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1. The Grand Scheme

The LHC up and running . ..
— discovery of BSM physics this year?

The ILC is still coming . ..
.. .a bit later than anticipated
— to investigate BSM physics

Worldwide Study of
the Physics and Detectors

for Future Linear
e* e- Colliders

= New Physics is certainly around the corner

= Time to get ready for BSM physics
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The big question:
Which Lagrangian describes the world?

My guess:
It is a supersymmetric one
= concentrate on the MSSM from now on

(other people = other guesses = other priorities = wrong conference?)

In any case:

= we have to measure as many observables as possible
— masses

— branching ratios

— angular distributions

— Cross sections
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The big question:
Which Lagrangian describes the world?

My guess:
It is a supersymmetric one
= concentrate on the MSSM from now on

(other people = other guesses = other priorities = wrong conference?)

In any case:

= we have to measure as many observables as possible
— masses

— branching ratios

— angular distributions

— Cross sections

= compare with theory calculations at the same level of accuracy
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The Minimal Supersymmetric Standard Model (MSSM)

Superpartners for Standard Model particles
1

u, d,c,s,t, b-L,R €1, T LR Ve,u,r| Spin 5
U, d,c,s,t, b-L,R € 1, T LR Ve,u,r| Spin O
g WS, i~ ~, 7,1 1Y Spin 1 / Spin 0
- ~t - 1
g9 X712 X(1),2,3,4 Spin 5
Enlarged Higgs sector: Two Higgs doublets < for obvious reasons

some focus here!

Problem in the MSSM: many scales

Problem in the MSSM: complex phases
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Where are we for MSSM Higgs decays?

1. Higgs decays to SM
— full 1-loop, leading 2-loop, ... (depending on final state)
— Z-factors at 2-loop

2. Higgs decays to SUSY
— mostly 1-loop QCD (depending on final state)
— /-factors at 2-loop

3. SUSY decays to Higgs bosons
— full 1-loop in cMSSM

[A. Bharucha, T. Fritzsche, S.H., F. v.d. Pahlen, H. Rzehak, C. Schappacer]

NEW: full 1-loop calculation for Higgs decay to SUSY
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Generic problems for SUSY loop calculations:

e SUSY has to be preserved in the calculation

e Many different mass scales

e Many more mass scales than free parameters

e Even more parameters: mixing angles, complex phases

e 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. tanpj3)
— many sectors enter at the same time

= this is the biggest issue!
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Enlarged Higgs sector: Two Higgs doublets

H, — (H% ) _ <01+(¢1+i><1)/\/§)
H3 1

N F RN
° Hz vo 4+ (P2 +ix2)/V?2

V. = miHHy +m5HyHy — mis(eqpHYHS + h.c.)

_|_

12 2 2
g +g - x g .
(Hyfy — Hof2)? + 7 |Hy |
o ~ g \/
gauge couplings, in contrast to SM

physical states: h9, HO, A0 H=*
Goldstone bosons: G9, G+

Input parameters: (to be determined experimentally)

tan g :U—Q, M?% = —m3,(tan 8 4+ cot3)
v1
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Enlarged Higgs sector: Two Higgs doublets with CP violation

_ (U1+(¢1+i><1)/\/§>

Hy B
$1

|
N
T T
[l NO B el
N—
|

H; ) ( b3 ) it
H3 vo 4 (P2 +ix2)/V2

V. = miHiHy +m5HyHy — mis(eqpHYHS + h.c.)

5
[
=

12 2 2
g - +g _ _ g —
+ (H1Hy — HyH)? 4+ “— |HqH>|?
A § -~ \2,./

gauge couplings, in contrast to SM

physical states: h9, HO, A0 H=*
2 C’P-violating phases: &, arg(mio) = can be set/rotated to zero

Input parameters: (to be determined experimentally)

(V)
tanf = =2, M2,
U1
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The Higgs sector of the cMSSM at the loop-level:

Complex parameters enter via loop corrections:

— > Higgsino mass parameter

— Ay pr ¢ trilinear couplings = X, - = A, - — p*{cot3,tan 3} complex
— My o gaugino mass parameter (one phase can be eliminated)

— M3 : gluino mass parameter
= can induce CP-violating effects
Result:
(A, H,h) = (h3,ho,h1)
with

Mpy > Mp, > Mp,y

= strong changes in Higgs couplings to SM gauge bosons and fermions
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Renormalization summary:
— LHC/LC precision requires all calculations at the per-cent level

— full complex MSSM renormalized

[A. Bharucha, T. Fritzsche, T. Hahn, S.H., F.v.d. Pahlen, H. Rzehak, C. Schappacher '11 - '13]
— stable and well behaved results over nearly complete parameter space

— available as FeynArts model file
[ T. Fritzsche, T. Hahn, S.H., F.v.d. Pahlen, H. Rzehak, C. Schappacher '13]

— full one-loop calculations possible with FeynArts/FormCalc/LoopTools

— set-up includes full one-loop corrections (hard/soft QED/QCD radiation)
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Renormalization summary:
— LHC/LC precision requires all calculations at the per-cent level

— full complex MSSM renormalized

[A. Bharucha, T. Fritzsche, T. Hahn, S.H., F.v.d. Pahlen, H. Rzehak, C. Schappacher '11 - '13]
— stable and well behaved results over nearly complete parameter space

— available as FeynArts model file
[ T. Fritzsche, T. Hahn, S.H., F.v.d. Pahlen, H. Rzehak, C. Schappacher '13]

— full one-loop calculations possible with FeynArts/FormCalc/LoopTools
— set-up includes full one-loop corrections (hard/soft QED/QCD radiation)

= go and make your prediction!

