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The Higgs sector - what we know

L4

In SM the EWSB achieved via Higgs mechanism in a most economical and
simple way by introducing a single SU(2) scalar doublet

Ltiges = Nijith; & + h.c) + | D*¢|* — V(¢)
The ground state known since long time Gy =53

v={(¢'¢)1/% ~ 246 GeV

July 4, 2012: Higgs particle discovered and its mass measured

If it is really the SM Higgs, then the Higgs potential and its self-couplings
are determined
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Are we there?

at the 10-20% level we tested

« couplings to 3 gen. fermions: t, t,b
« couplings to gauge bosons: W, Z, g, y
« H2term in the Higgs potential
« spin0

limited or no information on

« couplings to 2 gen. fermions: ¢, s, u
« H3, H4 couplings

« HZy coupling

This is not good enough



Beyond the SM

Hundreds of different models but only a few basic concepts

> no elementary scalars: the Higgs as a bound state of fermions tied
together by forces, called generically Technicolor

» Higgs could be much lighter than the high scale if it is
a would-be-Goldstone boson of some new global symmetry

» extra spatial dimensions, bring the cutt-off scale down to ~ 1 TeV

> low-energy supersymmetry: scalars are related to fermions and thus
enjoy chiral protection

all imply changes in the Higgs sector and
new states with masses ~ O(1 TeV)



SUSY - arguable the best proposition for BSM

In the simplest realisation each SM particle is paired with a sparticle
that differs in spin by 2:

superfields in superspace {z",0,60}
» fermions — sfermions

» Higgses — higgsinos
> gauge bosons — gauginos G 3 \* + Fr(0,0,0)% + ...

O =0 +v200 + 00F,

neutral supersymmetric fermions are Majorana fermions
to be checked experimentally!



SUSY - has all in one package
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< has a natural dark matter candidate

< is required by superstrings

mmm) some SUSY states expected to show up at the LHC




Depressing plots
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In some searches, mass scales of ~ 5 TeV reached.

A. Lipniacka



Depressing plots
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impressive list, but

HE read the fine print!

based on (many) assumptions, simplified models,...
HB many loopholes still left

alternatlves to minimal SUSY not reaIIy explored

: - 001 0T e 100 TeV
ln some searches, mass scales of ~ 5 TeV reached.

A. Lipniacka



Question: how many SUSY do we need?

> N=0 (i.e. none)
> N=1
with extra matter: NMSSM, THMSSM, ...
extra gauge factors: USSM, EgSSM, BLSSM, ...
» 0<N<1
split SUSY, not-so split SUSY, natural SUSY, ...
R-parity violating, ...
» N>1

Dirac gauginos, R-symmetry, ...



Question: how many SUSY do we need?

> N=0 (i.e. none)
> N=1
with extra matter: NMSSM, THMSSM, ...
extra gauge factors: USSM, EgSSM, BLSSM, ...
» 0<N<1
split SUSY, not-so split SUSY, natural SUSY, ...
R-parity violating, ...
» N>1

Dirac gauginos, R-symmetry, ...

I will discuss the R-symmetric supersymmetry



R-symmetry: surprisingly promising

< can accomodate 125 GeV SM-like Higgs

< can amelorate the MSSM flavor-violating problems

< can be consistent with EWPO

» has good dark matter candidates

< many light states still possible, some even below 150 GeV
» top squark can be relatively light

< has quite different LHC phenomenology — not really explored



R-symmetry

> Additional symmetry allowed by Haag-topuszanski-Sohnius Theorem

R-symmetry almost as old as SUSY itself
[Fayet '76; Salam & Strathdee ‘76, ...]

» For N=1 SUSY it is a continuous U(1) global symmetry under

1T Chamseddine&Dreiner '95,..
0 — €70 [ :

i.e. Grassmann coordinates have non-trivial R-charge

R(O) =+1, R(d0)=-1, R()=-1, R(df) = +1

» For chiral superfield O(x,0) = o(x) + \/§9¢(97> + 00F(x)

ookt ookt eiozeia(R—l)

=) component fields have different R-charge



R-symmetry

Lagrangian has to be invariant under 6 — €"*0

. G~ DDG
> Kineticterms  [d260 d*0 & e™29¢® 4 ([d*0 GG, + h.c.)

vector superfield R(G)=0 = R(G*)=0, R(G*) =1

mmm) Kinetic terms are automatically R-symmetric

> Superpotential f d?0 1/ ==y must have R=2

> Soft breaking terms ™= must have R=0



R-symmetry and model building

» soft gaugino masses R(Mééo‘éa)=2 =) fOrbidden
> freedom to assign the R-charges to chiral superfields

