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Intro and Structure

@ Take a look at MSSM parameters beyond the CMSSM@LHC

a

@ What does LHC tell us about 1%/2"¢ gen. squarks? — quite heavy
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Intro and Structure

@ Take a look at MSSM parameters beyond the CMSSM@LHC

a

@ What does LHC tell us about 1%/2"¢ gen. squarks? — quite heavy
@ Direct LHC searches for gauginos/stop?
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Intro and Structure

@ Take a look at MSSM parameters beyond the CMSSM@LHC

(from Atlas talk, Aspen)

The only stop
- seen at LHC ‘To far
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Intro and Structure

@ Take a look at MSSM parameters beyond the CMSSM@LHC
@ LOanalysis via ete™ — X1 X, X032 Xoxo2

ae.gA K. Desch, J. Kalinowski, G. A. Moortgat-Pick, M. M. Nojiri and G. Polesello, [arXiv:hep-ph/0312069].

SUSY Parameters Mass Predictions

M, Mo m tan 8 mot m
2

99.1+£0.2 192.7+0.6 352.84+8.9 10.3+1.5 | 3788+ 7.8 359.2+8.6 378.2+8.1

X5 "8

@ Determine SUSY parameters to O(%) level
o Predict masses of 13, and X5
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Intro and Structure

@ Take a look at MSSM parameters beyond the CMSSM@LHC
@ LOanalysis via eTe™ — X7 X1, X0X2: XoXo

a

NLO parameters via yi production@LC:

@ Discuss incorporation of NLO corrections due to high
precision on masses and cross-sections achievable
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Intro and Structure

@ Take a look at MSSM parameters beyond the CMSSM@LHC
@ LOanalysis via eTe™ — X7 X1, X0X2: XoXo

a

NLO parameters via yi production@LC:

@ Discuss incorporation of NLO corrections due to high
precision on masses and cross-sections achievable

e Motivate two complementary scenarios considered
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Intro and Structure

@ Take a look at MSSM parameters beyond the CMSSM@LHC
@ LOanalysis via eTe™ — X7 X1, X0X2: XoXo

a

NLO parameters via yi production@LC:
@ Discuss incorporation of NLO corrections due to high
precision on masses and cross-sections achievable
e Motivate two complementary scenarios considered
e Present results of fits and conclusions
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Why incorporate loop effects?

SUSY loop effects can be large:

@ Fundamental parameter determination possible in chargino and
neutralino sector at LC to percent level, loop effects critical such
that theory meets experimental accuracy
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Why incorporate loop effects?

SUSY loop effects can be large:

@ Fundamental parameter determination possible in chargino and
neutralino sector at LC to percent level, loop effects critical such
that theory meets experimental accuracy

@ Sensitivity to parameters arising via loops, e.g. stop sector

Self-energy:

Vertex:

Box:
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Why incorporate loop effects?

SUSY loop effects can be large:

@ Fundamental parameter determination possible in chargino and
neutralino sector at LC to percent level, loop effects critical such
that theory meets experimental accuracy

@ Sensitivity to parameters arising via loops, e.g. stop sector

Parameter determination at NLO:

@ Calculate NLO corrections using FeynArts, FormCalc,
LoopTools

@ Use corrected cross-sections, Ay, and m.g, myo as observables
@ Fitto My, Mo, u, tan B, + stop sector mg, , Mg, and cos 0;
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Parameter | Value Parameter | Value
My 125 GeV My 250 GeV
L 180 GeV tan 3 10
M; 700 GeV Mg+ 1000 GeV
M., , 1500 GeV Me, 1500 GeV
M, 1500 GeV My, , 1500 GeV
My, 400 GeV Ay 650 GeV

Parameters

Scenario 1: inspired by low limits on my and m;

Aoife Bharucha (Universitat Hamburg)

Parameters from e Te™ — \'/1*' X1 @NLO

Assume light Bino/Wino satisying unification relations
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Parameters

Scenario 1: inspired by low limits on my and m;

Parameter | Value Parameter | Value
M, 125 GeV My 250 GeV
1 180 GeV tan 3 10
M; 700 GeV Mg+ 1000 GeV
M., , 1500 GeV Me, 1500 GeV
M, 1500 GeV My, , 1500 GeV
My, 400 GeV Ay 650 GeV

