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Introduction

Gluon gluon fusion: dominant production process at existing and future hadron colliders.

QCD corrections to top & bottom loops
NLO (SM, MSSM): increase o by ~ 10...100% >Pir Diouadi Graudenz Zerwas

Dawson;Kauffman,Schaffer

SM; tgB < 5: limit Mg < my - approximation ~ 20-30% Kramer Laenen, Spira

Harlander, Kil
NNLO @ Mg < my = further increase by 20-30%  Ansctacion Maimikov

scale dependence: A < 10 — 15% Ravindran,Smith,van Neerven
Estimate of NNNLO effects ~ improved perturbative convergence '\R/'aovci:a\r/;’ft

Soft gluon resummation: ~ 10% Catani,de Florian,Grazzini Nason

NLO corrections: to squark loops
only in heavy squark limit Dawson,Djouadi,Spira

full SUSY-QCD corrections in heavy mass limjt arlanderSteinhauser
Harlander,Hofmann

mg < 400 GeV: squarks play a significant role ~-
calculation of the full squark mass dependence at NLO.
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The MSSM Higgs sector

MSSM Higgs sector — supersymmetry & anomaly free theory = 2 complex Higgs doublets

EWSB neutral, CP-even h, H neutral, CP-odd A charged H™ H~
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The MSSM Higgs sector

MSSM Higgs sector — supersymmetry & anomaly free theory = 2 complex Higgs doublets

EWSB neutral, CP-even h, H neutral, CP-odd A charged H™ H~

nggs masses Ellis et al;Okada et al;Haber,Hempfling;

Mh SJ 140 GeV Hoang et al;Carena et al;Heinemeyer et al;

Zhang et al;Brignole et al;...
MA,H,Hi ~ O(U)]. TeV
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Modified couplings with respect to the SM: (decoupling limit)  Gunion,Haber
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The MSSM Higgs sector

MSSM Higgs sector — supersymmetry & anomaly free theory = 2 complex Higgs doublets

EWSB neutral, CP-even h, H neutral, CP-odd A charged H™ H~

nggs masses Ellis et al;Okada et al;Haber,Hempfling;

Mh SJ 140 GeV Hoang et al;Carena et al;Heinemeyer et al;

Zhang et al;Brignole et al;...
MA,H,Hi ~ O(’U)]. TeV

Modified couplings with respect to the SM: (decoupling limit)  Gunion,Haber

gduu 9edd gevyv

tanB 1 = gauu |

Ca/Sg— 1 —Sa/cg— 1 | sg_a— 1
Sa/sp— 1/tgB | ca/cg— g8 | ¢g—a—0
1/t tg 0

nom S| S

Dominant production mechanism at the LHC: g¢gg — &
dbb for tan 3 large
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MSESM Higgs Boson Production at the LHC

4L opp-WH+X)[pb] ] g4 L (pp — h/H+X) [pb]
F Vs =14 TeV 3 F Vs =14 TeV

Spira

103 L M, = 174 GeV 4 103 M, = 174 GeV y
g CTEQ6M ] CTEQ6M ]
10 ¢ h tgB=3 3 107 tgB =30
;gga l_- gh = 3 E gb = §
10 £ hbb 10
© hag o E
- hgg _
1 Eaz -\ 1
it L
-1 1k ]
10k 10 -
-2 -2
10k 10 L
-3 3 F
10 F 10
. - s

10 - 10 .

100 1000
M, [GeV]

M. Mihlleitner, Physics at the Terascale, 3-5 December 2007, DESY Hamburg



MSESM Higgs Boson Production at the LHC
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gg — H, h at leading order

Lowest order - 1 loop

dﬁgg
olpp— P+ X) = oo7o
chp
GFaS IR) ‘
oy = F(mo) + ‘
0 288\/7 ZQQ Q Zg

dL99
dr

L da
= [T g(x,p?) g(t/z, 1)
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gg — H, h at leading order

Lowest order - 1 loop

o(pp — @+ X)

0o

2 4m ~
o=t o0 = 7
F(rq) = §TQ[1+(1—TQ)f(TQ)}
F(T@) — —%TQ [1 TQf(TQ)]
f(T) _ arcsin? % 2 T >1
—i[log iﬂ::) —m} T <1
gg 1 dx
e = [T,y g(r)z, pk)

dLI9
chp

G
21?8(;?LR ‘ZQQF TQ —I—Zg ‘

O07Td

Remarks: - MSSM: tan 3 1 = b/b 1 +t/t |

- heavy quarks dominant
PQQ ~ mg ~t,b
® 2 /02 T 7
“95 ™ mQ/mQ ~1,b
- gg — A no Q contribution at LO
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7 he Squark Loops

Calculation of the QCD corrections to squark loops including the full mass dependence

Scenario:

The gluophobic Higgs scenario [m; = 174.3 GeV] Carena,Heinemeyer, Wagner, Weiglein

MSUSY = 350 GeV, n = Mg = 300 GeV, Xt = =770 GeV, Ab = At, mg = 500 GeV

tan (3 =3 tan 0 = 30
m;l = 156 GeV mg2 = 517 GeV mgl = 155 GeV m52 = 516 GGV
my = 346 GeV my, = 358 GeV my = 314 GeV my, = 388 GeV

Squark contribution at leading order —
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The LO Cross Section w/ and w/o Squarks
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QCD corrections

Virtual corrections [2 loops, no gluino] ~~ UV-,IR-,Coll-singularities in n = 4 — 2¢ dimensions.

