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Motivation

Fantastic first three years of LHC run 1 with plenty of data

. fromthe first 7T — V7Y reconstructed
« to ,rediscovery” of the SM
« precise SM measurements
« culminated with the discovery of a Higgs ~ 125 GeV

A new era has begun

« already quite precise measurement of properties consistent
with SM prediction within errors

 searches beyond the SM

 ultimately: understand the nature of EWSB
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Although very successful, the SM is not the ultimate theory

» the Higgs sector unnatural
» matter-antimatter asymmetry
» dark matter/energy
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Although very successful, the SM is not the ultimate theory

» the Higgs sector unnatural
» matter-antimatter asymmetry
» dark matter/energy
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Supersymmetry — arguably the best proposition for beyond the SM physics




Arguments in favor for supersymmetry

< solves the SM hierarchy problem: bosons enjoy the same
protection as fermions

+ explains gauge coupling unification

X and EWSB via radiative corrections

2 4 6 8 10 12 14 16 18 2 4 6 8 10 12 14 16 18
Log,,(Q/1 GeV) Log,,(Q/1 GeV)

< provides candidates for dark matter (e.g. neutralino)



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

> fermions — sfermions

> gauge bosons — gauginos gluinos, neutralinos are Majorana fermions
> Higgses — higgsinos to be checked experimentally!

<+ Exact supersymmetry: no new parameters!
but inconsistent with experiment
< Must be broken: this is where many arbitrary parameters enter

<« Once parameters fixed: completely computable, mathematically
consistent theory up to Myt




The mass of the Higgs boson ~125 GeV consistent with SUSY

however it requires large radiative corrections from supersymmetric
partners, some of which should be relatively light
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The mass of the Higgs boson ~125 GeV consistent with SUSY

however it requires large radiative corrections from supersymmetric
partners, some of which should be relatively light

But LHC searches do not show any direct sign of supersymmetry!

should we give up supersymmetry????

Even before the LHC the minimal SUSY was under severe pressure:

< dim-4 B- and L-violating operators > extra symmetry (e.g. R-parity)
« possible flavor and CPV - strong constraints on the parameter space
< already LEP2 limit on Higgs mass >114 GeV required fine tuning

with 125 GeV even more
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Question: how many SUSY do we need?
> N=0 (i.e. none)
» 0<N<1 (split SUSY, not-so split SUSY, natural SUSY, ...)
> N=1 (squashed, extra matter, NMSSM, extra gauge factors, ...)
» N>1 ?7?

Supersymmetry with R-symmetry

Continuous R-symmetry can ameliorate the above problems by

< removing dim-4 B- and L-violating terms, and dim-5 in proton decay

< removing soft tri-linear scalar couplings

» suppressing large contributions to flavor-violating observables

< suppressing the production cross sections for squarks, relax search limits




Outline

\/

% R-symmetry

/

% Structure of the minimal SUSY with R-symmetry (MRSSM)

\/

% Confronting the experiment
» Higgs mass

> electroweak precison observables

» constraints from LHC
based on:

Choi, Drees, JK, Kim, Popenda, Zerwas, Phys.Lett.B 672 (2009) 246
Choi, Choudhury, Freitas, JK, Zerwas, Phys.Lett. B697 (2011) 215
Kotlarski, JK, Kalinowski, Acta Phys. Polon. B44 (2013)

Diessner, JK, Kotlarski, Stockinger, JHEP12 (2014) 124

Diesner, JK, Kotlarski, Stockinger, arXiv:1504.05386

\/

% Summary
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Supersymmetry

Supersymmetry: superspace {z",0,0}
superfields
matter and Higgs — chiral  &(z*,0) = {¢, >}
gauge fields — vector  G(z*,0,0) = {G~, G*}

Lagrangian
2 kinetic terms  [d*0d?0 T e™29%d + ([d?0 G*G 4 + h.c.)

where G* s \@ + 9>D field-strength superfield

< potential [ d*0 W where superpotential
W ~ ,uPAIdI:Iu + ydﬁdézﬁc + ...

