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Motivations

Introduction |

LHC - pp [s=14 TeV Ldesign:1034 cm2 st (after 2009)

TOTEM (integrated with CMS):
pp, cross-section, diffractive physics
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* Heavy ions (e.g. Pb-Pb at s ~ 1000 TeV)
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Heavy ion detector
ion-ion, p-ion
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general purpose

ATLAS and CMS:
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LHCb :
pp, B-physics, CP-violation

18102/2002

LHC

Foremost task of the LHC is to find the
Higgs boson.

Once the Higgs is found,

e we shall want to study its couplings and
quantum numbers

= establish the Higgs mechanism

e a question will still be open: whether it is
the SM Higgs particle or whether there is an
extended Higgs structure beyond the SM
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Motivations

e Use radiative corrections from non-standard particles in observables
with external SM particles as indirect signals of new physics from MSSM

(Same spirit of EW precision fits: indirect top signals before Tevatron direct searches)

e In particular, we concentrate in the neutral Higgs boson decay:
hO — bb
- Higgs boson physics : optimal to look for these indirect signals

- are significantly affected by radiative corrections from heavy SUSY
particles and/or heavy Higgses

- the associated couplings, Aqu . enter in relevant Higgs production
processes

e Interested in the decoupling behaviour of heavy SUSY particles

- SUSY non-decoupling: clear signal at low energy observables, even if
Mgsysy ~ O(TeV)
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T he meaning of decoupling

Decoupling Theorem (Appelquist and Carazzone '75)

T heorem

” When integrating out the heavy modes from a )
given underlying theory, if the remaining theory is
renormalizable, then
all the effects of the heavy particles appear in the
effective theory either as renormalization of the
parameters and wave function of the light fields
or else they are suppresed by negative powers of
N the heavy particle mass M )

If M — oo the influence of the heavy particle disappears at low energies =
Decoupling
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Examples of (non) decoupling

e Effective action formalism (Illustrative example: QED at low energies)
Decoupling of e~ in low energy QED (k2 < m?2)

e’ireff[Au] — /[dw] [d,LZ] eiSQED[Am@bﬂZ]

SazolAu, b, 5] = / i HFF +BGp— mew]
'

Renorm.LowEN.Th.

7\

7

"~

— 0ifme — o0

All large m. effects can be absorbed in A, wave function renormalization.

= Decoupling a la Appelquist-Carazzone
e Computing observables: two examples

— 2
Non-decoupling of Top quark in Z —=b: (Z —bb) =T (1 - aﬁg—g)
W

2
Decoupling of SUSY particlesint — w+b: [(t — WTh) =T (1 + biﬁMg;sy)
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Supersymmetry

fermion f 1/2 <« sfermion f
Supersymmetry N =1 (SUSY) : gauge boson G 1 &  gaugino §
Higgs boson H 0 < higgsino h

Minimal Supersymmetric Standard Model (MSSM)
Standard Model (Enlarged Higgs sector)

m 40, tan 3
Ve + t c Ic H1+> <H§> + 3
(6_>L,6R...<b>L,R,bR (i ) (g2 ) | B || g
Ve,€ ..., 1, b H* A° HO RO v, Z, W= g

SUSY particles

De st t~ T Ik f{f— f{g ~ ~ =g ~
(é_>L’€R'”<B>L’R’bR (ﬁ?>a<ﬁ2_> B | W= W g
b Db - ~
&, 65 7 by, b X121 X{1,...4} 7
M%’M%’MC%’MIQJ’MI% M, M M;
A67 Aba At

f, tan 8

renormalizable quantum field theory, precision calculations possible (predictions «—— experiments)
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Decoupling limit in the MSSM |

DECOUPLING LIMIT IN THE HIGGS SECTOR : My > My

Haber, Nir, 1990

Two Higgs Doublets Model with 5 physical particles :

2HDM type II : Hy couple to b and H, to ¢

New free parameters appear :

— Tree level: Mo >~ My|cos2p3]

hO HO AO H*

two are independent (M4 and tan )

