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« fermion «<>boson

* has “no” problems with radiative
corrections (quadrat. div.)

» has a light Higgs Boson (<140GeV)

* interesting pheno at the TeV scale
spin-0 spin-1/2 spin-1
Squarks: q
Or: O
Gluino: g g
Sleptons: (
6 O
h,H,A Neutralino 7,y
Ki=1-4
H* Charginos: W=
A i=1-2

Introduction

MSSM LowScale

Higgs sector Gauge sector trilinear couplings
) tan g M A
3 neutral Higgs bosons: h, A, H ;gu'(( )) M;E ; Ab(( ))
1 charged Higgs boson: H* ;”(fm( ) ) M ) A )
and supersymmetric particles Mae
SU(2), doublets  SU(2), singlets
Many different models: M, ( ) My )
.. . Mgz, ( ) m( )
* (p)MSSM (minimal supersymmetric M ( ) me( )
extension of the standard model) Mp, ( ) Mg )
My, ( ) M ( )
* NSUGRA M, ( ) My )
® GMSB méx( )
mﬁk( )
- AMB M ( )
* NMSSM _ : _ .
Study motivated by: A.Djouadi, L.Maiani,
_ G.Moreau, A.Polosa, J.Quevillon and
R-Parity V.~Riquer,
* Production of SUSY particles in pairs Habemus MSSM
 (Cascade-) decays to the lightest SUSY Eur. Phys. J. C 73 (2013), 2650,
. !_SP staple, neutral f':md weakly Goal
interacting: neutralino (y,) «  m,MSSM: replace 1 parameter with a
* less than half of t_he particles observed measured quantity:
 Great hope for discovery due to LHC * A, replaced by m,

CM increase to 13.6TeV (you have heard . |nyersion algorithm instead of a scan

that before?)



m_, [GeV]

An example point:
» Heavy squarks and sleptons
« Light LSP (Bino)
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Stop sector:
Lightest stop at detection mass limit

At=3610 GeV
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)

» Experimental error ~ 0.15GeV
« Typical non-parametric error: 2GeV
* GeV level rounding: 125GeV

EW 2.0 TeV
mi, 3.65740418 TeV?
mi; -0.213361994 TeV?
sign(p) +
Limits at 95% CL A 3.610 TeV
@@ T B mg, .27 TeV
Y . mg3,, 3 TeV
- M, 300 GeV
] M, 2 TeV
i M 3 TeV
n Ap, Ar 0 GeV
] tan 3 10
] Mg, = Mj, =Mz, = Mg, = 2 TeV
] Mg, = Mg2, = Ma, = Mg, = 3 TeV
7 my, 5.012 GeVY
: i mi, 1306 GeV
Ll M0 294 GeV
1200 1400 s ~—~
m; [GeV]
Higgs mass:



Concept
A, replaced by m,

* Need to invert Higgs mass dependence on A,

__ 1 __ - Ty, = Ty cos’ B + T4 sin’ 3,
5 5 mi; — i (p?) + — iy — Mia(p?) M 25 AT
M:(p™)= U1 , , to sy = Ty sin’ 3 + 4 cos? 3,
i, — M2 (p?) My — Ha2(p”) + — _ 9 1 _ o _ o9, .
U2 My = —E(ﬂlz + Ty ) sin 2.

EWSB determines iteratively:

» Higgs mass parameter mu
Pseudoscalar running mass

- o, B
ﬁi(ﬂ-fgir,i.-’sg} = w0820 (m%__;u — ﬂl%__;d) — ‘HI%,

1 . . .
pz(;’l-fgi,i.rgg} = E( (ﬁl%__;u tan 7 — ?“n.ird cot 3) tan 23 — ﬁ%)

Add the determination of A;:

« A, determined from a pole mass

Need all radiative corrections

Can only be implemented post-EWSB

Important:
* Aspectrum calculation is iterative:

* RGE: high scale, low scale, Z scale
- EWSB



Proof of Concept - Approximate 1-loop

3 = e -
8T ?TE“ = B . §
Mg + (E — gszr)mz cos 23 +m?) -/ (m? + gsz Mm% cos 23 + m?) 120:_ E
3L 2 3 Wiz ' ‘ in T 3°WTZ ' t N :
cot 3 110:_1;.-' E
:;;': ......... 2-loop \E
1 _ . 100% 00
Apprgmmate 1-loop: ;f:f ..... aporte 14000 {
° At fif nnnnnnnnn Exp z
« Local minimum: A, = p cotanp 90; 3
« Particularity of the benchmark: larger corrections : :
80_| 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | | | | | | | 1 | 1 | 1 | 1 | 1
1-loop and 2-loop (with the Pietro Slavich terms): 0000 6000 4000 20000 2000 4000 8000 e
« Structure preserved
* Non-negligeable contribution from 2-loop
Stop cliff
sl A [TeV] 544 Inversion with approximate 1-loop:
2 A, [TeV] 361 * Invertible analytically
A [-Tex-’]</2§?\> « 4 solutions for the stop cliff
o At TevT ~— - But: A, is off by 30%
i .