Light higgsino satisfying relic density
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Parameter Value Parameter Value
M, 125 GeV M, 250 GeV
I 180 GeV tan 3 10
Ms 700 GeV Mg+ 1000 GeV
M., , 1500 GeV M., 1500 GeV
M;, 1500 GeV My, , 1500 GeV
. 400 GeV Ay 650 GeV

Parameters

Scenario 1: inspired by low limits on m; and m;

Aoife Bharucha (Universitat Hamburg)

Parameters from eTe™ — \'/1*' X1 @NLO

Heavy gluino, sleptons (fit to 2, ) and charged Higgs

ICHEP, July 2012
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Parameter | Value Parameter | Value
M, 125 GeV My 250 GeV
L 180 GeV tan 3 10
M; 700 GeV Mg+ 1000 GeV
M., , 1500 GeV Me, 1500 GeV
M, 1500 GeV My, , 1500 GeV
My, 400 GeV Ag 650 GeV

Parameters

Scenario 1: inspired by low limits on my and m;

Light stops, other squarks heavy

Aoife Bharucha (Universitat Hamburg)

Parameters from e Te™ — \'/1*' X1 @NLO
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Scenario 2: inspired by measurement(?) of m;, = 125 GeV

Parameter | Value Parameter Value
My 106 GeV My 212 GeV
L 180 GeV tan 3 12
M3 1500 GeV Mp+ 500 GeV
M., , 125 GeV Me, 106 GeV
M, 180 GeV M,, 1500 GeV
My, 450 GeV Ay -1850 GeV

Parameters

Lighter charged Higgs, heavier gluino

Aoife Bharucha (Universitat Hamburg)

Parameters from e Te™ — \'/1*' X1 @NLO
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Scenario 2: inspired by measurement(?) of m;, = 125 GeV

Parameter | Value Parameter Value
My 106 GeV My 212 GeV
L 180 GeV tan 3 12
M3 1500 GeV Mg+ 500 GeV
M., , 125 GeV Me, 106 GeV
M, 180 GeV M,, 1500 GeV
My, 450 GeV Ay -1850 GeV

Parameters

Light sleptons, accessible at LHC and/or LC(500)

Aoife Bharucha (Universitat Hamburg)

Parameters from e Te™ — \'/1*' X1 @NLO

ICHEP, July 2012
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Scenario 2: inspired by measurement(?) of m;, = 125 GeV

Parameter |  Value Parameter Value
M, 106 GeV Mo 212 GeV
7 180 GeV tan 3 12
M3 1500 GeV Mg+ 500 GeV
M., , 125 GeV M., 106 GeV
M, 180 GeV M, 1500 GeV
My, 450 GeV Ay -1850 GeV

Parameters

Large A;, strong mixing in stop sector

Aoife Bharucha (Universitat Hamburg)

Parameters from eTe™ — \'/1*' X1 @NLO
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Fitting e" e~ — X{ X; @LC (£ =200 fb™)

S1: Masses from the continuum

Observable Tree value | Loop correction | Error
m_+ 149.6 0s 0.2
X1
m_+ 292.3 0s 2.0
X2
mso 106.9 0s 0.2
mgo 164.0 2.0 1.0
2
m_o 188.6 —~1.5 1.0
X3
(XX 806 | 23475 —291.3 1.0
(X XDE%, 0.6 224.4 7.6 0.5
A3 -2.2% 6.8% 0.8%
(X X% 5.0.6) 1450.6 —24.4 0.7
(XX —0.6) 154.8 12.7 0.5
A599 —2.6% 5.3% 1%

Aoife Bharucha (Universitat Hamburg) Parameters from e T e~
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Fitting e" e~ — X{ X; @LC (£ =200 fb™)

S1: Higher precision masses (threshold scans), powerful fit!

Observable Tree value | Loop correction | Error
m_+ 149.6 0os 0.1
X1
m_t 292.3 0s 0.5
X2
mso 106.9 0os 0.2
msg 164.0 2.0 0.5
mgo 188.6 -1.5 0.5
3
a(gm;)?i%‘s,w) 2347.5 —291.3 1.0
o(XT XN 0.6 224.4 7.6 0.5
A350 —2.2% 6.8% 0.8%
(XX 5.0.6) 1450.6 —24.4 0.7
a(gm;)?g%,_o'@) 154.8 12.7 0.5
A8 —2.6% 5.3% 1%
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Fitting e" e~ — X{ X; @LC (£ =200 fb™)

