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« HFOLD - Higgs Full One-Loop Decays

* Motivation
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* Higgs decays

Outline

* Details of program
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Motivation

All SUSY-QCD corrections to MSSM 1->2 Higgs decays are

known, but the calculation of the full electroweak corr. has just
started.

No complete full one-loop code public available

Total one-loop widths are necessary for 1->3 processes at
one-loop level with resonant propagators
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The Minimal Supersymmetric Standard Model

« The MSSM is the mininal supersymmetric extension of the Standard Model
* minimal (=1) set of SUSY generator
* minimal (=2) set of Higgs doublets

» The SM particles and their supersymmetric partners are located in chiral and
vector multiplets

» The Superpotential is the source of the yukawa interactions
Wassm = tyuwQH, — dyaQHg —eyeLHg + pH, Hy
Yu,¥Yd;Ye are the 3 x 3 Yukawa matrices u can be complex

« Supersymmetry is broken in Nature, therefore one has to introduce SUSY
breaking terms in the Lagrangian

. M,
[/Lsoft = —m?jcbi O; — (bij¢i¢j + Aijk i 0O + 7)\a)\a + h.c.)]
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5 phys. Higgs bOS\Ons Chiral supermultiplets:

Names\ spin 0 spin 1/2 | SU(3)¢, SU(2)r, U(1)y

squarks, quarks‘\ Q (ur, JL) (ur, dr) (3,2, %)

(x3 families) u Up U}L% (3,1, —2)
\ 51

sleptons, leptons (1,2, —%)
(x3 families) e (1,1, 1)

Higgs, higgsinos | H,, (1,2, "’%)

Hg (1,2, —3)

4 neutralinos —

_K 2 charginos
\lector supermultlpleV

Names Npin 1/2 spiry/ﬁ(?))c, SU©2)., Uy
gluino, gluon /; (8,1,0)
winos, W bosons w* wo (1,3, 0)
bino, B boson BY (1,1,0)
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Two-body Higgs decays

possible tree-level structures: MSSM Higgs decay channels

b= hO, HO A
6 — ff
T O
> ¢ = XpX
& ¢ — XS Xs
- H — 2°2° wtw-
"""""" LHWL%‘/ HO ., pOop0
> A9 ., p0 70
HY — fF
HY — ],
H' — XX
HT — rOwWt
Loop induced: h' — ~~, gg
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Higgs sector in the MSSM

HY _ (Hy
Hq = (Hg) Hu = (HS
* electroweak SSB (HY) = vq (HY) = v,
* tree-level: 2 free parameters tan 8 = Z—“, ma

d

e upper bound for  mj* < myz| cos 20|

. . ms
* one-loop corr. important for mo leading terms  ~ —-

My

meoT < 135 GeV
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The Higgs sector in the decoupling limit

« The decoupling is reached for large values of M4 >> My
* The HO, AO, H?* become heavy and degenerate in mass
* The light CP-even Higgs boson reaches its maximal mass value

 Higgs couplings to vector bosons and fermions can be enhanced or suppressed
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Higgs couplings to gauge bosons

From the Lagrangian with the covariant derivatives

L= (D*H,)" D,H, + (D"H,)" D,Hy,

we get the gauge boson masses

2
My = 1 ]

2 2
() /
g myo = —(g°+9°%) =

2 2

v myy

4 cos? Oy

and 02

2 2
—/Uu_'_vd

and the couplings with one and two gauge bosons to the Higgs bosons, e.g.

groww = gmw sin(f — «) couplings proportional to

goww = gmw cos(f8 — a) cos(f — ) | sin(f — «)
ghozz = mzsin(f — a) HWEW= | i WEW e
cos Ow 070 70 10 70 70
ggozz7 = 0 my COS(ﬁ — Od) ZOAOhO ZOAOHO
COS Uw . WiH:F hO Wj: HTHO
cos(f—a) ~ mzsindl ZWEHTHY | ZWEHTHC
2ma YWEHTRY [ AWEHTGO
cos(f—a) — 0 3 3
sin(f—a) — 1 In decoupling limit: ( 1
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Higgs couplings to fermions
—L = hy (tPptH, — tPLbH, ) + hy (DPLOH) — bPrtH) ) + h.c.
Vomy,  V2my _V2my  V2my

