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Aim 1.0

Precision calculations must match experiemental precision
Examples:

* my © 2-Loop requires 1-Loop subrenormalization

® 1-Loop Branching ratios: renormalization of all sectors
We need:

® (Consistent renormalization of the full cMSSM

® |Implementation in FA/FC for fully automated calculations
Renormalization Scheme:

®* Mostly on-shell:

All processes with on-shell external particles
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Aim 2.0

What is the best choice of On-Shell RS?

Need quantitative prescription
- automatize this choice!
- implement in code
Switch between RS:
needed to scan over full parameter space
Compare different RS:
- estimate 1-loop uncertainties

- analyze full set of observables in different RS
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Outline: On-shell RS in the Complex MSSM

Introduction

Fully Automated Calculations in the cMSSM:

Implement Renormalization in FA/FC
RS choice in the chargino/neutralino sector
Technicalities

Conclusions
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Introduction

The Big Question: which Lagrangian describes the world?
® The LHC may discover BSM physics soon

® = precise measurements at the ILC
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Introduction

The Big Question: which Lagrangian describes the world?
® The LHC may discover BSM physics soon

® = precise measurements at the [LC

® Theory calculations must match experiemental precision:

—mMmasses

—cross sections
—branching ratios
—angular distributions
—etc.

We focus on the MSSM
®* Enlarged Higgs sector: two Higgs doublets
® Many scales

® complex phases
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Fully Automated cMSSM Calculations

Generic problems for SUSY loop calculations:

® SUSY has to be preserved in the calculation

Many different mass scales
Many more mass scales than free parameters
Even more parameters: mixing angles, complex phases

Renormalization is much more involved than in the SM
—much less explored than in the SM

—has to preserve/respect mass relations

—depend on mass scales realized in Nature
—sometimes no really good solution exist (e.g. tan 3)
—many sectors enter at the same time

= this is the biggest issue!
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Renormalization of the cMSSM

Example: Chargino and neutralino sector

On-shell renormalization
— renormalize 3 (complex) parameters: My, My, u
— chargino-neutralino sector = 6 mass paramters:

Mg+, 2—12mo 7=1,....,4
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Renormalization of the cMSSM

Example: Chargino and neutralino sector

On-shell renormalization
— renormalize 3 (complex) parameters: My, My, u

— chargino-neutralino sector = 6 mass paramters:

Mg+, 2—12mo 7=1,....,4

CCN,; scheme: choose Mg, Mg, Mgo ON- -shell = oMy, 0Ms, op

remaining masses receive finite mass shifts
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Chargino and neutralino sectors: renormalization

CCN; scheme: choose m __+,m_= ,Mgo on- shell = oMy, oM, op

X1’ X2
p :mgi
[ReX o (p)] X5 (p) s =0

3 egs. define 3 complex parameters & field renormalization const.

Mass shifts

mgp =miy + Amge,  (k=1,....4 k# j)
Amig_——Re{Re[m oL k( Xk)+2 L(m Xk)+(LHR)]}

Choose masses of charged particles as input to avoid IR divergencies
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Chargino and neutralino sectors: renormalization

On-Shell schemes have numerical instabilities for some parameters!
= no fundamental problem, need alternative RS conditions

CCN; scheme: (m g+, mygs, mgo on-shell)

CNN; ;5 scheme: (mg+,mgo, mgo on-shell)
NNN; j x scheme: (myzo, mzo, mgo on-shell)

Shift mass of chargino only if not an external particle!
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Renormalization schemes: matching

no on-shell scheme works everywhere: here |u| >~ |Ms| region
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Renormalization schemes: matching

no on-shell scheme works everywhere: here |u| >~ |Ms| region

[[GeV] X = W
0.3 T
tree®!d oo
0.25 | loop”*? ——
treeZlQ ......................
PY ”gOOd RSH 02 L 100p212 —— ]
] tree““N
= smaller rad. corrections o5} loop®eV
® different schemes OLr
= theory uncertainty 005 T
. ] ol /
® implement results in FA/FC:
. —0.05 }
matching of RSs
—0.1 Ll - - -
[Heinemeyer,FP,Schappacher, in progressps0 400 450 500 550 600
MQ[G@V]
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Chargino and neutralino sectors: renormalization

Analysis of Am in CCN,CNN,NNN [Chatterjee, Drees,Kulkarni,Xu 2011]
Conclude that best choice is:

CNN; ; . scheme:

® mg+ wino-like

® mgo bino-like
J

® mgo higgsino-like

® what about mixed scenarios?

