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The Brout-Englert- Higgs Mechanism

 Postulated effective potential:
Vigl = —n?¢'é + A(¢' )’

» Minimum energy at non-zero value:

=< 0|¢p|0 >= L_ ( —Et ) by — \¥
« Components of nggs field: o) = v+ o@)er

1 m =0, c massive: ;2 —2,? -2\, HIggs boson
» After gauging: 11, = 2= Massive gauge boson

- Coupleto fermions: non-zero masses: ;= us _—5 S




Summary of the Standard Model

« Particles and SU(3) X SU(2) X U(1) guantum numbers:
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APhenomenoIogicaI PrOfiIe
of the Higgs Boson

 First attempt at systematic survey

A PHENOMENOLOGICAL PROFILE OF THE HIGGS BOSON
‘ John ELLLS, Mary K. GAILLARD * and D.V. NANOPOULOS **
= CERN, Geneva ==
Recejved 7 November 1975 _
7’ A discussion is given of the production, decay and observability of the scalar Higgs -- 3
boson H expected in gauge theores of the weak and electromagnetic interactions such as :;‘: :

the Wemnberg-Salam model. After reviewing previons experimental limits on the mass of i =0
N P e .
4 r . L . . |
. We should perhaps finish with an apology and a caution. We apologize to ex-
| | perimentalists for having no idea what is the mass ot the Higgs boson, unlike the P
| | case with charm [3,4] and for not being sure of its couplings to other particles, except | [

that they are probably all very small. For these reasons we do not want to encourage
big experimental searches for the Higgs boson, but we do feel that people performing
experiments vulnerable to the Higgs boson should know how it may turn up.
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2011

Constraints on Higgs Mass

Electroweak observables sensitive via quantum loop
corrections: | o | Ta

My sin” By, = m'f:,- cos® By sin” By = Vore? [1_ Ar)

' =

Sensitivity to top, Higgs masses:

g ! = 1 2
._}(Tf 2 o V2Ggr o, 11 ﬂfff
3 — .!I - ¥ R 2
R "l.,"f ‘) 1674 3 s

Preferred Higgs mass: m,, ~ 100 == 30 GeV

-, -11rff = Mw

Compare with lower limit from direct search at LEP:

m,, > 114 GeV
and exclusion around (160, 170 GeV) at TeVatron

e



2011: Combining Information from
Prevmus Dlrect Searches and Indlrect Data

—— Fit including theory errors
--- Fit excluding theory errors




A la recherche
du

Higgs perdu ...

Higgs Production at the

LHC

o(pp — H+X) [pb]
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Higgs Decay Branching Ratios
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Higgs Mass Measurements
« ATLAS + CI\/IS /7" and yy ﬁnal states

- T I
— - ATMS H—n{f ]
= ATLAS and CMS L aTias bt a1 -
=] _ LHC Run 1 v CME H=yy
S 2.5 e CMS H=2Z 41—
=t o o —— All combinead T
®
© I % Bestfit ]
.E’ 2? ;t h\\‘ — B8%CL ]
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12509 =021 (stat) =0.11 (syst)
|« Statistical uncertainties dominate

|+ Allows precision tests .

1+ Crucial for stability of electroweak vacuum gg“",‘
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the missing piece? | il
s it the right shape? -/

IS it the right size?



What 1s 1t ?

Does it have spin 0 or 2?

Is it scalar or pseudoscalar?

Is it elementary or composite?
Does it couple to particle masses?
Quantum (loop) corrections?

What are its self-couplings?
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|+ Polar angle
| distribution for
X, >WW
Polar angle
distribution for
X, DWW
(for ¢ =n)
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| Does the ‘Higgs’ have Spin Two ?