Sven Heinemeyer, SUSY 16, Melbourne, O07.07.2016 10



2. Higgs decays to charginos/neutralinos

M(hi = XeXy) (=1,2,3; ¢, =1,2)
M(h — X9x9) (1=1,2,3; n,n' =1,2,3,4)

FHT =955 (n=1,2,3,4, c=1,2)

Xc XC XC
F A S . F
————— S -l | F oo 1
hs he s hs
F s F
Xer X/ Xer
Xc
”
————— F
hi
”
Xl Xos
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Numerical example scenario:

tan ﬁ v Aug Adg Aeg |M1| M> M3

mgl

mg

2

my Mmp Mg

10 500 1200 600 1000 300 600 1500

394

771

582 280 309

Parameters varied: Mg+, M1, o,
— in agreement with exp. data
— opens up many (all) decay channels

— relevant parameters varied
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Light Higgs decay to Dark Matter (I):

I x 1073/GeV hi — 0% ['x107°/GeV hi = X9X0
T T T T T 009 1 1 1 1 1 1 1
006 — T ]
0.08
e I 0.07
0.04 F - 0.06 )
0.05 | .~
0.03 F - '
0.04
0.02 . 0.03
0.02
0.01 | i
tree - 0.01
O 1 1 1 1 fu!l O
600 800 1000 1200 1400 1600 0°  45°  90° 135° 180° 225° 270° 315° 360°
MHi P
= loop corrections ~ 20%
= strong phase dependence
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Light Higgs decay to Dark Matter (II):

' x 1073/GeV hy — Y30
[ x1073/GeV h — 070 10 1= X1X1
0.16 . . . . . . ' ' ' " tree

tree full ——
full ——

0.14

0.12

0.1

0.08

0.06

1
[\} w H~ ot (@) ~J 0¢) Nej

0.04

0.02

70 100 200 300 400 500 600 700
| M| ‘M|

= strong dependence on |M;

,
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Heavy Higgs decay to heavier neutralinos:

I'/GeV hi = U1 I'/GeV hi = X5X5
07 I I I I I I 055 T T T T T T T
ho: tree - hs: tree e
0l il — 1) — 0.5
- 0.45
0.5 F 0.4
0.4} 0.35
0.3
0.3 |
0.25
0.2 F 0.2
0.15
0.1 |
0.1 |
0 e : ' L ! ! 0.05 ! ! ! ! ! ! :
900 1000 1100 1200 1300 1400 1500 1600 0°  45°  90° 135° 180° 225° 270° 315° 360°
MHi P,y
= loop corrections up to ~ 20%
= strong phase dependence
= |level crossing, thresholds,
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Charged Higgs decay:

I'/GeV H* — 5T I'/GeV

0.09 0.018

0.08 } 0.016

0.07 0.014

0.06 0.012

0.05 } 0.01

0.04 F 0.008

0.03 } 0.006

0.02 F 0.004

0.01 | 0.002 b g7+ troe o e ’ H=+ tree o .
O 1 1 1 1 1 1 O 1 fUIl |— 1 1 1 1 fUIl | lllllllllllllllll
900 1000 1100 1200 1300 1400 1500 1600 0°  45°  90° 135° 180° 225° 270° 315° 360°

MHj: Y,

= loop corrections up to ~ 20%
= strong phase dependence
— small difference between HT and H~ decay
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3. Higgs decays to sfermions

C(hn — R (n=2,3; i,j =1,2)

C(HE = BFD (G5 =1,2)

; 2 3 3
ba _ S f_—v— U.,—r— \% i
hn<]F ***n** ES **i;n**'i__ U hn<:§v
F - S . U ® - - \%4 e
fi i fi fi
- - P -
S - S /’_—v—’ “‘:/_/_/T_—V’ S -
77777 TR P Sy
. « EV I, ‘S e ‘S h, 'L\_\é
S - <—_ 1% ‘*‘-, S \\‘.‘-1-» 1% e
fi fi fi 1
f fi
Ve Ve s f voq
77777 Yl D A i :
i (FFFE P {S T ‘f] i ‘f]
S oL %4 -~ S Vv
fj fj
fi fi i
S ’*\l 174 ]}’1, - ’l}n/ ;/
o ‘~\‘\\.(// = ---_K V - | /' - Q
hn ) b " \\7‘\\\ s \\"“\\ v T~
fj fi 1 fi
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Numerical example scenario:

tan g poo A A Al My Mz Mz my,

mg

2

my Mmp Mgz,

10 500 1200 600 1000 300 600 1500 394

771

582 280 309

Parameters varied: M+, ¢4,, ¢a,, PA,
— in agreement with exp. data
— opens up many (all) decay channels

