Higgs Centre

for Theoretical Physics Fit(s) for LHC run-2

Oliver Buchmueller, Imperial College London

MATERCODE @ LHC
o * —— —— CMSSM: best fit, 1o, 20
© 4000
S CMSSM
g 3500 (4 parameters)
= 3000 DM
3. : mas TeRn
@
© 2000 cope
= 1500
1000
500 g} Bs->mumu
TENSION

_P000 0 1000 2000 3000 4000
m,;,[GeV]



Imperial College
MasterCode Collaboration Today

Some History:

» Founded by interested experimentalists
and theorists in 2007

MasterCode O. Buchmiiller

»Has produced more than a dozen of
publications (so far)

» Total citations >1000 (so far)



Imperial College

London MAasSTEeRcooe
MasterCode Collaboration Today

E. Bagnaschi®, M. Borsato”, O. Buchmueller®, R. Cavanaugh?-¢, V. Chobanova®,

M. Citron®, J.C. Costa®, A. De Roeckf, M.J. Dolan®, J.R. Ellis", H. Flicher!,

S. Heinemeyer', G. Isidori®, M. Lucio®, D. Martinez Santos?, K.A. Olive!, A. Richards®,
K. Sakurai™" G. Weiglein®

2aDESY, Notkestrafle 85, D—-22607 Hamburg, Germany

b Universidade de Santiago de Compostela, E-15706 Santiago de Compostela, Spain

€ High Enerqgy Physics Group, Blackett Laboratory, Imperial College, Prince Consort Road, London SW72AZ, UK
d Fermi National Accelerator Laboratory, P.O. Boxz 500, Batavia, Illinois 60510, USA

© Physics Department, University of Illinois at Chicago, Chicago, Illinois 60607-7059, USA

f Experimental Physics Department, CERN, CH-1211 Geneva 23, Switzerland;
Antwerp University, B—2610 Wilrijk, Belgium

MasterCode O. Buchmiiller

€ARC Centre of Fxcellence for Particle Physics at the Terascale, School of Physics, University of
Melbourne, 3010, Australia

b Theoretical Particle Physics and Cosmology Group, Department of Physics, King’s College London,
London WC2R 2LS, UK;
Theoretical Physics Department, CERN, CH-1211 Geneva 23, Switzerland

H.H. Wills Physics Laboratory, University of Bristol, Tyndall Avenue, Bristol BS8 1TL, UK

I Campus of International Excellence UAM~+CSIC, Cantoblanco, E-28049 Madrid, Spain;
Instituto de Fisica Teorica UAM-CSIC, C/ Nicolas Cabrera 13-15, E-28049 Madrid, Spain;
Instituto de Fisica de Cantabria (CSIC-UC), Avda. de Los Castros s/n, E-39005 Santander, Spain

k Physik-Institut, Universitit Zirich, CH-8057 Ziirich, Switzerland

\William I. Fine Theoretical Physics Institute, School of Physics and Astronomy, University of
Minnesota, Minneapolis, Minnesota 55455, USA

™ Institute for Particle Physics Phenomenology, Department of Physics, University of Durham, Science
Laboratories, South Road, Durham, DH1 3LE, UK

" Institute of Theoretical Physics, Faculty of Physics, University of Warsaw, ul. Pasteura 5, PL—02-093
Warsaw, Poland 3



Imperial College
London ma@
MasterCode Framework

L.HC
EWPo
Hiﬁs Experimenta { Parameters: ﬁ
5 (3-2) Constraints X, :
% Flaveor
g Cosmoﬁo?«d_ /Vla_s{gr Co&g
S v %Z (xi_s{)l | Compekibily
§ / i :
= _SUS(T) Model FQ‘/“HE%S
C ' Piggs Signals . Lio
B O CMSS M - _@ H—fﬁs BDUMJS PfQoQ C'é( ng
S R 7 SoFl :
S a7 popele N
Eg pMSSMo: “fi A&aﬁé&/{?&ﬁs
S mANSE: Soﬂf&uﬁg,
SUGE): 1




