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SM Higgs production at the LHC
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SM Higgs decays (BR)
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SM predictions for Higgs production
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SM predictions for Higgs production

®» 1O
® Georgi-Glashow-Machacek-Nanopoulos '78

RADCOR 2007, Florence, October 2, 2007 — p.5/31



SM predictions for Higgs production
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SM predictions for Higgs production
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NLO QCD corrections (they enhance the lowest order cross-section by 60-70%)
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NNLO QCD corrections: they enhance the NLO by 15-25% (m; — o)

#® Harlander 00, Catani-De Florian-Grazzini '01, Harlander-Kilgore '01 '02,
Anastasiou-Melnikov '02, Ravindran-Smith-Van Neerven '03

RADCOR 2007, Florence, October 2, 2007 — p.5/31



SM predictions for Higgs production
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Gluon-fusion production cross section for a Standard Model Higgs boson at the LHC (14 TeV)

and at the Tevatron (2 TeV) at  leading, next-to-leading, and next-to-next-to-leading order.

Increase of 15-20% of the cross section.
(R. Harlander)
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SM predictions for Higgs production
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NNLL and NNLO cross-sections at the LHC (left) and Tevatron (right) using MRST2002 parton
densities.

®» Additional increase of the cross section ~ 6%.

® Decrease in the scale dependence = Theoretical uncertainty < 10% (confirmed by
Moch-Vogt '05).

(Catani, de Florian, Grazzini and Nason)

RADCOR 2007, Florence, October 2, 2007 — p.5/31



SM predictions for Higgs production
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SM predictions for Higgs production

® For small transverse momentum
(gr < mp) the gr-spectrum is

affected by large logarithms of the form N
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® They spoil the reliability of the perturba- AN 05 EN
tive series and they must be resummed. Soobd N 0.0 F—Lrilul Lubul S
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® Enhancement of central value and re- (Bozzi, Catani, de Florian, Grazzini)

duction of the scale dependence
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MSSM predictions for Higgs production
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MSSM predictions for Higgs production

® NLO QCD corrections

o
o
¥

fermionic corrections to A (Spira-Djouadi-Graudenz-Zerwas '93)
squark corrections to h, H, mg — oo (Dawson-Djouadi-Spira '96)

full set of corr h, H and A, mg — oo (Harlander-Steinhauser '03/'04,
Harlander-Hofmann '06)

squark contrib to A, H retaining the full dependence on mg (Muhlleitner-Spira '06)
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MSSM predictions for Higgs production

® NLO QCD corrections
#® fermionic corrections to A (Spira-Djouadi-Graudenz-Zerwas '93)
® squark corrections to h, H, mg — oo (Dawson-Djouadi-Spira '96)

& full set of corr h, H and A, mg — oo (Harlander-Steinhauser '03/'04,
Harlander-Hofmann '06)

& squark contrib to kA, H retaining the full dependence on mgq (Muhlleitner-Spira '06)

® complete one-loop MSSM calculation for the production of the lighter neutral Higgs
boson in association with a high-pp hadronic jet, in hadronic collisions
(Brein-Hollik '03)

® fermionic one-loop contributions h, H plus one jet (Field-Dawson-Smith '04)

® The NLO QCD corrections to A plus one jet (mg — o0)
(Field-Smith-Tejeda-Yeomans-van Neerven '03)
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SM predictionsfor H — ~~

$» 1O

>

Ellis-Gaillard-Nanopoulos '76, Shifman-Vainshtein-Voloshin-Zakharov '79,

® NLO QCD corrections

»

Zheng-Wu '90, Djouadi-Spira-van der Bij-Zerwas '91, Dawson-Kauffman 93,
Djouadi-Spira-Zerwas '93, Melnikov-Yakovlev '93, Inoue-Najima-Oka-Saito '94,
Steinhauser '96

Fleischer-Tarasov-Tarasov '04, Harlander-Kant '05,
Anastasiou-Beerli-Bucherer-Daleo-Kunst '06, Aglietti-B.-Degrassi-Vicini '06,
Passarino-Sturm-Uccirati '07

® NLO EW corrections

>

oo 0 b

corrections at O(G,,m?) (Liao-Li '97)

corrections at O(G,m?,) (Korner-Melnikov-Yakovlev '96)

exact light-fermion contribution (Aglietti-B.-Degrassi-Vicini '04)

contributions involving top and weak bosons below W thr. (Degrassi-Maltoni '05)
full EW contributions (Passarino-Sturm-Uccirati '07)
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Decay Width
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Decay Width

