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Higgs Physics

Higgs physics at future colliders:
Establish experimentally the Higgs Mechanism

The Higgs mechanism:

Creation of particle masses in a gauge-invariant way

Test of the Higgs mechanism

e Discovery - m

e Spin and CP properties - JFC

e Interaction with the scalar Higgs ~~ gpxx ~ 3,@

with v = 246 GeV£ 0

e EWSB requires Higgs potential — ANHHH,A\HHHH

M.M. Mubhlleitner, October 28, 2009, RADCOR 2009



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 HT, 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 HT, H~

Higgs masses

Ellis et al;Okada et al;Haber,Hempfling;
zb < 140 GeV Hoang et al;Carena et al;Heinemeyer et al;

Y

:&L@L@H ~ GAGVH_. TeV

Zhang et al;Brignole et al;...
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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 HT, H~

Higgs masses

Ellis et al;Okada et al;Haber,Hempfling;
i@ < 140 GeV Hoang et al;Carena et al;Heinemeyer et al;

Y

zxfmvmw ~ GAGVH_. TeV

Zhang et al;Brignole et al;...

Decoupling limit:
Mpyg~Myg~Msr 20

Y

M}, — max. value, tan 3 fixed; h becomes SM-like
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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 HT, H~

Higgs masses

Ellis et al;Okada et al;Haber,Hempfling;
i@ < 140 GeV Hoang et al;Carena et al;Heinemeyer et al;

Y

zxfmvmw ~ GAGVH_. TeV

Zhang et al;Brignole et al;...

Decoupling limit:
Mpyg~Myg~Msr 20

Y

M}, — max. value, tan 3 fixed; h becomes SM-like

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

P uh 1
go 9pdd gevv tanB 1T = gouu |
Ca/S5— /ca— B—a— Goaa 1
H | sa/sg— 1/tgB | ca/cp— tgl | cg—a— 0 MSSM o _SM
goevyv S devv
A | 1/tgB tgsl 0
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gg — H, h at leading order

Lowest order - 1 loop Georgi,...;Gamberini,.

dL99

h/H _ Gra%(ur) h/H p m\m n/H ph/H 2 A Gral A A 2
" 288+/27 iMUQ (ra) +MUQ ry" (ra) 7%= sm&LM@UQ@m@?@:
FyM(rg) = dmo|1+(1-1q)f(m) FA(rg) = T0f ()
Q' (mq 27Q Q) f(7q A(1q) = rof(ro
h/H, 3. - )
ﬁ@ ?.Qv — RZ.QT ﬂ@\?@i
.2 1
arcsin® —= r>1 , iz
/() = Y=\ 12 R S X
IwTomAmvl&L T <1 ®
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gg — H, h at leading order

Lowest order - 1 loop Georgi,
dLI9
(pp — @ + X) e
o  Grag tmvi h/H p w\m h/H ph/H ﬁ A Gral
o = ﬁ —+ TA o
0 288/ 27 MUQ 2) MUQ @ AQV 0 mez\lﬂ
Remarks:

e g9 — A no Q contribution at LO

e MSSM: tan3 1= blb 1, and t|{ |

e 3rd generation dominant, t,b contributions important for mg < 400 GeV.

....Gamberini,.
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Comments

QCD corrections to top & bottom loops (2-loop)

o NLO (SM, MSSM): increase o by ~ 10...100% opira,Djouad. Graudenz Zerwas

Dawson:Kauffman,Schaffer

o SM; tgl8 < 5: Mg < my approximation for K-factor [A < 25%)] Krimer,Laenen,Spira

g
9 9 9
%: %HW: o
9 9 9

Harlander,Kilgore

o NNLO @ Mgy < my = further increase by 20-30% Anastasiou, Melnikov
Ravindran,Smith,van Neerven
scale dependence: A <10 - 15%
. L. . Marzani,Ball,DelDuca,Forte,
¢ Mass effects on NNLO corrections  small in interm. mass region Vicini Harlander, Ozeren
Pag,Rogat,Steinhauser
¢ Estimate of NNNLO effects ~> improved convergence W\_mom”m/ww
scale dependence A <10 —15%
¢ Soft gluon resummation: ~ 10% Catani,de Florian,Grazzini,Nason