N,,,=160, High S/B

= F
| Monte Carlo

| simulations

JE, Fok, Hwang, Sanz & You: arXiv:1210.5229

)

A
e

: 2* disfa

 Discriminate spin 2 vs spin 0 via angular

distribution of decays into yy JE & Hwang: arXiv:1202.6660
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H Spin-Parity Tests: 0" AOK

= > o

.E E'I T 1 1 '|' T 1 T '| T 1 '| T T 1 T 1 1 1 '| T 1 '1 'Ia 1 :
8 17l ATLAS H-ZzZ" >4 ' ATLAS H—ZZ* - 4
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g - - —— Data s=8TeV, 2031’ | ---- Expected s =8 TeV, 20.3 fi’
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arXiv:1506.05669

|+ Alternative spin-parities disfavoured > 99.9%




What 1s 1t ?

Does it have spin 0 or 2?
— Spin 2 strongly disfavoured

Is it scalar or pseudoscalar?

— Pseudoscalar strongly disfavoured
Is it elementary or composite?
Does it couple to particle masses?

Quantum (loop) corrections?

What are its self-couplings?




Elementary Higgs or Composite?

» Higgs field: . Fermion-antifermion
<0[H|0>#0 1 condensate
» Quantum loop problems =« Jjust like QCD, BCS

|

oo RN | superconductivity
AERUREYE |« Top-antitop condensate?

e needed m, > 200 GeV

(200 GeV) 2 N c " : force?
- Heavy scalar resonance?

Cut-off A ~ 1 TeV with

- Inconsistent with
precision electroweak data?




UV completion ?

Higgs as a
Pseudo-Goldstons
Boson

sigma model cut-off

colored fermion related to top L|llLl|‘|~;

new gauge bosons related to SU(2)

new scalars related to Higes

‘Little Higgs’ models

| or 2 Higgs doublets,
possibly more scalars

(breakdown of larger symmetry)

- G

Loop cancellation mechanism e _

-1
-




Phenomenological Framework

« Assume custodial symmetry:
2 SU(Q) XSU(?)—)SU(Q)V (pEMw/AlzCOSHle) [
« Parameterize gauge bosons by 2 X 2 matrix X:

UQ, NEalAw h‘ ,hQ e h i1
E:ZTID#LDL 14+2a—+b—+..) —myi X 1+r';+... Yr + h.c.

v v?
1 1 1 (3m; I f3ms
Sim gt S o 2T Yoan L L [F ol .
—{-—2( m ) +2mh +(‘)6< 5 h + 494 )2 h 2 )
QA Qg (e h
. T O ,C. = — I:—&b.f_-.G{L UGHH + ﬂbﬁ?nF yF.ﬂ-ﬂ-":| X7
Y = exp (z . ) A oy Hr-T g aT H V

| » Coefficients a = c = 1 in Standard Model :
L EEES—————————————————————




Examples of Higgs as

Pseudo-Goldstone Boson

Sam Ie mo dels Model Symmetry Pattern Goldstones
- @ oy
p ' SM SO(4)yS0(3) Wi, 7
— SUNSU2)U(1) W2 h
° DependenCeS of MCHM SO(5YSOM)xU(1) Wo.Zp.h
: NMCHM SO(6)YSO(5)U(1) Wy.Zp, h.a
coupllngs on MCTHM  SO(6)/SO(4)xS0(2) xU(1)  W..Z,. h H.H*, a
model parameters: paumcers  siLH MCHM4  MCHMS5
_ N i1 — M —
 To be measured! a L= cut)2 vi-¢ V1=
) i 1 — 2epé -2 1-2¢ :
o , S N
Translation to b 4 T R
experimental e NTE
parameters. - ew + 36,)E12 &2 2
— — - f 1-2¢ ei?
a — KV) C — KF i3 1 +|:L"._:,—3L"f.r.|'1_:||f 1._'I —.:F _I.—.!_' -ﬂ_
dy 1+(6cs—25cy/De  1-7¢3  HLO0 B
h‘t W‘« '.\. l—.-.;--.

