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Recap: Superfields and Superspace (", 6)

scalar field (z*) fermion field

N

® = ¢+ v20¢ + 0F,

/ auxiliary scalar field

Grassman variable (fermionic) \
\ |

V = —00"0A, +i696) — i060 + 206661

A

Vector Field fermion field
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Recap: Supersymmetric Invariant Lagrangians.

Lagrangian derived from Kahler, Superpotential functions of supertfields is
automatically supersymmetric invariant

For a supersymmetric gauge theory, the lagrangian is given by

L= / (d6* W (®) + H.c) / dg* do? ®! eIV @, / (d6* WW, + H.c)

Field strength
superpotential Kahler potential superfield

(derived from V)



Recap: Functions of Superfields

Superpotential ;: is analytic function of superfields
(Zz2Z2 or z2%z%2™)

expand the superfields and do the grassman integration :

(coefficient of 80 is supersymmetric invariant )

D, P, Prloo = —ViVjPr — VjVrdi — Yrid;

+FiQjor + Fijopd; + Fro;¢;,

P, D00 = —Viv0; + Fi¢; + F¢; + F,
;g0 = F;

(all possible yukawa interactions )
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Recap: .
Kahler Potential real function of superfields. (ZZ )

Take the product of the fields as before, the exponential is simply :

_ S | R — 1
expVwz =1—-00"0A, + 1000\ — 1000\ + 5 0000 (D — §A“’AM),
O = ¢p* + /200 + O9F* (WZ = Wess- Zumino Gauge)

Grassman integration leaves just the coefficient of 0066

supersymmetric invariant (and power expand, chiral superfields around

ot — y* +i050 )

_ 1. '
¢T€gv¢‘960_§ = FF* 4 ¢0¢* + 190,69 + gA, (§¢5¢ T %Qb* u®

D S A.A") o6

— %¢8ﬂ¢*>

Kinetic terms for matter particles, gauge interactions of matter particles and

gaugino-fermion-scalar interactions
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Recap: Field Strength Superfield is derived from the Vector Superfield

W — lﬁﬁpa [’ W Z differential OperatOrS IN superspace.
0 0, N 0
Do = 00 20004 Ozt 06

And it leads to the lagrangian

1 . 1 1 _
LD 5 (W Walos + W*Walgg) = 5D° = 7 Fu F* —iXa" 0,0

Kinetic terms for gauge bosons and gauginos

What about the auxiliary fields : Using equations of motion, we find:

9144 .
00; ’
The total supersymmetric invariant lagrangian

IS the sum of all the three parts we have seen so far.
Notice that there is a part which is completely scalar:

1
V:Z |FZ |2 —|— iDADA

F; =

Da=—ga ¢} T ¢,

v



Supersymmetric QED

1 _ _
Lqoep = ——F FF + U (10", — me) ¥ + ieVry, UAH

4
dr (€L,er) Q = +1
U <
®r  (€r,€eRr) = -1
A,u > V(A,u7 >‘)
& eV T eV
WSQED — mGCIDLCI)R KSQED — (I)LG Dy, <I>R€ O
1 _
Lsqup = 7Fu F" +iXa"du) + (DuéL)TDFer, +
(DMéR)TD“éR + iéLC_T“DMGZ:P@R???DMBR Du — au — 1 BA,U
+ (\/56 e L)\é}L: + H .c) — (\/56 e R)\éTR +H c)
—me (erer + erer) — m2(|e|? + Er|?) — 5 (82 — &%) no covariant
2 derivative
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Feynman Rules in Supersymmetric QED

AAAAAAAAN Only one vertex in QED
QED

photino-selectron-electron

scalar QED

quartic coupling of the scalar particles of the

same strength as gauge coupling

the selectron mass is protected in this theory
from large radiative corrections



The MSSM is generalisation of the Supersymmetric
QED to the Standard Model gauge group

GSM — SU(?))C X SU(Q)L X U(l)y,

The lagrangian is derived in a similar way using
the three parts from kahler potential, superpotential and
the field strength superpotential.

