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[ How to find Higgs Bosons 7 ]
— Why Higgs Bosons 7

Experiment: Theory:
massive gauge bosons exist — problem «— electroweak gauge symmetry
(W=*,2) forbids mass terms

for gauge bosons

solution: spontaneous symmetry breaking (SSB):

introduce gauge invariant dynamics, which breaks gauge symmetry
in the ground state.
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Experiment: Theory:
massive gauge bosons exist — problem «— electroweak gauge symmetry
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solution: spontaneous symmetry breaking (SSB):

introduce gauge invariant dynamics, which breaks gauge symmetry
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One major task in high energy particle physics is:
to unravel the nature of electroweak symmetry breaking.




[ How to find Higgs Bosons ? |
— Why Higgs Bosons 7

Experiment: Theory:
massive gauge bosons exist — problem «— electroweak gauge symmetry
(W=*,2) forbids mass terms

for gauge bosons

solution: spontaneous symmetry breaking (SSB):

introduce gauge invariant dynamics, which breaks gauge symmetry
in the ground state.

SSB can be realised by

e Wweakly interacting scalar gauge e strongly interacting dynamics,
multiplets that acquire a VEV e.g. particles that form scalar
— Higgs mechanism condensates with a VEV
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measurement of o(ete™ — WTW ™) at LEP 2:
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[ How to find Higgs Bosons ? ]
— Restrictions on Higgs Sectors
Experimental situation so far:
— no Higgs signal.
— no significant deviation from SM.
T heory:

— many distinct possibilities to realise the Higgs mechanism
which meet major constraints, like
e the electroweak rho-parameter

— My -
Pexp. = co5bymy 1 up to a few per mille

e absence of flavour changing neutral currents (FCNC).

e Uupper bounds on Higgs signal cross sections
from negative direct search results (LEP, Tevatron)

—— take extensions of the SM (Higgs sector) seriously



[ How to find Higgs Bosons 7 ]

— Higgs in the Standard Model and Extensions

SM:
matter, gauge bosons + 1 Higgs doublet &
— 1 physical Higgs boson

/ N\
THDM: MSSM:
(two Higgs doublet model) (minimal supersymmetric standard model)
SM matter, SM gauge bosons SM matter, SM gauge bosons
+ 2 Higgs doublets &, d5 + 2 Higgs doublets &1, P»

+ Superpartners

— 5 physical Higgs bosons: RO, HO A0 g+ H—

note! : charged Higgs bosons cannot appear with one Higgs doublet

— discovery of H* : unambiguous sign of an extended Higgs sector
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Consequences of Supersymmetry for the MSSM Higgs sector
e MSSM only consistent with two Higgs doublets

e all ®*-interactions determined by gauge couplings

—— only two Higgs sector input parameters:
m 40 (mass of AY), tanB (= vp/v1, ratio of VEVs)

instead of seven in the THDM:
mao,tanf  + my0,m o, mpt, o, M?(= v°Xs)
in the MSSM functions of m 40, tan g
— bound on lightest neutral Higgs mass (m;o0 S 135 GeV)

e large quantum corrections to Higgs masses (esp. to m,0)

present status:
real MSSM: three-loop (SUSY QCD) precision
[Harlander, Kant, Mihaila, Steinhauser '08]
complex MSSM: two-loop (SUSY QCD) precision
[Heinemeyer, Hollik, Rzehak, Weiglein '07]



[ How to find Higgs Bosons ? |
— Higgs Production and Decay

Higgs mechanism — Higgs couplings o«c mass

—— Problem: ordinary matter is made of very light particles:
e ,u-, d-quarks, gluons — (essentially) no coupling to the Higgs

—— At colliders: Higgs couples to heavy intermediate particles
with non-suppressed couplings to ordinary matter.

—— most important couplings:

W/Z t(b)

t: heavy

b: enhanced
coupling
Wrz W/Z: heavy tb) in MSSM
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pp
Parton luminosities % at the LHC (v/s = 14 TeV):
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There is a huge number of gluons
with small momentum fractions
still having enough energy to produce Higgs particles.
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pp
Parton luminosities df% at the LHC (/s =7 TeV):
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Parton luminosities df\yﬂ’b at the Tevatron:
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Higgs mechanism — Higgs couplings oc mass

—— Problem: ordinary matter is made of very light particles:
e ,u-, d-quarks, gluons — (essentially) no coupling to the Higgs

—— At colliders: Higgs couples to heavy intermediate particles
with non-suppressed couplings to ordinary matter.