gl



Global Analysis of Higgs-like Models

» Rescale couplings: to bosons by a, to fermions by ¢

GLOBAL Combination

'ﬂ No evidence for
deviation from SM

0.4 0.6 0.8 1.0 12 14 16 13
d

B Standard Model: a =c=1

JE & Tevong You, arXiv:1303.3879 m;,




Global Analysis of Higgs-like Models

 Rescale couplings: to bosons by x,, to fermions by «;
e | -
|+ Standard Model: x,, = Kt = 1 .
UL e oot |+ LHC (7 TeV 48 TeV) =
1.6 - B8% and 95% CL fit contours I[EEI'!F.,3 Tdygqh L it contou urs— 16 o Standard Model o _‘A;I'LAS T
1.4 z ® Standard Model prediction £ Fit minimum E 14 *_Ba:;:: o - - \\‘
= v f \ — : 1:0 xff
0.8 | ~ - 47
o8 z_ _f 0.8 0.5
0.4 — | m::n|i_:; N .
» | Ky | | Ry = 1— C ‘ j
|+ Consistency between Higgs and EW measurements :"

« Must tune comp05|te models to Iook Ilke SM
R, T O B e - . T e e e




What 1s 1t ?

Does It have spin 0 or 2?
— Spin 2 strongly disfavoured

Is it scalar or pseudoscalar?
— Pseudoscalar strongly disfavoured

Is it elementary or composite?
— No significant deviations from Standard Model
Does it couple to particle masses?

Quantum (loop) corrections?

What are its self-couplings?




It Walks and Quacks like a Higgs

* Do couplings scale ~ mass? With scale = v?

Fl>  [aTLAS ana Cms
1k ATLAS and CMS

) L) LHC Run 1
M2

1
¢+ ATLAS+CMS

------- SM Higgs boson
— [M, g] fit
[ 168% CL

95% CL




Flavour-Changing Couplings?

* Upper limits from FCNC, EDMs, ...

* Quark FCNC bounds exclude observability of
quark-flavour-violating h decays

|« Lepton-flavour-violating h decays could be large: |

BR(tn) or BR(te) could be O(10)%

@ ‘, Blankenburg, JE, Isidori: arXiv:1202.5704 BR(]JG) must be <2 X 10

o

————



Flavour-Changing nggs Coupling?

> CMS 19.7 fo’ (8 Tev)
ut,, 0 Jets LI L L L L L L I

2 042 (ohs.)

put , 1 Jet

& ed =
| R W
2 38% (ohs.) D Expected - 2q

ut , 2 Jets

[

3.84% (ohs.)

uT, 0 Jets

2.34% (exp.)
2 B1% (ohs.)

ut , 1 Jet

hF
|

T ' - 1 .
ATLAS —e— Data 2012, 20 15" 1

ut, _ events {125 — i (BR = 0775 H

E=8TeV [Lat=203m" =f‘,:1:;*m";$55' ]

I same Sign

Bl 2 - pp s VY [OB-58)

7 syst. une.

||||||:|.;;

1.5

Events / 10 GeV

0.5

2 22% (ohs.)

- ut. 2 Jets
- 2.31% (exp.)
3.B8% [ohs.)

o
T m r e

- Hoput
. 0.75% (exp.)
1.51% [obs.)

Data - Bkg.
o2 o880

PR R A T Y T AN Y S S N ;
4 6 8 100
95% CL limit on B(H—)p:l:} % |

B(H — ut) = (0.847020)%
Also: BR(et) < 0.69%, BR(ep) < 0.036%
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—
=
=
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T )
Br(H — ut)=(0.77 £ 0.62)%



Flavour-Changing Higgs Coupling?

o i

CMS 13 TeV| _ | -
~0.76°981 [ M Update from 2015 data

CMS 8 TeV
039 |

| ATLAS 8 TeV
’ 051 i
0.5373;

combined
028 [

—15 -1 -05 0 05 1 15
Br(h-71p)[%]




What 1s 1t ?

Does It have spin 0 or 2?
— Spin 2 strongly disfavoured

Is it scalar or pseudoscalar?
— Pseudoscalar strongly disfavoured

Is it elementary or composite?
— No significant deviations from Standard Model

Does it couple to particle masses?
— Prima facie evidence that it does

Quantum (loop) corrections?

What are its self-couplings?