M.M. Miihlleitner, October 28, 2009, RADCOR 2009



Comments

EW/QCD corrections
o EW 2-loop effects ~ —4 — 6 % enhancement

o mixed EW-QCD corrections

NLO corrections to squark loops
¢ heavy squark limit

o full SUSY-QCD corrections in heavy mass limit

mg < 400 GeV: squarks play a significant role ~

¢ NLO squark mass effects

o full NLO SUSY QCD calculation

Aglietti eal;
Degrassi,Maltoni;Actis eal

Anastasiou,Boughezal,Petriello

Dawson,Djouadi,Spira

Harlander,Steinhauser
Harlander,Hofmann

Anastasiou,Beerli,Bucherer,
Daleo,Kunszt;Aglietti,Bonciani,
Degrassi,Vicini;MMM,Spira

Anastasiou,Beerli,Daleo;
MMM, Rzehak,Spira
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First Step: QCD corrections

D@.S. = Q.OAQ@.%AH - qvv + NUS®AH o %.vww

/ 1

virtual+soft real corrections
corrections

Virtual corrections [2 loops, first step: no gluino contributions]

UV-,IR-,Coll-singularities in n = 4 — 2¢ dimensions.

M.M. Miihlleitner, October 28, 2009, RADCOR 2009



Renormalization

Lagrangian  separates gluon and gluino exchange contributions in a renormalizable way

H_y aur a H_y 1% H_y
L= —5G"G, — 7 F"Fu + 5 (0,2)° -

Mg
2

~

+ M Q6D —mo)Q — g5 —2QQa) +W 1D,Q7 = m3IQP — g

vex
5
L)

o
&

iD,, =10, — mmﬁmﬂa —eA, 9
Gluon, & = H/h interaction vertices:

Q 0 g -Q

Qi
S
o
L D)

Qi
O

M.M. Mihlleitner, October 28, 2009, RADCOR 2009




Renormalization - cont’d

¢ Quark/Squark mass mg, :  on-shell

H
Q

o ag MS (5 active flavours)

o HQQ vertex: Ling = IQ% 3%0 QoQuH = IQW%@QE%
Q
H------ U'noo (¢* =0) # Zuoo Braaten,Leveille
Q
H O tex: EEMO Y ) msw
o HQQ vertex: Ling = —95 = Qi QoH = —95 "
e
oo . ﬂE&@AQw =0) # Nm&& disregard renorm. of
~Q

M.M. Miihlleitner, October 28, 2009, RADCOR 2009

2
¢ g~ not renormalized [MSSM: mm\m — %mmﬁ + mixing terms + D-terms |
Q

i




Real Corrections

After renormalization: IR & coll. singularities ~~ real corrections have to be added.

3 incoherent processes:

gg — Hag: Q R R

g TEOO —L

qq — Hg:

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

M.M. Miihlleitner, October 28, 2009, RADCOR 2009



Result

- ag: MS scheme, 5 active flavours - u=Ren. scale, Q=Fact. scale, u? = Q? = ,\Sw
alpp = ¢+ X) = of[l +CPes]r, % L NgO + Ag? + Aol
pp 0 7 110 7dr, 99 99 qaq
2
C¥rq,7q) = m° +Cf(rq.75) + M log 4
1 dc . . 2 .
DQ.WQ — fﬁ.ﬁ dr &Nm Qﬂm@.%ﬁ o Q.NUQQA\N.V Tu@ mw + &M@ Aﬂu TQ, ﬁ@v
+12 :|_omﬁ3v+ — 72— #(1 - #)]log(1 - 7)| |
. 1 dc b - . 2 .
DO.%Q o fﬁ.ﬁ dr MQVQ &N@ Qﬂm@.o ﬁ o W QQA\ﬂv _H_,Om wﬁmW|Q>.va_ &MQAQ.“ TQ, ﬂ@vw
1 dLgs .
Aogy = Jry AT 22y T %ol &m&ﬁﬁ@“ﬁ@v
4m? - . m2
“TQ.Q T NM%U 7=
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The Scenario