General case (arbitrary Mg, mq, my)

- Interference b, t, B,f

- 5-dim. Feynman integrals — 1-dimensional [Trilogarithms| + purely numerical solution

. Harlander,Kant
analytlca”y: Anastasiou,Beerli,Bucherer,Daleo, Kunszt
Aglietti,Bonciani,Degrassi,Vicini — Comparison: full agreement
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QCD corrections - Suite

Lagrangian separates gluon and gluino exchange contributions in a renormalizable way

1 apv a 1 v (5 ) )
£ o= SR b LR+ QP - ma)Q + DO - mEQP
2
oM m~ 1 M3
~96 QQQCP 96— —2 QP + 5 (0,®)° — =2 2°

iD, = i8, — gsGoT + ieA, Q

Renormalization: - mg &' on-shell

- O MS scheme, 5 active flavours

Virtual correction:

- Recovers heavy squark limit via effective Lagrangian Dawson,Djouadi,Spira
- After renormalization: IR & coll. singularities

~~ Real corrections have to be added.

M. Miuhlleitner, Physics at the Terascale, 3-5 December 2007, DESY Hamburg



Real Corrections

Real corrections - 3 incoherent processes:

g
h,H
gg — Hg: qQ R
g
g/lm'?ﬁgn‘g{‘ig\ TEOOY - - - - - (T M i
b TemH +%\ R
g T e NI P
q
R
gq — Hq: e o

q g g Ao5Te
_ ‘ Q - >~mm:j o IS
qq — Hg: o - -

Phase space integration in n = 4 — 2¢ dimensions ~~ IR, Coll. singularities: poles in €

- IR, Coll. poles in real corrections subtract the corresponding ones of the virtual corrections.
- Remaining coll. poles in the real corrections (Altarelli-Parisi kernels as coefficients)

~ absorbed in NLO structure functions.
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Result

- n=Ren. scale, Q=Fact. scale, u?> = Q* ~ M2

(1-7)]

olpp— ®+X) = ool +C%F7e 99+A099+A09q+A0qq
C = nm*+ Ci(1q,75) + 33_62NF log A‘}%
Aagg — fq-q)d dLg gC:TS { —%ng(f') log%Q—}—dgg(%,TQ,TQ)
112 [(%L _ 2 — #(1— )] log(1 — %)] }
dﬁgq o T A~
Aoy = fT@ dr Zq g dr Y { - §qu(7')[
+ dgq(%,TQ,T@)}
Aogg = fw dr Z dﬁqq S0 dqq(T:7Q; Q)

>695F(75)
Y Q96 F(r)+X 5 95 F(rg)

Ci(mq,7p) — 12—1+%Re{

~2

dgq(f‘,TQ,T@) — —1+27 - %

} dgg(%a Q> TQ) —

dQQ(%7 Q> TQ)

—

5(1—-7)?
32(1—1)3
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The LO and NLO cross section w/ Squarks
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Kinks, bumps, spikes: 517?1,13121,52(:92 thresholds in consecutive order with rising Higgs mass.
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Coulomb singularities

QQ thresholds: Formation of 07 states ~» Coulomb singularities

Singular behaviour can be derived from the Sommerfeld rescattering corrections ~~

At each specific Qoéo threshold:

920 F(Qo) 3(:::527?_24) [— In (7‘53 —1) —i—z'7r—|—const]

Y Q96 F(Te)+ 6 95 F(7g)

C1(1q,75) — Re

Agrees quantitatively with numerical results.
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ONLO

w/ full squark mass dependence / oy in the heavy squark limit
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Scalar Higgs couplings to photons

LHC: Mpy < 140 GeV — H — ~ final state plays an important role for the Higgs boson search

Photon Collider: vy — h/H important role for the MSSM Higgs search at a PLC at high energies.

872 AL’
h/H) >= T(h/H
<o(yy— h/H)> T, (h/H — ~7) pI—

Relation < o(yy — h/H) >« I'(h/H — ~7) holds also in NLO QCD:
Single gluon radiation vanishes due to color charge conservation as well as due to the Furry theorem.