.




Triangle Diagrams for gg =»Spin-0 =»vyy

- Effective vertices: 2 — SCH’W HEF, F*™ 4 %CHW HG,,G"
] e ~ s = O
L = Cyy AFp F™ + %Cﬂsm AGL, G,
Guai M3 X o 2
o Decay rates: [(® —gg) = 64+/273 %gfﬁQQAUE(TQ) ;
G a2 M X 2
[(®—yy) = 1;8\@?; ngIIFFNce?FA?jE(TF)
F
* Vertex A (r) =2[r+ (1 = 1)f(D)] 772, Afjy(r) =217 f(7)
_ arcsin? /7 forr <1,
form factors: ., ={ B [lﬁgH\/l_—T_I _iwr o
P Vior T o
» Vanish for fermion mass << spin-0 mass g




Trlangle Diagrams for gg -)Spln O -)yy

-

. Form factors for triangle diagrams

2.5 . . D

AEJE (7)

45 | A{'}ﬂ (1)

1.5}

uuuuu

I R‘E(Alfﬂ)

1.5
0.5} Lt
: 05 Im{Auz)
.D .‘5 i D i
0.1 1 , 4 10 0.1 12 L4
T = Myg/4m; T = 4M4 /4m;

 Vanish for fermion mass << spin-0 mass




Loop Corrections ?

* Loop diagrams ~ Standafd Model?

« Combination of data on yy, gluon-gluon couplings

GLOBAL Combination

16
14
12
o 1.0
0.8

0.6

0.6 0.8 1.0 12 14 16 18
C JE & Tevong You, arXiv:1303.3879

= —




HO J=0

| |
Wh at I S I t ? Mass m = 125.09 + 0.24 GeV
u HO Signal Strengths in Different Channels

See Listings for the latest unpublished results.

* Does It have spin 0 or 27? E’Zn‘;‘?_{?}f“?s__f)ion o
— Spin 2 strongly disfavoured 71 = LGy a
e Is it scalar or pseudoscalar? et Somion
— Pseudoscalar disfavoured FEHO Proucton - ?gg;g
* |s it elementary or composite?
— No significant deviations from Standard Model
» Does it couple to particle masses?
|  — Prima facie evidence that it does
« Quantum (loop) corrections? |
— vY, 9g couplings ~ Standard Model :
~ |« What are its self-couplings? B




y Dixit Swedish Academy s

A

Today we believe that “Beyond any reasonable
doubt, it is a Higgs boson.” [1]

http://www.nobelprize.org/nobel_prizes/physics/laureates/2013/a
i dvanced-physicsprize2013.pdf |




Assuming H(125) is SM-like: Model-independent search for new physicé

Standard Model Effective Field Theory

L D

_I_

_|_

_|_

|+ Constrain with preC|S|on EW, Higgs data TGCs

e N -, R - RNk e » ‘ﬂ.&'_‘*w.a ey == W

 Higher-dimensional operators as relics of higher-
| energy physics, e.g., dimension 6: . ZEO
| € A2

|« Operators constrained by SU(2) X U(l) symmetry:

' $'&B,, B + 9% % % gtpce o

e a

SH 50 [916) 0, [B1] + 2

207 miy miy

2ig r;,rmf [Dﬁ'ﬂj—ékﬂu@] Wk k) zg ';”H [E#@TD”@]B

]'?'11_1., THH,.

W oty Dea] Wk + 9 15t F gl B,,

]'?'11_1_. I-Jﬂl W

gy!'t'hi} & - Qutr + Eyb‘i“I"I' Qrbr + 1y— 3'® & - Lpmp

VTN R B

TAL ISVV. /9 IR




Electroweak Precision Data

Operators affecting oblique parameters
Ldim 6 C —(5‘1 +—r:)
o mi, miy, T i iy mu
Also other electroweak tests
Constraints from LEP et al. data
25 28 35 'Ila:[T;w] A=MS 35 28 25 12 14 [TET]? e 35 35 25
o . Leptonic Gl + hadronic e
o ) observables et observables ey
e - "':I;.' ; !
a R L fllrj:.l |
y Fits to individual dimension-6 operators
- Global fit to dimension-6 operators