' hy = h =
Yukawa couplings b o S ¢ o vsin 3
hObb —:2% = sin(f —a) —tanfBcos(f —a) — 1
_ Decoupling limit
hOtt : C?SOZ = sin(f — a) —cot fcos(f —a) — 1 HPiing fimi
sin 3
HOb: 2% — cos(3 — a) + tan B cos(B — a) — tan 3
C(.)Sﬁ A% as HY, but oc 7°
HOt: 2m8 cos(B — a) — cot Bcos(B — a) — —cot 3
sin 3

From loops we get effectively hbHC(l)Eb — hy Ay cot 6H2*Z_)b + .... The term Ay
prop. to tan 8 can be resummed [1].

2006 h2
b Ay = %mgu tan ﬁ[(mgl M mg) + —16;2 WA tan ﬁI(mgl Mg, 0
b 2
— g £ Ex £ £ %
i 1+ A, — < uMytan 8 |UL\UL Ly, Ma, ) + U3, USi(m,, Mo, )|
o) a’b? log(‘g—j) + b2c? log(i—z) + c%a? log(z—z)
a’? 7C -
[1] M. Carena et al, 1999, 2000 (a?2 —b2) (b2 — ?)(a? — ¢2)
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Mren — MO

Renormalization

-

+ +

3 X

coupling CTsj

+ M

DRbar scheme: UV divergence A =0

(note: tree-level couplings given at scale Q)

['? = kinematics X (!/\/lo\2 + 2Re(M T M) + O(Qloop))

always on-shell masses

vertewiave fct. CTs

$
only UV div. parts

technical trick

¥

automatic check of
RGE invariance
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Public available programs

« HDecay, hep-ph/9704448 by Djouadi, Kalinowski, Spira

RGE improvements via running masses
Off-shell decays

* FeynHiggs 2.7 by Heinemeyer, Hollik, Weiglein, Hahn, MSSM Higgs mass

calculator
Higgs decays into fermions are calculated at full one-loop level, flavor violating case

» SPheno, hep-ph/0301101 by Porod, MSSM spectrum calculator

Higgs decays into pairs of quarks have RGE improvements

« ISAJET,.....
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Status of our calculations

» flavor conserving MSSM for real input parameters

» all necessary amplitudes are calculated using FeynArts 3.2/FormCalc 5.3
* SUSY spectrum is calculated using SPHENO

* the renormalization is done in the DRbar-scheme following the

SPA convention

* own written counter term file for the relevant terms of the MSSM

« automatic generation of fortran code of each channel

* general R; gauge implementation for W,Z-boson

 hard Bremsstrahlung included with generic formulas

* “naive” h, = Yuk(4,3) resummation included
 easy usable Mathematica link

* In- and output in Les Houches Format
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SUSY Parameter Analysis project®

http//spa.desy.de/spa

« Forthe LHC and even more for the ILC, MSSM observables will be
measured with high accuracy

« Calculations including higher-orders are necessary, to get information on
fundamental SUSY parameters and SUSY-breaking mechanism

« A well-defined theoretical framework is needed when higher-order
corrections are included.

« The aim of the SPA convention is to provide such a theoretical framework

« SPA convention provides a clear base for calculating masses, couplings,
mixing angles, decay widths and production cross sections.

