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Supersymmetry (SUSY)

SUSY relates fermions and bosons!

e new partner particles  for all SM particles postulated,
same quantum numbers but differ in spin by 1/2

e SUSY as an exact symmetry predicts m(SM) - m(SUSY)
] if realized, SUSY must be broken at low energies
SUSY masses around TeV scale are well motivated [ prod. at LHC?
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Supersymmetry (SUSY)

SUSY relates fermions and bosons!

e new partner particles  for all SM particles postulated,
same quantum numbers but differ in spin by 1/2

e SUSY as an exact symmetry predicts m(SM) - m(SUSY)
] if realized, SUSY must be broken at low energies
SUSY masses around TeV scale are well motivated [ prod. at LHC?

e Minimal Supersymmetric Standard Model (MSSM):

SM patrticle SUSY particle
quarks du, dr | squarks  Qi, Or
leptons O, IR sleptons 4, /R
gluon g gluino g
W/Z boson W, Z | wino/ziho W, Z _ 0
photon N photino 5 neutralinos i
_ — — charginos {*
Higgs Hi, Ho | higgsino Hjp, H»

R-parity conservation: SUSY particles are produced in pairs
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Motivation

Why studying production of squarks and gluinos at the LHC?

e pair production of color-charged SUSY particles
proceeds via strong interaction e EISSRO2 (T Pl

_ 103
[1 large cross sections

o, [Pbl: pp — §, 6, T,E,, X3K:, 99, %99, K94 7

102

» large top-Yukawa coupling: v
top-squark t; candidate for s oty
lightest squark — No
[ high production rate P E
20 m [GeV]
10 ol b b b b b L

100 150 200 250 300 350 400 450 500

e cross section depend essentially on final state masses

1 bounds on cross section allow for lower mass bounds
without specifying all other SUSY parameters
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Overview: Squark & Gluino Production at LO

Squark and gluino production at LO is well known since many years

[Kane & Leveille '82, Harrison & Llewellyn Smith '83,
Reya & Roy '85, Dawson, Eichten, Quigg '85, Baer & Tata '85]

e O(a?): - §g production
M
— gqQ production
{/ —>—E - —>—? ///
M MZLA% W‘Y /
q 1,7
— §§*, tt* production
L Ly - - - - e , o -~
?ﬁmw:, ‘ j::l&:’) >um4.4/ (q 7é :
hN | “a Y + :
N LI - > - - - S AN — & - -

— Q production

e

Eiooooog

-—p— -
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Higher Order Corrections

Important higher order effects due to QCD corrections
[Beenakker, Hopker, Spira, Zerwas '95 &'97] &
[Beenakker, Kramer, Plehn, Spira, Zerwas '98]

e O(a?) - QCD NLO corrections T ROsEe

- G 4
QCD Born x g€y q §A“h::§g + ...
e q "

+ real gluon & real quark radiation
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[Beenakker, Hopker, Spira, Zerwas '95 &'97] &
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e O(a?) - QCD NLO corrections T ROsEe

- q 7
QCD Born x g€ yq ?uu.(?g + ...
e q .
+ real gluon & real quark radiation

g* production:

O

t;t* production:

e large positive

]..7 [T T [T T T r[rrr o rrr1 T T T [T 1] | I I I | | I I | I I I | I T I
C _ _ ] 2 _ — ;
16 B ppipp = BE+X E L Kaa 0.8 - corrections
s | X=oRLOelQ) ' [ /e = 12 1 e reduced scale
-« [ LHC - q g 1.6 -
N 15 20 7] dependence
1.3 : — 1 e negligible
N ] i ‘_| | | | ] in normalized
. -_I 1 I L1 11 | 1 11 | 1 | 1 | L1 11 I 1 I_- l l l ‘ l l l l l l l l diStributiOnS
200 400 600 800 1000
100 150 200 250 3[:3&1) mc~1 [GeV]
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Electroweak Contributions — at Born level

tt*, gg*, and §q production also possible by tree-level EW processes |

[Bornhauser, Drees, Dreiner, Kim '07]
[Bozzi, Fuks, Herrmann, Klasen '07],[Arhrib, Benbrik, Cheung, Yuan '09]

~ ~

o O(a? + asar) - pure EW tree-level contributions (tt*, §G*, 4 prod.)