Proof of Concept — 1-loop

Start from Eigenvalue equation:

mp, g (MJ)11 + (MJ)22) + (M) 11 (M7 )22 — (MJ)12)* =
Identify the terms depending on A,, eg in couplings h-stop-stop:

?Hi,H —

— 2 o o 2 .
= C; 9ssiy i, T 2c 5 Dsoi; i ¥t Jasipin

2 _
ip TG Jsaiptp

_ - 2 2 -
tp gnnf:dfh} +4LQ!—;S'E';Q‘S-2ILIR

Gsatity

o2
Gaatata = St Gaqi; i

Qaotito =

W
Gsairtn = ﬁ

Eg in the one-loop scalar function (log term ignored)

) mi
w m; 1—In 02

1
M2 =73 (M'E F \/asﬂ‘z‘ + b Ay + cg)

M? = qur + mE +2mP + ;mz cos 23,
a, = 4m?,
be = —8m?2p cot 3,
14 :
Ce = (m%SL - -m;‘:ﬂ + (§ — Esﬁ_r)m% cos 2.8) + 4m2p? cot? .

Rewrite tadpoles and self-energies (0: log dependence):

— ¢{®) \/aSAﬂ +byAp + ¢ + 1))

11
1— _ tg”}At\/asA? + b Ay + ¢ + 1V A + 28 \/asAf +bAp + o+ 1))
2

Iy = ?rﬁ} a3A2 + b Ay 4+ 5 + ?T{D]j

H]Q = TT]_Z:IAf + ﬂ'm)

gy = ?ngjﬂz + QZ)At + ?T{S} asA7 + b Ay +cs + Tgﬂj



Proof of Concept

Leading to a new function:

HiggsMolar(A) = C3A} + CoA7 + C1A; + Co + (RoA7 + R1A; + R{]}\/ agA? + beAr + co =0

mh2 enters CZ’ Cl’ CO’ Rl’ RO Co[A;] =Cs(ﬂ’ﬁj —f{is)_](ﬁéfé)—tgﬂ) J"'F?'Tri{:J —f(lm—ﬁu { '*'ng}—fgn—ﬁgz) —(f-’g —ﬁfz)za
CilA] = (xf) - 7) (bu(ry - 857) —&8') + (i) 2 8 (mRJF wi) — 417 — i) + 20y (Y, — 1)),
T ca[At]=(wiii:rﬁng()as((fréz}—résJ)—bsté‘“)wé mr -t =) — (),
© F i : = O34y = as(ty” —m7)ts 7,
% °F ; E R{J[At]=(ﬁﬁj_f(19J?Tg%}_fg])_ﬁgz)“‘(ﬁg;}_ i — 1 =),
% 0;.. ................................................................................... ,g Ri[A] = (f(LS} B ﬁﬁj)(r_? _Wgé)_) N (tiﬂ) _ﬁ;i{ij +ﬁf1
5 = RolA] = 7 () — 117
105 E
15E- =
_2£ . Cliff s1 % HiggsMolar:
= L Cliff s2 - « Exact 1-loop
25 o St o8 (tmwe) « Similar form as the approximate 1-loop
-30 : « Zeros correspond to m,=125GeV
S R S R BN BTN S R R * Four solutions

“8boo -6000 -4000 -2000 O 2000 4000 6000 _ 8000 :
A, [GeV] « AZ2but 4 solutions:

« Function valid only in vicinity of solution
 EWSB modifies the “pseudo-constants” as function

of A, ,



Proof of Concept 1-loop and 2-loop g50f 11— :

8 4002_ '. : —;n; =125 GeV ’;'—f

Solve for A, 30 T A

» Not possible analytically in general 200E- : P Cliff 52 3

 Step through the function in steps on 1MeV (just kidding) 100F- o fe) :