« Program repository on the web:
LHC+ILC tools, Les Houches Accord
« Reference point SPS1a’

*J A, Aguillar-Saavedra et al., EPJ C46 (2006) 43; see also J. Kalinowski, Acta Phys. Polon. B37 (2006), 1215
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SPA convention

» Masses of SUSY particles and Higgs bosons defined as pole masses

 All SUSY Lagrangian parameters are in the DRbar scheme at Q = 1TeV

« All elements in mass matrices, rotation matrices and corresponding mixing angles
are def. DRbar at Q , except (h® —H%) mixing angle is defined on-shell with p = m,

« SM input parameters: GFermi, &, Mz, ozS(MZ) and fermion masses

» Decay widths/branching ratios and production cross section are calculated for the set
of parameters specified above
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Linear R. gauge

The gauge fixing Lagrangian is

cer - _ L pip-1
Ew Ea

with 't = c’?MW/“L + ifwmwG+, F?Z = auZ” + fzszO,F7 = "y“A”, and
F9 =, G,

‘FAF? with A:Z777g7

The Higgs-ghost propagators are i/(q*—&ym#,) and the vector-boson propagator
in the R¢ gauge reads

: y b
—1 (g”‘ — (1 — £V>q2q_§qm%/)

2
q2_mv

and can be split in a form with single propagators, L, f[z] = w,
v —ig" i q"q” q"q” v 1 q"'q”
DY le = + ( — ) = DM |eeq+L, 2
vieT g mt g \@—md) T (@ —emyy) TV I T

This second form we used in order to check gauge independence using the au-
tomatic tools FA and FC for W and Z. For the massless particles v and Gluon
we performed analytic proofs of gauge invariance.
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Bremsstrahlung

In order to cancel the IR divergencies we have included

real photon/gluon radiation:
» soft radiation — dependent on cut AE, automatized in FormCalc

 hard radiation — analytic results for integrals used from [1]
four generic structures analytically derived and used

rtotal = (¢ — pipa) + (¢ — pip27/9)

The simplest case is scalar -> scalar scalar y/g:

k1 /

/ M~ dlg)® x
,’/ [ — g6m§loo — gogr (mg + m3 — m3) I
_k_ o~ _:‘ - _(\ —g%m12[11 — gogg(mg — m% + m%)lgo
0 \
N —g192(m§ —mi — m3)Io1 — ggmilas
\{‘ —g0(g1 + 92)T0 — 91(90 — 92)I1 — g2(g0 — 91)I2]
AN

The integrals I;; depend on log A, A is the auxiliary mass for v/g.

[11A. Denner, Fortschr. Phys. 41 (1993) 307
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All numerical results preliminary
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Reference point SPS1a’

mSUGRA point: M, = 250 GeV, My =70 GeV, Ay = —300 GeV,

tan 3 = 10, signy = +1
Note, the point SPS1a’ is close to the original Snowmass point SPSla (has My = 100 GeV, Ay = —100 GeV).

Parameter | SPS1a’ value || Parameter | SPS1a’ value 700 | , ‘
SPS1a’ mass spectrum
q 0.3636 M 103.3 m [GeV]
g 0.6479 M 193.2 600 | [ —
gs 1.0844 Ms 571.7 el 3
Y- 0.1034 Ar —445.2 500 L b
Y: 0.8678 Ay —565.1 i 0
> p 19 ; 0 A0 ____H Y ~
Y 0.1354 A, —943 4 w00 ;A ;gg_x;
m 396.0 tan 3 10.0 3 £
My, 159.8 Mu, | 378.3 300
My, 181.0 My, 179.3 [
Mg, 115.7 Mg, 110.0
Ma, 525.8 Ma, 471.4 200 f/L — g-.; 1 &
My, 507.2 My, 387.5 . il
Mp, 505.0 Mp, 500.9 wolp P— F g
DRbar parameter at Q = 1 TeV 0
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MSSM Higgs decays at SPS1a’

