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Abstract

The basic principle of naturalness has driven the majority of the LHC program, but
so far all searches for new physics beyond the SM have come up empty. On the other
hand, existing measurements of SM processes contain interesting anomalies. which
allow for the possibility of new physics with mass scales very close to the Electroweak
Scale. In this paper we show that SUSY could have stops with masses O(200) GeV
based on an anomaly in the W™ cross section, measured by both ATLAS and CMS
at 7T and 8 TeV. In particular we show that there are several different classes of stop
driven scenarios that not only evade all direct searches, but improve the agreement
with the data in the SM measurement of the W™~ cross section.
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Light stops are a hallmark of the most natural realizations of weak-scale supersymmetry. While
stops have been extensively searched for, there remain open gaps around and below the top mass,
due to similarities of stop and top signals with current statistics. We propose a new fast-track
avenue to improve light stop searches for B-parity conserving supersvmmetry, by comparing top
cross section measurements to the theoretical prediction. Stop masses below -~ L) Gel can now
be ruled out for a light nentralino. The possibility of a stop signal contaminating the top mass
measurement is also briefly addressed.

Introduction: Oune of the open guestions in particle ther plagued by larse theoretical and pedl uncertainties
physics 1s why the weak and sravitational [orees have or require very large statistios, only aceessible in future

such different strengths, IE this heerarchy problem has a LHC runs [40]. To date, the strongest constraints come
solution dictated by microscopic dyvpamics, one expects from dedicated searches using multivariate analyses and

new particles not far from the weal seale, O W GeV), in provide only a partial exclusion of the stealth stop win-
the form of partners of the Standard Model [SM) parti- dow [Z1] 25]. Open gaps remain. For instance, for mass-
cles, responsible for insulating the Higes mass from laree less peutraling, 80GeV = myp = M0 GeV or my around
ultraviolet quantim corrections. Weak-scale supersyin- iy are still allowed.,  While model-dependent lmits in
wetry (S15Y) is a leading candidate for such a micro- these gaps arise from indirect Higes couplings constraints
% o H : » Tilavaien i . . N s o e (. 3 n WP T Ay -
seopie selution of the heracchy problem and the mech- [see e.g. HOES]) and from £ — ey} searches [20 3], we
anism s moest natural if the partners of the SM parti- stress that no robust exclusion s currently available.

cles having the largest coupling to the Higes feld are
light [T1[Z]. the top squark being the most prominent oue.
This region of the SUSY parameter space has been called
Natural SUSY in recent years [3]. Many theoretieal stad- j.‘”'l”“i“lf-'-l:i:’] ‘]l-.“‘“':":i“'i“ﬂlil“ﬁ "f'-.!'.r'*i"\"]"l"f'i-‘i h'i]‘l‘-"'l't':l 51:51'-|Hi,'-’..-
) e e e nal and SM background, onur method is based on exploit-
::r!ﬂﬁ.ﬁl;:rll-,l[xil-:‘lU,lll.];.:l[.lt;:,l ;::]:l :]::llﬂ.;:l::zj iug 1l.||:' k'u!ruml ii.'}Ll. 'n;:I'.I'I:'.J'.a'H'n;."I-r'H ht‘l'l.'.'t'-?u. top and stops
on searches for the top (and bottom) squarks “-"] i this region. Namely, il stop prodoction and decays

In this letter we propose a different, complementary
approach for copstraining light top soquarks. Instead of
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are kinematically very similar to the S8 top ones, then

- In R-parity conserving scenarios, current LHO lmits SUSY contributions may bias 53M measurements, Sim-
Q reach up to about TO0GeV, depending on the value of  flar methods have been proposed for constraining new
i the lightest SUSY particle (LEP} mass, usually taken phvsics with WHW~ measurements [{THEE]. Therefore,
&= to be a neutraline (yY) or a gravitino (7). However, we propose toouse top S measurements and SM theoret-
unconstrained regions for lighter values of stop masses 1cal predictions to set limits on the stop contamination in
still remain, the most important being the one where i event samples. We will illustrate our method by foens-
Mg = Ty 3 Wl & and I decays into {off-shell] top and ing on one of the most inclusive top properties, the top
the LSP, ie. where § decavs are kinematically very sim- production cross section, oy, The inclusiveness has the
ilar to top decavs. Given that the production eross sec- advantage of reducing theoretical nneertainties. Further-
tion for top squarks s mmch smaller than the one for  moere the theoretical prediction for oy in the SM 5] [55]

i =~ e at the LHC), has been recently nnproved to NNLOGNNLL by a molti-
constraining these stealth stop models BTHE] s partic- vear effort of two of the anthors [SEHED, providing [59][61]

ularly challenging. All of the strategies studied o the r;r:'!”"f' = l?E".E:;I:m'HlL'] ' ::::‘.iruli"r]rh for my = 1733 GeV.