Transform Molar to a fixedPoint problem: o= E

100 - =

1 c ‘ . = : -

Cpp(A4) = —Cfg[ﬂfzﬂf + C1A; + Co + (RpA7 + RiAg + Rﬂ]fﬂsﬂf + beAr + ¢, 2007 E

-300— f —

Cep and LFP: - . ]

_ 3O A FP _ -400F; : =

Ar = VCrp(4r). » Strong local dependence guides convergence PV AN AT S S W R S AR B
* But to converge need [LFP’| <1 (against repulsive 00 -6000 -4000 -2000 0 2000 4000 60%0(3 8\,900

LFP(At} = 3";-* CFP{At}! FPs etC) g | | & p 1 [GeV]

» Define convergence parameter and function:

| L LI T T T T T T T T T T T T T T T J.
$8000= 1 . —m-1mGev Lepr(Ar) = —(Lip(Ac) — A) + Ar.
= - Y r A
£6000— ' ' .
- R g:'::f'; 2-loop (and higher orders):
- e iff s . .
40005 — Cliff 3 (true) = * Enter in the mass matrix
2000 e Olif o4 E »  Soft dependence
0 —
—2000:— l' =
- g ] Remnants, log(A,) and 2-loop:
A000ET E « Taken into account exactly in the EWSB iterations
“6000E / E - EWSB iterations are standard also in “standard” MSSM!
-8000 i : —
| | | | 1% 1 | ; | | I | | | | | | | | | 1 | | | L4 | | | 1
-8000 -6000 -4000 -2000 0 2000 4000 6000 8000 8
A, [GeV]



Proof of Concept — Full Algorithm

Full Algorithm:
1. Stabilize top yukawa
2. Use approximate 1-loop inversion as first guess
3. EWSB: add fixed point iteration
4. Adapt tau locally
N Lrp'(A:) — 15
T

Lpp-(4;) =1

EWSB:
* Not uniquely defined (see SLHA)

* My, Myg, Sign(p)

stop cliff sl 32 s3 s4

Ay [GeV] | -5617.3  -3796.1  3609.7  6082.5
mp [GeV] | 125.012 125.012 125.012 125.012

Results promising:

* 0.1 permil precision reached on At (1permil set)

* m, excellent (too good for practical purposes)

« A, precision better than requested: effect of
iterations

° mA(Q)1 4
* Mpp
» Use reduced RGE precision
EWSB stop cliff sl 52 s3 sd
my,, my . sign(n) | A¢ [GeV] | -5617.8  -3795.0  3610.5  6085.9
mp [GeV] | 125.012 125.012 125.012 125.012
m?(Q), p Ay [GeV] | -5606.9 -3795.1  3610.7  6090.1
my, [GeV] | 125.012 125.012 125.012 125.012
ma, A; [GeV] | -B607.2  -3794.7  3610.7  6089.9
mp [GeV] | 125.012 125.012 125.012 125.012
It works:

Similar precision achieved in all cases
Stop condition is on p for 2 cases

Technical remark:

C++ Inheritance made the extensions easy (in spite
of Diamond inheritance)

Works also for Highscale models

Overhead: 1XRGE, doubles EWSB
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Proof of Concept: Beyond the benchmark point

Proof of complete Inversion in more than 1 point:

It

Stepping through mh

Specifying s1, s2, s3, s4

Necessitates a stepper function applied regularly to identify
the local minima and maxima in m,

Close to extremal FP is complemented by a standard
Bisection algorithm

works (better than expected):
Regions are separated
continuous
Small steps corresponding to changes in pseudoscalar mass
and p leads to a <2GeV deviation in mh
3 points (of 256) not converged

5‘ BDDD T T T T I T

> B N

g, - ]

< 6000 |— —

4000|— —

2000 —Cliff 1 =

_ — Cliff s2 N

o= ! .

— - Cliff =3 -

B — Cliff 54 -

2000 — —

~4000 — —

6000 :_ ___-————__.__,..I" _:

BDD B 1 | 1 1 1 | 1 1 1 | 1 1 I 1 1 | 1 1 1 | 1 1 | 1 ]
Mg 116 118 120 122 124 126 128 130

m,, [GeV]

Inversion works: from m, (A,) to A(my,)
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Conclusions

Proof of concept:

m,, as fundamental parameter of the MSSM: doable
Correct to all orders

Stop cliff benchmark: works

1d scan: works

Future work:

Improve the algorithm
FullFledged Algorithm for all configurations
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