S2: Include BR(b — sv) and my,

Observable Tree value | Loop correction Error
m_+ 139.3 0os 0.1
X1
m_+ 266.2 0os 0.5
X2
Mo 92.8 0os 0.2
Mg 148.5 2.4 0.5
mo 189.7 -7.3 0.5
X3
o(X3 %)% 8.0.6) 709.7 —85.1 0.7
a(xfg;)?g_%v_o‘ﬁ) 129.8 20.0 0.3
A%90 24.7% —2.8% 1.4%
(XX 5.0.6) 560.0 —70.1 0.7
a(y{g;)?g%’fo_ﬁ) 97.1 16.4 0.3
A9 39.2% —5.8% 1.5%
b — sy 2.7-10% - 0.3-10~%
mp 125 - 1

Aoife Bharucha (Universitat Hamburg)
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Fit Results: Scenario 1

Improved Errors Comparing continuum and threshold scan masses:

\\F%meter NLO result £1o(+20) | NLO result +10(+20)

NN 1254 0.4 (

0.7)
M,/Eﬁ \2)0i06 (£1.1) 250 + 0.6 (+1.3)
)

125 £ 0.3 (£0.7)

n/ GeX\ 180 + 0.4 (£0.8 180 + 0.4 (£0.8)

tan 3 10.0£0.6 (£1.2) 10+ 0.5 (£1)
ms/ GeV 1500 = 19 (+40) 1500 4 24 (£
cos ; - 0+0.15 (713)
mi, [ GeV - 400550 (i e,
mi, ) GeV 8007555 (F50) 80097 (588()&
Sensitivity to

additional parameters
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Fit Results: Scenario 2

@ Errors on parameters are similar to Scenario 1

Parameter Loop fit
M, 106 = 0.3 (£0.6)
M, 212+ 0.5 (£1.0)
I 180 + 0.6 (+1.2)

tan 3 12+ 0.6 (£1.3)

+0.08 (40.16
cos by 0.1525707 (Zoi14)
. +360 (+900
mg, 4307730 (Z180)
~ +260 (4490
mg, 1520754 (—520)
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Fit Results: Scenario 2

@ Errors on parameters are similar to Scenario 1

@ On including m; and b — sv, errors on stop masses improved

Parameter Loop fit Parameter Loop fit
M, 106 = 0.3 (£0.6) M, 106 4 0.3 (0.6)
M, 212 4+ 0.5 (£1.0) M, 212 4+ 0.5 (£1.0)
m 180 + 0.6 (+1.2) m 180 + 0.4 (+1.1)
tan g 12+0.6 (£1.3) tan 8 12+0.3 (£1.1)
cosfy | 0.15%507 (F013) || cosbr | 0.15X508 (Z500)
mg, 4301750 (F150) mg, 430150 (F170)
mg, 15201550 (*330) ms, 15205350 (“370)

Aoife Bharucha (Universitat Hamburg)

Parameters from e Te ™ — \'/1*' X1 @NLO
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Summary and Outlook

Summary

@ Tree-level parameter determination possible up to O(%) level at a
LC via x°/x* production (with only light spectrum)

@ Fullete™ — x;x7 @NLO calculated

@ Extract parameters M, Mo, 1, tan 3, mg, and cos 0 from fit to
NLO predictions for masses, polarised cross-sections and Ag,

@ Increased sensitivity to larger number of parameters compared to
LO analyses

@ Crucial role played by improved determination of masses from
threshold scans

@ Improved sensitivity including my,, BR(b — sv) in fit
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Summary and Outlook

Summary

@ Tree-level parameter determination possible up to O(%) level at a
LC via x°/x* production (with only light spectrum)

@ Fullete™ — x;x7 @NLO calculated

@ Extract parameters M, Mo, 1, tan 3, mg, and cos 0 from fit to
NLO predictions for masses, polarised cross-sections and Ag,

@ Increased sensitivity to larger number of parameters compared to
LO analyses

@ Crucial role played by improved determination of masses from
threshold scans

@ Improved sensitivity including my,, BR(b — sv) in fit
Outlook

@ Investigate sensitivity to CP phases e.g. ¢

@ Include additional observables e.g. A5, BR(Bs — ™)
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Obtaining an IR finite result for e"e~ to charginos

@ Must include soft radiation as external charged particles, but this
introduces a cut-off.

