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THE MODEL
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THE MODEL

* Pati-Salam breaks at GUT scale to SM by PS Higgs

i (4, :~72) = (u?—h ?—IaVIC—Iae?—I)?

HG = (4, :~72) == (ﬂ?—l? _%Iaﬂlc—laéil)
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i (4, :~72) = (u?—h ?—IaVIC—Iae?—I)?
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* VEV’s close to GUT scale to keep gauge coupling unification

(HS) = %) = (H®) = (75) ~ 2 x 106 GeV
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THE MODEL

Pati-Salam breaks at GUT scale to SM by PS Higgs

i (4, :~72) = (u?—h ?—IaVIC—Iae?—I)?
Bl (4, :~72) == (ﬂ?—l? %Iaﬂ;—hé?—l)

VEV's close to GUT scale to keep gauge coupling unification

(HS) = %) = (H®) = (75) ~ 2 x 106 GeV

model reduces to MSSM below GUT scale

novel boundary conditions at GUT scale (more constrained than
MSSM, less than CMSSM)
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THE MODEL

Model parameters

> left-handed squark and slepton masses

o .
for all three generations

> right-handed squark and slepton masses

for each generation i

g

Bino, Wino and Gluino mass parameters

light Higgs doublet masses

Patrick Schaefers NExT Workshop QMUL, 09/11/2016



THE ANOMALOUS MAGNETIC MOMENT OF THE MUON
— e —

- Dirac equation predicts M = G S
m
L

* classically, g, = 2 \ gyromagnetic ratio
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THE ANOMALOUS MAGNETIC MOMENT OF THE MUON
— € —

- Dirac equation predicts M = G S
m
L

* classically, g, = 2 \ gyromagnetic ratio

* quantum corrections change g, anomalous magnetic moment

G T2
2

of the muon

» parametrise change by @) =
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THE ANOMALOUS MAGNETIC MOMENT OF THE MUON

= 2| 2
Dirac equation predicts M =@y : S
m
L

classically, g, = 2 \ gyromagnetic ratio

quantum corrections change g, anomalous magnetic moment

Gu — 2

2
Muon g-2 Collaboration,

exp. value a®, =(11,659,209.1 + 6.4) 10"° Phys. Rev. D73 (2006) 072003,
[hep-ex/0602035]

of the muon

parametrise change by @y =

theo. value a°™, = (11,659,180.3 + 4.9) 10°'°
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THE ANOMALOUS MAGNETIC MOMENT OF THE MUON

= 2| 2
Dirac equation predicts M =@y : S
m
L

classically, g, = 2 \ gyromagnetic ratio

quantum corrections change g, anomalous magnetic moment

Gu — 2

2
Muon g-2 Collaboration,

exp. value a®, =(11,659,209.1 + 6.4) 10"° Phys. Rev. D73 (2006) 072003,
[hep-ex/0602035]

of the muon

parametrise change by @y =

theo. value a°™, = (11,659,180.3 + 4.9) 10°'°

3-40 difference, denoted by Aa,

Aa, =aS® —a;" = (28.8+8.0) x 10~'°  PDG, Chin. Phys. C38 (2014) 090001

SUSY has potential to resolve this
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THE ANOMALOUS MAGNETIC MOMENT OF THE MUON

* One loop MSSM contributions

Patrick Schaefers

M. Endo et al. JHEP 01 (2014) 123
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THE ANOMALOUS MAGNETIC MOMENT OF THE MUON

* One loop MSSM contributions

* Aay(A) benetits from large y and small smuon masses

Patrick Schaefers

M. Endo et al. JHEP 01 (2014) 123
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THE ANOMALOUS MAGNETIC MOMENT OF THE MUON

* One loop MSSM contributions

Aa,(A) benefits from large p and small smuon masses

Aa,(B,E) benetit from sgn(M1) = - sgn(M3), M1 < 0

Aa,(C,D) benetit from sgn(M;) = - sgn(My), M1 > 0
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EXPERIMENTAL CONSTRAINTS

* model should successfully describe
T. [ Nay
2. Dark Matter
 Relic Density Qh?, Dark Matter direct detection cross sections
3. Collider Constraints

« Higgs mass, BR(b > sY), BR(Bs > u* i)
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RESULTS

* Workflow
1. Choose input parameters
2. generate spectra with SOFTSUSY
3. check constraints with MICROMEGAS

4. redo, if necessary
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RESULTS