—— most important couplings at high energy hadron colliders:

w/z t(b) g
————— H ——===-H _——H
t: heavy
b: enhanced large gg-lumi
coupling at hadron colliders

W/Z°  W/Z: heavy @ in MSSM 9
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T herefore, most important couplings at high energy hadron colliders

... for neutral Higgs production:

w/z t(b) g
————— H -—=—=-H —_ -
t: heavy
b: enhanced large gg-lumi
coupling at hadron colliders
WiZ"  Ww/zZ: heavy  ® in MSSM 9

... for charged Higgs production:
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Important neutral Higgs production processes (at high energy hadron colliders):

g
---—- H
g
gluon fusion, gg — H
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g
---—- H
g
gluon fusion, gg — H vector boson fusion, qq — qqH
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Important neutral Higgs production processes (at high energy hadron colliders):
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---—- H
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Higgs strahlung, ¢ — VH
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Important neutral Higgs production processes (at high energy hadron colliders):
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Predictions: SM Higgs production @ LHC : j>
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Predictions: SM Higgs production @ LHC : j>
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Predictions: SM Higgs production @ LHC :
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Predictions: SM Higgs production @ LHC :
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Predictions: SM Higgs production @ Tevatron :
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SM Higgs decay branching ratios

and

signal significance @ LHC

note!

rate alone is not enough!

sighals need to be silhouetted
against huge QCD background
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sigma [fb]

[ How to find Higgs Bosons 7, Higgs Production and Decay ]
Predictions: charged Higgs cross sections @ LHC:
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[ HiggsBounds, Motivation |
— Motivation

Higgs search results:

e So far: no Higgs signals.
— LEP searched for them.

— Tevatron is currently searching for them.

e Tevatron and LEP turn(ed) the non-observation of Higgs signals
into 95% C.L. limits on rates/cross sections of ...

a) ... individual signal topologies,
e.g. ete” — h;Z — bbZ, pp — h; — wTw-,

b) ... combinations of signal topologies
e.g. SM, MSSM combined limits.
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[ HiggsBounds, Motivation ]

Higgs search results: example 1: LEP SM combined limit

exclusion = rejection of the Higgs hypothesis

LEP

Vs = 91-209 GeV
SM branching ratios

(a)

—— Observed
------- Expected for background

[EPJC 46(2006)547]

20 40 60 80 100 120
m,, (GeV/c)

Omin
OSM
where oqin(mpy1) is the Higgs signal
Cross section where data

and Higgs hypothesis are compatible

with only 5% probability.

Sos(mp1) = (mp1)

A SM-like model with

Omodel(Mir1) > omin(mpmg1)
or Imodel(MH1) < ¢
omin(mp1)
is said to be excluded at the 95% C.L.
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[ HiggsBounds, Motivation ]

example 2: LEP single topology limits, assuming HZ production and ...

10

a) ... BR(H — bb)=1

LEP
Vs = 91-209 GeV
H—bb

(b)
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[EPJC 46(2006)547]
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[ HiggsBounds, Motivation ]

example 3: Tevatron SM combined limit [CDF note 9998, D@ note 5983]

95% CL Limit/SM
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[ HiggsBounds, Motivation ]
HiggsBounds: [Bechtle, OBr, Heinemeyer, Weiglein, Williams '08]

Test models with arbitrary Higgs sectors against
exclusion bounds from LEP/Tevatron Higgs searches.

e Easy access to all relevant Higgs exclusion limits
including information not available in the publications.
(e.g. expected 95% CL cross section limits for some LEP combinations)

e Applicable to models with arbitrary Higgs sectors (narrow widths assumed)

HiggsBounds Input: the predictions of the model for:
# of Higgs bosons h; , my, Tiot(hi), BR(h; — ...),
production cross section ratios (wrt reference values)

e Combination of results from LEP and Tevatron possible

e [ hree ways to use HiggsBounds:
[J command line, [ subroutines (Fortran 77/90), [ web interface:

www.ippp.dur.ac.uk/HiggsBounds



[ HiggsBounds ]
— Implementation

Basic idea:

e Evaluate model prediction

. o X BR]model
Qmodel(X> — [(7 X BR]ref

of a search topology of an analysis X,
for given Higgs masses 4+ deviations from the reference.