® which higgsino?
(pseudo-Dirac system = opposite relat. intrinsic CP)

® need quantitative prescription!
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Chargino and neutralino sectors: renormalization

Dark Matter relic density scans in the MSSM very sensitive to Am

[Beneke,Bharucha et al '16] choose as “best’™
My < |My|<|ul: CNN[1,2,3] (x3; m < 0 higgsino)
My < |u| < |Mi|: CNN[1,2,4] (¥3; m <0 higgsino)

® Scan choice needs too much human input and insight
(error prone, slow, ...)!

® |nteresting DM scenarios: coannihilation = mixed scenarios!
(see €.g. [Beneke,Hellmann,Ruiz-Femenia '14][Harz,Herrmann,Klasen'16])
— Implementation in spectrum generators!
FeynArts/FormCalc/LoopTools = FeynHiggs
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Chargino and neutralino sectors: renormalization

e Starting point (here, for Y;", analog for j, k):
[0M, )i = [V*6XTUT);
® l|eads to linear equations:
fi(3) = a;10 M1 + a;20 Mo + a;30 1 == 57715@1

= solve for M1, Ms, 04 need to invert A = {a;;}
= only possible if A can be inverted

| det A|

measure of good RS:  maximize
- max| det A
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Chargino and neutralino sectors: renormalization

Example (CCN):

_ 1~
i = ~Re [m \ (z: (2. )—I—Zf?i(m%t)) + 253k m)|
1
2(UT U3 Vi Ve — URQ U5 Vs Vs))
(ZUQ*Q‘/QQ 5mxi|: 2Uf2V12 5mX;|:

+ (U Usy — U1 Uz ) Vis Vi 6(V2 My sin B)

+URUS(VisV3: = ViiVi) 6(V2Myy cos 3 ) )
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cMSSM @ one-loop: overview

Higgs wave function renormalization and tan 3: DR

Higgs masses: on-shell.
Zg-matrix: h, H; A — hy, ho, hs [FeynHiggs|

electroweak gauge bosons: on-shell

quark sector: internal m; DR, external my on-shell,
other quarks on-shell

squark sector: Ap DR, squarks on-shell
lepton/slepton sector: on-shell

chargino-neutralino sector: on-shell
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Fully Automated cMSSM Calculations: Higgs sector

® Higher-order corrections phenomenologically very important

® But: including these corrections on propagators and vertices
mixes orders of perturbartion theory

® = no cancellation of UV and IR divergencies

®* Masses of Higgs propagators should be consistent with
mixing angle a parametrizing the vertices
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Fully Automated cMSSM Calculations: Higgs sector

® Higher-order corrections phenomenologically very important

® But: including these corrections on propagators and vertices
mixes orders of perturbartion theory

® = no cancellation of UV and IR divergencies

®* Masses of Higgs propagators should be consistent with
mixing angle a parametrizing the vertices

® Recipe:
® Vertices with tree-level o
® |oop propagators with tree-level Higgs masses

® tree propagators with loop-correctied masses
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lly Automated cMSSM Calculations Automatic Diagram Eval

® FeynArts: Diagram generation: = Amplitudes
— create topologies
— insert fields

— apply Feynman rules
— paint diagrams

®* FormCalc: Algebraic simplification
— contract indices

— calculate traces

— reduce tensor integrals

— introduce abbrevations

® FormCalc : numerical evaluation
— convert Mathematica output to Fortran code

— supply driver routines

— link LoopTools: implement integrals

® — Squared amplitudes
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Fully Automated cMSSM Calculations Modelfile

®* Modelfile MSSMCT :
complex MSSM including all one-loop counterterms
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Fully Automated cMSSM Calculations: Higgs sector