Fits mcludlng nggs Production

—
a.,nf erevj
08 11 25 11 0.8

B Usng signal N
strengths & VH
Kinematics in |-

global fit

 Single-
parameter fits

JE, Sanz & Tevong You, arXiv:1404.3667



Global Fits including
LHC TGCs

A [TeV] A=vTA

03 04 08 04 03
I I I I |

JE, Sanz & Tevong You, arXiv:1410.7703

Associated production
LHC Triple-gauge
couplings

Global combination

Individual operators




Standard Model Particles:
Years from Proposal to Discovery

Electron i |

Photon Lovers of physics

Muaon

Electron neutrino
Muon neutrino
Down

Strange

Up

Charm

Tau

Bottom

Gluon

W boson

Z boson

Top

Tau neutrino

HIGGS BOSON

Source: I'he Economist
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e « Empty » spgce RIS SUSY
Dark matter SUSY
Origin of matter SUSY
Masses of neutrinos

Hierarchy problem SUSY
Inflation SUSY
Quantum gravity SUSY

e
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What lies beyond the Standard Model?

Supersymmetry

o New motivations
Stabilize electroweak VaCUUIM [Py

 Successful prediction for Higgs mass
— Should be < 130 GeV In simple models

- » Successful predictions for couplings
— Should be within few % of SM values

- Naturalness, GUTSs, string, ..., dark matter‘;'

"\%':t

L T Ep———



Theoretical Constraints on Higgs Mass

» Large M, — large self-coupling — blow up at &
— 7 7_ 4 0.10 - _
: ANQ) = A\(v) 3?34 L:;.EJ-Q oosf. \ Instability @ .
2%y IECAPSS SR N 1 011113 GeV/ Il
|* Small: renormalization = &= \
: :
due to t quark drives £ ool | |
quartic coupling <0 .
| at some scale A — \
’_z — vacuum unStabl e 2 10 10 IRDG;LE Lum G:; 105 10% 109 ,:‘_“3

~ » Vacuum could be stabilized by Supersymmetry




1 Yacuum

Instability in the Standard Model |

ata 150
* Very sensitive t A
Nnstakbzility
Vo] [
¢ 175}
170 F
4 H =
V
Bednyakov, Kniehl, Pikelner and Vretin: arXiv:1507.08833

o I nStabi I ity Scal e Buttazzo,egrassi, Giardino, Giudice,

M
| logy G—E‘TV - 11.3+1.0( Ge’:«f
m,=173.3 &=

1.0 GeV =» log,,(A/GeV) =11.1 +

Sala, Salvio & Strumia, arXiv:1307.3536

=

as(Mz) —0.1184
0.0007 |

Ay

— 125.66) — 1.2( M

GeV

— 1?3.1{}) +0.4



Hard QCD: the Top Mass

Basic parameter of SM; stability of EW vacuum?

ATLAS+CMS Preliminary my,, summary, \s = 7-8 TeV TOPLHCWG
« World

World Comb. Mar 2014, [7] S
statBSFEbJISF — stat@JSFELJSF

total uncartainty = —— — tolal uncertainty

My, = lob, (stalBISFELJSF « sysl) 15 Fel

ATLAS, l+jets (*) ey 172.31= 1.55 (0.75 = 1.35) 77ev [1)

ATLAS, dilepton (*) i — 173.09 = 1.63 (0.64 = 1.50) 77ev [2)

CMS, l+jets - — 173.49 = 1.06 (0.43= 0.97) 77ev 3

CMS, dilepton — --| 17250 = 1.52 (0.43 = 1.46) 77V [4

CMS, all jets —_ 3 — 173,49« 1.41 (080 = 1.23) 77av [3)

B B £U Led = U. o ~-oH F TaW |6

T TaV [T

- - s ] oV [8]

ATLAS. dllcpton —— 173.79 = 1.41 {0.54 = 1301 I TV [B]