Imperial College
London m a@

Experimental Constraints
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MSUGRA/CMSSM: tan(B) =30, A0 =-2m,, 4 >0 Lepton & Photon 2013
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Inclusive SUSY Searches in 2013
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The LHC has pushed the mass scale in constraint SUSY models
to a new level! 7
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Inclusive SUSY Searches in 2013
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Implementation of LHC searches

GUT models
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CMSSM: Evolution with time
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MasterCode: The two worlds of SUSY models
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Interplay of constraints

* CMSSM: best fit, 10, 20
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* CMSSM: best fit, 10, 20
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CMSSM: best fit, 10, 20
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* NUHM1: best fit, 10, 20
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MasterCode: The two worlds of SUSY models
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MasterCode: The two worlds of SUSY models
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CMSSM Today: Mg-Mg Search plane

* —— —— CMSSM: best fit, 10, 20
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CMSSM Today: Mg-Mg Search plane
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CMSSM Today: Mg-Mg Search plane
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CMSSM Today: Mg-Mg Search plane
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Models in Comparison in “Mqg-Mg Search plane
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Resolving tension (g-2) and LHC

SM measurement »
45 ; - . . X%y,  p-value
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35| p.~‘—,,.::;" Can adding extra
K parameters resolve the
Ny ! tension between (g-2) and
30 jets+MET constraints?
i ma@
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From MasterCode papers:
1312.5250, 1408.4060 and 1504.03260
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Resolving tension (g-2) and LHC

SM measurement
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Resolving tension (g-2) and LHC

measurement
—— pMSSM10
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pMSSM10 resolves the
tension between (g-2) and

LHC constraints. This
significantly improves the fit.
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Gluino Mass 2012
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Favoured values of gluino mass also significantly
above pre-LHC, > 1.2 TeV 08
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Stop Mass 2016
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Remaining possibility of a light “natural” stop
weighing ~ 400 GeV 29
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Interpretation in Simplified Models

CMSSM What the individual searches
pair Production 66 @r'e sensitive to is much more
_10% \
= simple...
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86% of all hadronic
production in LM1 consists
of “simple” decay chains.

This makes it particularly
amenable to being
approximated well with a
3-particle OSET.

Simplified model spectrum (SMS)
with 3 particles, 2 decay modes
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SMS: a few interesting features
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M sp
[GeV] A

1000 —+

750 -+

500 —+

_ MAaSTEeRcooe
Note: The following results are a May 2015 update
to PDG review September 2013.

http://pdg.Ibl.gov/2013/reviews/rpp2013-rev-susy-2-experiment.pdf

What are representative

SMS limits on the different
particles?
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M_sp

[GeV]
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250

Direct squark  Direct stop in “gap” & 8Rcane
§ msusy =mq  TSUSY =1 5% OLs TS
t— CX(l) ! RP conserved
ATLAS arXiv:1407.0608 5 &
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({@\)
N t — Wbx) / Stop discovery potential!
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M, sp Direct squark  Direct stop in “gap” iﬁﬁ I'eRcope

(GeVE s msysy = m; Mmsusy = mg ooz
1000 t— CX(l) 0 RP conserved
1 ATLAS arXiv:1407.0608 ({{\X,
[ I e
ATLAS arXiv:1407.0583 @
S
- i — Why® / Stop discovery potential!
750 = o] — <

CMS arXiv:1308.1586

&0
&
¥ ma@

pMSSM10 Fit

500 preferred 95% CL regions
Fee Fig. 10 in
http://arxiv.org/pdf/1504.03260.pdf
250
Msysy
[GeV]
0 i f | —