(reference: usually SM)

e From the experimental analysis X, read off the corresponding

o If Wmodel(X) < 1 the model is excluded by this analysis at 95% C.L.
Qobserved (X)

— Problem : how to combine search results without losing the 95% C.L. ?



[ HiggsBounds, Implementation ]

Answer: We can’'t do that.
Only a dedicated experimental analysis can do that.

However: we can always use the analysis of highest statistical sensitivity.

How to preserve the 95% C.L. limit:
e Obtain for each analysis X the experimental expected limit Qexpected (X)-

e Determine the analysis Xg with the highest sensitivity for the signal, i.e.

of all analyses X find the one Xy where @mogel(X) js maximal.
Qexpected (X)

e If for this analysis Qmodel(Xo) > 1 the model is excluded at 95% C.L.
Qobserved(XO)



implemented analyses : LEP [HiggsBounds 1.

We include expected and observed Sgg values

1. eTe™
2. ete
3. ete~
4. ete
5. ete~
6. ete
7. ete
8. ete~
9. ete~
10. etTe™
11. ete™
12. ete™
13. etTe™
Inclusion

— (h)Z — (bb) Z,

— (h)Z — (tF777)Z,

— (hp)Z — (v Z,

— (h)Z — (anything)Z,

— (hy, — h;h;)Z — (bbbb) Z,

— (hy = hh))Z — (rTr7T+7) 2,
— (hgh;) — (bbbd),

— (hphy) — (rTr—r7T77),

— (hy, — h;h;)h; — (bbbb)bb,

— (hy, — hhj)h; — (Tt )r T,
— (hy, — hih))Z — (WD) (vT77)Z,
— (hy, — bb)(h; — 7777),

— (hy, — 7777)(h; — bb),

[ HiggsBounds, Implementation ]
2.0]

for the following analyses
[EPJC 46(2006)547]
[EPJC 46(2006)547]
[LEP Higgs WG note 2002-02]
[OPAL, EPJC 27(2003)311]
[EPJC 46(2006)547]
[EPJC 46(2006)547]
[EPJC 46(2006)547]
[EPJC 46(2006)547]
[EPJC 46(2006)547]
[EPJC 46(2006)547]
[LEP Higgs WG]
[LEP Higgs WG]

[LEP Higgs WG]

of additional topologies is work in progress
(e.g. ete™ — hpZ, h; — invisible; eTe™ — hpZ, h — 2 jets, ...)



[ HiggsBounds, Implementation ]

implemented analyses . Tevatron [HiggsBounds 1.2.0]

single topology analyses

search topology X (analysis) reference (x=published)
pp — ZH — 1T17bb (CDF with 4.1 [2.7]fb™1) CDF note 9475 [CDF '09]*
pp — ZH — IT17bb (DD with 4.2 fb~1) D@ note 5876

pp — WH — lvbb (CDF with 4.3 [2.7] fb~1) CDF '09 [CDF '09]*

pp — WH — lvbb (D@D with 5.0 [1.1] fb~1) D@ note 5972 [DY '08]*
pp— WH — WTW-W* (D@ with 3.6 fb™1) D@ note 5873

pp — WH — WHTW-W=* (CDF with 2.7 fb—1) CDF note 7307 v3

pp— H— WTW~- — [TI'" (D@ with 3.0 fb~1) D@ note 5757

pp— H— WTW~- — [TI'" (CDF with 3.0 fb~1) CDF '08*

pp — H — vy (D@ with 4.2 [2.7] fb~1) D@ note 5858 [DY '09]*
pp — H — 7t~ (CDF with 1.8 fb~1) CDF '09*

pp — H — 7t~ (D@ with 2.2 [1.0] fb~1) D@ 5740 [DQ '08]*

pp — H — vt7~ (CDF & D@ with 1.8 & 2.2 fb~1) | CDF note 9888, D@ note 5980
pp — bH, H — vtr— (D@ with 2.7 [0.328] fb~1) D@ note 5985 [DY '09]*
pp — bH, H — bb (CDF with 1.9 fb~1) CDF note 9284

pp — bH, H — bb (D@ with 2.6 [1.0] fb~1) D@ note 5726 [DY '08]*




[ HiggsBounds, Implementation ]

implemented analyses . Tevatron [HiggsBounds 1.2.0]

analyses combining topologies

search topology X (analysis)

reference (x=publ.)

