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We have been collecting some of the simplest extensions of the scalar
sector to test them at the LHC. We have also looked for ways to
distinguish them and compare them with other models, e.g., the NMSSM

New scalar?

Precision
measurements?

* So far no new particles * Discovered Higgs very SM-like



Working Group 3: Sub-group - Neutral Extended Scalars

Look for new scalars in simple extensions of the scalar sector.

Can the LHC Higgs phenomenology and in particular signal rates and coupling
measurements be used to distinguish models with extended Higgs sectors?

How efficiently can the parameter space of the models be constrained through

measurements of the Higgs properties?

Yellow Report 4: benchmarks proposed in many different extensions,
for the LHC Run 2

arXiv:1610.07922v1



Benchmark models already being used by ATLAS and CMS

* Real Singlet Extension of the SM (one extra real singlet) - RxSM

Scalar sector - 2 CP-even neutral scalars (broken phase)

» Two-Higgs Doublet Model (Real - one extra doublet) - 2HDM

Scalar sector - 2 CP-even and 1 CP-odd neutral scalars plus 2 charged scalars

* Next-to-Minimal 2HDM (Real - one extra doublet) - N2HDM

Scalar sector - 3 CP-even and 1 CP-odd neutral scalars plus 2 charged scalars

* Geogi-Machacek model (two extra SU(2), triplet scalars) - GM

Scalar sector - 3 CP-even, 4 charged scalars and 2 doubly charged scalars



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

(CP-conserving and no
tree-level FCNC)

The interpretation of the cross section
limits in the context of a Type-I 2ZHDM
as a function of the parameters tanp and
cos(p - a) for mA = 6006eV. Variations
of the natural width up to TA/mA=5%
and different mixtures of gluon-fusion
and b-quark-associated production are
taken into account. Only points in
parameter space where FA/mA < 5% are
considered.



The simplest extensions can easily be related in many cases
because the couplings to gauge bosons and fermions are
similar. Sometimes, it is easy to perform the interpretation
of the Higgs couplings in the framework of different
models.

Such is the case of the CxSM, 2HDM, C2HDM, N2HDM
and they can be compared with other models as for
instance the NMSSM.

In the next slides we show how the lightest Higgs couplings
to gauge bosons and fermions are related in the different
models.



Lightest Higgs couplings to gauge bosons

hVV

o, =o+m/2

Sonon =SiN(B-a) gh |V =W,Z

ooy = (CsR +55R,) 8oy =c08(a,)cos(B-a,) &gy = C0S() 85y

Svamon = (CoR, +3,R,) 85 =c08(ay)cos(B-at) goy = COS(ay) &
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Lightest Higgs couplings to gauge bosons

o, =o+m/2

glg“;‘;IDM (CﬁRll + SﬁR12) ggA‘;V = cos(at, )cos(p -, ) gg = cos(a, )gZHDM

-~

"PSEUDOSCALAR"

|32| =0 = hl IS a pure scalar, COMPONENT (DOUBLET)

|sg] =1 = hy is a pure pseudoscalar CP-VIOLATING

gNZHDM (CﬂRll + SﬂR12) g = cos(a,)cos(p-a,) g]; = cos(a, )gZHDM

/

SINGLET COMPONENT

CP-CONSERVING
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Lightest Higgs Yukawa couplings

* No FCNC at tree-level - all come in four version except RxSM/CxSM

2HDM AND C2HDM |P1— @1, P2— —P

| &1 @2 ®s With these broken
N2HDM Zs (explicitly broken, softly) | + — + symmetries the model
Zt (spontaneously broken) + + - has three CP-even
scalars and no dark
matter candidate.
] gl gl Sosa
Type 1 vome Tl T gin
1 _ cosa o n _ SIna
Type II Y " sinf L cos f3
F P Cosa oF sin o 2HDM
Type F/Y v " sin B cos f3
s s COsSO Ls sin o
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Lightest Higgs Yukawa couplings
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And for the GM model

Consider the hWW coupling:

-SM‘z’ﬁ ) ~ 246 GeV
- 5 Gur (v= ev)

2
- 2HDM: €5 gup sin(B — )

Extended Higgs sectors with isospin doublets or singlets always have hVV
couplings less than or equal to those in the SM.