* The On-shell Higgs masses calculated using FH 2.65

H° | FH 2.65 | HDECAY | tree* sqcd ™ full* sqcd /full
tt | 0.040132 | 0.046685 0.025642 | 0.034871 | 0.031492 | 0.903116
bb | 0.638195 | 0.660744 0.504388 | 0.626518 | 0.620139 | 0.989818
H° FH 2.65 | HDECAY | tree* full* tree/full
T 0.087343 | 0.088975 0.084946 | 0.086736 | 1.021073
X1 XL | 0.044219 | 0.030739 0.014502 | 0.017172 | 1.184131
XX 0.013708 | 0.014807 0.013897 | 0.013299 | 0.956968
XX 0.044657 | 0.042718 0.037066 | 0.037994 | 1.025028
XaX5 0.017010 | 0.011779 0.005485 | 0.006589 | 1.201235
171 0.010339 | 0.010663 0.011072 | 0.012911 | 1.166045
T172 0.010847 | 0.010228 0.010027 | 0.012683 | 1.264867
h°h° 0.011322 | 0.009004 0.009592 | 0.011366 | 1.184922
AVA 0.000102 | 0.001834 0.000834 | 0.000722 | 0.865899
WTW= | 0.000217 | 0.003773 0.001716 | 0.002035 | 1.185894
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MSSM Higgs decays at SPS1a’

* The On-shell Higgs masses calculated using FH 2.65

A° | FH 2.65 | HDECAY | tree* sqcd™ full* sqcd /full
tt | 0.129248 | 0.130480 0.091412 | 0.116383 | 0.102741 | 0.882784
bb | 0.6347855 | 0.661894 0.505094 | 0.627339 | 0.622234 | 0.991862
A° FH 2.65 | HDECAY | tree* full* tree/full
T 0.086827 | 0.089097 0.085032 | 0.087083 | 1.024118
X1 X1 | 0.248475 | 0.208640 | 0.157644 | 0.188297 | 1.194444
xIxY | 0.020982 | 0.022525 0.013897 | 0.013299 | 0.956968
Xaxy | 0.099111 | 0.096063 0.088606 | 0.090732 | 1.023992
Xax5 | 0.098491 | 0.082084 0.005485 | 0.006589 | 1.201235
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MSSM Higgs decays at SPS1a’

* The On-shell Higgs masses calculated using FH 2.65

HT | FH 2.65 | HDECAY | tree* sqcd* | full*® sqcd /full
tb 0.592691 | 0.519319 0.468341 | 0.58647 | 0.531737 | 0.906674
HT FH 2.65 | HDECAY | tree* full* tree/full

TV, 0.088582 | 0.090915 0.086906 | 0.076974 | 0.885723

XTx° | 0.120379 | 0.127584 | 0.116956 | 0.113783 | 0.972870

XTx0 | 0.000874 | 0.000797 | 0.000587 | 0.000522 | 0.890147

T3] 0.036808 | 0.036546 0.036777 | 0.04274 1.162136

U1 0.000165 | 0.000271 0.000211 | 0.000356 | 1.682552

hOW= | 0.001776 | 0.002035 0.001667 | 0.001719 | 1.031060
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HFOLD

Program description:
The program code is written in Fortran 77

At the program start the input file hfold.in is read with the following options:

» name of Les Houches input file

« selection of higgs particle: h®=1, H =2 A°=3 H*=4 All=5

« contribution: tree = 0, full one loop = 1, SQCD =2

» bremsstrahlung: off = 0, hard bremsstrahlung = 1, soft bremsstrahlung = 2

» Higgs masses calculator: tree level masses = 0, approximation= 1,
FeynHiggs masses = 2

* Name of output file
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Outlook

¢ Bottom Yukawa coupling resummation to improve, see [1]

® Decay with vanishing tree-level, use of (one-loop)?: see e.g. [2]
® Extension to complex MSSM

® hO loop decays — two-loop improvements?

® leading (strong) two-loop contributions?

® developed technique applicable for any 1 to 2 and 2 to 2 processes

First version of the program will be on the web soon!

[1] L. Hofer, U. Nierste, D. Scherer, 2009, [2] S. Bejar, talk at HEPTOOLS meeting, Lisbon 2009
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Thank you for your attention!
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