Higgs couplings in the MSSM normalized to SM couplings

¢ 9ot 9sbb gevv
SM H 1 1 1
MSSM  h° || cosa/sin3 —sina/cospB  sin(f — «)

smﬁ -

— Beyond tree level:

~ 1+ O(MzZ/M3),

cosﬁ -

Mipo o~ Mys ~ My > My

Mo < 130 GeV

~ 14+ O(Mz/M3), sin(f — o) =1+ O(Mz/M3)
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DECOUPLING LIMIT IN THE SUSY SECTOR :

STOPS AND SBOTTOMS :

We consider the limit: Mgirgy ~ Mg~ Mp ~ Mg ~ p~ Ay~ Ay > My
<— heavy squarks

CHARGINOS :

We consider the limit: Mgrrgy ~ p~ Mo > My <> heavy chardginos

GLUINOS :
We consider the limit: Mgy gy ~ M3z = Mz > My <= heavy gluino

—> Focus on:

e Loops of squarks and gluinos : These O(ag) are the dominant SUSY
corrections

e Loops of squarks and charginos : O(Y;) Yukawa corrections (v; = —2% )

8mm2,sin® 3

e Decoupling/Non-decoupling behaviour of SUSY particles
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Neutral Higgs boson decays : hY — bEl

e Dominant decay in most of the MSSM parameter space

Branching Ratios of Higgs decays - MSSM

105

1 E. ! —— i | N — iblbl 1 : 1 I%I LI I§
. BR(h) i
| tgB =3 ]
-1 _
10 Tt —
10 2 == ‘/WW_:
- P A
10 _3 L1 1 1 I | I I | I || A/I I || 1’1' I L1 1 1
80 85 90 95 100
M, [GeV]

e Relevant for production

( production processes gg — bbh® and gg — bbh0 relevant at large tan 3 )

1 E-  m—— ib-b- R T T T [T lé
. BR(h) _
. tgB =30 ]
-1 4+ —
10 = tr 1 =
= WW - —gg 3
_ —ct 4
-2
10 & =
= —~ZZ T
BEREEE 99 1; —YY 7
e T - i
10 1 1 1 I 1 1 1 I 11 1 I\l 11 1 I 11
80 90 100 110 120
M, [GeV]
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o LIGHT HIGGS BOSON PHENOMENOLOGY:

MSSM VERSUS SM
HIGGS PRODUCTION
Same dominant Higgs production mechanisms in SM and MSSM :

o cTe™ — Z* — ZHqy;(h°) at LEP

e g9 — Hgps(h?) at Tevatron and LHC.

Main differences are for large tan g
For tang > 1.
g9/qq — bb — h°bb dominates over relevant hWand hZ channels due to

extra factor in gnopp COUPIING
Sin o
COs 3

Ihovp X —

HIGGS DECAYS
Hgp /h® — bb  dominant if My, < 130 GeV

Differences in SM and MSSM Branching Ratios if tan3 is large due to
enhacement in 9nopp couplings
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Neutral Higgs boson decay h® — bb

gmySin o

o Tree-level h® — bb coupling: g, = 2 myy COS B

— At tree level, the mixing angle « is determined by fixing tan 3 and my4

o (h° — bb) decay rate to one loop:
I‘1(h0 — bg) = I‘o(hO — bg) (1 + 2 ARad.Corr.>
_ ALoops_i_ACT

ARad.Corr. —
e Counterterms:

ACT _ <5mb+ +5ZV>_I_COSa > 050

my, v sina m2

2
ho H0,

%tan Ao

e The radiatively corrected hVbb coupling depends on the CP-even Higgs
Mixing angle «

— SUSY-QCD corrections: There are no O(«as) corrections to «

— SUSY-Electroweak corrections: Radiative corrections to a« must be included
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Radiative corrections to h° — b

e (LY — bb) decay rate to one loop:

I‘l(ho — bg) = ro(ho — bg)(l —|— QAQCD —|— QASQCD —|— QASEW)

e Both O(as) contributions are large:
AQCD: gives ~ 50% reduction in (h® — bb) for M in its MSSM range.
QCD correction has the same form in MSSM as in SM .