. 2, s2
- SM 4+ some multiplet X: z'g—zﬁg,w-z T(T+1) — }T (Q =T3+Y/2)

The only way to enhance the hWW (hZZ) coupling above its SM value is
through a scalar with isospin = 1 that has a non-negative vev and mixes into
the observed Higgs h (triplets benchmark).
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Numerical results: hV'V coupling enhancement can be quite large!

1.4
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For the 2HDM the results obtained by ATLAS and CMS
can be understood in terms of the Higgs couplings in the
Alignment and Wrong-sign Yukawa limits

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

sin(f-a)=1 = «k,=1 Kk, =1 K, =1

Wrong-sign Yukawa coupling - at least one of the
Type 11 couplings of h to down-type and up-type fermion
‘ T pairs is opposite in sign o the corresponding
coupling of h o VV (in contrast with SM).

Kk, <O or KK, <0

K. = 82HDM

8sm

at tree-level The actual sign of each k;

depends on the chosen range
J , DY (h —i) for the angles.
K~ =
'™ (h —i)

0.5 0.6 0.7 0.8 0.9 1
sin(8 — a)




And lead to a very similar plot for the N2HDM

2§2HDM = (Ri3)? singlet admixture of H; (measure the singlet weight of H,)
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MUHLLEITNER, SAMPAIO, SANTOS, WITTBRODT, JHEP 1703 (2017) 094

SM-like and wrong-sign limit in the N2ZHDM type IT - the interesting fact is
that in the alignment limit the singlet admixture can go up to 54 %.



Singlet admixture

NZ2HDM type I

NZ2HDM type IT

! 25 .
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th; ll'l %l

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

tanP as a function of the singlet admixture for type I N2HDM (left) and type IT
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 Higgs.



Comparing models



Signal rates for the
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h;,5 takes most of

the hVV coupling.
Yukawa couplings can
be different and lead

to enhancements
relative to the SM.

|Rates for CxSM always

well bellow the SM
line. Discovery more
likely
via Higgs to Higgs
decays for the heavier
ones.

1000

Rates are larger for N2HDM and C2HDM and more in type IT because the
Yukawa couplings can vary independently.



o(®)BR(® — hy2s + @ — bbbb) [fb)

The decay H,—HH, j=k

l

broken CxSM vs NMSSM: m, < mp,,,

104 | I I I I | I I
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The decay H,—HH, j=k

Hint for CP violation? Combinations of three decays

h—>7Z <« CP(h)=1 || hy—=hh = CP(h,)=CP(h,) CP(h)=CP(h,)

Already observed

Decay CP eigenstates Model

h, —h,Z CP(h,)=- CP(h,) None C2HDM, other CPV extensions
h2(3) g hlZ CP(h2(3)) =-1 2 CP-odd; None CZHDM, NMSSM,3HDM

hy =22 CP(h)=1 3 CP-even: None C2HDM, cxSM, NMSSM 3HDM...

C2HDM - D. Fontes, J.C. Romao, RS, J.P. Silva; PRD92 (2015) 5, 055014.
NMSSM - S.F. King, M. Mihlleitner, R. Nevzorov, K. Walz; NPB901 (2015) 526-555.



1st (quiet meeting) post-YR4

Meeting 22 May 2017

®©Tools and approaches for wide scalar resonance search X->ZZ (WW) final state in
CMS, Speaker: Meng Xiao.

® How to run scalar singlet extensions in ScannerS, Speaker: Marco Sampaio.
® Heavy Higgs decays to mu tau (LFV), Speaker: Keith Thrasher.

® Charged Higgs in 2HDM, Rachid Benbrik.