< soft-SUSY breaking: tri-linear scalar couplings and soft masses



R-symmetry
R-symmetry — a continuous U(1) global symmetry under ¢ — ¢*®g

[Fayet '76; Salam & Strathdee, ...]

Grassmann coordinates have non-trivial R-charge
RO)=+1, R(d9)=-1, RO =-1, R(d))=+1

superfields  X;(z*,0,0) — % X;(z, €0, e~ 1*0)

= component fields have different R-charge



R-symmetry

R-symmetry — a continuous U(1) global symmetry under ¢ — ¢*®g

[Fayet; Salam & Strathdee, ...]

Grassmann coordinates have non-trivial R-charge
R(#) =+1, R(dP) = -1, R(0)=-1, R(dF)=+1

superfields )A(Z-(a’;”, 0,0) — % X;(x*, €', e~1*0)

= component fields have different R-charge

Consider kinetic terms [ d?0 d20 &7 e=29%d + ([d?0 G*G, + h.c.)
G* ~ D* D*G

if vector gauge R(G)=0 = R(G*)=0, R(G%) =1

mm) are automatically R-symmetric



R-symmetry

 Nelson-Seiberg theorem: R-sym connected to SUSY breaking
* R-symmetry cannot be broken spontaneously

» two options: exact or broken explicitly
in the MSSM it is broken by soft gaugino masses M~G*G,,

« for exact we need
R(superpotential)=2 [d?0 W

R(soft terms) =0

 freedom to assign the R-charges to chiral superfields



R-symmetry

 Nelson-Seiberg theorem: R-sym connected to SUSY breaking
* R-symmetry cannot be broken spontaneously

» two options: exact or broken explicitly

in the MSSM it is broken by soft gaugino masses M~G*G,

« for exact we need
R(superpotential)=2 [d?0 W

R(soft terms) =0

 freedom to assign the R-charges to chiral superfields

our choice: SM particles have R=0, superpartners R+0

A

matter R(Q)=1 = R(¢g) =1, R(q) =0

Higgs R(H)=0 = R(H)=0, R(H)=-1



Constraints from R-symmetry

terms allowed: —

—

superpotential:  Yukawa yaHQD°

soft terms: scalar masses MZ|q|>

also AL=2 Majorana neutrino mass H,LH,L allowed
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Constraints from R-symmetry

—

superpotential:  Yukawa yaHQD°

terms allowed: —  soft terms: scalar masses M2|g?

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

- " mu-term pHaH,
superpotential ) . [

terms forbidden: — _ L~ and B-violation LQL, Ful
B i-li i AH Qd”

Soft term: - tri-linear couplings Aafa(/

o Majorana masses MzG“G,

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




Minimal R-symmetric SSM

[Kribs Poppitz Weiner 2007]
The field content of MRSSM: fields of the MSSM with addition of:

» chiral superfields in the adjoint representation

e.g. SU(3) octet 3
O = 0+ V200 + 00F,

A ~

R(O)=0 = R(O) =0, R(O) = -1

to build a Dirac gluino gp = O + JR

® similarly for the SU(2) triplet T
and U(1) singlet S superfields

@ new scalar fields in adjoint representations:
octet of sgluons O,
triplet of T
and a singlet S

@ super-soft Dirac mass generates sgluon
coupling to squarks
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[Kribs Poppitz Weiner 2007]
The field content of MRSSM: fields of the MSSM with addition of:

» chiral superfields in the adjoint representation » two chiral iso-dublets with R-charge 2

e.g. SU(3) octet ffu, Rd
O =0 +200 + 60F,

A ~

R(O)=0 = R(O) =0, R(O) = -1

to build a mu-type term

W3 :ude Ij]d_":uuéu 'I:[u

to build a Dirac gluino gp = O + JR
@ other couplings allowed
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Minimal R-symmetric SSM

[Kribs Poppitz Weiner 2007]
The field content of MRSSM: fields of the MSSM with addition of:

» chiral superfields in the adjoint representation » two chiral iso-dublets with R-charge 2

e.g. SU(3) octet ffu, Rd
O = O + 200 + 09F,
) * \/_ ~+ O to build a mu-type term
R(O)=0 = R(0O)=0, R(O) =-1 . ..
- Wa:ude'Hd_",uuRu'Hu
to build a Dirac gluino gp = O, + gr
@ other couplings allowed

® similarly for the SU(2) triplet T W S AgRy - THy+ A\SRy - Hy+ (u— d)
and U(1) singlet S superfields

important to get Higgs boson mass
@ new scalar fields in adjoint representations:

octet of sgluons O,
triplet of T
and a singlet S

@ new scalar R-Higgs bosons

@ super-soft Dirac mass generates sgluon
coupling to squarks

important consequences for collider physics, dark matter, flavour physics,...



soft scalar masses

R-symmetric soft masses can be generates as

® super-soft Dirac mass [ d26 “‘;’ TrGeY — MPGG'

with D-type spurion (W’®) = gD’

® B term [d9*XH,H, - B,H,H,
® masses for R-Higgses [d9XX RIR, — M2 (|Rf|>+ |RY?)
® masses for scalar fields [ XX TS — M2(0? + 0*2)

with F-type spurion (X ) = *Fx



MRSSM

R-charges of the superfields and their component fields

Field Superfield Boson Fermion
Gauge Vector g, W.B 0 g W.B 0 3, WB +1
Matter lAé +1 L. €n +1 ' 0
G,d, i +1 || g dgal | L | g dh,ub 0
H-Higgs Hgy. 0 | Hgu 0 | Hg. ~1
R-Higgs Ry +2 | Ria +2 | Rau +1
Adjoint Chiral | O,T. S 0 O.T.S o | OT,S —1
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MRSSM

R-charges of the superfields and their component fields

Field Superfield Boson Fermion
Gauge Vector | ¢, W,B 0
Matter [ € +1
G, d, i +1
H-Higgs H du 0
R-Higgs ﬁ’d,u +2
Adjoint Chiral | O,T. S 0

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

A

|14 —Hd }?d Hd + My }?u Hu
+Ad}?dTHd —I—Auﬁ)uTﬁu —|—/\d§}?dﬁd —1—/\u;§ﬁ)uﬁu
—~Y,d¢H; —Y.,élHy +Y, 0§ H,

soft SUSY breaking terms

vy =Bu(H; Hf — HYH?) + h.c.
+miy, (|Hg|* + |Hg |?) + mi, (| H,|” + |Hy |?)
+mip,(|Ral” + |R7|?) + mp, | Rul® + mb, | Ry |
+m3|S|” + mp|T°)* + m3|T~ [ + mg|T [ + md|Of
+ sz,imlg,ijdL,j + Jﬁ,im,?i,ijjg,j + "&Z,img,ijﬁ/;,j + ﬂ}g,imi,ijﬂ,}z,j

2 - 2 - —x 2 -~
+ €,iM i5€L,j T €RiMe ij€R,j T VL, iT i;VL,j -
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MRSSM confronting experiment

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

Diessner, JK, Kotlarski, Stockinger, JHEP12 (2014) 124
Answer not obvious because:

» mixing with other states lowers the tree level mass
» 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

» the W mass (and other PO) affected by loops (lecture by A. Pich)
» LHC and flavor constraints



lightest Higgs — tree level

» EW symmetry breaking triggered by vev’s of neutral fields

H) = \%(Ud+§bd+i0d)a H, =
T = \%(UT+¢T+Z'OT)7 S =

= (Vy + Py +i0y) |
2(U5+Q5S—|—i(75) y

NS

> 4 scalar neutral fields { ¢4, ¢u, 1T, ¢s} mix to give physical Higgses

Muyssm M,
Mo =
H ( Mo Moo



lightest Higgs — tree level

200 - : T . 200
| — tree level | -=- A,
: - “\h
iso0 - Ay 1150
_ y
>
Q
100} a {100
g .- :
: v ’ :
/ .
: 7/ :
S 2 - .
ﬁ / f
5 ; ; ' 5 Sy
: A . . v
tanﬁ 3 g v ; tanb’ 40 ; _
0 1 1 1 | 1 1 0
—15 —10 —05 00 0.5 1.0 1.5 —15 —10 —05 00 0.5 1.0 15

A A A A

> approximate formula for the lightest Higgs at tree level

2
T [, approx

(g2 My + Ap)

2
5 ) cos® 23

4(Mp)? +m7

2
(1 ME +V2xp)
4(MEB)2 +m?