® Recipe:
® Vertices with tree-level o
® |Loop propagators with tree-level Higgs masses

® tree propagators with loop-correctied masses

® |Implementation in FeynArts:

S[1] ==
Mass -> MhO,
Mass[Loop] -> MhOtree, ... }
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Fully Automated cMSSM Calculations: CKM and NMFV

® MSSMCT presently limited to minimal flavor violation
(MFV) in the Sfermion Sector
(Only mixing within each generation)

® for non-trivial CKM matrix:
= Imbalance between fermions and sfermions

® CKM mixing turned off by default
may be switched on: $CKM == True
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Run-time Renormalization Scheme selection

Choice of RS conditions dependent on parameter:
(e.g. Chargino/Neutralino sector)

Schemes require different computation of a set of
Renormalization Constant,
e.g. dMinoll, dMino21, dMUE1

Solutionl: dMUE1 = IndexIf[cond, éu?,duf]

However: dependences cannot be resolved with individual
IndexIfs f.i.:

Scheme A: op = f(0M;)

Scheme B: 0M; = f(du)

Solution2: One-pass ordering collects & recurses on IndexIfs
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Run-time RS selection: One-pass ordering

dMUE1 = IndexIf[cond, ou?(6M:Y),ouP];
dMino11 = IndexIf[cond, §M;i, SMP(6uP)1;
dMino21 = IndexIf[cond, §MJ, SMPT;

IndexIf [cond,
dMinol1l = Sut(6MY);
dMUE1 = Sp(6MY);
dMino21 = §MP,

(x else *)
dMUE1 Sl ;
dMino1l = 6MP(5uP);
dMino21 = SMJP 1;
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Run-time RS selection

Scheme switching selected as

® $InoScheme = IndexIf[cond, CNN[2,1,3], CNN[1]]
where cond might be Abs[Abs[MUE]] - Abs[Mino2]] < 50
to chose most stable RS for |u| ~ | My

® $InoScheme = CCN[1]
where nbino is determined at run-time to be the most

bino-like neutralino

Warning:

note that a renormalization-scheme switch in principle requires a
corresponding transition of the affected parameters from one scheme
to the other for a fully consistent interpretation of the results
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Applications

FeynArts/FormCalc with the new cMSSM-CT model file are ready
Calculations have been performed for

—Stop and Sbottom decays at one-loop

—Stau decays at one-loop

—Gluino decays at one-loop

—Chargino and Chargino decays at one-loop

—Higgs decays at one-loop

—Higgs masses at two-loop

—DM relic: neutralino masses at one-loop
—Chargino/Neutralino pair-prod @LC at one-loop
—Neutral and Charged Higgs pair-prod OLC at one-loop
—EWKkino+jet production OLHC at one-loop

Federico von der Pahlen, COMHEP 2017 — p. 24/25



Summary

Renormalization of the full complex MSSM under control

FeynArts 3.9: MSSMCT model file including complete 1-loop
renormalization

FormCalc: from 8.4

® Support run-time renormalization scheme selection

EWkino sector: automatic renormalization scheme selection
comming soon!

Applications
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backup transparencies
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Where are we? (a selection!)

1. Neutral Higgs boson masses

— O(atas) in the cMSSM [Heinemeyer, Hollik, Rzehak, Weiglein '07]

- O (atozg), O (a%as), rMSSM [Martin '07]

— O (ata?), rMSSM (incl. fin. terms) [Harlander, Kant, Mihaila, Steinhauser '08]
— FD & log resummation [Hahn, Heinemeyer, Hollik, Rzehak, Weiglein "13]

2. Charged Higgs mass
— full 1-loop [M. Frank et al. '06]

— O(atas) [Frank et al. '13]

Federico von der Pahlen, COMHEP 2017 — p. 27/25



Where are we? (a selection!) Il

3.