See webpage for details

https://indico.cern.ch/event/640710/



The end
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Extra slides
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Tools available for scans and
decay rates



GMCALC
A calculator for the Georgi-Machacek model

Description:

The Georgi-Machacek model adds scalar triplets to the Standard Model Higgs sector in such a way as to preserve custodial SU(2) symmetry in the scalar potential. This allows
the triplets to have a non-negligible vacuum expectation value while satisfying constraints from the rho parameter. Depending on the parameters, the 125 GeV neutral Higgs
particle can have couplings to WW and ZZ larger than in the Standard Model due to mixing with the triplets. The model also contains singly- and doubly-charged Higgs
particles that couple to vector boson pairs at tree level (WZ and like-sign WW, respectively).

constraints on the model, and computes the branching ratios and total widths of the scalars. It also generates a param_card.dat file for MadGraph5 (both LO and NLO versions)

GMCALC is a self-contained FORTRAN program that, given a set of input parameters, calculates the particle spectrum and tree-level couplings, checks theoretical and indirect
to be used with the corresponding FeynRules model implementation. GM mo d e l

Authors:

¢ Katy Hartling, Kunal Kumar, Heather E. Logan, and Andrea D. Peterson (v1.2.x)
o Katy Hartling, Kunal Kumar, and Heather E. Logan (v1.0.x, 1.1.x)

Downloads:

o GMCALC v1.2.1 (tar.gz, includes manual and changes log)

- Mamal (i) http://people.physics.carleton.ca/~logan/gmcalc/

¢ Log of changes (txt)

If you use this program to write a paper, please cite:

o K. Hartling, K. Kunal, and H. E. Logan, "GMCALC: a calculator for the Georgi-Machacek model," arXiv:1412.7387 [hep-ph] [InSPIRE record].

The physics that went into this code is described in more detail in the following references:

¢ K. Hartling, K. Kunal, and H. E. Logan, "The decoupling limit in the Georgi-Machacek model," Phys. Rev. D 90, 015007 (2014) [arXiv:1404.2640 [hep-ph]] [InSPIRE

| 2HDMC

2HDMC is a general-purpose calculator for the two-Higgs doublet model. It allows parametrization of the Higgs
potential in many different ways, convenient specification of generic Yukawa sectors, the evaluation of decay
widths (including higher-order QCD corrections), theoretical constraints and much more.

2HDMC material 2 H DMC

o Latest version

» Physics and Manual https://2hdmc.hepforge.org/

2HDMC - Two-Higgs-Doublet Model Calculator
D. Eriksson, J. Rathsman, O. Stal
Comput.Phys.Commun.181:189-205 (2010);
Comput.Phys.Commun.181:833-834 (2010)
[arXiv:0902.0851]

Recommendations for evaluation of Higgs production cross sections and branching ratios at the LHC in the 2HDM
R. Harlander, M. Muhlleitner, J. Rathsman, M. Spira, O. Stal
[arXiv:1312.5571]



ScannerS

ScannerS alows general scalar potential with automatic:

m Analysis of tree level local minimum/stability m Real and Complex Scalar Singlet Extensions:
m Detection of tree level scalar spectrum and mixing B e e g 016) 034 v see YRS
. . R. Costa, A. Morais, M.O.P. Sampaio, R. Santos, Phys.Rev. D92 (2015) 2, 025024
m Tree level unitarity test m RxSM-dark: 1 Higgs + 1 Dark (Z)
m RxSM-broken: 2 Higgs mixing (Z, spont.broken)
Interfaces to: m CxSM-dark: 2 Higgs mixing + 1 Dark

m HDECAY, SHDECAY, N2HDECAY, C2HDECAY u CxShroroken: 3 Higgsmixing
New: Input files allow Scan or Check point mode.

B HIGGSBOUNDS/SIGNALS (collider bounds/measurements)  fee 2 Howtorun sealar singlet extensions in ScannerS

m MICROMEGAS (dark matter observables) m Scalar Doublet Extensions
. . . m 2HDM: Scan or Check point modes available.
|| SUSHl (+ |nterna| numerlcal tables for gluon fUSlon) P.M. Ferreira, R. Guedes, M.O.P. Sampaio, R. Santos, JHEP 12 (2014) 067

m N2HDM-broken: 2HDM + Real singlet Z, spont. broken.