= m3% cos® 23 — v? (

under simplifying assumptions of large pseudoscalar A mass and
A== —-Ag, A=Ay = Ay, piu = g = p and vs = vy = 0:

always lower than in the MSSM due to mixing with Sand T



lightest Higgs — full one-loop level

200 T T ) ' 1 T T ; ; ; ! T — 200
f : — tree level -= A, : 3 3 : : : :
2 — full 1-loop| | — A,
15013
? S
: L)
100} - : S
i 3
'—"%'—-f/ ’ . :— " . .
4
7 : : : :
‘o : z s 5 Y
tang=3 = tang=40 -
0 | 1 1 1 1 1 1 L | 1 1 1 1 1 O
-15 -1.0 -0.5 0.0 05 1.0 1.5 -15 -10 -05 00 05 1.0 15
A A A A

> large enhancement of the tree-level value

= ~]1 TeV stops without LR mixing not enough
= important contributions from A, A ~ —1
= stops ~ 0.5 TeV would also work fine

calculations done in DRbar, using SARAH, FeynArts, FormCalc and SPheno



W mass - full one-loop level

Beyond tree-level

2
: 22 1 _ My
using sy = 1 —g

we get the master formula of Degrassi, Franchiotti, Stirlin (1990)

1 X _ A&y
miy = ‘—77'2,22/) [1 +4/1— ‘

V2G,m%4p(1 — Arw)

2

need to calculate &, p, and Arw

instructive to expand

re mzC 2 s s ) A
mw ~ mi + 2(6%[/2_2/%/) [cwé(p) — 5% (6(Afw) + 5(04))}
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W mass - full one-loop level

Complete MRSSM prediction
SM + v, contribution + approximation for T'from all sectors
SM + approximation for T'from all sectors

SM + approximation for T'from neut/char sector

SM + v contribution
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M,,(GeV)

80.65

80.60F

80.55| °

80.45}

80.40

80.35

-2.0

W mass - full one-loop level

& 80.50|

— Complete MRSSM prediction

— SM + v, contribution + approximation for 7' from all sectors
SM + approximation for T'from all sectors 1
- SM + approximation for T from neut/char sector

* SM + v, contribution

80.65

80.60}
80.55
£ 80.50}
80.45|

80.40

80.35

to understand qualitatively expand in terms of S,T,U parameters

mwy = My, +

OAémz(Aiw
2062, —82,) \ 2

ref

S .
+CWT‘|'

A2 A9
Cw — Sw U)
~2
453,

dominant contribution to the W mass from T~0.09

which receives large corrections from chargino/neutralino sector ~ Ai



Benchmarks

three benchmarks with tan 3 = 3,10, 40

BMP1 BMP2 BMP3
MH, 125.3GeV  125.1GeV  125.1 GeV
mw 80.399 GeV  80.385GeV  80.393 GeV
HiggsBounds’s obsratio 0.61 0.61 0.63
HiggsSignals’s p-value 0.42 0.40 0.40
S 0.0097 0.0092 0.0032
T 0.090 0.091 0.085
U 0.00067 0.00065 0.0010
Vevacious v v v
selected b physics observables v v v
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Antonio Pich =» before calculating full one-loop, check dominant
two-loop from top/stop because of large top Yukawa



Higgs at two loops

Antonio Pich =» before calculating full one-loop, check dominant
two-loop from top/stop because of large top Yukawa

In the MSSM the answer is well known

The MRSSM is distinctively different
> new large couplings A, A\ ~ —1, is perturbativity still at work?
» new sectors enter the game: Dirac gluinos and scalar gluons

Recent release of SARAH provides tools to calculate in eff. potential
Goodsell, Nickel, Staub, arXiv:1411.0675