pp — WH/ZH — bb+ EMs (CDF with 3.6 [1.0] fb~1)
pp — WH/ZH — bb+ EMss: (D@ with 2.1 [0.93] fb~1)
pp — H/HW/HZ/H via VBF,H — vtr— (CDF with 2.0 fb™1!)
pp— H/HW/HZ/H via VBF,H — WW (CDF with 4.8 fb—1)
pp — H/HW/HZ/H via VBF,H — WW (CDF with 3.0-4.2 fb~1)
Combined SM analysis (CDF & D@ with 0.9 — 1.9 fb~1)
Combined SM analysis (CDF & D@ with 1.0 — 2.4 fb~1)
Combined SM analysis (CDF & D@ with 3.0 fb—1)
Combined SM analysis (CDF with 3.0 fb—1)
Combined SM analysis (CDF & D@ with 0.9 — 4.2 fb~1)

[At the moment, used only for my > 155 GeV.]
Combined SM analysis (CDF with 2.0 — 4.8 fb—1)

Development of HiggsBounds 2.0.0
IS supported by the Helmholtz Alliance.

CDF note 9891 [CDF '08]*
DO note 5586 [D® '08]*
CDF note 9248

CDF note 9887

D@ note 5871
hep-ex/0712.2383
hep-ex/0804.3423
hep-ex/0808.0534

CDF note 9674
hep-ex/0903.4001

CDF note 9897



[ HiggsBounds, Implementation ]

Input required by HiggsBounds: (example: input option effC)
number of Higgs bosons: nyjggs

masses: my, ,

total widths: Mot (hy),

normalised squared effective couplings:
gmodel 2 gmodel 2 gmodel 2 gmodel 2
(hkzz) (hkww) (n ) (h )
SM ’ SM ) SM ) SM ’
9HZZ gEWwW 9IH~~ 9Hgg

model \ 2 model 2 model\ 2
(ghkbb,eff> (ghkTT,efF> (ghkhiZ )
SM ’ SM ? ref ’
9w IH T Ig'az
branching ratios: BRmogel(hr — hih;) ,

for k,1 € {1, . anHiggs}-



[ HiggsBounds, Implementation ]

LEP example: model predictions Qmogel(X) calculated with this input:

Omodel (hl Z)

BR h bd) ,
O'ref(HZ) mOde|< 1 — )

@model [e_l_e_ — (h1)Z — (b@Z} —

@model [6_'_6_ — (h2)Z — (h1h1)Z — (bEbE)Z} =

Umodel(hzz)

BR h h1h1)BR h bb)?
o e (H2) model(h2 — h1h1)BRmodel(h1 — bb)

with

_ del\ 2 _ del\ 2
Umodel(€+€ — th) _ gfrZZOZZe Umodel(e_'_6 — hkhz‘) _ g&%é
oref(ete” — HZ) SM " oref(ete — H'H) ref ’

99U 77 a'HZ

M (m) AN

BRmodel (7 — bb) = BRsm(H — bb) (mg) —21 —s |
tot(hg) mg=my, \ IFbb

green: provided functions using HDECAY 3.303 [Djouadi et al.’98]



[ HiggsBounds |

— Applications



[ HiggsBounds, Applications ]

application 1: SM versus Fourth Generation Model exclusion
F(H — 99)model = 9 X N'(H — gg)sm
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[ HiggsBounds, Applications ]

application 1: SM versus Fourth Generation Model exclusion
M(H — 99)model = 9 X '(H — gg)sm

August 2009 M— .

4th Generation mode| ======- i
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[ HiggsBounds, Applications ]

application 2: MSSM benchmark scenarios, exclusion update

a) [EPJC 46(2006)547] b) HiggsBounds

with: new my,
impoved my, prediction,
Tevatron data included

Q. T 7 60
=
e
—
10 I |
- 4 10
Excluded
by LEP tan 3
I - : 11
Theoretically : [ M scenario
i Inaccessible h ] [ (my =174.3GeV) ]
r e a1 3 3 v 1 g 900 14 44 ] -.I.I.I- ' 04
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[ HiggsBounds, Applications ]
application 2: MSSM benchmark scenarios, exclusion update (before

a) LEP and Tevatron exclusion b) highest sensitivity March 2009)
_ . 60 . 60
R || || g4 tan g tan g
il _ 50 50