The gluophobic Higgs scenario [m; = 174.3 GeV]

Carena,Heinemeyer, Wagner,Weiglein

gmq,ww\ = 350 mm<, n = »\gw = 300 mm<, ;vmw = —770 Om<, k»@ = \r? mg = 500 GeV

tan (3 =3
3@? = Hmm Q.@/\ Smw = mHﬂ Q@/\
my = 346 GeV my, = 358 GeV

NLO cross section —

tan 8 = 30
SwH = Hmm Q@/\ Swm = WHQ Q@/\
my = 314 GeV mg, = 388 GeV

M.M. Miihlleitner, October 28, 2009, RADCOR 2009



The LO and NLO cross section w/ Squarks

103 - o(pp ~ h/H +X) [pb] -
: Vs=14TeV m
I tgB =3 ]
10% = m, = 174.3 GeV E
g CTEQ6 :
10 #\ E
1 ¢ E
g —NLO ”
0L --- Lo ]
- [ H ]
0L _ _ e
80 100 200 300 500 700
M, [GeV]

A ~ 20 — 100%
Kinks, bumps, spikes:

a(pp - hH + X) [pb]

Vs=14TeV

tgB = 30

m, = 174.3 GeV
_CTEQ6

700

miuf Nz:mf mwmw thresholds in consecutive order with rising Higgs mass.

1000
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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 0omu~o threshold:

bMo@Amzon wmﬂmm‘ﬂlm@ ﬁl In Aﬁmwwlpv +~.ﬁ+003mL

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

Ci(1q,75) — Re

Agrees quantitatively with numerical results.
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onto W/ full squark mass dependence

in the heavy squark limit

T _ T T T U T T
104 - o(pp -~ WH+X)/a, i
H Vs=14TeV ”
” m, = 174.3 GeV ]
| | CTES :
I D
098 - ]
096 - .
094 .
M| H ]

092 - _ _ _ o

80 100 200 300 500 700 1000
M, [GeV]

o(pp — h/H + X) /0o up to 20%

12

115

11

1.05

0.95

0.9

0.85

0.8

0.75

o(pp - MH+X) /o,
Vs=14TeV

tgB = 30

m, = 174.3 GeV
CTEQ6

[

80

100

2

00

300
M, [GeV]

500

700

Kinks, bumps, spikes: mtwf mpmf mwmw thresholds in consecutive order with rising Higgs mass.
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Genuine SUSY-QCD corrections

e Limit heavy SUSY masses — O(10 %)

e Numerical analysis: ﬁa\m?@v — ﬁm\m?@v? + Q%QE\ e
2 2 _
03©\©l3©\©ﬁ i€)

¢ 5-dimensional Feynman integral — endpoint substractions:

f(x) f(x f(0 fa
% dx aGA z) %o dx ﬁaﬁAlvav - Muv - Gﬁl,\wvw

= isolation of singularities

Harlander,Steinhauser,Hofmann

M.M. Miihlleitner, October 28, 2009, RADCOR 2009



Genuine SUSY-QCD corrections

o Thresholds for M > 2m¢g — numerical instabilities — partial integration

1

f(2) _ f(2) _f'(z)
f\J A2 G roe? (a+b2)2  — @?ilvwv + f\o dz b(a+bz)
1
%oH dz MLM,MVN = i%v In(a + bz) o %o dz MNV In(a + bz)

=> thresholds in arguments of logs => stabilization
[more involved for quadratic polynomials|
¢ Renormalization

ag MS scheme [5 flavours]

meQ,me, A : on-shell

Ay : on-shell « MS
Ay Ay anomalous SUSY-restoring counter-terms
Ay = g (mj;, —mg ) + ptan 5
MSAS I.MSQ; v