— relevant parameters varied

Sven Heinemeyer, SUSY 16, Melbourne, O07.07.2016

18



Heavy Higgs decay to stops:

F/GeV hn SN 5152’5251
5.5 . . : . , , .
5 T b REE
7 s 1
4 i - -
3.9 F 1
3 i -
2.0 F 1
9 ho: tree - hs: tree -
i full —— Fall o .
15 SQCD SQCD - .
1 [ - _“_-““-_
0.5 F e _

= loop corrections up to ~ 30%
= SUSY QCD not sufficient
= level crossing, thresholds, . ..

0 - ] ] ] ] ] ] ] ]
1150 1200 1250 1300 1350 1400 1450 1500 1550 1600

MHi
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Heavy Higgs decay to stops:

ho — {11,727 {21,71

2 F tity: tree /fzfl tree e -
" full e
s SQCD S SQCD -mimm

0°  45° 90° 135°

180° 225° 270° 315° 360°

YA,

hs — 7‘517?2, 7?2{1

=
—_
1

tily: tree -
full ——

~ SQCD

tot1: tree -

ir
i
i 7]
g
g -
I ."
is -

0
OO

45°  90°

= loop corrections up to ~ 30%, SUSY EW important

= strong phase dependence

= difference between charge conjugated decays

135° 180° 225° 270° 315° 360°

PA,
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Heavy Higgs decay to staus:

F/Gev hn — %1%2, %2%1
0.1 T

0.09 |
0.08 |
0.07 |
0.06 |
0.05 |

0.04 ¢
0.03
0.02 F

0.01 F

0

600 800 1000 1200

= loop corrections up to ~ 10%, purely EW
= level crossing, thresholds, . ..

1400

1600
MH:I:
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Heavy Higgs decay to staus:

F/Gev h2—>’7'1’7'2,7:2’7~'1 F/Gev h3—>7~'17~'2,’7'2’7'1

0.1 1 1 1 1 1 1 1 O]_ T T T T I~ —
T1Ty: tree - ToTy: tree -

0.09
0.08 F
0.07 F
0.06
0.05 F
0.04 |

0.03 F /

0.02

7:1 7:2 : tree - 7:2 ’7’:1 : tree e

0.01

1 1 1 1 1 1 1 O 1 1 1 1 1 1 1
0° 45°  90° 135° 180° 225° 270° 315° 360° 0° 45°  90° 135° 180° 225° 270° 315° 360°
YA, PA,

= loop corrections up to ~ 10%, purely EW
= strong phase dependence
= small difference between charge conjugated decays
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Charged Higgs decay to stop/sbottom:

F/Gev Hi — 1?161
3-5 1 1 1 1 1 1

0.5 ' tree - 7
| full ——
0 1 1 1 1 |SQCD 1
900 1000 1100 1200 1300 1400 1500 1600

MHi

= loop corrections up to ~ 30%
= SUSY QCD not sufficient
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Charged Higgs decay to stop/sbottom:

F/Gev H:t — 5151 F/GGV H:t — 5161
3 T T T T T T T 3.6 T T T T T T T

3.4

3.2

2.8

y 5 , R
N S , . ~
. 7 4 e .
N \,4 7 ’, ’ AN
\ N S/ Ve S
AN ; 2 4 ” ~
/ o . N -
1 4 \s 'l ' - h
\ . N
o . , - R ~
. , .
\\ ’ ’ S
N v
.
S ’

1 1 1 \“-r-"/ 1 1 1 22 1 1 1 1 1 1 1
0° 45°  90° 135° 180° 225° 270° 315° 360° 0° 45°  90°  135° 180° 225° 270° 315° 360°
PA; P A,

1.2

= loop corrections up to ~ 30%, SUSY EW important
= strong phase dependence
= small difference between charge conjugated decays
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4. Conclusinos

e Loop corrections in BSM models are clearly important now
e MISSM: renormalization is still a (the) big(gest) issue

e FeynArts, FormCalc: model file incl. complex renormalization ready
(one-loop, thoroughly tested!)

e Calculated:
decays of Higgs to charginos/neutralinos and to sfermions
including complex phases (4 hard/soft QED/QCD, ...)

= corrections relevant for LHC/ILC/CLIC

e Examples shown:
— Light Higgs decay to Dark Matter:
correction up to ~ 20%, strong phase dependence
— Heavy Higgs decays to charginos/neutralinos:
correction up to ~ 20%, strong phase dependence
— Heavy Higgs decay to squarks/sleptons:
corrections up to ~ 30%, SUSY QCD not sufficient
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