40 il L]
|||. l-ll-lllll.
. s .
ll. l-ll-lllll
i PR WERRSENESEN
I 'l,!lllllll ]
Il o]
L (I [T amm | .
50 100 150 200 250 50 100 150 200 250
My [GeV] My [GeV]

cetTe” — hZ, h — bb

: eTe”™ — hA — bbbb

. pp — hW — bbly [CDF note 9463]

pp — h/A — 777~ [CDF note 9071]

. pp — h/H/A — 777~ [CDF note 9071]
pp— H/A — 777~ [CDF note 9071]
pp— H/A — 777~ [D®'08]

B LEP exclusion
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[ HiggsBounds, Applications ]

application 2: MSSM benchmark scenarios, exclusion update (August 2009)

a) LEP and Tevatron exclusion b) highest sensitivity
60 R 60
tan 3 tan g
50 i 50
9% scenario i
1 20 20
4 10 10
I-II-l-ll-llh 0 . . . i
50 100 150 200 250 100 150 200 250

MA [GeV] MA [GeV]
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B . Tevatron exclusion

] :pp—bh/A — b7'+7'_ [DO note 5985]
[: pp — h/A — 777~ [CDF & DO '09]

W pp— H/A— 7‘+ ~ [CDF & DO '09]
X: pp— h/H/A — 77~ [CDF & DO '09]

. pp — hW — bblv [CDF '09]

. pp — HW — bbly [CDF '09]

pp — H/A — 777~ [CDF '09]

. pp— H/A — 77— [DO note 5740]

. eTe™ — hZ,h — bb [LEP EPJC 46 ..
- eTe™ — hA — bbbb [LEP EPJC 46 ..

]
]



[ HiggsBounds, Applications

application 3: Randall-Sundrum model, excluded parameter space

parameter: A, =1 TeV, £ = 0, mass eigenvalues: my, m

a) LEP and Tevatron exclusion b) highest sensitivity

200 - 200
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180 - 180
160 160
140 140
120 120
100 1 100
80 | 80
40 40
20 20
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- LEP exclusion

. Tevatron exclusion . 4 - ¢Z,¢ — 2 jets [LEP Higgs WG]

x /M pp — ¢W — bblv [CDF note 9596]

. pp — oW — 3W [DO note 5873]
+ /M pp — ¢ - WW — lviv [DO note 5757]
+ /B pp — ¢ — WW — lvly [CDF '08]

[GeV]

x/+/M (¢p = h/p/both): ete” — ¢Z,¢ — bb [EPIC 46 ...
x/+/M: eTe” — ¢Z, ¢ — anything [OPAL '03]



[ HiggsBounds, Status and Outlook ]
— Status and Outlook

e The code is publicly available (current verison: 1.2.0).

Please visit the web page www.ippp.dur.ac.uk/HiggsBounds/ for downloa-
ding the package or using the web interface.

e Reception so far very encouraging: e€.g. used in or by
FeynHiggs, Fittino, MasterCode, 2HDMC, DarkSusy,
S. Kraml et al., M. Carena et al., W. Bernreuther et al., etc.

e Current work: (will soon appear as version 2.0.0)
— inclusion of new Tevatron analyses (which need additional input)
— inclusion of LEP analyses wBith H — invis., H — 2 jets, etc.
— inclusion of charged Higgs analyses

e Plans:

— providing C'Lgyy, for given my and o x BR (— useful for model fitting)
— inclusion of width-dependent limits



e Higgs + high-pp Jet in the SM (MSSM)



e Higgs + high-pp Jet in the SM (MSSM)
— Motivation

SM Higgs production @ LHC mainly via gluon fusion:

qqH, H-WW —lv jj
qqH, H=ZZ =llv v,
H->WW*/WWllv v, NLO
H—-Z7*/77Z - I'TI'T", NLO
qqH, H—yy, t't

H—y7 inclusive, NLO
{TH,WH,H —bb
Total significance
5gat 2 fb’

CMS, 30fb ™

® o X H > <o R

Q
Statistical Significance

A ---- H

. A
| | | | | | |
100 200 300 400 500 8%0

m,(GeV/c )

Detection (mpy ~ 100 — 140GeV): mainly via the rare decay H — ~~.