top quarks (o; ~ (L1 ay for mg

literature focused on exploiting the subtle kinematical Iuterestingly, the theoretical uncertainties are now oom-

differences between the top and stop production and for parable to the experimental ones, providing a undgue op-
decays [J][IH[I7]. Furthenmore, the best known diserim- portunity for performing this analyvsis: hoether experi-
inating kinematical variables, such as the lepton rapidity mental improvements alooe will only marsinally change

distribution or the dilepton angular correlations, are ei- the constraining power of this method,
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o~ : Abstract
E o We show that a right-handed stop in the 200-400 GeV mass range,
> together with a nearly degenerate neutralino and, possibly, a gluino
et below 1.5 TeV, follows from reasonable assumptions, is consistent
= with present data, and offers interesting discovery prospects at the

LHC. Triggering on an extra jet produced in association with stops
allows the experimental search for stops even when their mass dif-
ference with neutralinos is very small and the decay products are
too soft for direct observation. Using a razor analysis, we are able to
set stop bounds that are stronger than those published by ATLAS
and CMS.

arXiv:1212.6847v1 [hep-ph] 31 Dec:
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LHC. Triggering on an extra jet produced in association with
allows the experimental search for stops even when their m
ference with neutralinos is very small and the decay product
too soft for direct observation. Using a razor analysis, we are ab
set stop bounds that are stronger than those published by AT
and CMS.

arXiv:1212.6847v1 [hep-ph] 31 Dec:

ApsTRACT: A number of LHC searches now display intriguing excesses. Most prominently,
the measurement of the W+ W - cross-section has been consistently ~ 20% higher than the
theoretical prediction across both ATLas and Cms for both 7 and 8 TeV runs. More
recently, supersymmetric searches for final states containing two or three leptons have also

B e U o O o e . O 2 . . .

v2 [hep-ph] 27 Jun 2014




What about Light Stop Scenarios?

tf, production, t> b fF /> Wb X, / t— t %, Status: ICHEP 2014 tf, production, t— ¢ %, /> Wb X, /t—> 1%, Status: ICHEP 2014
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Interesting for the right Relic Density

Jungman, Kamionkowski, Griest, Phys. Reports 267 (1995)

°* number density of DM in early universe ot e T
can be described by Boltzmann equation 0001
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Interesting for the right Relic Density

°* number density of DM in early universe _Effective cross section
can be described by Boltzmann equation ™ '

i+ 3Hn = —(0ef)(n* — n)

eq ,,¢4 —
(Oeftv) = E :<Uijvij>_ni o >
— neq ned Lufll
1) ‘-:—:
e!

nfq —(m; —my) —(mi—my)

X exXp T = eXp T
ned

* assuming lightest stop being the NLSP

ad
f
=

="
oE

Ty — TNco £ -
t1 X
AM = !

TN o
X . - - - e
! £ = I'gll
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Interesting for the right Relic Density

°* number density of DM in early universe

can be described by Boltzmann equation

n+3Hn = —(0ug,)(n° —nZ)
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admixture of neutralino-stop coannihilation processes can be important to achieve
the right relic abundance and not to overclose the universe

)
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Current Status of Theoretical Calculation

* precise relic density determination by PLANCK

Qcepvh? = 0.1199 + 0.0027

Planck Collaboration, arXiv:1303.5076

* Public tools evaluate the relic density for a specific parameter point in the MSSM

MicrOMEGAS DarkSUSY Superlso Relic MadDM

Belanger, Boudjema, et al. , CPC (2002) Gondolo, Edsjo, et al. , JCAP (2004) Arbey, Mamoudi, et al. , CPC (2010) Backovic, Kong, et al. , (2013)

* Theoretical prediction allows for constraining particle physics models

: kel
n+3Hn = —<Ueffv>(n2 — nzq) |:> Q h2 @ g;;snz:.
“+—

[ ) Calculation so far just on (effective) tree level
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Neutralino-Stop Coannihilation at Tree Level

* 8 different final states have to be considered

1
2
* gluon, Higgs and electroweak vector bosons in the final ™ ngﬁj;k\h
X v

state .
Par&uc
Phjsi,cs

Ty

B

I!- jl\. -
A g

Ij> [calculating loop corrections to match experimental precision]