'>A%NZ«/ (@ # 1) ‘*"

+ EW-QCD tree-level interferences to §G*) production

vz ﬁ4" ‘* g )
>\N\N< P X >Lu.u4\
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Electroweak Contributions — at Born level

tt*, gg*, and §q production also possible by tree-level EW processes |

[Bornhauser, Drees, Dreiner, Kim '07]
[Bozzi, Fuks, Herrmann, Klasen '07],[Arhrib, Benbrik, Cheung, Yuan '09]

~ ~

o O(a? + asar) - pure EW tree-level contributions (tt*, §G*, 4 prod.)

|>A~« @79 ‘ o
+ EW-QCD tree-level interferences to §G*) production
7,Z / T T g //

R R \\

New production channel for §¢ , tt*, and §&* production:

[Hollik, Kollar, MT '07], [Hollik, Mirabella '08]
e O(asa) : photon induced processes [Hollik, Mirabella, MT *08]

2
/y / ’\/\,ﬂ}\//\/r__‘———'
;.3» x < '
\\ M‘-‘*-—_
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Electroweak Contributions — at one-loop level

- of comparable size to higher-order QCD corrections ;. «jesza. votyka 08 & 09
[approx. NNLO: Langenfeld, Moch '09]

[Hollik, Kollar, MT '07], [Beccaria et. al. '08]

2 . i [Hollik, Mirabella '08], [Hollik, Mirabella, MT '09]
¢ O(asa) - BEW NLO corrections [Mirabella '09], [Germer, Hollik, Mirabella, MT "09]

Ry g q o= “‘Uu—ui--*"‘
QCD Born x Y gz MX? ol Y + ...
sessem-bn S FURNISTITY?) S
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[approx. NNLO: Langenfeld, Moch '09]

[Hollik, Kollar, MT '07], [Beccaria et. al. '08]

2 : i [Hollik, Mirabella '08], [Hollik, Mirabella, MT '09]
¢ O(asa) - EW NLO corrections [Mirabella '09], [Germer, Hollik, Mirabella, MT '09]

Ry g q o= “‘Uu—ui---*"‘
QCD Born x 1 gz >num<1y<|0 oo Y + ...
sessem-bn S FURNISTITY?) S

+ EW-QCD one-loop interferences for tt*, §g*) production

g g
v Z Sl EiRadaiass Tani
: X Y é Y
. oo EFEFEE®-a
g g

(9 jit) 0 X full QCD 1-loop amplitude
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Electroweak Contributions — at one-loop level

- of comparable size to higher-order QCD corrections ;. «jesza. votyka 08 & 09
[approx. NNLO: Langenfeld, Moch '09]

[Hollik, Kollar, MT '07], [Beccaria et. al. '08]

2 : i [Hollik, Mirabella '08], [Hollik, Mirabella, MT '09]
¢ O(asa) - EW NLO corrections [Mirabella '09], [Germer, Hollik, Mirabella, MT '09]

Ry g q o= ------
QCD Born x v gz >“““<Ix° “‘L:j?z\ﬁl + ...
sasse st I FORNTITY) SN

+ EW-QCD one-loop interferences for tt*, §g*) production

g g
v Z Sl EiRadaiass Tani
: X Y é Y
. oo EFEFEE®-a
g g

(9 j’it) 0 X full QCD 1-loop amplitude

+ real photon, gluon, and quark radiation
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EW NLO Corrections : Singularities at O(a2a)

We use FeynArts & FormCalc to automatize the calculation.
Process-dependent solutions are necessary in singular regions:

e UV singularities (self energies, vertices) from loop integrals
[] renormalization required
[tt*, §6: on-shell renorm. of quarks & squarks at O(«);

~ ~

G6): full QCD 1-loop amplitude enters, full O(as) renorm. required]
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EW NLO Corrections : Singularities at O(a2a)