250 500 750 1000 1250 1500 35
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CMS results very similar
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Energy increase has pushed significantly sensitivity for high-mass sparticles like
gluions and squarks but other signatures, like stop production, are still a challenge
needing much more data and possibly also more ingenuity.
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“Easy” vs “Though”
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Energy increase has pushed significantly sensitivity for high-mass sparticles like
gluions but other signatures, like stop production, are still a challenge needing
much more data and possibly also more ingenuity. . 37
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‘Soft scale”  (NIIEEN)  GUTscale” T
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S % AQ, tan ﬁ
g g 1500 N
2 ~ ©
2 m2.  — m?2
mQ3 ) % 1000} M2 | Hu o Hd
S -~ —
oS \\\\ NUHM2
A8 = |,
My, ij:J RGE running m TNV ET 7é y:s
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tan 5 fo'af 10 10° 10° 107 108 1% 1nl0 1All 1412 1Al3 14 IS 10161}017 SU5
: energy scale [GeV] Mo: M5, Myo
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2016 ATLAS with 13/fb LHC Data
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2016 ATLAS with 13/fb LHC Data
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2016 ATLAS with 13/fb LHC Data
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2016 ATLAS with 13/tb LHC Data
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2016 ATLAS with 13/fb LHC Data
Direct Dark Matter scattering in supersymmetric SU(5) model
* SU(5): best fit, 1o, 20
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Bagnaschi, OB et al: arXiv:1508. 01173
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Direct Dark Matter Searches

Compilation of present and future sensitivities
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Bagnaschi, OB et al: arXiv:1508. 01173
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focus point Z funnel

Direct scattering cross-section may be very close to
LUX upper limit, accessible to LZ experiment
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Prospects for SUSY Searches

‘ Different models, various dark matter mechanisms

DM Exp’t Models
mechanism CMSSM NUHMI1 NUHM2 pMSSM10

71 LHC | v Er,v LL | (V Er,v LL) | (vV BT, v LL) | (v ET), X LL
coann. DM (V) (V) X X

)ﬁt LHC - X X (\/ ET)
coann. DM = v v (V')

t LHC — - v Br -~
coann. DM - — X —
A/H LHC v A/H (v A/H) (v A/H) =
funnel DM v v (V') —
Focus LHC (v Er) - - -
point DM v - - -
h,Z LHC —~ — - (v Er)
funnels DM - - = (V)

Bagnaschi, OB et al: arXiv:1508. 01173
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LHC 8 TEV CONSTRAINTS
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Implementation of LHC searches

GUT models

mSUGRA/CMSSM: tanp = 30, AO= -2my, u>0
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Limits are independent of

2 2
Ao, tanB, my , my,

Mass limits on squarks and gluinos
constrain implicitly those on sleptons,
neutralinos and charginos

PMSSM10

squarks and gluinos

*(LHCS8¢o1)

sleptons, charginos, and
neutralinos
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compressed-stop spectra
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LHC8,_,: squarks and gluinos

CL, Exclusion Confidence Level [%]
N w H ()} D ~ o) (e}
(=) o (=) o (=] (=] o o

N
(=)

—

o

o
T

- —Combination |
- 4 Zero Leptons (i)
... v Single Lepton (.Lp) ......... .
" @ Same Sign dilepton :
. Opposite Sign dilepton ©

(=)
T

 1304.2185

0 1 2 3 4
h NS spectrum

removing sleptons,

neutralinos, charginos from

the spectrum

Combine CMS searches (8 TeV; 20
fb-1)

¢ 0O-lep M+,

« 1-lep MW,

« 2-lep OS/SS

« >=3lep

4 dimensional lookup table

 LSP mass

* gluino mass

« 1stand 2"d generation squark mass
« 3" generation squark mass

(production cross-section weighted
average)

Compressed-stop scenario
» treat separately

» set stop cross-section to zero 53 53



Imperial College
st ma@

LHCS8_,: 4 dimensional lookup

M0 =310 GeV
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1000 randomly chosen points Uncertainty on mass lower limits
from our pMSSM10 sample
450 ‘ ‘ ‘ ‘ ‘ 4000
MEAN: 0.03

400F RMS: 1.78 1 — 3500¢
> s 3000}
300 9‘

o 2500¢
250} %
& 2000t

(@) i B\ ;
£ %% Fullfit with: NS 7T e
5 1000 - (LH08601)+'&'X R S
50} 500r ° (LHCSCOI)

« x*(LHCS,,

015 ~10 0 5 10 15 0 ( 8 l) Ox?