Production cross sections at the LHC

gg — h at 2-loop [Anastasiou et al. '08] [Miihlleitner et al. '08] [Slavich et al.
'11]
[Harlander et al. '12 (SusHi)] [Bagnaschi et al. '14]

WBF at 1-loop [Ciccolini et al. '07] [Hollik et al. '08] [Palmer, Weiglein "11]

bb — h: 4FS vs. 5FS, Santander matching
[Dittmaier et al. '06] [Dawson et al. '06] [Harlander et al. '11] [Maltoni et al.
'12]

Z-factors at 2-loop [Frank, Hahn,Heinemeyer, Hollik, Rzehak, G. Weiglein '06]
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Where are we? (a selection!) Il

4. Higgs decays to SM
— full 1-loop, leading 2-loop, ... (depending on final state) |[...]

— Z-factors at 2-loop [Frank, Hahn, Heinemeyer, Hollik, Rzehak, Weiglein '06]

5. Higgs decays to SUSY
— full 1-loop (depending on final state) [...]

— Z-factors at 2-loop [Frank, Hahn, Heinemeyer, Hollik, Rzehak, G. Weiglein '06]

6. SUSY decays to Higgs bosons
— (partial) 1-loop, rMSSM .. .]

— (partial) 1-loop, cMSSM [ Rzehak, Weiglein, Williams]
[Bharucha, Fritzsche, Heinemeyer, FP, Rzehak, Schappacher]|
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What is missing? (a selection!)

1. Neutral Higgs boson masses

— full 2-loop

— more 3-loop (and in “easier accessible” scheme?)
— leading 4-loop

— improved log resummations

2. Charged Higgs boson mass

— leading 2-loop

3. Higgs decays
— full 1-loop in the r/cMSSM (some final states)
— leading 2-loop
4. Decays to Higgs bosons
— full 1-loop in the rIMSSM
— full 1-loop in the cMSSM

= provide corresponding codes!
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t/b sector of the MSSM:

Stop, sbottom mass matrices (Xy = A; — p*/tan 3, Xp = Ap — p* tan 3):

2 2 * 2
Mg _ MfL +my + DTtl mtXt i mgl 0
’ me X M2 +m?2+ DTy, 0 m?
tr t2
2 2 * 2
ez — [ Ve et Pl Ay om0
b mp X M? +m2 + DTy, 0 m?2
bR b2

mixing important in stop sector (also in sbottom sector for large tan ()

soft SUSY-breaking parameters A;, A; also appear in cb—f/l; couplings

1
2 2 . = (a2 M2 T M2 — M2 )2 m2| X, |2
b t 2 ( lr t \/( tr, ER) 4 t| t| )

t1,2 R
= independent of ¢ x, but 07 is now complex

SU(2) relation = M, = MBL = relation between mgl,mgQ,Qg,mgl,ml;Q,@g
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Renormalization schemes in the stop/sbottom sector

nalogously” in the slepton sector!)
neric parameter and field renormalization for scalar quarks:

D; = U;M; Ul (§=1,b)

m2 Y, om2 Y,
M; Ul - U;M; UL+ UgoM; UL= [0 "2 )4 (7 0 0
Yo mg, oYy omg,

0Mg,, = Uz Ugi, (5m§1 — 5m§2) + U2 Ug,,0Yy + U, Uz 0Y/

i 1 ] 62z, 0Z;
) (1 + —5zg> M) with oz, = (T 070
q2 2 q2 5Zq'21 (SZC’]'22
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Renormalization of the ¢/t sector

— employ the widely used on-shell renormalization

s = - Re {my [SF(md) + SF ()] + [2F () + 557 ()]}

om? =ReX; (m?)  (i=1,2)
5Y; = —Re{2t12(m2 )+ Sz, (m2) )} [Hollik, Rzehak '03]
This defines the counter term for A;:

>i< 2 2 * *
512(577?;{1 _5m£2)+U U2 6Ytt +U~ U”

t11 ta1

oYt

t11

5A: = L [U;
my¢

— (A¢ — p* cot B) dmi] + (5™ cot B — p* cot? B & tan B3)

(with o from chargino/neutralino sector,
6 tan 8 from Higgs sector)
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Field renormalization for on-shell squarks (%, b, ...):

Diagonal Z factors:

the real part of the residua of propagators is set to unity:

9% (k2
Re s () =0 (i=1,2)
Ok? k2=m?2
qq
yielding
— 9% (k?)
RedZ;z,, = —Re—4 IméZz.. =0  (i=1,2)
Ok?2 kQ:méi

Off-diagonal Z factors:

no transition from one squark to the other occurs:

Reidu (m%) =0 Reidu (m§2) =0

yielding
sy _ 2Requ2(m§2) —0Y, sy _ o ReXg,, (m%l) SY
g1z = T (m2 2 d21 — (mQ 2
q1 q2 q1 q2
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SU(2) relation = M; = M;

“LL" soft SUSY-breaking term for § = {t,b}:
MC%L (CD — ‘Udll‘ng”l + ‘Uéjm‘Q MZC2B( Qq ) 2

Keeping SU (2) relation at the one-loop level leads to a shift in the

soft SUSY-breaking parameters
[Bartl, Eberl, Hidaka, Kraml, Majerotto, Porod, Yamada '97, '98]
[Djouadi, Gambino, Heinemeyer, Hollik, Jiinger, Weiglein '98]

2 N 2 T 2 ~ 2
Mg (b)=MZ (&) +0ME (f) = Mg (b)
with
~ 2 2 * * *
6MC%L (q) — |Udll |25m§1 + |Udl2| 5mq T UQ22 Uql2 5Y Uq12 UQQQ 5Yq — 2mq5mq

+ M% cap Qq 53%, — (Tg’ — Qqsw)(cw 5MZ + MZ dcap)

— under control
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Complex renormalization in ¢/t sector:

1) Ay complex
= renormalization of |A;| and ¢4, : 6A4; = €' P45 Ay| + i As dda,

= DR renormalization

2) alternatively 6; complex
= renormalization of |0;| and ¢;:
= On-shell renormalization via

ReS; (m?) +ReS;, (m2) = 0
=N /R\éEgm(m%) + /R\éEgm (mi) — i (mg1 — mt ) X (007 + i 55 ¢;005)

= evaluate 0| A;| and d¢ 4, as dependent parameters

= preferred scheme
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Renormalizations of the b/b sector in the complex MSSM:

scheme mg L, | M Ay Ys name

analogous to the ¢/t sector: “0s" | os | os | — 0S RS1
“my, A, DR OS | DR | DR — RS2

“my, Yy DR” OS | DR | — DR RS3

“my, DR, Y, OS” OS | DR | — 0S RS4

“Ap DR, ReY;, OS” OS | — | DR | ReYy: OS || RS5

“Ap vertex, ReY; OS” OS — | vertex | ReYy: OS RS6

b

—" = dependent parameter

= often very involved analytical dependences

— more combinations possible

... also tested

... upcoming results remain unchanged
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Renormalization of the sbottom masses:

)S renormalization:

—~—

5mgi = ReYj (m%) (1=1,2)

Renormalization of the bottom mass:
)S renormalization:

1 —
omy = SRe {my, [ (mg) + Ty’ (mg)] + [By (mi)) + T (mi) ] }
DR renormalization:

my = %ﬁé Iy [SE(m) + SEmd)] 4, + [S5E(md) + =55 md)] . )
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Renormalization of A;:

DR renormalization: analogous to A;:

54y = — Uy Uz (ReSy (m2 ) lrmain — ReS, (m2 )i

mb[

4+ — UI~)12U521 (RGZBH (mgl)|div + ReEBU (mi)‘div)

4 5 Ug UZ;Q (Re2b12( )\dw + Re2b12( 22,2)\011\7)
1 ¥ D

_ 5(Ab — " tan B) Re{mb [ZbL(m%) + ZbR(m’%)]div

+ (25 md) + SR )] g, } | + 00|y tan B + 1 6 tan B

Vertex renormalization:
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Renormalization of Y}:

OS renormalization:

DR renormalization:
1 2 2
3Y, = -Re {z,;m(mgl)\dw + 2512(m52)\div}
ReY; OS renormalization

1 . N
redY; = §Re {ReZE12 (m% )+ Rezi)m(mg )}
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