MRSSM: SM particles have R=0, superpartners R#0
[Kribs Poppitz Weiner 2007]
1 = R(@)=1 R(q)=0
= R(H)=0, R(H)=-1

matter  R(Q)

A

Higgs R(H)=0

other choices: Frugiuele, Gregoire

Frugiuele, Gregoire, Kumar, Ponton
Davies, March-Russell, McCullough
Riva, Biggio, Pomarol



R-symmetry and model building

terms allowed: —

——

superpotential: Yukawa

soft terms: scalar masses

also AL=2 Majorana neutrino mass

ydﬁdéﬁc
21 ~12
Mg|Q|

H,LH,L allowed




R-symmetry and model building

terms allowed: —

—

superpotential:

soft terms:

Yukawa yaHaQD¢

scalar masses MZ|g)?

also AL=2 Majorana neutrino mass  H,LH,L allowed

terms forbidden: —

—

~——

superpotential

soft terms:

—

—

B :uﬁdlzlu

mu-term
L- and B-violation LQD¢, H,L
tri-linear couplings AaHa(Qd"

Majorana masses MaG"G,




R-symmetry and model building

Good: R-symmetry ameliorates SUSY flavor problems by removing
< dim-4 B- and L-violating terms, and dim-5 in proton decay
< soft tri-linear scalar couplings
» some MSSM contributions to flavor-violating observables forbidden

But: mu-term and Majorana masses are forbidden,
need new means to give masses to gauginos/higgsinos

» Solution for gauginos: Dirac masses M,-D A7 '-z;f,rj‘?

~ /.8 . ) i
where )\‘I? from vector, and ¥ from additional chiral superfields
mmm) Need chiral superfields in adjoint representations: @ T S‘

A

» Solution for higgsinos: (14 /—A/d /i’d + ,u.u/:/u R

mmm) Need two chiral superfields with R=2: f\).d,u



MRSSM

[Kribs Poppitz Weiner 2007]

R-charges of the superfields and their component fields

Field Superfield Boson i Fermion
Gauge Vector a, W, B 0 +1
Matter l , € +1 0
g,d, u +1 0
H-Higgs ];ifd,u 0 —1 D
R-Higgs ﬁd,u +2 +1
Adjoint Chiral | O,T, S 0 —1

Physical fields:

matter, gauge and Higgs as in MSSM

gluinos and neutralinos are Dirac
additional pair of charginos

gauge-adjoint scalars (e.g. sgluons)
and R-Higgs bosons



MRSSM Lagrangian

Superpotential W =paRaHa + p, R H,
+AgRyTH; + AR, TH, +)sSRsHy; + )\, SR, H,
~Y,dgHy —Y.élHy +Y, 4G H,

Soft SUSY breaking terms

viy =Bu(H; Hf — HJHY) + h.c.
+miy, (|Hgl” + [Hg [*) +miy, (| Hy” + [H %)
+mip,(|Ral” + |RE[*) + mi, | Ryl* + mi, | Ry |
+ m%|S|? + mA|T°|? + m&| T~ |> + m%|TH|? + m3|0|?
- dvz?,i’nlg_jj(‘iL,j - &§,4im,§,,ij(f3,j - '&.2,.1;7713,2-]-'&.[1,]- - ﬂ;g,,-m%_jjﬂ}z,j

~ 2 =~ ~ 2 = ~ % 2 =~
+ €L,iM i5€L,j + €RiMe ij€R,j + VL, i iVL,j -

important MRSSM features:

mu-type terms for H- and R-Higgses

Yukawa-like terms for R-Higgses and adjoint scalars
no Bu-like term for R-Higgses => do not develop vev’s
no mixing between H- and R-Higgses

YV VYV



Mass spectrum calculations

> Take Standard Model input at Z mass scale

> Convert everything consistently to DR
Run to MSUSY

> Take MRSSM input parameters and calculate one-loop

corrected masses

> Add further corrections to Higgs mass

~> Tools: SARAH, SPheno,FlexibleSUSY,

> Automatizing for such a model complicated, many cross checks
required

Philip Diessner, JK, Wojciech Kotlarski, Dominik Stoeckinger

JHEP 1412 (2014) 124, Adv. HEP (2015) 760729, JHEP 1603 (2016) 007,



MRSSM confronting experiment
Can the MRSSM accomodate the Higgs mass, EWPO and LHC constraints?