0 5oo 1000 1500 2000 2500 3000 3500 4000
squark mass [GeV]

2 - RMS in bins of*(LHCS 1)

(LHCSCOI) ? (Scorpion)

t t

Lookup Point-by-point
table reinterpretation

LHC_,: uncertai

of O(50 GeV)
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LHC8,,«: apply SMS limits

ATLAS Preliminary 20.3fb", ys=8 TeV Status: ICHEP 2014
;‘ 350 | LI | 1 T 1 T T 1 | T T 1 | T T 1 | T 1 1 — 600
I ] > L o 550 ~|/~ 3| - e L
8 - ATLAS —— Observed limit (+1o5.5) - 8 - tikz ::: TL/;, . : ar))((yvj:sz.;:j Expected limits
= - _ imit (+1 . ) 1 = - 1xy VA sy, M, artivi14os. —— Observed limits
g* 300 —[Ldt=2030" \s=8TeV === Expected limit (+10,,, ] S L — %X via T/, 31, arXiv:1402.7029 o
- ﬁi Rﬁin N ui’%?ui’if - LEP2 ﬁR excluded - € 500 — — %T%g via T/ V., >21, arXiv:1407.0350 All limits at 95% CL
250 o n All limits at 95% CL T L Z:%; via ;EL/ Ves 2271, arXiv:1407.0350
N v i - = X, Xo via WZ, 2e/u+3l, arXiv:1403.5294
N // 1403.5294 400 N i?g via Wh,  e/ubb, ATLAS-CONF-2013-093
200 T v ] - XXy via Wh, 31, arXiv:1402.7029
= @\\ J/ — [ — i:%; via WW, 2e/u, arxivi14035204 7 g\ .
B 'XQ\L(‘\// 1 : PR Cal g7 C
- N 7 ] -
150 — &7 e — 300 B
100 - 200~ oo e
_ i 1
-1 | 1
50 — T Y e e '
7 100 = '
0 | | I | | | I | | | | ' 11 ‘:I .' | I | I | 1 B - :
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m. [GeV] 0 :
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= SMS limits (from ATLAS) my: (=mz) [GeV]
= motivation: very different sensitivity depending on decay chain

= only the hierarchy between chargino/neutralino and slepton
masses need to be constrained

11/10/1 Kees Jan de Vries:; Mastercode
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LHC8¢,«: implementation

_ 600 y 9
£ | X1 N different fall-off to the | B scaling with
“ left and to the right !, branching ration
g 400} 16
g < i)
. 300t 4N%
3 |7 =
EX
200t 13
2
100
1
900 0
My ( A ) [GeV]
11/10/1 Kees Jan de Vries; Seminar Bristol 57
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validation

thIJ [GeV]

0 500 1000 1500 2000 1000 1500 200(
mﬁR[GeV] mfﬁi[GeV]

= 1000 random points
= point-by-point reinterpretation (see backup) yields good agreement
= propagate binned uncertainties into mass planes
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LHCS,,, : validation

Contours are —
stable at higher

ma/ss(es

Full fit with:
o \*(LHCS8gt0p) + 0y2
o x*(LHCS40p)

400f
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200l LHC8,yp

500
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Mpwm —— Neutrino MBBT@Meboe
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pMSSM10 resolves the
tension between (g-2) and

LHC constraints. This
significantly improves the fit.
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MasterCode: The two worlds of SUSY models
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CMSSM Today: Mg-Mg Search plane

* —— —— CMSSM: best fit, 10, 20
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CMSSM Today: Mg-Mg Search plane