The Decay width can be expressed as follows:

2
Gua mH

128+/273

® (G, aand my are respectively the Fermi constant, fine-structure constant and mass of
the Higgs boson

O T =[(q1 q2)g" —q" ¢t F

M(H — ) =

® ion of 7 j 1 a5 +af of

For the extraction of 7 we use the projector P = 5———— 4 guv — ~— -
We consider:  HVV = g\ my HFF = g\ o -1/2 HSS = g \g A
) ) IAL/2 3y A0 T

2

A
F=MQINt F1+ X207 )5 NijaFiy2 + 20 Qo No—s Fo,
0

The form factors 7;, i = 1,1/2,0 can be calculated in perturbation theory:

Fi=F M 4730 4
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Decay Width

Once the form factor 75 is known, the Decay width can be expressed as follows:

2
Gua mH

128+/273

® (G, aand my are respectively the Fermi constant, fine-structure constant and mass of
the Higgs boson

O T =[(q1 q2)g" —q" ¢t F

P(H — ) =

® For the extraction of & we use the projector P+ — 1 _ 4yataiay
proj — (D—2)q1-q2 | Irv q1-92
FI = 21+ 6y1) — 121 (1 — 21) H(0,0, 1)
11
-7:1(/2) = —4dyi2[2— (1 —4yy,2) H(0,0,279)]
FSM = ayo [1+ 240 H(0,0,20)]
m? Ty -1

_— , Tr; =
ST P Ty + 1
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Two-Loop QCD Contributions
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L aporta Algorithm and Diff. Equations

Solution of the algebraic system with a C program
Output: Relations that link Scalar Integrals to the Mis

A\

IBPs, LI, Symm. rel.
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TheMaster Integrals

The calculation of the contributions due to the two-loop QCD Feynman diagrams can be reduced
to the calculation of the following six two-loop scalar integrals (evaluated in D dimensions):

-Q ‘@ ‘@(lﬂ-l@) -4 ’\@\‘ ’\@V (p2 - k2)
For the 4-denominator MI we have the following Differential Equation:
d_ _ 1 _1{<D—3>+<3D—5>}@
ds s 4a s (s — 4a)

AL G v Bt ) 8

Anast asi ou, Beerli, Bucherer, Daleo and Kunszt, JHEP 0701 (2007) 082;
Aglietti, B., Degrassi and Vicini, JHEP 0701 (2007) 021.
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The Master Integrals
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Two-Loop QCD Contributions

Fodp =" 3 omyF
T i=(0,1/2)

For instance in the case of on-shell quark masses the fermi on contribution is:

£(21,09) _ r(2l,a)

1/2 1/2 (wl/Q) + fiilgb)(wl/Q)
. 36 4z (1 — 14z + z2 Az(1 + z) 8z (1 + 9z + z2
F3 (@) = e ) 5 — ———~ H(0,z) — ( >H<0,0,x>
(z —1)2 (z —1)% (z —1)3 (z —1)%
x (3—}—253:—7302—{—391:3) x (1—}—2m—l—a:2)
H(0,0,0, H (0, 4H (0, —1,0,
+ = 1) ( z) + 1) [C2H (0, z)+4H( z)
4dx (5—630—{—591:2) 8x(1—{—m—l—m2—{—x3) 5
—H(0,1,0, H(1,0,0,x) — — 2¢3 H(0,
(0.1,0,)] + — —— 7 H(1,0,0,2) — 6% 4 265 H0, )
1 7
+¢2H(0,0, ) + ZH(o, 0,0,0,z) + 5H(o, 1,0,0,2) — 2H(0,—1,0,0,x) + 4H(0,0, —1,0, =)
—H(0,0,1,0, )]
2
12z 6x(1 + x) 6z (1 + 6z + =
Fis (@) = ( )Hmww>

e wons W T
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Two-Loop QCD Contributions

Fodp =" 3 omyF
i=(0,1/2)

For instance in the case of on-shell quark masses the fermi on contribution is:

a 7 c m2
;%m>:f§%>@my+§f§““mM+aﬁm’Nmnm<—§>

m
FPE @) = - A Gl JROE * A
R E N N VTR P DL
8z2
T o _pyt G2 (02) +4H (0, ~1,0,2) — H(0,1,0,2) + H(1,0,0,2)]
a:_
202 (5—11x)

162 (1 + :132) o
(z —1)° H0.0,0,2) 4 (x —1)5(z 4+ 1) [ECQ + 263 H(0,2) + ¢2H(0,0, 2)