M.M. Miihlleitner, October 28, 2009, RADCOR 2009



The Scenario

Small a5 scenario [modified]

tan 3 = 30

Mg = 800 GeV

Mj = 1000 GeV —

M, = 500 GeV

Ay,=A;, = —-1.133TeV

L4 = 2TeV
mz, = 679 GeV mz, = 935 GeV
my = 601 GeV my, = 961 GeV

M.M. Mubhlleitner, October 28, 2009, RADCOR 2009



Preliminary results

M40 T 77 T T

- U .
10 F Ceusy (@@~ H) PRELIMINARY ]

[ small o, on-shell A, ”
100 [ tgB =30 -
s0 L |.8m.__“.vm: R

[ —— Imaginary part i
60 [ --- A approximation :
40 F .
20 F .
0 o T e c e o--------- —
20 el ;
|b.O ”...._...._...._...._...._...._...._....”

100 150 200 250 300 350 400 450 500
M, [GeV]
MMM, Rzehak, Spira
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Preliminary results
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Heavy loop particle mass limit

e Heavy quarks/squarks and very heavy gluinos ?@w > Sw G > iw_
11 11 A
@ — % djy = —5(1—=7)
L 2 b 32 ~\3
¢, — —-1427-% dyg — 5=(1-7)
¢ ¢ 10
g — 9 Csusy — 3

¢ .

® C5rrgy: proper decoupling of gluinos — non-supersymmetric L.sr

9
9 9 9
g 9 9

MMM, Rzehak,Spira

e Harlander,Steinhauser: mass degenerate squarks, no mixing, supersymmetric renormalization

Mz > ma, mq :

M?2 m s m
11 [SUSY: m@@ = MQWS

Q%%Qb”@lmg|wlw5|%

@l\?

_

et ”‘
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Heavy loop particle mass limit

o Mg > mgy, mq: Supersymmetry lost due to decoupled gluino— integrate gluinos out

Q .
Mo «— —ilgQ \@\\\AHA‘ —iAg
(@ N o ¢
Q .
Q - Q
H 4 H
\\\\\ <9 - g
(© N @ ¢
g g
% e __F ¥ Q.
Q Q
(a) (b)
e No mixing at LO:
HMQ iSM 2
_ mqg . — Qo — 9_U_
y@lm@ - y@lwm@ - vaé zlwmm
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Heavy loop particle mass limit

o SUSY beyond LO: MS couplings [ur > M;]

w@Atmv = xv,w?mv

o [t < Mj: (i) threshold corrections

(i) different RGEs [decoupled g]

o ur < Mz : momentum-substracted coupling — threshold correction:

(i) threshold correction:
A \ as (Mg
Ag.mo(Mg) = véﬁ,@vf - me%w
(i) different RGEs:

2 @yeﬁtmv

T = me Qmﬁtmvv&wﬂtmv lur > Mg]
2, @y@%wﬁtmv = 30pesln3 oo (uR) [ur < Mjg]

M.M. Mubhlleitner, October 28, 2009, RADCOR 2009



Heavy loop particle mass limit

e analogously for Ao

(i) threshold correction:
) = \ as(M;z
y@ii@ﬁ&mv y@ﬁ&mvﬁH + MQNUEW

(i) different RGEs:

g (1R) Y
Wi = O s(ug) lr > Mg
N5 po(BR) N
pgp—Aget = Cpeslinlys o (ur) R < Mg]
e Relation to quark pole mass: Gray,Broadhurst,Grafe,Schilcher

gHne = M@EQASQT + Qw%W

M.M. Miihlleitner, October 28, 2009, RADCOR 2009



Heavy loop particle mass limit

2 2 2
H M Y. 3 o M3 31, G 1
205752 = Agao(mg){1+Cr2s (i P g g+ )
(64 apur a (83 .Q\Nn (0]
Less = 1.6 ﬁ;ﬁm@,@ﬁ:%i+M@%T+§@%ﬂm$
H _ o, 26.m0(mg)
96 = v m2

~

e No (Q loops to gg — A at LO = no In Mj; Harlander,Hofmann

M.M. Miihlleitner, October 28, 2009, RADCOR 2009



Conclusions

o SUSY QCD corrections at NLO to gg — h/H including the full squark mass dependence.