@ Phase-space slicing method, divide the photonic corrections
phase space into soft (F < AF), collinear (¢ < A#) and finite

regions
O_full _ Utree + Uvirt—l—soft + Usoft + Ucoll.

@ Interested in weak SUSY corrections:

4AE?
s

. 3
ook = g (A ) - Zgtre <1og (Le—14A) + 2Le> :

where A, is given by the coefficient of the terms in the soft photon
correction arising from final state radiation, and the interference
between initial and final state radiation, which contain AFE.

@ Left with the “reduced genuine SUSY cross-section” as defined by
the SPA convention

@ Using FormCalc, can automatically include soft correction



Existing results for for e*e™ to charginos

Compared to existing results', where the corrections are
calculated in the SPS1a’ benchmark scenario.

In Oller et al., 2005, different approaches adopted for the
renormalisation of the chargino and neutralino mixing matrices, of
tan 8 and of the electric charge. In addition the sneutrino mass
must be shifted in order to allow the selectron mass to be chosen
on-shell, as the selectron enters neutralino production which is
studied in the same work

Our results compare up to expected accuracy taking into account
these differences in renormalisation approach
Approach to chargino-neutralino renormalisation by Fritzsche,

2005 is comparable to ours, but differs in renormalisation of tan s,
our results found to be within a percent

'W. Oller, H. Eberl and W. Majerotto, Phys. Rev. D 71 (2005) 115002
[arXiv:hep-ph/0504109] and T. Fritzsche, PhD Thesis, Cuvillier Verlag,
Gottingen 2005, ISBN 3-86537-577-4



Quick recap: Chargino and Neutralino Sector

Ly =X; (#0ij —wr (U XVT); — wr(VXTUT)ij)X;

1— N .
+ §X?(lf5ij —wr(N*YNT)ij = wr(NYINT))X

Y M, V2Myy sin 8 diagonalised via
—\ V2Myy cos B 1 M)[* =U*xvt

'where we define wr,r = (1 Fvs)
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Quick recap: Chargino and Neutralino Sector

Ly =X; (#0ij —wr (U XVT); — wr(VXTUT)ij)X;

1— N .
+ §X?(lf5ij —wr(N*YNT)ij = wr(NYINT))X

V2Myy sin 8
V2Myy cos 3

—MZCBSW MZeSBSW

'where we define wr, r = (1 F7s)
Aoife Bharucha (Universitat Hamburg)

Parameters from e Te ™ — \'/1*' X1 @NLO

diagonalised via
M =U"XVT

diagonalised via
M, = N*Y N'

ICHEP, July 2012 10/7



Masses at one-loop

@ X +6X,Y +0Y = M+ My, My+ dMs, p+ S etc.

2A. C. Fowler, PhD Thesis, 2010, also see A. Chatterjee, M. Drees, S. Kulkarni,
Q. Xu,“On the On-Shell Renormalization of the Chargino and Neutralino Masses in the
MSSM,” [arXiv:1107.5218 [hep-phl]].
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Masses at one-loop

@ X +0X,Y +6Y = My + My, My + My, pn+ dp ete.
(5M5V85
V2Myy
— chﬁsé(Stg op

5 M + My spchtg

@eg 0X= 5M§Vc5

V2Myy

2A. C. Fowler, PhD Thesis, 2010, also see A. Chatterjee, M. Drees, S. Kulkarni,
Q. Xu,“On the On-Shell Renormalization of the Chargino and Neutralino Masses in the
MSSM,” [arXiv:1107.5218 [hep-phl]].
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Masses at one-loop

@ X +6X,Y +0Y = M+ My, My+ dMs, p+ S etc.

s (5M5V85
IMQ T =
_ V2Myw
@eg 0X= 5M§Vc5

V2Myy

+ Mngc%5t3

- chﬂsé(Stg oL

@ More physical masses than inde 2penden‘[ parameters = can only
choose three masses on-shell=:

(] X]. 2 X1(2/3) NCC(b/C)
e X1 29 X2 : NNC
° X1 29 X3 NNN

2A. C. Fowler, PhD Thesis, 2010, also see A. Chatterjee, M. Drees, S. Kulkarni,
Q. Xu,“On the On-Shell Renormalization of the Chargino and Neutralino Masses in the
MSSM,” [arXiv:1107.5218 [hep-phl]].
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Masses at one-loop

@ X +6X,Y +0Y = M+ My, My+ dMs, p+ S etc.