1 7
—|—ZH(O, 0,0,0, :13)—|—5H(0, 1,0,0,z)—2H(0,—1,0,0,z)+4H(0,0,—1,0,2)— H(0,0,1,0, :1:)]

FRLB) () — 62~ HO,2) — —%  H(0,0,)

o T G T @y Y T o T
3

FELO 3y = _Z]__(()ll)

RADCOR 2007, Florence, October 2, 2007 — p.14/31



Real and Imaginary parts of 7,7,

8 T T T T T T
6 e 4
4 + 4
2
@
(e}
s S S
N
=
L
2+
-4
Re F]jz(ZI 08 ..
6L ImF]JZ(ZI’OS) R i
-8 — | | | ! 1
0 5 10 15 20 25 30

s=M M2

In full numerical agreement with Spira-Djouadi-Graudenz-Zerwas and analytical agreement with
Harlander-Kant
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Real and Imaginary parts of F\*“%
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In full numerical agreement with Mihlleitner-Spira
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Production Cross Section

1 1 -
o(hi +hy - H+ X) = Z/ dx1dz2 fo ny (T1, W) fo.hy (5'32,/@*)/ dz o (Z S ) Gab(2)
0 0

a,b L1I2
Gap(2) = 09 2 Gap(2)

50 — GMO‘%(M%)
128 /27

2\ 1—22
> A (A—> T(R:)G;"

i=0,1/2

IS the Born-level contribution with gZ(”) = j—“,L.(”)

QSZQ) = —4dyi2[2— (1 —4yy/2) H(0,0,2q9)]

G{" = 4yo [l +2yo H(0,0,0)]
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Production Cross Section

as(ug)
Gap(2) = G (2) + === G (2)
GEL?)) (2) = (1 —2)0dag Obg
2 2
Gglg)(z) = 6(1l—2)|Ca % + Bo In <_2R> 4 Z g(Ql)
HE i=0,1/2
+P99(Z)1n<:>+CA (1—2+2%) (2) + CaRyq
F
1
Gl () = Raq
G(l)( ) =  Pyqe(2) [ln(l —2)+ —1In (MSQ ) + Ryg
F

|

In®(1 — 2)

11—z

I
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Production Cross Section

as(ug)
Gan(2) = Gy (2) + =1 G5 (2)
GEL?)) (2) = (1 —2)0dag Obg
() : P 21
Gog (2) = o(1=2) CA—+ﬁoln<—§>+ > g
F i=0,1/2
s 4 242
+Pyg(2) In 12 —l—CA;(l 24+ 2°)°D1(2) + CaRyg
F
GE}E‘)(’Z) = Rqg
(1) §
Gl () = Py(2) [1n<1—z>+ SIn (w) +Ryg
F
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Production Cross Section

The function g,L.(Q” can be cast in the following form:

A2 1—-2¢
g = (— T(R»(C(Ragg%%)(m)+cA ggmwi))

2
mg
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Feynman Diagsfor the2 — 1 part
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QCD Contribution

G(2LCr)  _  p(2D)

(21,C 1) B 4x z(1 4 8x + 3z2?) B 2(1 4 )2

gl/Q ('CU) - (CIZ . 1)2 [3 + (CIZ _ 1)3 H(07 07 07 CE) (CIZ _ 1)2 HQ(%)

+C3 _H(laoaoax)

(21,C4) B 4 3 z(1l — Tx) 4

go ('CU) - (CIZ . 1)2 [ 2 —|_ (CIZ . 1)3 H(0,0,0,CE) + (w . 1)2H2($)

with
4 5 3(3 1
Ma(@) = G420+ H(0,2)+3GH(L2)+GH(1,0,2)+ 1 (1+2G) H(0,0,2)

1
—2H(1,0,0,x2) + H(0,0,—1,0,x) + ZH(O,O,O,O,Q:) +2H(1,0,—-1,0,x)
—H(1,0,0,0,x)
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The Ratio G,/

10 T T T T T T

Gy

2 1 1 1 1 1 -|-“7
0 5 10 15 20 25 30

s=MyIM >
In full numerical agreement with Spira-Djouadi-Graudenz-Zerwas and analytical agreement with
Harlander-Kant

RADCOR 2007, Florence, October 2, 2007 — p.22/31



The Ratio G,

30 B T T T T T T
25 - : -
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s=MyIM >

In full numerical agreement with Mihlleitner-Spira
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Production Cross Section

Gap(2) = G (2) + ——2H2 G (2)