* —— —— NUHMZ1: best fit, 10, 20 D
* o
4000 . . -
e MaSTEeRcooe % §
> 3500( @ N
£ K
- NUHM1 » O
S _ 3000y p-value 12% gh gggz)
¢ > 2500 Y
e & O
é q) H g Q
(0]
(D 2000} : 32
— = 23
E 1500 m * Z!
. 8
1000 95% CL exclusion s 3
O-lep 14 TeV 3
500t — 300fb' ATLAS projections
- = 3000 fb~! of search sensitivity :
% 500 1000150020002500300035004000  ;

m [ GeV] L



Imperial College

London ma@
CMSSM Today: Mg-Mg Search plane
* —— —— NUHMZ2: best fit, 10, 20 .
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CMSSM Today: Mg-Mg Search plane
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Models in Comparison in “Mqg-Mg Search plane
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PMSSM10: parameter space
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CHANNELS
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EFT VALIDITY REGION
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Effective Field Theory (EFT) Interpretation

q
Example of considered operators:
< O« — (XVMX) (q%i Q) Vector operator, s-channel 9q X
¢ Ov = g
2 A2 X
5
8 q X
g 0O — (X/y'“ﬁ%X) (C]%{VE)Q) Axial vector operator, s-channel
AV A2

Assumption of EFT

If the operator (e.g. V or AV) mediator is suitably(!!) heavy it can be integrated out to
obtain the effective V or AV contact operator. In this case (and only this case), the
contact interaction scale A is related to the parameters entering the Lagrangian:

A — Mmedz’ator
v Yq9x

(relation in the full theory)
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Validity of Effective Field Theory Limits

Recent work from OB, M.Dolan,C.McCabe: arXiv:1308.6799
» Compare Effective Field Theory (EFT) with Full Theory (FT)

oy
:-g
a
5 approach “ one dlagram ”
g S|mpI|f|ed model
S
o
= Use vector and axial-vector medlators (e. g Z ) as example - scalar are S|m|Iar in conclusion!
l0g1o(ogrT / OFT)
- 7 Compare prediction of FT with EFT in m_ ., — mpy plane.
L Region | 6 Three regions become visible:
5
=3 - 4+ Region I: EFT and FT agree better then 20%
€ 1000 ¢ Region | 3 » EFTis valid!
3 | » Region II: EFT vyields significant weaker limits then FT
s | , > EFT limits are too conservative!
" Region I | o Region lll: EFT yields significant stronger limits then FT
100 4 » EFTlimits are too aggressive!
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Validity of Effective Field Theory Limits

Recent work from OB, M.Dolan,C.McCabe: arXiv:1308.6799
» Compare Effective Field Theory (EFT) with Full Theory (FT)

EFT

approach

q

g

X q g X
o FT
Z :
one diagram
—s Q “simplified model”
X q %

Use vector and axial-vector mediators (e.g. Z’ ) as example - scalar are similar in conclusion!

90% CL limiton A [GeV|

2500F™

2000}
[ mpm=250 GeV
1500F

500f

Region Il

— r=mmed,."8ﬂ
[ — F:mmed/'?:

1000}

Region Il Region |

@y Y )@y’ a) ]
A2 ]

0'....

100

1000 10000

Mmed [GeV]

Three Regions as function of mediator mass:

Region |: Heavy m,,.4

» EFT is valid!

Region [I: Medium m, .4 — Resonant enhancement
» EFT limits are too conservative!