However with one difference . supersymmetry is broken

in terms of auxiliary fields, supersymmetry is spontaneously
broken if either of the F or D fields gets a VEV

however we cannot incorporate spontaneous susy breaking in MSSM
as they predict sum rules like m3, +mZ = 2m.

these are violated phenomenologically

so instead of looking for a detailed model of supersymmetry breaking,
we parameterise all the breaking effects in terms of
soft supersymmetry breaking terms.
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So the total lagrangian of the MSSM is given by

LMSSM = ﬁgauge/kinetic (K(2,V)) + Lfielq strength (V) + Lyukawa (W(®)) + Lgoft

the kahler potential for SM gauge group over all matter fields
and Vector fields

Liin = / d6?d6? > oL eV Dy
SU(3),SU(2),U(1)

Similarly for each Vector superfield, field strength superfields
give kinetic terms for gauge bosons and gauginos
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Recap: particle spectrum of the MSSM

ur, Ur, 1
Qi — " ~L ~ (37 27 _) UZ'C = (u,f ﬂf)
sz' sz‘ 0

VL, VL, 1
I, = L, VL N<17 2, —) Efz(ezc ég)w(l, 1, 1)
CL; éLi 2
: 1
matter particles (
HO FIO B
H, = b ~<1, 2 —1) Vi (G“A GA) ~ (8,1,0)
Hy Hy : )
) Vi (W’” Wf) ~ (1,3,0)
Hy, = Hy Hy (1 2 1) -
2 = HO 70 JEI Vy:(B:“ B) ~ (1,1,0)

Higgs particles gauge bosons
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The superpotential is a gauge invariant analytic function of the
superfields

= h.Q;USHy + h$,Q; DSHy + h§; L; ESHy + pH1H
[Wl — ezL Hy + NijeLi L ES + X, LiQ; DS + X/ kUCDCij

Unlike SM, lepton and baryon number are
no longer conserved symmetries Impose R parity

d ]
>’ __________ < R-parity assures that
y every vertex has atleast

two superpartners

Avoid diagrams of this type which
Rp _ (_1)(BB—|—L—|—QS)

reduce the proton life time to 10/ (-13) secs
for O(1) couplings and TeV SUSY partners
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vertices from superpotential:

Eyuk D h% Qzu5H2 66
D his (uwuSHy — duSHY ) oo
D h;u] (wuz ¢u§ ¢Hg T ¢’i17, ¢u§¢gg T Tﬂuz ¢ﬂ§¢f—]8

— wdi%;%; — de'ilbu;@bﬁ]; — Ya, (bﬂ;wﬁ;)
~

~ 3 N T

= his ( uzujﬂg + quTu;Hg + uzujﬂg — dz;u;H;
Y

SM (2HDM) | charged Higgs

squark-quark-Higgsino

Yukawa coupling Interaction
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Finally, £soft IS given by the terms discussed yesterday

mass terms for super partners and dimensional couplings.

gaugino masses MlBB,MQW]W],MgGAGA,

scalar mass

2 ATO. 2 Te*. e 2 3% Je 2 7171 2 Je* e 2 T 2 T
ferms injQin,m UC U j,mdijd . d ],mLijLiLJ,meije ;€5 my Hi{Hy,my HyHs.

Usq

trilinear couplings A;Lj QiﬂgHg, Agj le;Hl : Afj Liéng

bilinear couplings BH1 H2

A total of about 105 parameters
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Electroweak Symmetry breaking and minimisation conditions

so far we have built the MSSM lagrangian
keeping the SM gauge symmetry in tact.

We would like to incorporate the Higgs mechanism
in the MSSM to break the electroweak symmetry

and give masses to fermions and SM gauge bosons.

For that we will concentrate on the Higgs potential
in the scalar potential of the MSSM. The scalar
potential of the MSSM is given by :

V = |F|? +|D|* + Vyors
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Electroweak Symmetry breaking and minimisation conditions

a kind of two higgs doublet model

H HO
o = (H0> Ha = (H;>

Vir = (|ul* +mip, )| Hal* + (|u? +m3 ) Hul? — Byeij(HyHy + c.c.)

2 2
9> + 91 2 1 5 2
F T (Ha = [ H*) o+ g3 | HHL
= (|pl® +ma, ) (| Hgl? + [Hy |?) + (|lul* + me, ) (| Hp|* + [Hf %)
2 2
— (B (Hy HY — HOHO) + o]+ ZIL(HY? 4 | Hp P - [HY? — |1 )
4 g—%‘H_*HO 4+ HO*H_'_’Q
9 d U d U
2B, < 2|ul* + m%& i m%ﬁ potential should be bounded from below

BZ > (|pl? + m%, ) (Jul* +mg,) atleastone of the higgs mass squared should be negative
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Electroweak Symmetry breaking and minimisation conditions

Concentrating on the neutral part :

H) =75 (H) =T o = o = 0
ul* = m%{dt;nT? “_t? o ]\?
B, = % [(m%,d — m%lu) tan 23 + MZ sin 26}
where  tan g8 = % and  v? +v3 = v? = (246 GeV)?
1

If these conditions are satisfied,

electroweak symmetry is broken in MSSM
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Mass spectrum of MSSM partners