Julia Harz Phenomenology of Neutralino-Stop-Coannihilation including SUSY-QCD Corrections 21.07.2014



. and at one-loop level including SUSY-QCD

_
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... and at one-loop level including SUSY-QCD

* tree level with gluon in the final state

: : : 4, : :
* NLO corrections give rise to propagator ¢ n Wy, S corrections and box diagrams
e

: | %o,
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Renormalisation

« Aim: Renormalisation scheme which is valid over a wide parameter space
for all (co)annihilation

Coannihilation \ '52

* hybrid on-shell / DR renormalisation scheme

05 1@ ;S ADE AT 08 R | e ms. . 0z, 0;
[mt17mb1’mb2 At 7Ab Ty, Y, ] = [ 22 717 7h

Input parameters dependent parameters

c.p. S. Heinemeyer, H. Rzehak, C. Schappacher, Phys. Rev. D82 075010 (2010)

e (s renormalisation

MS,SM,(5) /.2 (1)5 MS,SM,(5) [ 2 (2); DR,SM,(5) [ /2 (3); DR,MSSM, (6) [ /2
&87 , (mZ) &87 ’ (Q) Oés’ , (Q) CEs’ , (Q)
J. Vermaseren, S. Larin, T. Ritbergen, Phys. Lett. B405 (1997)
R. Harlander, L. Mihaila, M. Steinhauser, Phys. Rev. D (2005)
A. Bauer, L. Mihaila, J. Salomon, JHEP 0902:037 (2009)
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... and at one-loop level including SUSY-QCD

- -+ ey
i Y

QX corrections and box diagrams
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IR divergences

« 2-cutoff phase space slicing

O_NLO / d0_v1rtual +f do_real _ ﬁnite
2—2 2—3

10~ c!utoff dependle-lnc!e | le-9,
B. W. Harris, J. F. Owens, Phys, Rev. D65 (2002) ' '
. e 1070 R e _
K / 0_ hard p Il
ﬂE CO” 10_5 e -
c).hard )
non-coll
107° i i
10°° 107 1077 107

8s/ Vs

o7 = *M(AE) + 0" AE, Af) + o™ (AE, Af) M

eikonal
approximation

1 N

hard-collinear pure 2— 3
approximation processes

b g
T
i g

410.8

410.4

40.0
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real contribution
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Intermediate On-Shell States

* with m; > my + m an intermediate on-shell state can occur as soon as \/5 > My

——— -

by

* Jocal on-shell subtraction (DS) / “Prospino® scheme

W. Beenakker, R. Hoepker, M. Spira, P.M. Zerwas, Nuclear Physics B 492 (1997)

|M|2 = |Mre8|2_‘MSUb‘2 + 2Re(M Miem) + |~/\/lrem|2

res

* “counterterm” consists of Breit-Wigner weighted on-shell squared matrix element
‘2 2F2

Msub
‘ (pf —m¢)* + m§

res

2 ‘Mres‘

pt _mt

° resonant propagators are regularized by Breit-Wigner propagator

t consistent, width independent, gauge invariant treatment
| retaining interference terms
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Combining different (co)annihilating Channels
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Combining different (co)annihilating Channels
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Impact on the (Co)annihilation Cross Section
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Impact on the Neutralino Relic Density

Impact of all combined channels on the relic density
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4 ™
large relative corrections with respect to
default MicrOMEGAs (~ 20%)
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Conclusions

* SUSY might be hiding in the light stop region

* neutralino-stop coannihilation can be important in order to Doghoghoed
obtain the relic density in the right ballpark
* calculation of neutralino-stop coannihilation and R

neutralino annihilation at full next-to-leading order

%)

(

* impact larger than current experimental uncertainties

M, (GeV)

w o w o w o
Total contribution of DM@NLO processes

S & »
¥
¥ 60
‘ / s
3. 336 338 340

330 332 334
M, (GeV)

DM@NL@

http://dmnlo.hepforge.orqg/
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Interesting for a 126 GeV Higgs ...