* Workflow
1. Choose input parameters
2. generate spectra with SOFTSUSY
3. check constraints with MICROMEGAS
4. redo, if necessary

* A first inclusive scan

Parameter range | Parameter
| Al - 3000
Mo, Ty, My — 900
ms - 3000
My, M, — 3000
T — T ——

1
1
1
1
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RESULTS

Qh? too small
, Qh? in bounds
| Qh2 Aa,, in bounds  «

f -
*e . :’ R i '
o . 0.:‘ f‘f/' Bk
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RESULTS

large p solutions

Qh? too small
Qh? in bounds

Patrick Schaefers

s Qh2 Aa, in bounds

Y
.0

bE

T EEEEE——————————~ s
large p solutions
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RESULTS | |
arge u solutions

Qh* too small /
Qh? in bounds ‘ |

- th Aa,, in bounds

Y

.'

small py

solutions

T —— .
large p solutions
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RESULTS

Parameter Parameter
At ri M 1
M,
Mj;
tan g
sgn (1)

| mpg,, My,
T —

* Large p scenario

* small mo, mz keep smuons light

 large m3, M3 keep squarks and gluino heavy

* negative A consequence of previous scans
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RESULTS
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RESULTS
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dominant contribution

RESULTS

4
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RESULTS

Oh? too small [ QOh? too small
a Qh? in bounds - ) (h? in bounds
QA% Aa, in bounds L | Qh?, Aay, in bounds
' Benchmarks : - Benchgnarks

o * o
.

L 4

10°7 10°% 10=° 107* 1073 102 | 0.07 0.08 0.09 0.1 0.11 0.12 0.13
Oh? Oh?

- several points fulfil Qh?and Aa, perfectly in exp. 10 bound (grey
rectangle)

* pu= 3TeV for large p benchmark points
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keep best points as benchmarks

RESULTS

Benchmark:

BP6

BP7

BP8

BP9

BP10

=
-
=
o
n
&
-
o
>
f
=
o,
Z.
P—

tan 3
sgn(p)

16.96

26.88

32.15
t

22.21

40.22

mo
my

m3
M,
M,
M3
M hy
Mh,)
Alri

Q
n(Q)

238.8
1426.7
239.2
1458.7
577.9
412.8
2195.7
670.6
814.9
-2244.8

3409.7
2932.7

149.6
1131.1
302.7
1631.9
292.3
612.4
2055.2
2924 .4
925.9
-2776.6
3163.2
2917.6

106.5
626.5
125.3
1076.3
711.6
948.8
2680.5
277.0
918.8
-1113.2

4072.1
3105.9

271.5
508.9
193.5
1434.2
579.8
-436.4
2456.0
1512.8
1306.2
-2896.2

3742.4
3217.7

137.5
1470.7
178.4
1847.8
760.7
982.8
2524.6
1577.3
1362.7
-2370.1
3845.1
3271.1

Planck Collaboration,

éAstron. Astrophys. 571

(2014) A16

LUX Collaboration,
Phys. Rev. Lett. 112
~ (2014) 091303

BaBar Collaboration,
~ Phys.Rev. D86
(2012) 052012

3.57 x 107°
3.28 x 1074
3.32 x 107°
6.31 x 1073 [pb]
1.19 x 10~}
2.36 x 107

2.36 x 10~
3.32 x 1074
3.08 x 107°
5.50 x 10~13
1.20 x 1071
2.98 x 1077

1.91 x 10~°
3.30 x 1074
3.14 x 107°
6.65 x 10713
1.20 x 101
2.23 x 1079

1.01 x 107°
3.29 x 1074
3.13x 1079
4.44 x 10713
1.22 x 107!
3.06 x 1077

Ap 7.01 x 10~6

Br(b — sv) 3.32x 1074
Br(By = ptp~) 3.07x1077
oPD SI 9.69 x 10713

Qh? 1.20 x 10!

Aay, 2.71 x 1077

CMS Collaboration,
Phys. Rev. Lett. 111
~ (2013) 101804

CONSTRAINTS

15—

0.19 + 0.48) + 10, BR(B; > p* p) = 3.0+ + 107
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VACUUM STABILITY

» SOFTSUSY uses two-loop tadpole contrib. to ensure EWSB by
Higgs VEV's, but ...

 CCB minima ignored

* other solutions might exist
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VACUUM STABILITY

SOFTSUSY uses two-loop tadpole contrib. to ensure EWSB by
Higgs VEV's, but ...