Neutral parts of gauginos and Higgsinos mix to form Neutralinos

1

Uy ={B, W° H? HI} LS UNMyUN + H.c
/ M1 0 —MZcB S@W Mzsﬂ S@W \
My — 0 M, MzcB cOw  Mzsp cOw
N —Mzcﬁ S@W Mzcﬁ CHW 0 — M ’
\ MzsB sby  —MzsB cOw — I 0 /
c8 = cos (3

sOy, = sin Oy these are majorana particles
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The chargino mass matrix :

1, ~ o~ M, V2Myy sin 8 Wt
Lo Z(W Hy ) (\/iMWcosﬁ v Hf )’
charginos are Dirac Particles.
The sfermion sector : ~ 6X6 mass matrices 521, 921
T M2, €= f £ 0$,06*  0¢,00,
g 7 — L; fRi 2 _ A R
A UL Iri) ey 52V 82V
07007 09 0¢;
m2~ m2~ m?;L'L‘ = M]%L‘L' -+ m?céw —+ M% COS 25(T3 -+ sin? QWQem)(Sij
M]% 2fI]fL /LR 7 ; v ;" o 5 .
2 3 — U2 an __¢€, .
meR mfRR mez-Rj ((Yf U1 mf'uCOtB) for /' =, )5Zj
m?;RR = M]%Rz'j + (m?c — M% cos 23 sin” QWQem) 0i;
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Higgs Spectrum

two Higgs doublets -> eight degrees of freedom

three goldstone bosons -> five physical Higges.

three higgs mass matrices: charged,
CP odd (imaginary neutral ) and CP even (real neutral)

2 2 2

2 2 2 2
set mi=my, +p°, mp=myg, +p5, my= DL,
( [ ) mi + § (97 + 63)(v] — v3) + jg303 m2 + L g0, Hy
1 2 _
Mg+ 395v1e: m3 — §(g7 +93)(v} — v3) + 19303 | \ Hy

using the minimisation conditions

m2 1 2}2 V102 H; m2 p—
(7 HJ)<1,3+495>< 2 } ot =0
102 Vivy V2 H 2
e 2 2 m3+12(2+2)
2
SR V)
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Summary of Higgs mass spectrum at tree level

28 2 2 2
M2 — K M + :MA—|—M
A~ §in23 " v
T )
M}%H:§ M35 + M3 ZZ\/(Mi+M%)2—4MiM%608225
M% + Mz T
taHQOzZMi_M%tanQﬁ —5 < a<0

at tree level the lightest Higgs mass upper limit is

My, < Mz|cos2f| < My

tree level catastrophe !
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Lightest Higgs mass @ |-loop (top-stop enhanced)

‘‘‘‘‘

L f“tl’g s
’ g h------ ¢l129-----

h ------- Y h ------- - e

h t1,2
""""""" S P
in the limit of A2 395 1 Mz Ellis, Ridolfi, Zwirner,
NO-MIXIN M, = m, 108 | —5 Haber-Hempfling,
5 h 87T2M‘%V t m% Yanagida et. al
Mg = \/mgl mg,



in the case of non-zero mixing the
correction IS

Am? ~ 3g5m; 'log <mzlmzz> X7 (1 X7/ >

2 N2 2
w2 M2, m3

where X; = A — {4 COt 5

o Haber, Hempfling and Hoang,9609331
Mg = \/mgl mg,

|-loop correction adds ~20 GeV to the tree-level, assuming the
sparticles are < | TeV (In no-mixing scenario).
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Effective potential methods are more useful

M2,tree —

( M?%sin? B+ M2 cos? 3 —(M?3% + M2)sin 3 cos 5)
Higgs

—(M?% + M2)sinf3cos 3 M2 cos? B+ M2 sin* 3

diagonalizing
2
(mH,tree 20 )
0 mh,tree
M2,corr . M2,tree B :-—[qb1 [:¢1¢2 1. = self f ¢
Higgs — ~"Higgs g, 6, Iy, i — SO CHEIBY OL @
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One loop terms +

dominant 2-loop contribution due to top-stop loops

(2—loop) _ (2—loop) B
H¢51 (O) = H¢1¢2 (O) =0
(2—loop) GF\/i s m;l 2 m? m? Xy
11 = 4 ] - 21
oo (0) 2 7 sl { + 3log (Mgl og A 6M5
X2 =2 1 X4
- s (3) 5+ g
M2 M2 12 M
pole 9 6
my = mt(mt) ~ t —|_O(GFmt)

Heinemeyer et.al, 9812472

dominant 2-loop correction increases the lightest Higgs mass <10
GeV to the tree-level, assuming the sparticles are < | TeV (in no-
mMixing scenario).
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3-loop correction

calculatedup to  O(aa?)