s (5M5V85
IMQ T =
_ V2Myw
@eg 0X= 5M§Vc5

V2Myy

+ Mngc%5tﬁ

- chﬂsé(Stg oL

@ More physical masses than inde 2penden‘[ parameters = can only
choose three masses on-shell=:

(] X]. 2 X1(2/3) NCC(b/C)
e X1 29 X2 : NNC
° X1 29 X3 NNN

@ Amg, = ’“ —ERe[Ef(m3,) + £ (m} )] + 5 Re[ESL(m~ )+ 25 (m2)] =0,
results in renormallsatlon conditions flxmg 0| M|, 8| Ma|, &|ul

2A. C. Fowler, PhD Thesis, 2010, also see A. Chatterjee, M. Drees, S. Kulkarni,
Q. Xu,“On the On-Shell Renormalization of the Chargino and Neutralino Masses in the
MSSM,” [arXiv:1107.5218 [hep-phl]].
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Rates of chargino/neutralino production: Scenario 1

(60%, —80%) | (~60%,80%) | (0,0)

Process cross section [fb]
ete” — X%y 1450 155 515
ete = XExd 35 36 23
ete™ — )Z?)Z? 1.5 0.1 0.5
ete™ — x9%9 2.8 4.4 2.6
ete™ — X(l)f((g) 88 72 53
ete™ — x0x% 0.1 0 0
ete™ — )28)2(2) 0.2 0 0.1
ete™ — )ng(g 155 112 91
ete™ — %9%9% 0 0 0
ete™ — x9%9 0.2 0.1 0.1
ete = %950 11 8.6 6.6

Arp(0) —2.6% —4.7% —-3%

Arp(X1) —2.2% —9.3% —-3%

Aoife Bharucha (Universitat Hamburg)
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Parameter | Value Parameter |  Value
M 125 GeV Mo 2000 GeV
p 180 GeV Mg+ 1000 GeV
Ms; 700 GeV tan 3 10
M., , 1500 GeV Mo, 1500 GeV
M, 1500 GeV My, , 1500 GeV
My, 400 GeV Ay 650 GeV

Scenario 1a:

Aoife Bharucha (Universitat Hamburg)

Parameters from e Te™ — \'/1*' X1 @NLO

Assume heavy Wino, breaking unification relations
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Parameter | Value Parameter |  Value
M 125 GeV Mo 2000 GeV
p 180 GeV Mg+ 1000 GeV
Ms; 700 GeV tan 3 10
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Scenario 1a:

Aoife Bharucha (Universitat Hamburg)
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Parameter | Value Parameter |  Value
M 125 GeV Mo 2000 GeV
p 180 GeV Mg+ 1000 GeV
Ms; 700 GeV tan 3 10
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M, 1500 GeV My, , 1500 GeV
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Parameter | Value Parameter |  Value
M 125 GeV Mo 2000 GeV
p 180 GeV Mg+ 1000 GeV
Ms; 700 GeV tan 3 10
M., , 1500 GeV Mo, 1500 GeV
M, 1500 GeV My, , 1500 GeV
My, 400 GeV Ay 650 GeV

Scenario 1a:

Aoife Bharucha (Universitat Hamburg)

Parameters from e Te™ — \'/1*' X1 @NLO

Assume heavy Wino, breaking unification relations
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Scenario 1a:

Parameter |  Value Parameter Value
My 125 GeV M, 2000 GeV
0 180 GeV Mg+ 1000 GeV
M; 700 GeV tan 3 10
M., , 1500 GeV M, 1500 GeV
M, 1500 GeV My, , 1500 GeV
My, 400 GeV Ay 650 GeV

Assume heavy Wino, breaking unification relations

ICHEP, July 2012 13/7

Aoife Bharucha (Universitat Hamburg) Parameters from e Te™ — \'/1*'11_ @NLO



Comparing fits using NLO and LO expressions

Parameter

NLO result +10(+20)

LO result +10

M,/ GeV

M/ GeV

wu/ GeV
tan 3

m,;/ GeV

mt~2/ GeV

125.0 £ 0.6 (+1.2)
250.0 + 1.6 (£3.0)
180.0 4 0.7 (£1.3)
10.0 1.3 (£2.6)

1500 + 20 (£40)

8001770 (Y350)

122.0£0.5
260.7+1.4
176.5 £ 0.5
27.0+£9.0

2230 £ 50
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