 CCB minima ignored

* other solutions might exist

might lie lower than desired vacua

need to check that SOFTSUSY’'s EWSB vacua are safe

VEVACIOUS used to study all tree-level and one-loop desired vacua
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VACUUM STABILITY

» small p vacua always global minima of one-loop eff. potential

 large p vacua not as conclusive since desired vacua often arise at

two-loop only
P large p solutions

» technically unfeasible for now / small y solutions

Qh? too small
: Qh? in bounds
C| QA% Aay, in bounds

PV . L e

Q) |TeV]

Inconclusive
Excluded .
Minimum at 2-loop
Stable :

4800 [ Long-lived
2800 2900 3000 3100 3200 3300 3200 3500 3600 3700
' u(GeV)
T — T —
Patrick Schaefers 16 NExT Workshop QMUL, 09/11/2016




CONCLUSION & OUTLOOK

* Pati-Salam model able to explain phenomena beyond v-physics

» Dark Matter, Relic density

» exp. constraints (Higgs mass, BR(b > s y), BR(Bs > p* p))

> Aa“
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CONCLUSION & OUTLOOK

* Pati-Salam model able to explain phenomena beyond v-physics

» Dark Matter, Relic density

» exp. constraints (Higgs mass, BR(b > s y), BR(Bs > p* p))

> Aa“

» found two viable regions in parameter space (small py, large p)
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CONCLUSION & OUTLOOK

* Pati-Salam model able to explain phenomena beyond v-physics

» Dark Matter, Relic density

» exp. constraints (Higgs mass, BR(b > s y), BR(Bs > p* p))

> Aa“

found two viable regions in parameter space (small py, large p)

vacuum stable for all points in small p region

vacuum sometimes stable for points in large p region (for technical
reasons)
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CONCLUSION & OUTLOOK

Pati-Salam model able to explain phenomena beyond v-physics

» Dark Matter, Relic density

» exp. constraints (Higgs mass, BR(b > s y), BR(Bs > p™ p))

» Aa,

found two viable regions in parameter space (small py, large p)
vacuum stable for all points in small p region

vacuum sometimes stable for points in large p region (for technical
reasons)

light smuons and large Am = my, — mgo give rise to explore collider
physics
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BACKUP SLIDES




THE f-FUNCTIONS
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RESULTS

Parameter

Range

Parameter

Atri

mHla mHz

—4000
400
300
200
200

1500

—2300
700
000
400
2000
2500

e

* Small y scenario

* small mo, mz keep smuons light

* large At compensates for smallish m3, M3

* sgn(M;) = - sgn(M>) with M; < 0 to enhance diagrams (B) and (E)
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RESULTS

Parameter

Range

Parameter

Atri

mHla mHz

—4000
400
300
200
200

1500

—2300
700
000
400
2000
2500

* Small y scenario

* small mo, mz keep smuons light

* large At compensates for smallish m3, M3

* sgn(M;) = - sgn(M>) with M; < 0 to enhance diagrams (B) and (E)

Patrick Schaefers

2]

NExT Workshop QMUL, 09/11/2016



RESULTS
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RESULTS

V=50 510 1520

Aa(fur, fig, B) x 1071
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dominant contributions

RESULTS

0.5
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RESULTS

800 ¢ Qh? too small
QA% in bounds -
700 Qh?, Aa, in bounds
600 b Benchmarks

500 F
400 F

3
300 F

Qh* too small ] 200 f
Qh? in bounds - ]

L Qh?, Aay, in bounds
Benchmarks

100 150 200

B s
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RESULTS

800 ¢ Qh? too small
QA% in bounds -
700 Qh?, Aa, in bounds
600 b Benchmarks

Lu—

Z 500
&
=~ 400t

B
! s 300
Qh* too small ] 200 f
Qh? in bounds - ]

L Qh?, Aay, in bounds
Benchmarks

100 150 200

e ——

» two bands due to DM annihilation (Y} X} — Z, H)
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RESULTS

800 ¢ Qh? too small
QA% in bounds -
700 Qh?, Aa, in bounds
600 b Benchmarks

Lu—
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=~ 400t
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! s 300
Qh* too small ] 200 f
Qh? in bounds - ]

L Qh?, Aay, in bounds
Benchmarks

100 150 200

e ——

» two bands due to DM annihilation (Y} X} — Z, H)

* lower diagonal corresponds to )Z(f — r co-annihilation
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RESULTS