Scan mode (Check mode available soon .. .)
M.M. Mihlleitner M.O.P. Sampaio, R. Santos, J. Wittbrodt, JHEP 1703 (2017) 094

m N2HDM-dark: 2HDM + Real singlet Z, (under dev.)
m Check boundedness from below m C2HDM: To be publicly released soon.

. M.M. Mihlleitner M.O.P. Sampaio, R. Santos, J. Wittbrodt, arXiv:1703.07750
m Check global stability

m Implement phenomenological analysis for each point

m SUPERISO (flavour physics observables)
User/model defined functions to:
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e General: Based on implementation in HDECAY
[Douadi,Spira,Kalinowski+Muhlleitner(2010), Comput.Phys.Commun. 108 (1998) 56]

e Features: Stand-alone codes; inclusion of relevant QCD corrections and off-shell decays,
EW corrections consistently neglected

e sHDECAY http: //www.itp.kit.edu/~maggie /SsHDECAY /
[R.Costa,M.Muhlleitner,M.O.P.Sampaio,R.Santos, JHEP 06 (106) 034]
* Real-extended SM in symmetric (dark) phase, RxSM-dark: 1 Higgs + 1 Dark (Zs)
* Real-extended SM in broken phase, RxSM-broken: 2 mixing Higgs bosons (Zs spont. broken)
* Complex-extended SM in symmetric (dark) phase, CxSM-dark: 2 mixing Higgs + 1 Dark
* Complex-extended SM in broken phase, CxXSM-broken: 3 mixing Higgs bosons

e N2HDECAY for N2HDM http://www.itp.kit.edu/~maggie/N2HDECAY/
[M.Muhlleitner,M.O.P.Sampaio,R.Santos,J. Wittbrodt, JHEP 1703 (2017) 094]

x 2DHM + real singlet Zs spont. broken: 3 scalars H; 53, 1 pseudocalar A, charged pair H*
* 2HDM + real singlet Zs: in preparation

e C2HDECAY - to be released soon + 2HDM already available
* CP-violating 2DHM: 3 CP-mixing scalars Hj o 3, charged Higgs pair H*



We define the following admixtures

ZSxSI\’I _ (Ri‘2)2 4 (R'z'3)2 | CXSM - SUM OF REAL AND COMPLEX

COMPLEX SINGLET COMPONENTS

qlczHDM R 2
i = ( v'z'3) C2HDM - "PSEUDOSCALAR" COMPONENT

E%\IQHDM - (Ri3)2 N2HDM AND NMSSM — SINGLET COMPONENT

In the CxSM all couplings to the SM particles are rescaled by one common factor.
The maximum allowed singlet admixture in the CxSM is given by the lower bound on
the global signal strength u and amounts to

ZCXSM ~ 1 — Hmin ~ 11%

max
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The CxSM

SMplus S = (S +iA)/V2,

V="HH+ %(HTH)2+%2HTH|S|2+%|S|2+%|S|4+(%‘SQ +aS + c.c.)

\

J

|
soft breaking terms

Model Phase VEVs at global minimum
U(1) Higgs+2 degenerate dark (S) =0
2 mixed 4+ 1 Goldstone (A) =0 (W(1) — Zb)
Lo x Zi, Higgs + 2 dark (S) =0
2 mixed + 1 dark (A) =0 (Zo x Z — 7 )
Z 2 mixed + 1 dark (A) =0
3 mixed 8 0 %)

S S =A - —-A



The CxSM

SM plus S = (S + iA)/v/2, with residual Z, symmetry A — —A

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

hy cosa —Sina 0 h
ho = sihae cosa O S
hpm 0 0 1 A

W 75 phase (vg # 0,v4 # 0): 3 Higgs mix

hy Rin Ris Ria h
ho | = | Ren Ros Roa S
hs Rsn Rss HRaa a
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The (C)2HDM

V(@®,, ®,)=miD;®, + mi;d, - (mi®;®, +he.)+ %((I)fd)l)z + %(@;@2)2

+ 2, (@1, ) (05D, )+ 4, (@70, ) (@30, ) + %l(cb;cbz)z s h.c.]