[ Higgs + Jet, Motivation ]
Higgs + Jet
suggestion: study Higgs events with a high-pr hadronic jet
LO QCD O(aZa) : [van der Bij et al. '87; Baur, Glover '89]
NLO QCD O(ada): [de Florian, Grazzini, Kunszt '99]
+ NLL soft gluon threshold resummation: [de Florian, Kulesza, VVogelsang '05]

advantages:

* richer kinematical structure compared to inclusive Higgs production.
— allows for refined cuts
— better signal significance (S/vB)

* background predictions e.g. for H — ~v under better theoretical control

disadvantage:

* lower rate than inclusive Higgs production



[ Higgs + Jet, Motivation ]
simulations show:
H + jet production is a promising alternative (supplement)
to the inclusive SM Higgs production for my ~ 100 — 140GeV.

[ATLAS expected performance 2008]:
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[ Higgs + Jet, Motivation ]
available codes: SM:
e Higgsjet [de Florian, Grazzini, Kunszt '99]
NLO QCD cross section for pp — H + jet (large m; approx.)

also: soft gluon resummation [de Florian, Kulesza, Vogelsang '05]

e HQ T [Bozzi, Catani, de Florian, Grazzini '03 & '06]
pp-distribution for pp — H 4+ X (large m; approx.)
including resummation at NLL+ LO and NNLL + NLO QCD accuracy

o MCGONLOQO [Frixione, Webber '02; Frixione, Nason, Webber '05]

contains pp — H + X event generation at NLO QCD accuracy

(large m; approx.)
e FEHIP [Anastasiou, Melnikov, Petriello '05],

HNNLQO [Catani, Grazzini '07;Grazzini '08]

NNLO QCD differential cross section for pp — H 4+ X (large m; approx.)
e HPro [Anastasiou, Bucherer, Kunszt '09]

corrects large my; approx. NNLO QCD differential predictions

by finite m; & my terms from NLO QCD

NNLO QCD accuracy (large m; approx.) o< 10% (scale variation)
— further improvements need to consider other 10%-ish effects



[ Higgs + Jet, Motivation |
available codes: MSSM:

e HJET 1.3 [OBr, Hollik '03; '07]
LO QCD full MSSM (no approximations)
& LO QCD SM (no approximations):

2
stotal donadronic  @0hadronic  9%hadronic ¢ %hadronic
hadronic avs T dpr T dmer | dprdmjer

9 o e e

e HIGLU 2.500 [Spira April 2010]
NLO QCD full MSSM (no approximations)
& NLO QCD SM (no approximations):

2
dohadronic  29hadronic
dpr dprdYy




[ Higgs + Jet, Motivation ]
— How to improve the Higgs + Jet prediction?

e go beyond the large m; approximation
in the NLO QCD prediction for the Higgs pp distribution

e NNLO QCD corrections (in the large m; approximation)

e consider other LO effects
* non-QCD: electroweak LO contributions
* QCD 5-flavour scheme: b quark parton process contributions



[ Higgs + Jet ]
— New LO Contributions in the SM

— Previous Study [Keung, Petriello '09]

SM Higgs pp distribution with ...

1. ... finite quark mass effects (m¢, my) in one-loop QCD amplitude:
— already included in [..., OBr, Hollik '03; '07]
large-my approximation : my — oo, NO b l0OPS
— effective ggH and gggH vertices (effective field theory (EFT))

exact

large-m; approx _— (099—>H> SEFT

EFT

comparison of approximations (mgy = 120 GeV): Tevatron

{ ~ +4%, pr = 15..110 GeV

* finite m+ (no b loops) VS. large-ms+ approx :
t Ps) ge€-my¢ app ~ 37%. pr ~ 150 GeV

* finite my and my, vs. finite m; (no b loops) : 8%..0, pr = 15..50 Ge
< 3%, pr > 50 GeV
2. ... electroweak one-loop effects: { 0.. — 9%, pr = 15..140 GeV

— b-flavour PDFs used but b quark parton processes not considered.



[ Higgs + Jet ]
— New LO Contributions in the SM

— Previous Study [Keung, Petriello '09]

SM Higgs pp distribution with ...