First option: 125 GeV Higgs — the lightest state



Higgs boson mass at tree level

In SM Higgs boson mass is a free parameter

In SUSY it is prediction of SUSY parameters as quartic coupling
connected to gauge couplings

Experimental value: 125.1 0.3 GeV

In MRSSM the lightest Higgs at tree level:
2 2
ME + \/2\u MD—I—A1
m7 < m%cos® 23 — v* (& /\/L;gD 2\f g) + <g2MD 'L) cos® 213
1 4(Mg )= + mz 4(My,)? + m=

“standard” Hy — H., mixture ) \ ’ ’
singlet and triplet admixture

Need even more radiative corrections than in the MSSM



Lightest Higgs and precision observables

Getting 125 GeV Higgs and PO not obvious because:

» mixing with other states lowers the tree level mass
needs even larger radiative corrections than in MSSM
» no LR stop mixing — an important MSSM mechanism to rise
the Higgs mass is not present
> the vev of the EW triplet contributes to the rho parameter at tree-level

2
4vi-

2 2 2
g1 + 95 ’U2 2 93 9 1
? 'l;‘z

4 myy = ZU + !J%U% : Prree = 1 +

> the W mass (and other PO) affected by loops
» LHC and flavor constraints



Lightest Higgs

New Yukawa-like couplings

Ad’:/dl%dg + )\ul:lu/%ué + Ad/:l'd f/‘i)d + Au/:l'u f/%u

22 |\ m2R m?
AMy, efpot ) = 77 log —5*= + log —>
1.eff.pot, 16772 - 9 (ME)Q (Mg)Q

5A4 m2R m%- -
+ 3 (log( + log E




Lightest Higgs
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> 125 GeV Higgs for A, A ~ —1
without stop mixing
> light stops ~ 1 TeV possible

» dominant two-loop ~ 5 GeV from
gluino and sgluon contributions



Higgs and W mass

Higgs mass B m, =126 2 GeV mp = 126 = 8 GeV
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Experimental hints for a light state X-> yy

132.2fb" (13 TeV)

CMS Preliminary
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Can MRSSM accomodate such a state?

Second option: 125 GeV Higgs — the next-to-lightest state

Diessner, JK, Kotlarski, Stoeckinger, JHEP 1603 (2016) 007

JK, Kotlarski, work in progress



MRSSM with a light singlet

> Inlarge tan 8, M4 limit, the (qbu, ¢S) mass submatrix

M¢ mZZ + Am?ad (%7 (\/ikuﬂzﬁ’_ + 91M5)
— _ 2,2
W \ou (VR £ M) AMB)? +m 4 2

eff,+ Aivg | Ajur
ST =+ + ,
IUJz u \/§ 2
> to realise Iight singlet scenario

i = u,d.

» then the SM-like Higgs at tree level

2 .2 2 2 2
Mp tree ~ Mz COS 25 + v” cos 2'3(|m%+4(Mg)2—m22 cos? 203

(1 ME + v/22)? )



MRSSM with a light singlet — one loop

SM'LLRC \lm_ | | | | I e | T 1.0
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level crossing of two
lightest Higgs bosons

M ~ /m3 + 4(M)?

For the second-lightest SM-like Higgs, mixing with Sand T
pushes its tree-level mass upwards



MRSSM with a light singlet — one loop

LHC and PO constraints

= MHg X \/mg +4(Mg)? (red) lightest Higgs mass
= Upper limit on singlet mass ~ 110 GeV

> ME <55 GeV BMP4 BMP5 BMP6
myy, 100 94 95
mH, 125.8 125.5 125.8
TR T - HiggsSignals p-value 0.75 0.76 0.72
necessarily light fermion - LSP Allowed by HiggsBounds P P P
mwy 80.384 80.392 80.404




Light singlet — mass spectrum
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MRSSM dark matter — direct detection

Direct Detection

Dirac LSP: cross section dominated by 3000 ——————7
vector part of Z and squark exchange i
[Buckley, Hooper, Kumar 2013]
0 0 0 0 0 0 2500
X1 X1i X1 X1 X1 X1
7 g O,
L 2000
f f f f f f E’-
Because of vector interaction 1500§
naively TeV scale bounds
. E S | | L
But deconstructive 400 500 600 700 800 900 1000
interference 1y [GeV]
very important! LUXCalc and micrOMEGAs

711122 Xe checked with analytic estimates
I Z ~
mq S 3 #u ~J 2.2#“



MRSSM dark matter - relic density

)
Annihilation cross section large enough if: 350 —— S?hI I l
. 300 o
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my, [GeV]

Light singlet: very predictive scenario

450

i .: 2600
400 i 19
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v’ 125 GeV Higgs fixess A,

v' If light singlet found at the LHC: constrains Mg and
v Fermionic superpartner is LSP

v" DM constrains put predictions for squark masses

v Predictions for other electroweakinos



L)