GEL?)) (Z) — 5(1 — Z) 5ag 5bg

(1) 2 2 o]
Ggg(2) = 6(1—2) CA——|-ﬁoln<—2R>—|- Z g( )

HE i=0,1/2
+P99(Z)1n<:>‘|‘CA (1—2+2%) (2) + CaRyqg
F

1

Géq)( ) = Rag

Gglg)(z) =  Pyq(2) [ln(l —z)+ %ln <i>
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Feynman Diagsfor the2 — 2 part
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Real Radiation

1 1 do 824 | Ay, (5,1, 0)|2
Rgg = [ Agg ' | 2_(1_Z+Z2)2
z(1—2)Jo v(1—w) a2\ 1727 (11)
2j=0,1/2 5 (m_g> T(R;)9;
t=—5(1—-2)(1—w) = —8(1 — z)v
wth
2 2 2 2 2
!Agg(3>tau)| — |A2(S7t7u)| +|A2(ua37t)| —|—|A2(t,u,s)| +|A4(37t7u)|
A2 1—22
2
Ag(s,t,u) = d N <—2> T(R;)y; [bi(sists,us) + bi(sq, ussts)]
i=0,1/2 Mo
AQ 1—27
2
Ag(s, t,u) = A <—2> T(R;)y; lci(si,ty,ui) +ci(ts, us, si) + ci(us, 54, t5)]
i=0,1/2 Mo
wth
S : t U
s = —, = —, u; = —.
(A m% ¥ m% ¥ m%
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Real Radiation

s s 2
bija(sit,u) = Bujals,t,u)+ [H(0,0,21 /) — H(0,0,25)| — (5 - S+u> [H(0,0,21 /) — H(0,0,2y)]
" H t) + = Ha(t
_8 3(37ua )+4 3( ,S,U)
1/2 1/2 2Y1/2 [ Lz ] 4yy /9
1 1
bO(S’t7u) = _EBO(S’t’u) CO(S’tau) = _ECO(Satau)
m? VI —4y; — 1 _ V1—4/a -1
Yi = —5 > Tr; = (¢ =0,1/2) ; Tq = (a = s, t,u)
miy V1—4y; +1 vV1—4/a+1
s(t — s) 2 (tu2 —|—23tu) tu
B, (s, t, — 1 — 4y, H(0,z;) — \/1 — 4/tH(0, —(1+ =) H(,0,z;
(5,8, u) e e VI A HO 2 — 1= 4/er 00| - (14 2) H0,0,2)
252 tu 1 /tu
+H(0,0,z5) — 2| ——m— —1— — [H(0,0,xi)—H(0,0,xt)]—l——(——|—3> Hs(s,u,t)—Hs(t, s,
(s + u)2 s 2\ s
C;(s,t,u) = —2s—2[H(0,0,z;) — H(0,0,z5)] — Hz(u,s,t)
1 1
Hs(a, b, c) :/O dm:r;(l T a0 {In[l —bzx(1 —z)]+1In[l —cx(l —x)] —In[l — (a + b+ c)x(1l — x)]}
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Real Radiation

Rug = [

D;(s,t,u) =4+

128 2 (1 —2) |Agq(5, ¢, a)]?
qu - . 5
27 a2 \ 172 (11)
22j=0,1/2 2 | == T(Rj) 9,
0
1 do 14 (1 — 2)202 22 |Aqq (3,1, a)| 14+ (1—2)2 1
- D) - + —CFZ
0 (1—wv) | [1—-(1—-2)v]2 A2 \ 172 (11) 2z 2
22j=0,1/2 \j (m_g> T(Rj)G,;

A2 1—22
Aga(s, t,u) = D N <—2> T(R;) yi di (s, ti, uq)
i=0,1/2 M0

dyja(s,t,u) = Dy o(s,t,u) — 2 [H(0,0, z1/9) — H(0,0,a:s)]
1

dO(‘S?tau) — _EDO(Satau)

4s

8
V1 —4y, HO,x;) — /1 —4/s H(O,ws)} + t—l——u [H(0,0,z;) — H(0,0,xg)]

(t + u)
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M anohar-Wise M odel
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M anohar-Wise M odel

a S¢
® Additional colore scalar weak doublet S = ( gi; ) = ( ngﬁsgI > in the
0 V2
SU(N.) adjoint representation.