Higgs at two loops

Diesner, JK, Kotlarski, Stockinger, arXiv:1504.05386

2-loop EW corrections small,
inspite large 1-loop

80 80}
— 20l | i |
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Higgs at two loops

Diesner, JK, Kotlarski, Stockinger, arXiv:1504.05386
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but for different reason
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Higgs at two loops

Diesner, JK, Kotlarski, Stockinger, arXiv:1504.05386
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A,, €an be smaller



Colored sector

Dirac gluinos
e.g. squark pair ptoduction
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Colored sector

Dirac gluinos
e.g. squark pair ptoduction

VU OU

q. >

<~ lower sensitivity to squarks
<> higher sensitivity to gluinos

1500 |

Choi Drees Freitas Zerwas 08

Dirac = °




Colored sector

Choi Drees Freitas Zerwas 08

Dirac gluinos 200,
e.g. squark pair ptoduction |
L . 1500
i O G
% 0 %
b 2 m
” o qr il :
‘ £ L Dirac =
<~ lower sensitivity to squarks g
<> higher sensitivity to gluinos '
. mz (GeV
Sgluons have tree-level couplings 7 (GeV)
<> to gluons and gluinos
< to squarks through the D-term
can be produced g wsssa
<> singly only via loop-induced coupling in ggF @i Z-w-0
< orin pairs ( g sl
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Summary

Well motivated R-symmetric SUSY model discussed

Gauginos become Dirac particles, new scalar partners

Viable benchmarks with

» ~ 125 GeV lightest Higgs boson mass

» agreement with EWPO and flavor physics

» stable vacuum

» consistent with LHC constraints

Conserved R-charge restricts production channels and decay modes
distinct phenomenology at colliders

sgluons can be light and seen at the LHC
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Summary

Well motivated R-symmetric SUSY model discussed

Gauginos become Dirac particles, new scalar partners
Viable benchmarks with

» ~ 125 GeV lightest Higgs boson mass

» agreement with EWPO and flavor physics
» stable vacuum

» consistent with LHC constraints
Conserved R-charge restricts production channels and decay modes
distinct phenomenology at colliders

sgluons can be light and seen at the LHC

Many things to do: work out the full LHC phenomenology, dark matter etc.

work in progress
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DENCNMArks.

BMP1 BMP2 BMP3
tan 3 3 10 40
B, 5002 3002 2002
Ad; Au 1.0,-0.8 1.1,-1.1 0.15,-0.15
Ag, Ay ~1.0,-1.2 -1.0,—-1.0 -1.0,-1.15
ME 600 1000 250
m% 20002 10002 10002
fLd, Jhu 400, 400
one loop| '’ D =00
MY 1500
m#, m%, m 30002, 20002, 10002
Myt 90 M3 25002, 10002
M1, M3 25002, 10007
M. 9, M s 25002, 10002
m2, my 10002
sy 7007
Vs 5.9 1.3 —0.14
ur —0.33 —0.19 —0.34
mi, 6712 7612 11582
mi, —5322 —5442 —5432
mu, 1253GeV  125.1GeV  125.1GeV
mw 80.399 GeV  80.385GeV  80.393 GeV
HiggsBounds’s obsratio 0.61 0.61 0.63
HiggsSignals’s p-value 0.42 0.40 0.40




DENCNMArks.

BMP1 BMP2 BMP3

tan 3 3 10 40 including two-loop corr.

B, 5002 3002 2002

Ad A 10,08 1.1,—1.1 0.15,—0.15 A, reduces to

Ag, Ay ~1.0,-1.2 -1.0,—-1.0 -1.0,—1.15 —1.11 —0.85 ~1.03

ME 600 1000 250

m¥ 20002 10002 10002

Jid; fhu 400, 400
one loop M 00

MpB 1500

m#, m%, m 30002, 20002, 10002

Myt 90 M3 25002, 10007

M%.q 9, Mh:3 25002, 10002

M. 9, M s 25002, 10002

m3, m& 10002

my, 7002

vs 29 L3 —0.14 5.2 1.01 ~0.22

"’T2 _0'33 _0'12 _O'3§ ~0.25 ~0.02 ~0.21

i, or1’ ror’ Hos 674> 764 1160?