Region lll: Low m,4

» EFT limits are too aggressive!
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Validity of Effective Field Theory Limits

Recent work from OB, M.Dolan,C.McCabe: arXiv:1308.6799
» Compare Effective Field Theory (EFT) with Full Theory (FT)

g q 9 x gq ,656656663 I X
£
S , FT
3 EFT Z .
= approach one diagram
g “simplified model”
O Conclusion:
8 ysey The EFT is_ not an appropriate frame\fvork for a comp_rehensive clusion!
Interpretation of DM searches at colliders and especially must
_ »%F taken with very (as in VERY) special care when comparing with .
g) 5000/ other experiments such as Direct Detection!
< L mpp=250 GeV .
§ 1500F —— T'=riyeq/8n Region |: Heavy m,4
‘é S [=Meq/3 » EFT is valid!
= 1000p Region II: Medium m__, — Resonant enhancement
o | / _ == > EFT limits are too conservative!
§° SO0 xr'rx)@rra ] Region Ill: Low mq
ok A? 1 » EFT limits are too aggressive!

100 1000 10000

Mmeq |GeV | 110
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What those this imply on model-dependences of EFT limits*

Relié delllgitly Bl '\',' S | Look at EFT validity in mpy, — coupling* plane!
too large

20F

15F Theory is non— f
| perturbative

8q 8y

10

5L

T [ R
mpMm [GeV]

* Coupling chose such that CMS EFT limit on A applies to FT 111
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Model-dependences of EFT limits

20 fl Relié del.lsﬁ,y Bl '\"' Look at EFT validity in mp,, — coupling* plane!
too large \
‘\ 1. Region in which EFT is valid
15+ : _ '
- T‘;ﬁ%ﬁi{};’g f \1 For this we calculate the minimum coupling
S o0 T i - m:mmed/ACMS
o5 10 ‘ that the simplified model must have for the
. EFT limits to apply. This is defined by region |
\,\ P (i.e. better then 20% agreement of FT and
5[ ’ EFT).
- EFT limit applies f

10 100 1000
mpm [GeV]

* Coupling chose such that CMS EFT limit on A applies to FT 112
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Model-dependences of EFT limits

Look at EFT validity in mp,, — coupling* plane!

1. Region in which EFT is valid (20%)
2. Require compatibility with relic density

When exclude the region in which relic
abundance is larger then the observed
value of Q,,h?=0.119 only mediator masses
above a few hundred GeV fulfill this.

8q 8x

10 100 1000
mpm [GeV]

* Coupling chose such that CMS EFT limit on A applies to FT 113
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Model-dependences of EFT limits

Look at EFT validity in mp,, — coupling* plane!

1. Must require m .4 < T eq

2. Region in which EFT is valid (20%)

3. Require compatibility with relic density
4. Require theory to be perturbative (<41)

When we also require that the region/theory
must be perturbative:

VO9qGy < 4T

only a very small region is left!

10 100 1000
mpMm [GeV]

EFT limits of monojet searches only apply to a very (as in VERY)
small class of DM models!
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Model-dependences of EFT limits

Look at EFT validity in mp,, — coupling* plane!

1. Region in which EFT is valid (20%)
2. Require compatibility with relic density
3. Require theory to be perturbative (<4m)
_ 4. Mg <l neqg ALWAYS!

Do - ]

°§. i | | We also find that for all DM models the EFT

o5 10

- | 41 Is valid the mass of the mediator must be

\ 7/ | Smaller than its width!

5[ ] - .
| EFT limit applies f O 1 _ In the reaming part of the plot:
" = L1 V9q9x > 2

0 [ ' a particle-like interpretation of the mediator

10 o 160 o '”1600 is doubtful because of M.y < eq!
mpMm [GeV]

See discussion about equation 3.5 in
arXiv:1308.6799 for further details.
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What those this imply on model-dependences of EFT limits*

Look at EFT validity in mp,, — coupling* plane!

1. Region in which EFT is valid (20%)
2. Require compatibility with relic density
3. Require theory to be perturbative (<4m)
b 4. Mg <[ eqg ALWAYS!
0
10 100 1000

mpMm [GeV]

The observation that all DM theories for which the EFT is valid must have m_ 4 < g
and the small class to models it applies in any case leads to the conclusion the EFT
only applies to a very small class of DM models.

EFT limits of monojet searches are therefore highly model-depended!
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Collider vs Direct Detection

M DM M med
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