: : Softly broken Z, symmetric
we choose a vacuum configuration Y 2 SY

0

D

* m?,, and A5 real potential is CP-conserving (2HDM)

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

v : .
m=) [tan = v—2 ratio of vacuum expectation values
1

=) 2 charged, Ht, and 3 neutral

CP-conserving - h, Hand A
CP-violating - hy, h, and h;
== rotation angles in the neutral sector
CP-conserving - o
CP-violating - a4, &, and &5
== soft breaking parameter
CP-conserving - m2,,

CP-violating - Re(m?2,,)
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The N2HDM

¢ =@, P2— -0, Ps—Ps  Explicitly broken

D 5Dy, Py 3Dy, Pg— —Dg Spontaneously broken

A A
Vo= m3|®1]% + mdy|®a? — mIy (BB + h.c.) + ?l(cb’{@m + ?2@3@2)2

A
FA3(D]81)(21P2) + Aa(B]22) (D)®1) + (2] @2)° + huc]

1 A A
+5ud® + 6<I>§ + 7(@“@1)@2 As (<1>§<I>2)<I>?S .
! %(Ul +p+im) ) P %(W +pytim) |0 ST USTRS V1

P1
Cary Cary Soy Cary Sas H, _p .

R=| —(cajSasSas + SaiCas)  CaiCas — Sa1SasSas  CasSas )
—Ca;SasCas T Sa;Sas _(601303 + 301302003) CasCag H3 PS



Georgi-Machacek model (custodial-symmetric triplet scalars)

Georgl & Machacek 1985; Chanowitz & Golden 1985

- Two custodial singlets — K9, HO ..., mu < very similar
- Custodial triplet — (H:;",Hg,Hg) ma + to 2HDM

- Custodial fiveplet (HF T, HZ , HQ, Hg , Hz ™) ms + new!

— Focus on direct searches for Hg states

In YR4: [H. Logan and M. Zaro]

- H5plane benchmark for direct Hg searches (200—3000 GeV)

- Tables of VBF — Hg cross sections (NNLO QCD, LO EW,
onshell Hg) and Hg decay widths (LO doubly offshell)

Details are in talk by Rui Santos at January 2016 meeting



Wrong sign in the 2HDM and N2HDM
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"right sign" and in pink the wrong sign points. Dashed lines are current limits.
The hy,5 can be any of the H;, in the N2HDM and h or H in the 2HDM.
New variable that can be used to probe the wrong sign limit.



Wrong sign can be probed in the 2HDM and N2HDM with the same

measuremerﬂ's MUHLLEITNER, SAMPAIO, SANTOS,
WITTBRODT, JHEP 1703 (2017) 094
1‘6 l 1 I I I 1 1 I 1‘6 I Ll Ll I I I I I
i _1,- _______ ® wrong sign I i _T _______ ® wrong sign I
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Hrr
Uy, VS K (only wrong sign points) in type IT 2HDM (left) and N2HDM
(right) - in "pink" all points and in green points where y ZZ is measured

within 5% of the SM value. Dashed lines are current limits.
Very similar behaviors in the two models.



Non-125 to vy

N2HDM T N2HDM T2
+ C2HDM TI C2HDM T2
= CxSM NMSSM
- -=-- SM-like - SM-like
u
2
P Signal rates for the
z production of H|
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600 0 L000 200 00 500 20 100D (lower)
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Rates can be quite large in the N2HDM
and C2HDM. Again more freedom in the
couplings.



Non-125 to tt
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Exclusion limits at the 95% CL for sH versus mH
+in the Georgi-Machacek Higgs Triplet Model.
Also included on the plot are the median, + 1 0 and
+ 2 0 values within which the limit is expected to
lie in the absence of a signal.
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