Photon fusion cross section measureable with an accuracy of a few percent. Melles Stirling Khoze _
Krawzcyk, Niezurawski,Zarnecki

Jikia,Soldner-Rembold

Precise knowledge of QCD corrections to H — =~ important
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H,h — ~v at leading order

Lowest order - 1 loop VvV AV
®----- t,b 4 - < bbb 4 o

AL (1) = —[24+37+31(2—-7)f(7) A?(T) = 27[1+ (1 —7)f(7)]
A7) = —r[l—7f()] no=

Remark: Chargino, H*, charged [ contributions neglected here,
however, included in our work /results.
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QCD corrections

Ozs]

AS(mq) — Aj(mQ)1 +CH(mq)

s

AL(r5) — AL(rg)[L+ cg(@)o;—s}

Remarks:
- Improve perturbative behaviour: squark loop contributions in terms of running squark masses
mg (1= Mg /2), strong coupling as(pu = Mg).

Djouadi,Kalinowski,

- Massive QCD corrections to quark/squark loops implemented in HDECAY. MMM Spira
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QCD corrected partial decay widths
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Kinks, bumps, spikes: WW #,,, 1, 5121,%1%,%2?2,52(:92 thresholds in consecutive order with rising

Higgs mass.
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Relative QCD corrections to the partial decay widths
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I'nio W/ full squark mass dependence / T'yo in the heavy

squark limit
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Conclusions

- Calculated NLO corrections to gg — h/H, h/H — ~~ including the full squark mass dependence.
[Implemented in HIGLU.]

- K-factor with squarks included is large.
- K-factor very similar to the case of quark loops alone ~~ large corrections to squark loops, too.

- Inclusion of full squark mass dependence has significant effects on the K-factor compared to the
heavy squark mass limit. The deviation can be as large as O(20%) for g9 — h/H,
O(30%) for h/H — ~~.

Note: 2 inde endent apers b Anastasiou,Beerli,Bucherer,Daleo,Kunszt :
P pap y Aglietti,Bonciani,Degrassi,Vicini

Virtual corrections to quark & squark loops in gg fusion derived analytically.
However, no full numerical analysis of the gluon fusion processes at NLO.
Comparison with second group: full agreement.
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Renormalization

Lagrangian separates gluon and gluino exchange contributions in a renormalizable way

1 apv ya 1 v N e e
L= —JGMG, + =1 F"E, + QP —me)Q +|DuQP — mg|QP°
2
oM LTS 1 M2
—95 QQQ<I> 96— —21QP® + 5 (0p®)° — =227

iD, = i8, — gsGoT +ieA, Q

Gluon, & = H/h interaction vertices:

Q @ 9 -Q
/'/ /{/
g g TTOTOOX,
. N
Q ~Q g Q
Q -Q
/'/
H---»-- H ---»--=
.
Q ~Q
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Renormalization - Suite

- Quark/Squark mass mg, 5:  on-shell

- gQQ vertex:
Q Q 7, = Zol/SQZé/QZQ
’ g_ : ) [Slavnov-Taylor identity]
Q Q
on HmQ T 5mQ 2
- HQQ vertex Lint = —gg UoUoH = —g5 "2 VU H [22 — m—Q} + O(ag)
< ZP;;)Q
H------ FHQQ( ) # Zr00 Braaten,Leveille
Q
2 m2 ~ o~ ~ 5777%2
- HQQ vertex Line = g8 "2 Q5QoH = —g8 "2 Q" QH [ 7§ — —2| + O(a?)
Q ~ ‘@ g
P ) v ZHQQ
. Ty66(0° =0) # Zysa disregard renorm. of gg“
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General case (arbitrary Mg, mq, mg)

- Interference b, t, E,f

- 5-dim. Feynman integrals — 1-dimensional [Trilogarithms] + purely numerical solution

. Harlander,Kant
(ana lytlca | |y: Anastasiou,Beerli,Bucherer,Daleo, Kunszt )

Aglietti,Bonciani,Degrassi,Vicini — Comparison: full agreement

Example:
— 0
g o000 q1 m
Qi g\g\ >——H— —_— m ~ M
v gl —p
gfbm”’ QQ_> 0 m o
S_/d”kd”q 1
(2m)zn (B2 —m?)[(k — q1)? —m?][(E 4+ ¢2)° —m?][(k + ¢ — q)? —m?][(k + ¢+ ¢2)° — m?]¢?
_ T'(2+2¢) <4w2>26 I
 @r)imA \ m2
1 2
Tz M
I= dr ds ~= = —2(1+10
/Oda:dydz rds = P m%( + 10)

N= 14p{rz(l-2)(1-y—2)1—y—2zs)—[y+ (1 —y—2)z][l —y—z(1 —y — zs)] }

M. Miuhlleitner, Physics at the Terascale, 3-5 December 2007, DESY Hamburg