1. ... finite quark mass effects (m¢, my) in one-loop QCD amplitude:
— already included in [..., OBr, Hollik '03; '07]
large-my approximation : my — oo, NO b l0OpPS
— effective ggH and gggH vertices (effective field theory (EFT))

exact

slarge-m; approx — [ %gg—H | LEFT
= | EFT
99— H

comparison of approximations (my = 120 GeV): LHC (/s = 10TeV)

0.. — 4%, pr = 30..150 GeV
{ —30%, pr = 300 GeV
—4%..0, pr = 30..60 GeV

< 4%, pr > 60 GeV

* finite my (no b loops) VS. large-m; approx :

* finite my and my, vs. finite my (no b loops) {

2. ... electroweak one-loop effects: { 0.. — 3%, pr = 30..300 GeV

— b-flavour PDFs used but b quark parton processes not considered.



[ Higgs + Jet, New SM LO Contributions ]
— This Study [OBr '10]

SM Higgs pr and njet distribution with ...

1. ... finite quark mass effects (m¢, my) in one-loop QCD amplitude:
2. ... electroweak one-loop effects
3. ... contributions from b-quark parton processes

* leading QCD and electroweak effects



[ Higgs + Jet, New SM LO Contributions ]
Gluon & Light Quark (u,d,s,c) QCD Contribution : O(aZ«)
gluon fusion, gg — Hg




Bottom Quark QCD Contribution : O(aga)
quark gluon scattering, bg — Hb

b . b

quark anti-quark annihilation, bb — Hg

[ Higgs + Jet, New SM LO Contributions ]



[ Higgs + Jet, New SM LO Contributions ]
Light Quark (u,d,s,c) EW Contribution : O(aga3)
[Mrenna, Yuan '96; Keung, Petriello '09]
quark gluon scattering, qg — Hgq

quark anti-quark annihilation, qq — Hg
crossed diagrams



[ Higgs + Jet, New SM LO Contributions ]
Bottom Quark EW Contribution : O(aga3) [Mrenna, Yuan '96]
quark gluon scattering, bg — Hb, O(agaay)




[ Higgs + Jet, New SM LO Contributions ]
Bottom Quark EW Contribution : O(aga3) [Mrenna, Yuan '96]
quark gluon scattering, bg — Hb, O(aga3) “non a;”




[ Higgs + Jet, New SM LO Contributions ]
Calculational Approach

e respect the hierarchy of Yukawa couplings:
g = y§/47r = %mg/zﬂ (v = 246 GeV)
— a4 =3.9-1072, o, =2.3-107° and % a?(0) < ad(mz)
—consider LO QCD and EW contributions to the full polynomial
in /oy and Vb in the cross section predictions

e light quark (u,d, s,c) processes:
* full mass dependence in my, my,

e bottom-quark processes:
* 5-flavour scheme:
— mp = 0 to be consistent with parton model
— only b Yukawa coupling y; retained non-zero
<> retaining leading powers in a systematic expansion in my

* for the tree-level amplitude:
— factorisation scale choice up = myg/4
— NLO running my in b Yukawa coupling



[ Higgs + Jet, New SM LO Contributions ]

example: contributions to bottom gluon scattering

[contribution to opg— 1] /Tbg—mp [%0]
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[ Higgs + Jet ]
— Numerical Results

Tevatron (VS = 1.96 TeV), differential hadronic cross sections

do (SapT,j et)
dpT jet

do (S,mjet)
dnjet

’ |77Jet‘ < 2.5

’ pTdet > 15 Ge\/



prjet distribution : quark—gluon scattering (mpy = 120 GeV)
10

C g9

i — qg, all

20
e - qg,all,nob

------- o qg’ QCD
| qg, QCD,no b
- bg

[ Higgs + Jet, Numerical Results, Tevatron |
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[ Higgs + Jet, Numerical Results, Tevatron |
njet distribution : quark—gluon scattering (my = 120 GeV)

5y d0 gy /dn[fb] A[%)
R 11 —— qg [alvs[alnob] -
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DT jet distribution

S, dogq/dpr|fb/GeV]

A
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| : qq, ,NO
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[ Higgs + Jet, Numerical Results, Tevatron |

© q7 annihilation (mpy = 120 GeV)
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njet distribution : gg annihilation (mg = 120 GeV)

[ Higgs + Jet, Numerical Results, Tevatron |
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[ Higgs + Jet, Numerical Results, Tevatron |

effects on the of the total Higgs + Jet distributions: (my = 120 GeV)
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[ Higgs 4+ Jet, Numerical Results ]