We use FeynArts & FormCalc to automatize the calculation.
Process-dependent solutions are necessary in singular regions:

e UV singularities (self energies, vertices) from loop integrals
[] renormalization required
[tt*, §6: on-shell renorm. of quarks & squarks at O(«);

~ ~

G6): full QCD 1-loop amplitude enters, full O(as) renorm. required]

e |R soft singularities fromm, =mg =0

] real photon and gluon bremsstrahlung

[technical: mass regularization + phase space slicing/ dipole subtraction;
gluonic corrections: color correlations, EW-QCD interferences!]

e |R collinear singularities  from mg =0
I real photon and gluon bremsstrahlung
] factorization and redefinition of PDFs at O(«) or O(as)
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Numerical Results: Hadronic Cross Sections

~ o~ JLO ZXJNLO o9 OEWAUee
117 prod.: O(c2) | O(a2a) Olasa)  O(a?)

iy | 2670fb | —-22fb  38fb 1.2fb | 0.6%

[SPS1a’: typical mSUGRA scenario]
[m(t;) = 360 GeV, MRST 2004 QED]

0-2_"'|""|""|""|_ ST T T T T T
o.15'_— Lt L
ST | —gg fusion — rel. EW contribution -
3 o1 —qgd channels _ 0 -
o) — gy fusion ] i |
. 0.05 — abs. EW contribution _ S _
: ° s :
B i L -
© |
-0.051 SPS1a’, LHC] | sPsia, LHC !
A B T I B _ T D D D BT
1000 1500 2000 2500 10 1000 1500 2000 2500 3000
Ivlinv [GeV] Minv [GeV]

[1 g~ contributions are of comparable size to EW NLO corrections!
] threshold effects from stop and sbottom pairs in the loops
1 EW contributions grow up to ~ 10% for large values of Mj,,
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Numerical Results — gg production

~ ~ o0 AgNLO g FEW tree 5
gqg prod.: 0(a?) | 0(a2a) O(asa) O(a?+asa)
§dr | 10820fb | 9.8fb  5.3fb - 0.1%
GG | 10010fh | —248fb  4.91b - —2.4%

[M(G.) & 565GeV, m(fr) ~ 540 GeV, m(§) = 609 GeV, MRST 2004 QED]

N R 77T ]
O ' SPsla, LHC _— rel. EW contributions 1
B i 0
< -0.051 - -1
() B ] L
0] : — i ,
o L u B w4
= -0.1- it 1 =
= L i - -3k
s B —gqchannel ] w -
Sooasl 1 A qq channels - A gq,, prod.
S i — yq fusion i o 9a Er_?d' §
. 2:_ — abs. EW contr, 5| — Incl. gq prod. spSia’, LHC]
il T T R T | T T | N T T L. T E S R O S SO S N N S S T N B R S R R
1000 1500 2000 2500 1000 1500 2000 2500 3000
I\/Iinv [GeV] Minv [GeV]

] ~vqg and real quark channels only moderate;
] gg. prod.: EW contrib’s grow up to 5-10% in distributions
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Numerical Results — qq production

o . O.LO AO‘NLO o9 AO‘EW tree 5
uu prod.: O(e?) | O(a2a) Ofasa) O(cP+asa)
lrlr | 537f0 | —45f  — 29fh | 4.5%
Gui, | 4871 | —30fb  — 94fb | 13%
ir0 | 630fb | —26fb  — 1.3fb | —4.0%

[m(GiL) = 561 GeV, m(lir) = 543 GeV, MRST 2004 QED]

02— L I L B
. —— uu photonic corr. | 301 ~ ~ | ]
—— uu gluonic corr. u u
0.15 ]
S L TR gu real quark rad. i o i
@ i —— EW tree-level contrib. | 201 — rel. EW contribution
% 0.1~ — abs. EW contribution ] — | '
o
= S
<= 0.05] o 101
E [
o) - _
S 0 _
[ o}
'0-05- ......... Lo oo, Lo oo, [ -S.Ps.l{fl” |LH.C. P B R B
1000 1500 2000 2500 1500 2000 5500
M., [GeV] M., [GeV]