_I_ T 55? _I_ 1 .ﬁl? _I_ I:I 5{]1 _I_ D 195} ATLAS, al ol : L 18 (14= 123 v [

" " " " ATLS T I — --—4 172227000 0 oV [10]

€TLAS comb. ) '-H"H 172.99 = 0.91 {0.48 = 0 7 7oV [

CMS, +ets e 172.04 + 0.75 (0,18 = 0.74) NV [11
Monte Carlo maSS \/? CMS, dilepton — o 172.47 = 141 (0.17= 1.40) ofbv 1z | |8
. CMS, alljets et 172,08 = 0.88 {0.37 = 0.80 con |

172.38 = 0.65 (0.14

New measurements: Tf‘.&T'”’l‘“’ -




Instability during Inflation?

Hook, Kearns, Shakya & Zurek: arXiv:1404.5953

* Do mflatlon fluctuatlons arive us over the hill?
20 Y fi—
15;_ R _ ~1\\\‘ 1{}2- o Smmf:ﬁc_mé O

5 10f - AN
‘:5 r Quantum flucthations *-"/' 1 s d____,a*"'
= o5t ”m"’/u\ 1:f:l:: 0/ o -"
,; EIU——-—-""/, cccc ncia Tunneling x _ E;{- < .
~05F 1 10}
: 1, 15 [ Amen ]
0G4 06 08 10 12 14 S S N 1)
B/ Amax

 Then Fokker-Planck evolution

* Do AdS regions eat us?
— Disaster if so
— If not, OK if more mflatlon |




How to Stabilize a Light Higgs Boson?

» Top quark destabilizes potential:
Introduce stop-like scalar:

Lo Mo|*+ T”|H|~’ || I

« Can delay collapse of potential:
 But new coupling must be

fine-tuned to avoid blow-up: -
» Stabilize with new fermions:
— just like Higgsinos )
| * Very like Supersymmetry! ”j:\ e
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( NO}
-

{ANTHFEOPICJ

“WEHL, IF YOU XNOWS OF A BETTER 'OLE GO 1C 1M~ MPOSlTE
HGGS
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Loop Corrections to Higgs Mass?

 Consider generic fermion and boson loops:

N / H ‘oL

« Eachis quadratlcally divergent: I/‘d“k/k2

H
J'I

Am3, = 5 [2: A%+ hm In(A/my) + .

_ﬂ,‘r”"ff = ——— [;";" — 2?”:‘;- 111[::"1:.-":???5':: -+

 Leading divergence cancelled if
A\s = YF X2 Supersymmetryl \




T |' L] Li Li Li 'I | T L

Minimal
supersymmetric
extension of
Standard Model

T T T T 'I T T T
1 10° 100 101°
Mustration: Typoform Energy, GeV

* Impressive!
 Over-ambitious? Hubristic?

Energy, GeV




Minimal Supersymmetric Extension of

Standard Model (MSSM)

* Double up the known particles:
(é) ( { (lepton) ) ( q (quark) )
e.q., | -, Cor | C .
0 [ (slepton) q (squark)
1y v (photon) (9 (gluon)
5 “9- \ 3 (photino) T\ G (gl wino)

« Two Higgs doublets
- 5 physical Higgs bosons:
- 3 neutral, 2 charged

» Lightest neutral supersymmetric Higgs looks like
the single Higgs in the Standard Model




Higgs Bosons In Supersymmetry

* Need 2 complex Higgs doublets
(cancel anomalies, form of SUSY couplings)

« 8 -3 =5 physical Higgs bosons
Scalars h, H; pseudoscalar A; charged H*
* Lightest Higgs < MZ at tree level:

M, = [J 2 + M2+ \/ (M2 + M2)2 — AM2M?2 cos? 203

 |Important radiative corrections to mass:

. { mg_ Mg
Gy _hn( t,j”t 2) AM, |7 ~ 1.5 GeV

_;ll .