Braaten & Leveille 1980, Sakai 1980, Inami & Kubota 1981

ASQCD . SUSY-QCD correction is comparable to QCD correction for a wide win-
dow of the parameter space.

Dabeltein 1995, Corasa, Jimenez & Sola 1995

e Agpy: SUSY-Electroweak corrections are smaller, being O(m7?) con-
tributions the dominant ones.
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We explored decoupling behaviour both numerically and analytically

SUSY-QCD Corrections

One-loop diagrams: - b T

SUSY-Electroweak Corrections

One-loop diagrams: ~
P b N b t
R hY . b /b
_____ —<\\\ ' ' -—— = :t W
A ¢ O >
b Xy X

e On-shell renormalization scheme assumed

e \We perform expansions of integrals and mixing angles for Mqgrray > mpw
2
and get terms O(—£W )" n =0, 1

5
Mgy sy
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Analytical results
e Leading terms, n =

O:

SUSY-QCD Corrections (6 ~ 45° ):

4 , N
as | —pM; m
Asqep = S{ ~29(taﬂﬁ+C0ta)f1(R)-I—C’?<2LW>}
3m | Mg Mg sy
1 _
§= 5 (ME 4+ M), R= Mg/Ms, fi(1) =1
o %
SUSY-EW Corrections (6; ~ 45° ).
4 , , N
1 —u A m
SEW—64 92 5 5 th{ Jggt(tanﬁ‘FCOta)fl(R)‘FO(#)}
T<myy Sin® 8 S SUSY
.1 _
§=5(ME+ M7), R= Mg /Ms, (1) =1, p= Mg,
N /
= Non-decoupling with Mgsysy
= Enhanced at large tang
15
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How can we interpret these results?
= In terms of effective Higgs-quark-quark interactions

Tree-level Potential:

. . . . t
Vzeij[hbHinbR‘thH%taR}‘|‘h-C- , Q=<bi>-

By taking Mgy large, the low-energy effective theory is a generic 2HDM type II.

The radiative corrections generate new terms:

Effective Lagrangian approach:
Carena et al. hep-ph/9402253, hep-ph/9808312, hep-ph/9907422; Pierce et al. hep-ph/9606211

Vl—loop =V 4+ € [hb Ab H% QZ bR + ht At H%_ Qj tR} 4+ h.c.

—— New Hqq couplings emerge of 2HDMIII type
1-loop hObb Effective couplings:

my Sin « 1 Ab
Chpp = (1 )

v COSB 1+ Aytanp  tana

e SUSY indirect effects at low energies
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Recovering decoupling if all MSSM spectra heavy

If, in addition to heavy sbottoms and gluino, and heavy stops and charginos,
we have also heavy extra Higgses, M, > Mz, then:

M2 M2
cota= —tanB —2—2tanB3cos? o) =4
o 6] 172 B B+ (M )

4
A A

o —2uM- m2 m2
= Agocp = S{ ]\52 gfl(R)tanﬁCOSQQ—g—l—O(LW)}

5
37 5 mi Mgy sy
> > 2
9 o | —nAy m m
— Agpy = e ST { > f1(R) tanﬁcosQﬁm—g + 0 <J\42ﬂ>}
wSB S A SUSY

[ Decoupling if and only if Msysy and M4 — oo j

Comments:
e corrections grows linearly with tan g
o Asocp (Agpw) is proportional to My (A )
the sign of corrections is governed by sign of p and M;, A,
e Similar results for 6; ~ O°
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Numerical results
An example with two different scales M4 #= Mg

For fixed Mg and large M4

0

001!
002!
Asoco ~0.03 |

-004 ¢

-0.05

tan3 =8
— exact result
- - - large Mg expansion
200 400 600 800 1000

M4 (GeV)