® Potential:

v2

A | 2 | | | | |
Vo= g (H“Hi - 5) + 2m% TrS"S; + M HVH;TrSV S; + \o H'H,;TrS17 S,
+ (AsHTHYTrS,S; + hee) + -+

» Mass spectrum:

2

v
m%+ = m% + A1 v
2
m? = m% 4+ (A1 + A2 +2)3) v
Sor S 1
2 _ 2 v?
mSOI — ms+(>\1—|—)\2—2>\3) Z
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M anohar-Wise M odel

® Additional colore scalar weak doublet

SU(N.) adjoint representation.

® Potential:

2
vo= 3
4

HY H, — 2
2

a S¢
S = ( gi; ) = ( ngJsgI ) in the
0 V2

2
) + 2m2 TrSTS; + \MH"H; TrST1S; + NgH" H,; TS S;

+ (AsHTHYTrS,S; + hee) + -+

® Couplings to the standard Higgs :

A 02

HS$SY = g—&=—6%
T J 4 myw
A1+ A2 42X 2
HS$rSor = 9 L ;+ 3 gab
mw
A1+ A2 —2A 2
Hsgsh = gAY
8 mw
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M anohar-Wise M odel

100

80 mg = 750 GeV —

o(pp — H + X)(pb)

100 200 300 400 500 600 700
myg (GeV)

A(mg) =4, Aa(mg) =1, A3(mg) =1/2,
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M anohar-Wise M odel

1.02

0.98
0.96
094 L SMocpomw =
092 SMocp+ew + MW —~—~—~—./»/‘/_/-/' |
0.9 - - ]
0.88 - T mg = 700 GeV
086 | | | | | i

100 110 120 130 140 150 160

myg (GeV)

Lor(H — vv)/Tin,sm(H — v7)

A(mg) =4, Aa(mg) =1, A3(mg) =1/2,
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M SSM: squar k contributions

® The Higgs sector of the MSSM containes 5 physical states: two CP-even neutral bosons,
h and H, one CP-odd neutral one, A and two charged Higgs bosons, H=.

® At the lowest order the MSSM Higgs sector can be specified in terms of m 4 and
tan 8 = va /v1.

® We evaluated the production cross section for two values of tan 3: tan 8 = 30 and
tan 8 = 3.

® We need the mass spectrum of the MSSM particles:

3
2 m%L + mZ +m% (I3 — eqsin® Oy ) cos 203 mq(Aq — p (cot B)*1a)
‘A 3
! mq(Aq — p(cot B)*1a) mg.R -+ mg + m% eq sin? Oy cos 23
DR) __(MS) _ g5
T

® Input parameters for the squark mass matrix at ugy s = 300 GeV chosen:

m2 =m2 =m? =350GeV A; = A, = —600 GeV, 1 = 300 GeV,
qar, tr bR

mMS (Lpwsp) = 153 GeV, mMS (upw s5) = 2.3 Gev
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M SSM: squar k contributions

100 ;
= 10 E
= - ]
= . i
< 1F E
I - ;
= B _
9/ L _
S 01k E
- h H N

001 L ! ! ! ! ! ! ! LN

100 1000
mp H (GGV)

The MS squark mass eigenvalues are: m;, = 190 GeV, m;, = 500 GeV, m; = 350 GeV,
my, = 360 GeV. m;, and mpy from Suspect.

RADCOR 2007, Florence, October 2, 2007 — p.30/31



M SSM: squar k contributions

10000
1000
100
10

\\\
=

0.1
0.01
0.001

0.0001 4 | | |
100

o(gg — h, H)(pb)

mp H (GGV)

The MS squark mass eigenvalues are: m;, = 230 GeV, m;, = 490 GeV, m; = 320 GeV,
my, = 380 GeV. m;, and mpy from Suspect.

RADCOR 2007, Florence, October 2, 2007 — p.30/31



Summary

K

We presented analytic formulas for the NLO QCD corrections to the Higgs production in
gluon fusion and to its decay in two photons, in the cases in which a heavy fermion or
scalar particle runs in the loops.

The two-loop virtual corrections were calculated using the Laporta algorithm for the
reduction to the Mls and the differential equations for their analytical evaluation. The real
part is a standard one-loop calculation of 2 — 2 amplitudes, that can be written in terms
of By, Cy and Dg functions, very well known in the literature.

The formulas are written in a general way, in terms of harmonic and Nielsen’s
polylogarithms and they are easy to be evaluated numerically.

Our results for the NLO QCD corrections with fermions are in analytical and numerical
agreement with results already present in the literature (for instance with HIGLU). For the
scalars we found analytical and numerical agreement for the virtual corrections (we did
not check yet the full CS).

As applications of our formulas, we considered the NLO QCD corrections in the
Manohar-Wise model and the squark contribution in the MSSM.
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