Summary

Well motivated R-symmetric SUSY model

SUSY flavor problem relaxed

Extended Higgs sector with unconventional phenomenology
Viable benchmarks with

» ~125 GeV Higgs boson mass

» agreement with EWPO and flavor physics

» stable vacuum

Scenario with a light singlet is very predictive

» consistent with LHC constraints

» viable candidate for dark matter

» some states light and could be seen at the LHC

K/

% rich LHC phenomenology to explore — work in progress



extra slides



Gluinos and squarks

squark pair production smaller than in MSSM
">" qr QE'*" qr Q:E'*" qr
--*--QRQ ")‘"QL q -*--QR

gluino pair production ~ 2 x MSSM

q

L]

q

4500 , . .
: w—= MRSSM
. . . . 4000 |- uncert. H
Limit derived with Herwig 7 and | — MSSM
CheckMate 2 3500 |- uncert. ||

ATLAS search for 0/, 2-6 jets +
-1
EL . ,36fb " [1712.02332]
Comparing MRSSM and MSSM

- Stronger limits on gluino mass 2000 |-
- Weaker for (first generations)
squark masses

3000

1

‘
'
"oy

2500 |- b il

1500

T

1000 L - L L L
1000 1500 2000 2500 3000 3500 4000 4500
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Diessner, JK, Kotlarski, Stoeckinger, JHEP 09 (2019) 120




MRSSM Lagrangian

Superpotential W =paRaHa + p, R H,
+AyRyTHy +AN R, TH, +\gSkyHy + )\, SR, H,
~Y,dgHy —Y.élHy +Y, 4G H,

Soft SUSY breaking terms

viy =Bu(H; Hf — HJHY) + h.c.
+miy, (|Hg|? + [Hg [*) +miy, (|Hy” + |H )
+mp, (|Rd* + |Rf [*) + mp, |Rul* + mk, |R; |
+mg[S|* + m¢|T°|* + m7|T~[> + mz|T*|* + mp|Of?
- dvz,,-mg’ij(ﬁ,j - cz;g,z-mﬁ,ijcig_,j - ’&,Z,.img’ijzh,j + ﬂ}:g’im%’ijﬂ]{,j

~% 2 = ~% 2 =~ ~ ¥ 2 ~
+ €L,iM) i5€L,j T €RiMe ij€R,j + VL, iT iVL,j -



benchmarks for

light singlet
scenario

BMP4 BMP5 BMP6
tan 3 40 20 6
B, 2007 200° 5007
Ady Au 0.01,-0.01  0.0,-0.01 0.0,0.0
Ag, Ay -1,-12  -1,-115 —-1,-1.2
ME 50 44 30
m¥ 302 402 802
m% , m¥, 10002, 7002
Hds P 130, 650 400, 550 550, 550
ME 600 500 400
My 1500
mi., mg, 30007, 1000
md. 9, My 1500%,700%  1300%,700%  14002,7007
mb., 9, Mhs  15002,10002 1300%,1000% 14002, 10007
M., 9, Mg 15002,7002  1300%,700%  14002,700?
m?., 5, my,,  800% 8002 1000% 1000 5002, 3502
m?.s4, My54  800% 1362 10002, 10002 5002, 952
my, 12172 211% 10422
my, —(767%) —(207%) —(201)?
vg —64.9 —42.5 —56.1
v —1.08 —1.2 -1.1




XIx3 X3 X! Xk xz e Pr TR Br €ér I mp,
BMP4 49.8 132 617 691 131 625 614 713 128 802 802 808 100
BMP5 43.9 401 519 589 409 524 519 610 1000 1001 1001 1005 94

BMP6 29.7 427 562 579 422 562 433 587 106 353 353 508 95

Table 5. Masses of the non-SM particles in the BMPs relevant for the LHC studies discussed here.
All values given in GeV.



W mass - full one-loop level

2
Gu e

muon decay beyond tree-level = (1+ Ar)
V2 8M7, st
Precisely known «, Mz, G, can solve for W mass
1 1 QT
Mg =Mz | =+ /- — 1+ A

neglecting triplet vev

New calculation by Diessner and Weiglein




Symmetry or Parity ?

Transformation of superfield

exp(iTR)F(x*,0,0) exp(—iTR) = exp(iT Qr)F (x", exp(—iT)0, exp(iT)0)
T € {0,27}

For R-parity 7 fixed, as Z5: 7 = nm

n odd = exp(—iT) = exp(iT) = —1

n even = exp(—iT) = exp(iT) =1

End up with matter parity ((—1)38+L+2%)

For R-symmetry 7 is arbitrary: conserved R-charges