No independent decoupling with M 4

For fixed M4 and large Mg

0
o Ma=S0Gy
001! —
S Ma=30Gy
00—
feen -083 M =200GeV
-004 ¢
tan =8
-0.05} — exact result
- - - large M s expansion
200 400 600 800 1000
Mg (GeV)

No independent decoupling with Mg

Agsgcp tends to a non vanishing constant: SUSY non-decoupling
Agpy have a similar behaviour, but corrections are smaller
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Numerical results
Take just one scale Mg :

Ab=M=M~=MD:M§:Ms and MAZMS - with MS>>MZ

Q
SUSY-QCD SUSY-EW
04 . B
03¢
02 Ma = Ms 001 -
01t E-o.oz .
Asep O tng =8 — g
01| psE T o < 008 _
Loy @e®
-0.04 _|
-03¢}
““““““““““““““““““““ -0.05 | ! | ! | ! | ! | ! | ! | !
200 250 300 350 400 450 500 250 500 750 10%05[ Gov] 1250 1500 1750 2000
Mg (GeV)
e Decoupling with Mg : recovering SM result
e Typical size for Mg > 250GeV : Agsgop < —10%
e For Mg~ 250TeV and tanB3 =30 : Agpw ~ —2%
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Independent decoupling of SUSY particles

e Independent decoupling of gluino

We expand the correction in the heavy gluino limit: Mg > Ms ~u~Ay> My

0
-0.025 | \///ﬁ//
-005 |
-0.075f . ]

Asgp  -01] - t,mlj_” -

~0125+ - - tar1840
~0.15 ”
0175 | M = Ms = 200 Gev

500 1000 1500 2000 2500 3000
Mg (GeV)
- Very slow decoupling with Mg
- Sizeable correction even for large Msg:
For tanﬁ = 30 and Mg = 1TeV, ASQCD = —-12%
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e Independent decoupling of sbottoms

We expand the correction in the heavy sbottoms limit: Ms > Mg ~u~Ay> My

0.05 T T T T T T T T

9
g -0.05F/
i< i
-0.1
Ma = Mgiyino = H = Ay, = 200 GeV
exact formula
: analytic formula -------
L large Mg expansion -
015 - — : L 1 1 1 [ 1

200 400 600 800 1000 1200 1400 1600 1800 2000
Mg [GeV]

- Fast decoupling with Mg
- Similar results for stops (by considering stops-chargino loops)
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hO — bb/hO — 777~ : Deviation of MSSM with respect to the SM value

24+ 1
22+ H<OA>0 T
R H<0A<O0
B ---- >0 A[<0 -
] —-— p>0A>0
18+ 1
T 161 tanB=s0 I
g 4
g 14+ i
=
= T
12- 7
 — .
08 o-=""" 7
06 ‘ ‘ | ‘ ‘
- 400 600 800 1000

M ,o[Gev]

17 i | | |
+o | M,0=500 GeV H<0A>0 7
............ p<0A<0
15+ "7 WOASD !
i —-— p>0A>0
14—+ |
3 13+ |
x|
€ 1)
5 7 :
8 |
[ad
1.1+ 7
| .-
1T s |
oo T 4
08 ‘ ‘ | ‘
10 20 0 0 > ”

ILC: +£5.4%

e T he decoupling behaviour with M4 becomes apparent.

e MSSM deviates significantly from the reference value SM:

i.e. small my4, large tan g, u < 0 and A; > 0, the ratio can be as large as two.
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CONCLUSIONS |

The one-loop corrections to (h° — bb) :

e We consider O(ag) and O(m7) SUSY corrections to I"(h® — bb) in the
decoupling limit

e The corrections grow with tan3 =—> Sizeable for large tan

e Corrections can be negative —> Reduction in the partial decay width
(k0 — Bb)

e Decouple if and only if all SUSY masses and M 4 are very large

e Do not decouple if internal gluino/squarks and chargino/squarks are
very heavy and fixed M 4!!

= Indirect SUSY breaking signals at low energy Higgs physics?

Within the next years the LHC will bring a decisive test of the ideas about
SUSY and the Higgs
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