(1 many interference contributions! EW tree-level channels important
] total EW contributions significant for left-handed squarks
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Summary

e Exciting times ahead: SUSY will be probed at the LHC
Squarks and gluinos  will be produced at a very high rate

* QCD corrections already well known,
EW NLO corrections to g4, 9q, qg*, tt* prod. completed ,
for Qg production publication in preparation

e EW contributions have a rich structure
[ strongly dependent on chirality —of produced particles
] non-zero photon PDF opens important production channel
[ EW tree-level and involved EW-QCD interference contributions

e EW contributions to integrated cross sections are often small,
but become important in distributions
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Backup
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Overview . Squark and Gluino Production @ LHC

LO NLO QCD EW contributions

O(cs) O(cs) O(a®) O(asa) | Oasa) | O(aza)

g9 + + - - - +
gq + + ~ ~ + +
tt* + + + ~ + +
qq9” + + + + + +
qq + + + + — +
ROl ISt DS N A Bt
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SUSY Phenomenology — Motivation

e SUSY has predictive power

100

E_ FllLSP

= 1/tb

800—

900

700—

> NV (N
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—i
S

— - T\
300F
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100—

llll\\‘

o
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—— jets + MET (CMS)

— + 0lepton + 4 jets (ATLAS)
- 1 lepton + 4 jets (ATLAS)

— - SS2u (CMS)

..... Higgs (2/fb ) (CMS)

full CMSSM

“~__ | parameter space
T [ eswcl.
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NO EWSB

\
0 200 400 600
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1000 1200 1400 1600 1800 2000

mg [GeV]

I 800\ I

— good prospects for LHC!

[Buchmueller, Cavanaugh,

De Roeck, Ellis, Flacher,
Heinemeyer, Isidori, Olive,
Paradisi, Ronga, Weiglein '08]

from combination of experimental, phenomenological,
and cosmological information:

'195% C. L. area in the (my,5, Mg) plane of CMSSM lies largely
within the region that can be explored with 1fb  —* at 14 TeV
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Experimental Searches

stop mass limits squark & gluino mass limits
[DO, 0803.2263 hep-ex] [DO, 0712.3805 hep-ex]
600 /N R
> HLEP2 ¥ ]
<O ()
> 100l CDFRunii295pb? D@, L = 995 pb' ) 500 LEP2 T* .
@ [ — DO Run 11360 pbg, 7., ~ Dol q
9 - — Observed ((\’:/ & SO (7)) 3
R 80__...Expected 2 % 400 o | ]
S ool s SRR 1o MSUGRA L3
i % 300 solution \?
40r -LEP 6 = 56° g D215 J
F | lepec o = 200 D@, L=2.1fb* {
20} i ) tanp=3, A =0, u<0
5 100
% 60 80 100 120 140 x &
m. (GeV) (b 100 200 300 400 500 600

Gluino Mass (GeV)

(I until now: agreement between data and SM expectations

[] comparison of exp. limits & theor. cross sections:
restrictions on SUSY parameter space
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Cross Sections at Hadron Colliders

Distinguish hadron level and parton level

op,p,—qg+ (P1,P2) = Z /dxl dxz fi(x1)fj(X2) Gij—gq~(P1,P2)
1,j=0,0,9
P12 =X12P12
fg.q,(X) : parton density function (PDF)

] probabillity to find a gluon g or (anti-)quark g with
momentum fraction x (process independent)

Factorization

fi(x) — fi(X, ur)
1. factorization scale
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How to obtain a IR-finite cross section for qq — tt*

e soft divergent diagrams and soft photon bremsstrahlung
2
, . g . . ,
v ¥ , ol . d d '
Pl ) D D D
e collinear divergent diagram and hard, collinear v bremsstrahlung

Yo, .2
ya , 5 ’ oL Vs
’y \ ¢ N \\ ‘\
\\\ \\\ \ ’y \

+ redefinition of PDFs at O(«): subtract In(mg)-terms from oqq
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How to obtain a IR-finite cross section for qg — tt*

e soft divergent diagrams and soft photon bremsstrahlung
2
, . g . . ,
v ¥ , ol . d d '
Pl ) D D D
e collinear divergent diagram and hard, collinear v bremsstrahlung