* Stop mixing matrix

m?l 0 _ gy Mé + mi + (Ig’L — e, singy) cos 28m>, M Xy Uy
me X M?Z +mj + eqsingy cos 26m7

W|th Xt — At — ,UJ/ tanﬁ

maximal contribution from stop mixing for |X;| ~ \/E/MSUSY

* Higgs mass corrected by dominant one-loop corrections

392”’”? [IHMS2USY+ th (1 X1§2 )}
9

2 2 o 2
my M, SUSY 12M, SUSY

2 .02 2
my,, = My cos 2 + -
W

with MSUSY — \/mglm,gQ

r . . . . N
__> Light stops interesting for collider phenomenology
T . as well as for dark matter relic density! )
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Uncertainties Entering the Calculation

Arising from cosmology Arising from particle physics

» choice of cosmological model
Hamann, Hannestad, et al. , Phys. Rev. D (2007) ¢ three'bOdy pI’OCGSSGS

Yaguna, Phys. Rev. D (2010)

* variation in hubble expansion rate . determinati f :
Arbey, Mahmoudi, Phys. Lett. B (2008) e ermlna IOﬂ O Amgsgarﬁgc)ts:mE%(gog)s
Allanch, Belanger, JHEP (2004)

orod, Phys. Rev. D (2005)

 effective degrees of freedom of . .
ﬁglsmn of (co)annihilation cros

the universe .
Hindmarsh, Philipsen, Phys. Rev. D (2005) - _SeCtlon O-Eﬁ. .D

Precision data from CMB measurements
PLANCK: ~ 2% uncertainty
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* current public tools: calculation
based on max. effective tree level

* DM@NLO provides
(co)annihilation processes
including O(as) SUSY-QCD
corrections

* DM@NLO will be publically
available as Fortran library

* Interface to MicrOMEGASs

DM@NLO

calculation of all maintained

cross sections including SUSY-

QCD corrections at NLO

* ability to perform broad parameter g é y
sSCans
Julia Harz Phenomenology of Neutralino-Stop-Coannihilation including SUSY-QCD Corrections 21.07.2014 .




Phase Space Slicing (one cutoff)

« phase space is devided in soft and hard part by cut

P,
off AE o“’*\

real _ soft A hard ¢ A B p":
o o (AFE) + " (AE) k AE
« use eikonal approximation in soft gh"
limit
(p+ K+
M = Ay(p + k) ip ﬁ. m)g —ig, Tv" Ju(p)e;, (k) y
(p+ k)2 —m
.Ao(p + k) -
D& p+k P
M= Aopyulp)’ —-(9.T%)  with  &* =0

|:> a finite total cross section is achieved
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Interplay of Virtual and Real Corrections

« contribution of the different corrections to the total coannihilation cross section

1.0F 0~ 0 . 0 e : -
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— i c-"n’E'I!’T.E}{ — c-"n’E'I!’T.E}{
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= — = I
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= 00+ f - = 1
© | Y0

-0.5 I A A AT A A A A A PO AT I it b 0 50 00 b s e [
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pem (GEV) pem (GEV)

I:> contributions still contain uncancelled logarithms
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Scale Variation
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Impact on the Coannihilation Cross Section

Comparison of tree-level, one-loop and MicrOMEGAs result

Cross section

w
o

e ‘. g & 4 :
- - gtree (O-M{][a-tree) - i . @ .
G0 (oM0fg"0) i e T Chore a5 b 1O
—  olLo {O-NLDJIG-tree} |
Eh® final stabe: 3%.85 %

ov (1(31_8 GeV_z)
A%
o

1.0
_ _ 4 )
1.5} S _ large relative corrections comparing
S 10f ; NLO cross section with MicrOMEGAS
@ - — — — = = = =7
0.5 S Loy Lo Lo Lo : \ )
100 200 300 400 500
pem (GEV)
M, Mg, , M; M; T, ma T tan M50 mg, Mo M g0
306.9 2037.7 709.7 1499.3 1806.5 1495.6 2616.1 9.0 307.1 350.0 124.43  1530.72
Q, h? X1t — thY Xt — tZ2° it — bW >
0.114 38.5% 3.4% 5.9% 47.8%
J. Harz, B. Herrmann, M. Klasen, K. Kovarik and Q. Le Boulc’h,
Phys. Rev. D 87: 054031 (2013), arXiv:1212.5241 [hep-ph]
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Impact on the Neutralino Relic Density

One-loop and MicrOMEGAs result in 2D parameter plane
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e right” relic density in the range of

%]
(¥, ]
Co-annihilation contribution (%)

maximal coannihilation contribution

=
Ln

* mass difference of around 40-45 GeV
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M, (GeV) \' relative NLO correction of around 9 %/
( )
[ > | impact larger than current experimental uncertainties
. J

J. Harz, B. Herrmann, M. Klasen, K. Kovarik and Q. Le Boulc’h,
Phys. Rev. D 87: 054031 (2013), arXiv:1212.5241 [hep-ph]
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