800 ¢ Qh? too small
QA% in bounds -
700 Qh?, Aa, in bounds
600 b Benchmarks

500 F
400 F

3

| ! 300 f
Qh* too small ] 200 f
Qh? in bounds - 1 |1

L Qh?, Aay, in bounds
Benchmarks -

100 150 200

B ———

» two bands due to DM annihilation (Y} X} — Z, H)

* lower diagonal corresponds to )Z(f — r co-annihilation

» bulk corresponds to co-annihilation of X]with non-f&i NLSP
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RESULTS

800 ¢ Qh? too small
QA% in bounds -
700 Qh?, Aa, in bounds
600 b Benchmarks

Lu—

Z 500
&
=~ 400t

=<
s 300 ¢

Qh* too small ; 200 f
Qh? in bounds - ]

L QR Aay, in bo
nchmarks

100 150 200

e ——

» two bands due to DM annihilation (Y} X} — Z, H)

* lower diagonal corresponds to )Z(f — r co-annihilation

» bulk corresponds to co-annihilation of X]with non-f&i NLSP

* mass gaps always large for [if,
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RESULTS

keep best points as benchmarks

Benchmark: BP1 BP2 BP3 BP4 BP5

tan 3 26.48 21.20 22.89 29.52 25.88 - Planck Collaboration,
sgn(p) - + - ;. . Astron. Astrophys. 571
mo 681.1 490.4 689.0 691.4 688.4 (2014) A16
m 402.0 327.5 447.0 364.4 417.9

397.4 273.0 394.2 342.2 390.7
1204.7 871.8 1085.4 987.4 1192.3 - LUX Collaboration,
-100.1 -124.1 -123.8 -224.9 -255.1 Phys. Rev. Lett. 112
294.9 367.5 449.9 168.6 177.9

1004.6 1085.7 1109.8 1066.5 947.6 (2014) 091303
2204.8 2108.4 2246.6 2127.3 2007.2
2385.7 2350.9 2455.7 2330.2 2344.7 'BaBar Collaboration,
-2839.1 -2762.5 -2838.5 -2764.0 -3090.0

1293.4 1337.0 1409.0 1360.4 1143.6 ~ Phys. Rev. D86

212.3 250.5 263.2 335.2 397.9 ~ (2012) 052012
Ap 1.04x107° 160x107° 896x107°® 125x107° 1.66x 107° |
Br(b — sv) 289 x107% 291 x107* 291x107% 325x107* 3.25x10°* ,
Br(Bs —» ptpu~) 269x107? 297x107? 297x107? 3.06x107? 3.11 x 107° CMS Collaboration,
) des 1.31 x 107" 1.28x 107" 1.18 x 107" 242 x 107" 1.06 x 1071 Phys. Rev. Lett. 111
Qh? 1.05x 1071 1.25x 107! 1.23x107' 832x1072 847 x 1072 ~ (2013) 101804
Aay, 1.37x 1079 228x107? 130x107? 199x107? 1.52x107°

&
=
<
QO
wn
=
-
o
>,
=
=
o
Zz

CONSTRAINTS

0.19 + 0.48) + 10, BR(B; > pt* p) = 3.0*1046 + 107
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ATLAS AND CMS DI-LEPTON EXCESSES

IIlllllll|lllllllllllllllllllllllllllll

: ATLAS —&— Data

%+ Standard Model

[ {s=8TeV,20.3fb" Flavour Symmetric
3 | | Other Backgrounds
- SR-Zee m(3) 1=(700,200)GeV_
s () 1=(900,600)GeV -

i
I

llIlll

b
-

» ATLAS search for 2 OSSF
leptons, jets and MET @
LHCS8 (20.3 fb")

Events / 2.5 GeV
Mo

» CMS observed nothing
on-peak

IIUT]]]II]IITIIII

llllllllllllllll

7 | ; % T
82 84 86 88/90 92 94 96 98 100

on-Z-peak excess [1503.03290v3]

Patrick Schaefers NExT Workshop QMUL, 09/11/2016




ATLAS AND CMS DI-LEPTON EXCESSES

CMS 19.4 fb™" (8 TeV)
_TTITIT IITTT]TIT TIITTTI_‘

‘ ¢ Data
ee + UM —;

Events " °

-~ Signal

—

YIITI

l]ITlIIIII

» CMS search for 2 OSSF
leptons, jets and MET @
LHC8 (19.4 fb™)

IIT

SF central leptons

IIII

» ATLAS observed nothing
off-peak

A

di-lepton edge [CMS PAS SUS-12-019]
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