¢ 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.

¢ Large QCD corrections + large genuine SUSY QCD corrections for large tan 3 in MSSM
«— Ay approximation for MS A,

¢ Hgg coupling: decoupling of gluinos for large Mj: consistent with Appelquist-Carazzone theorem
if properly renormalized — effective Lagrangian.

M.M. Mubhlleitner, October 28, 2009, RADCOR 2009



MSSM Higgs Boson Production at the Tevatron

1 — : 104" : Spira

T T T T

T T T T T T

o(pp—WH+X) [pb] 3 a(pp—VH+X) [pb]

i Vs=2TeV 1 103 Vs=2TeV 4
M, = 175 GeV E i M, = 175 GeV ]
CTEQ4 ]

N
o
N
T
i o
o
1
=
@]
_|
'§

tgB =6

|
[N
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T
«Q
Q
|
=y

T
Ll

R . m

] 0 T

af i
10 " p hoo 4 Y ]
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MSSM

Higgs Boson Production at the Tevatron
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MSSM Higgs Boson Production at the LHC

E T T R ET T T T T T T T E .
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The LO cross section w/ and w/o Squarks

: o(pp— WH+X) [pb] -
100 - Vs=14TeV i
: M, = 174 GeV w
CTEQ6M ]
10 N7 tgB=3, 30 E
1 = Tl E
01 - |
le-2 =
i — WO
i h H
1le-3 = - - ......
g , | , , L
100 200 500 1000
M, 4[GeV]
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Virtual corrections - heavy loop particle mass limit

Total virtual correction [heavy squark/quark limit]:

.. — -9 A%ENVm 3 33-2Np A 2 v|m L2l TRe S5 95F ()
virt — '(1—2¢) i@mv €2 Ge N&W 2 2 M@ QMWT.QI.M@ QM@?.QV
T T
IR Coll

[without squark loops only W_

To get a finite cross section the real corrections have to be added.
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Real corrections - heavy loop particle mass limit

Total real corrections [heavy squark/quark limit]:

P(1—¢) sdmp®\e(3 33— 2Ng
Creal = A 2 v A|w|_| W
['(1—2¢) \ m3 € Ge
7+ (1 —€) rdmp®\e . 11 3
99 € HJA”_. . va 3 Qbﬁ\ﬂv 2 A \ﬂv
log(1—7
iwﬁomﬁ >iv ~ 72— #(1 - #)] log(1 — #) |
1—-7 +
D,y — ﬁ:va Afﬁwvm log(1 iﬁ () —1427—
90 = T\2T(1-20\ 3 MRS S T3
32 .
Dy = ﬂﬁlﬂvw

- IR, Coll. poles in Cqa1 subtract the corresponding ones of the virtual corrections.
- Coll. poles in the real corrections (Altarelli-Parisi kernels as coefficients)
~~ absorbed in NLO structure functions.

M.M. Miihlleitner, October 28, 2009, RADCOR 2009



Result - heavy loop particle mass limit
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Aoy, = fﬁe &ﬂgmwm ﬂhqoﬁ — TPyy(7)log m,ww - Vwﬁlq&w
P12 (P52 ) 42 #(1 - )]log(1 - 7)) |
1 &hbn o T A 2 ~
Aoy, = %@ dt Muah 2 %Qoﬁ — 5P (7) Tomw — 2log(1 — ﬂL
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[1=Ren. scale, Q=Fact. scale]

natural scales: p? = Q* = M2
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