LHC (/S = 10 TeV), differential hadronic cross sections

da(SapT,j et)
dpT jet

do (S,njet)
dnjet

. Mjet] < 4.5

, P1jet > 30 GeV



prjet distribution
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[ Higgs + Jet, Numerical Results, LHC ]
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[ Higgs + Jet, Numerical Results, LHC ]
njet distribution : quark—gluon scattering (my = 120 GeV)
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prjet distribution
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[ Higgs + Jet, Numerical Results, LHC ]

© q7 annihilation (mpy = 120 GeV)
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[ Higgs + Jet, Numerical Results, LHC ]

A

njet distribution : gg annihilation (mg = 120 GeV)
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[ Higgs + Jet, Numerical Results, LHC ]

effects on the of the total Higgs + Jet distributions: (my = 120 GeV)
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[ Higgs + Jet ]
— MSSM Results

dependence on squark mass scale (Mgysy):
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[ Higgs + Jet, MSSM Results ]
prjet- and mjet-dependence, low-my case (bottom processes dominate):

LHC, m,-max scenario, Mgysy = 400 GeV, m4 = 110GeV, tan3 = 30

do [dnje; (pb)
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[ Higgs + Jet, MSSM Results ]
prjet- and mjet-dependence, high-m 4 case (loop-ind. processes dominate)

LHC, mj,-max scenario, Mgysy = 400 GeV, m, 4 = 400 GeV, tan 3 = 30
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summary

e \We are sure to observe electroweak symmetry breaking in nature.
However, up to now, we have no clue how it is realised.
The Higgs mechanism allows to describe EWSB consistently up to very

high energy.

e HiggsBounds: powerful tool for constraining Higgs sectors of new phy-
sics models systematically.

e SM simulations show: Higgs -+ high-pp jet is a promising alternative
to the inclusive production. Differences between MSSM and SM also
extend to shapes of differential distributions.



e Backup



— MSSM



[ Backup, MSSM ]

Supersymmetry ...

. IS the extension of the Poincaré-symmetry of space-time
... leads to a symmetry between Fermions & Bosons

gauge theory with minimal SUSY :

e same # of fermionic & bosonic d. o. f.
— a superpartner of different spin exists for each particle

e couplings are correlated
— e.g. scalar 4-point int. «» gauge couplings

e superpartners have the same mass
— SUSY must be broken at the electroweak scale

gauge theory with broken SUSY :

e superpartner masses enter as additional free parameters (essentially)



[ Backup, MSSM ]

Minimal supersymmetric Standard Model (MSSM):

gauge group : SU(3)colour X SU(Q)isospin X U(l)hypercharge

particle content :

regular particles spin | superpartners spin
( quarks ( squarks
, u,d, s, c,b,t _ a,d,5,¢,b,%
fermions - % | sfermions ¢ 0
leptons sleptons
X €, Ve, by Vp, Ty VT L 57]767&7;#77‘:7177'
gauge bosons G,W=*,Z,~| 1 | gauginos GW* 27| 3
Higgs bosons Hy{,H>| 0O | Higgsinos Ay, Hy | 3

W=, Z,5 and Ay, H>, mix to charginos x5, x2 and neutralinos x%,...,x3



[ Backup, MSSM ]

R-parity : discrete, multiplicative quantum number

R(regular particles) = +1
R(superpartners) = —1

— designed to avoid large Flavour Canging Neutral Currents (FCNCQC)

consequences of R-parity conservation:

e all interactions involve an even number of superpartners
— superpartners can only be pair-produced

e the lightest superpartner (LSP) is stable
— the LSP is a candidate for dark matter



— SM extensions



[ Backup, SM extensions |
extra gauge groups

* GUT

* Technicolor

* Little Higgs models
x Z' models

etc.
gauge symmetr
matter fields
Standard
Higgs
fields

Model
change/exta multiplets

SM extensions: what is anticipated 7

extra matter fields
* SUSY
* Little Higgs
* 4th generation
etc.

Poincaré symmetry }
/

supersymmetry
, * MSSM

* NMSSM, ...
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* SUSY extra dimensions
* Little Higgs * universal ED
* Higgs triplet models * Randall-Sundrum

etcC. etc.
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