mHu —H32 —H44 —5H43 _5()22 _.—)122 _51(52
m, 125.3GeV  125.1GeV  125.1GeV | |or 5 oV 1255 GeV 1254 GeV
My 80.399GeV  80.385GeV  80.393GeV | ) 397 eV 80.381 GV 80.386 GeV
HiggsBounds’s obsratio 0.61 0.61 0.63 0.61 0.65 0.87
HiggsSignals’s p-value 0.42 0.40 0.40 0.72 0.66 0.72
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Colored scalars: sgluons

Tree-level couplings

> Ua*g and o00*gg couplings as required by gauge invariance
> togluinos  —v2ig, g% 3% ot + hec.

» Dirac gluino mass => trilinear scalar couplings to squarks

V2 D( a asy [~ AT - )\a vanish for degenerate
—Vi(s *'U(J (‘7(,* + 05 ) (11 5 qr, — qlz — 4R L/R squarks

Although R=0, single sgluon cannot be produced at treel level

Loop-induced couplings

» to a gluon or quark pair through diagrams with squarks or gluinos

PN

s s AN
v 1 ’ \
e [ / \

- - '
o =< q —— -

~ \ /
‘\ \ ’

~ N 7

Yoo oo g T -7

(gluino loops vanish)

-—--

Choi, Drees, JK, Kim, Popenda, Zerwas 09

DiIALis, T+ 'NO



Searching for sgluons

g we000n
1

< At the LHC sgluons can be produced SiNGly via Qi e

| ne
g o000y’

mmm) exciting possibility of resonant s-channel sgluon production

_ cms L=am’ {s=8Tev

- S8 Resonance

»— Observed 95% CL Upper Limit - _

Cross Sectionx B x A (pb)

— . = Expected 95% CL Upper Limit

Expected Limit = 1o

" Expected Limit = 20
10 11111144 l L 1 L l Ll l

1000 1500 2000 2500 3000 3500 4000 4500
gg Resonance Mass (GeV)
exclusion up to ~ 2.5 TeV for a state s8
with full strength coupling

Han. Lewis, Liu, 1010.4309




Searching for sgluons

gm\
1

< At the LHC sgluons can be produced SiNGly via Qi e

|/A
g o000y’

exciting possibility of resonant s-channel sgluon production

cMS L=am’ {s=8Tev

- S8 Resonance

however, for loop-induced coupling
factor ~ 10~ suppression

- Observed 95%: CL Upper Limit - .

Cross Sectionx B x A (pb)

— . = Expected 95% CL Upper Limit

Expected Limit = 1o

" Expected Limit = 20
10 LA Ll l ' ' l A ' ' L l LA L L 1 LA L.l l LA L.l l Ll
1000 1500 2000 2500 3000 3500 4000 4500

gg Resonance Mass (GeV)

exclusion up to ~ 2.5 TeV for a state s8
with full strength coupling

Han. Lewis, Liu, 1010.4309




we 0
2 T )
10 F | | | N MadGolem coll, arXiv:1203.6358.
-3 L1 L1 1 [
10" " %00 400 600 800 1000
mG[GeV]
VS = 8TeV VS = 14 TeV
meg [GeV]| o™ [pb] o ““[pb] K ||o~“[pb] o ““[pb] K
200 2.12x 10° 13.36 x 10° [1.58]/9.77 x 10° |1.48 x 10° |1.52
350 8.16 x 10° |1.36 x 10" |[1.66(/5.44 x 10" |8.46 x 10! |1.56
500 764 x 107 1/1.34 x 10° |[1.75]/7.14 x 10° |1.14 x 10* |1.60
750 3.40 x 1072 16.54 x 1072[1.93||5.56 x 107%|9.29 x 107 |1.67
1000 [247 x 1073|520 x 1072(2.15(/7.31 x 107%|1.28 x 10~ *(1.75

at 8 TeV in tttt channel, excluded up to ~ 850 GeV