Yo, .2
/,/ /,,, / + /
’y \ ¢ N \\ ‘\
\\\ \\\ \ ’y \

+ redefinition of PDFs at O(«): subtract In(mg)-terms from oqq

e soft gluon divergent diagrams soft gluon bremsstrahlung

and
o - / > J ,’/ "L /’/ + >igw.§’/ %’+
] Ve [ ) ®
* ‘ \ \ LN I ]
I :N*“o W‘m‘\\\ 9 \\ !7\)\7/9 Q?\yg g \\
g

i g
e interference of QCD boxes ——patinng- - vz
and EW Born Py . :
/r/"‘u‘éu’l*-——_ \\
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e at O(a2a): non-zero interference  of EW and QCD diagrams!

[] many channels & diagrams (but small contributions)
some examples for utd — gu U:

X
]
v
]
|
[(e]]
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e at O(a2a): non-zero interference  of EW and QCD diagrams!

[] many channels & diagrams (but small contributions)
some examples for utd — gu U:

X
]
v
]
|
[(e]]

(I on-shell internal particles : insert widths to regularize propagators
[ in order to avoid double counting : subtract possible resonances

Ly } U 2
— §§ % X |z
>:;T£/<\\\ >< g ’// \\\ U|_ {
o(ud — (i G « BR({i* — §i)
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SUSY Parameter Dependence

tt; prod.:

e Relative corrections ¢ with respect to total born cross section (gg + qq),

S —— gg fusion i

10 & — qd channels -

= —— gy fusion 3

~ —all ]

o 1 E
s ¢ ;
o B N

107

=
S
N
T IIII|

5 [%]
o _

SPSia’, LHC
200 300

400 500

m(t,) [GeV]

Maike Trenkel (UW Madison):

Production of Squarks and Gluinos at the LHC

stop mass m(t;) varied around
SPS 1a’ value, all other parame-
ters fixed

e moderate contributions, at percent level

e thresholds in H° diagrams

g g g
L T R S S
bt g e g
HO \t7 | .7 HO \tl S Ho W
bl \ _9_99)‘, qi \ q? \
\ g \ ! \

e thresholds in top-squark wave function
renormalization

5 >~<i0 5 . fz 5 N f2/6i N
t]_ t]_ tl (// > \\\ tl tl Q tl
- - > -- - - - - - > --
t hO/HO/AO Z/W
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SUSY Parameter Dependence I

§1O45_
L
° r —3
10°E -3
o 9
- —Inc

Py

ol ol ol ol .
| po) — .

T T T T T T T T T T T T [
variation of gluino mass m(g)

m(@) = 500 GeV

3,
AT

5 [%]

—\l’ 14 TeV (pp)

400
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L
500 __ 800 1000 1200
m(g) [GeV]

Production of Squarks and Gluinos at the LHC

oNLO [fh]

m(g) = 609 GeV

RRE TN

Py

variation of common squark mass m(q)

—\l_ 14 TeV (pp)

500 800
m(q) [GeV]
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Numerical Results — t,t; production

~ d . JLO AONLO o9 JEW,tZree 5
2, Prod.. O(af) | O(afa) O(asa)  O(a?)
tty | 2670fb | —22fb  38fb 1.2fb | 0.6%
Lty | 190fb | —-32fb  3.8fb 0.3fb | —15%

[m(t;) = 360 GeV, m(t,) = 580 GeV, MRST 2004 QED]

0.021 — i
-_ t2 tz* 0 .....
> ol
9 L
= _
E-O.OZ_ —— gg fusion _ =
_% — (g channels i I
S -0.04+ — gy fusion = I
© — full EW contribution ] i
-0.06[- SPS1a’, LHC] - SPS1a’, LHC
R T R S SR SV S P ST S SV S P S S S I S I S S ST S R S S ST SR N S S SR
1500 2000 2500 3000 1500 2000 2500 3000
I\/Iinv [GeV] Minv [Gev]

] integrated cross section suppressed from heavy t,-mass,
7 but O(a2a) corrections enhanced  for more left-handed t,
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