4

keeping only the leading terms ~ 1T, Harlander et al. ‘08
Martin ‘07

no mixing in the stop sector = X; =0
Susy HD

Am; %P ~ 500 MeV

Most Publicly available spectrum generators calculate
the CP-even Higgs spectrum
at the 2-loop order.
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Theoretical Status of the Higgs mass computation

T.Hahn et. al,
arXiv: 1312.4937.
Buchmueller et. al,
arXiv:1312.5233
o Draper et. al
e A B I 1312.5743

2
3-loop, O(a, o) FeynHiggs 2.10.0 7

3-loop full

LL+NLL
H3m
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SUSY-HD
arxiv 1504.05200
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Figure 1: Breakdown of the uncertainties for a 125 GeV Higgs mass as a function of the (degenerate) superparticle
masses mgusy- The Higgs mass has been kept fived at 125 GeV by varying either the stop mixing (with fized
tan 8 = 20 for msusy < 20 TeV, left panel of the plot) or tan 8 (with vanishing stop mizing for mgysy > 20 TeV,
right panel of the plot. Note that for msusy < 2 TeV (the gray region) the 125 GeV value for the Higgs mass cannot
be reproduced anymore but is within the theoretical uncertainties. The black “total” line is the linear sum of the
theoretical uncertainties from SM, SUSY and EFT corrections (in dashed lines). The dotted line AyYP corresponds
to the 20 experimental uncertainty on the top mass.



SUSY-HD
arxiv 1504.05200

110¢ X,/Msusy=0, tanB=20 i Meusy=2TeV, tanB=20

1 1 1 1 [ R | 1 (- 110]\\\\\\\\\‘\\\\\\\\\‘\\\\\\\\\‘\\\\\\\\\‘\\\\\\\\\‘\\\\\\\\\
1 5 10 50 100 -3 -2 -1 0 1 2 3

Msysy (TeV) Xt I Mgysy

Figure 3: Comparison between the EFT computation (lower blue band) and two existing codes: FeynHiggs [41]
and Suspect [39]. We used a degenerate SUSY spectrum with mass msuysy in the DR-scheme with tan 8 = 20.
The plot on the left is my vs msusy for vanishing stop mixing. The plot on the right is my vs X;/msusy for
msusy = 2 TeV. On the left plot the instability of the non-EFT codes at large mgusy s vistble.

Slavich, SUSY 2015

e |fthe EFT valid at the weak scale is the SM, part of the corrections can be
borrowed from the SM calculation, reducing the uncertainty to less than 1%



: Abrey et al.
phenomenological models 1112.3028:

2012 updates

-
H
o

120
115

110}

105

For zero mixing, we need multi TeV Stops

Other option is to have maximal mixing : | X¢| ~ V6Mg
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Is the universe in a critical parameter SUSY parameter space 2

Stability of MSSM vacuum analysis with four fields, the two Higgs fields and

the stop fields ( considering they are light )

130

125

120

115

110

L I L l L L l L L I L L I L L

Ll

] Ll Ll Ll l L Ll Ll | Ll l Ll

e * o Absolute
e v« Meta-Stable
o0 4 Unstable

-

SUSEFLAV &
Cosmo Transitions

1 1 1 l 1 1 1 l 1 1 1

11 1 1 l 1 1 1 l 1 1 1 l

4

X, /Mg

Chowdhury,
Godbole, Mohan,

Vempati,

arXiv: 1310.1932

JHEP

and other groups

associated
with criticality

~ Giudice & Rattazzi
hep-ph/0606105



Chowdhury,

Charge and Colour breaking Minima Godbole, Mohan,
Vempati,
arXiv: 1310.1932
JHEP
~ ~ 2 *~ ~
Vi = (o, + ) [P 2 ol 4, [Tl + (e T )
2 (17712 12 T 12 g% 21~24~22
07 (unl? + 1L + | Han?) + 5 (P + Gl = 5 P)
g2 0 g2 o
i gz (lj_]u‘2 — ’tL|2) + ES (|tL|2 — ‘tR|2) . Full Four Field Numerical
Analysis
- - T po _ analytical bound
::'} [--- Meta—Stablel ,,-'47
éﬂ « * « Unstable | ,J,.
;;fm -
:r_.

\ emperical bound

SUSEFLAV &

Cosmo Transitions

1 151 - i ) 1 | 1 1 1 1 1 ]
U107 107

107
AE + 3% [GeV?]




