; couplings measurements (sure-fire investment)

a) How efficiently can the parameter space of these simple extensions be
constrained through measurements of the Higgs properties?

b) How SM-like is the SM-like Higgs?

c) What are higher order EW corrections (of extended models) good for?

3. Distinguishing models - Can the LHC Higgs phenomenology and in particular
signal rates and coupling measurements be used to distinguish models with
extended Higgs sectors? Needs new physics but it can also be a guide for
signature motivated searches.

Yellow Report 4: benchmarks proposed in many different extensions,
for the LHC Run 2 33
arXiv:1610.07922v1
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EVEN IF IN THE END WE WILL HAVE A LINE ONLY, THE MIXING
BETWEEN VEVS CAN ONLY BE SEEN WITH NEW PHYSICS.

TWO EXAMPLES:

HALLER, HOECKER, KOGLER,
PEIFFER, STELZER 1803.01853
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From B-physics: Charged Higgs loops —
constraint in the charged Higgs mass, tanf3
plane
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Distinguishing models
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Rates are larger for N2HDM and C2HDM and more in type II because the

1000

Signal rates for the
production of H |

(upper) and H 1
(lower)
for 13 TeVasa
function of m,,.

h,,5 takes most of the
00
hVV coupling. Yukawa

couplings can be

different and lead to

enhancements relative
to the SM.

Discovery more likely
via Higgs to Higgs

decays for the heavier
ones.

Yukawa couplings can vary independently.
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Rates can be quite large in the N2HDM
and C2HDM. Again more freedom in the

h to tt threshold :
couplings.
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Region where only
the N2hDM II
survives,



2.c) What are radiative corrections good for?

Once upon a time we thought we would find more scalars and the radiative

corrections would have to be ready. But...
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Several renormalization schemes
are compared. Only process
dependent is not stable.
Corrections are under control for
reasonably large widths. Small
widths mean large relative
corrections as expected.

., ]]]'u('
«*» pOS
P

r}l{“—vb h [(‘;(1\]