MSSM Higgs Masses & Couplings

Lightest Higgs mass
up to ~ 130 GeV
Heavy Higgs masses
7509 qmte close .

FeynHiggs2.2

50 100 150 200 250 300 350 400 450 500
M, [GeV]




Lightest Supersymmetric Particle

» Stable in many models because of conservation
of R parity:
R = (_1) 2S-L + 3B
where S = spin, L = lepton #, B = baryon #
|+ Particles have R = +1, sparticles R = -1:
Sparticles produced in pairs
Heavier sparticles = lighter sparticles

|+ Lightest supersymmetric particle (LSP) stable |

prp—vu



Lightest Sparticle as Dark Matter?

= « No strong or electromagnetic interactions

Otherwise would bind to matter
Detectable as anomalous heavy nucleus

 Possible weakly-interacting scandidates

Sneutrino
(Excluded by LEP, direct searches)

Gravitino
(nightmare for detection)

Lightest neutralino y (partner of Z, H, )

-
-~ -
A ; "~
- r- . . -
“ - -
B . » -

[l.l



Classic Dark Matter Signature

zzzzz

e Missing transverse energy
S carried away by d

v

ark matter particles %

v
% e g U :



Searches with ~ 20/fb @ 8 TeV

MSUGRA/CMSSM: tan(p) = 30, A_ = -2mg, u >0

I I I I |Ll_ | I I I | I I I | IR I I | I I I I
'_‘-"‘—L._‘_ ' E

T A e || 95% CL limits. ooy Not included.
TLAS Preliminary = | == emeced Qepton, 2-6 jets
Ldt=20.1 —ED.?m'b';E=ETE\r'

o
?
z
:
3
[

mmm Obszerved — ATLAS-CONF-2013-047

== Bxpected  (-lepton, 7-10 jets

= Observed ATLAS-CONF-201 3-054

== Bxpected (-1 lepton, 3 b-jets

e Chzerved ATLAS-CONF-201 3-081

== Bxpected  {-lepton + jets + MET

= Observed — ATLAS-CONF-2013-082

== Bxpected 12 faus + jets + MET

= Ohzerved ATLAS-COMF-201 3-026
2-S55-leptons, 0 - = 3 b-jets
ATLAS-COMNF-201 3-007

Frrf'r'r1‘|‘|||||||||||||||||||




[MOFEE MINIMALJ

[COMPRESSED]

[SUF’ERSOF'IJ

E%EMI-NATUEAL%

UNNATURAL
EﬂINI-sPLIT]‘/{ J

‘/ PLETHORA OF MODELS CONSISTENT
[ orT ] WITH DATA, MANY OF THEM NATURAL.
WHERE DOES THE DATA POINT US?




(Non-)Universal Scalar Masses?

 Different sfermions with same quantum #s?

e.g., d, s squarks?

disfavoured by upper limits on flavour-
changing neutral interactions

 Squarks with different #s, squarks and sleptons?
disfavoured in various GUT models --
e.g.,dg=¢,,d =u,=uy=c¢egInSU(5),all in SO(10) |

» Non-universal susy-breaking masses for Higgses?
No reason why not! NUHM

A - — - .
. - ~ v o -
: , of e - e . T
E - y ¢ o % L. By 0 .
- 2 ’ y ol e ’ v -
- - - e S - b Sl and % | Tg———



Sample Supersymmetric Models

 Universal soft supersymmetry breaking at
Input GUT scale?

— For gauginos and all scalars: CMSSM
— Non-universal Higgs masses: NUHM1,2

» Strong pressure from LHC (p ~ 0.1)
 Treat soft supersymmetry-breaking masses as
phenomenological inputs at EW scale
— pPMSSMn (n parameters)

— With universality motivated by upper limits on
flavour-changing neutral interactions: pMSSM10 |

= » Less strongly constrained by LHC (p ~ 0.3) &

M - ‘ v




MasterCode masi%s)

« Combines diverse set of tools || Model parameters:
e.g. m0, 1/2, AD, tanB, etc
« different codes : all state-of-the-art )
+ Electroweak Precision (FeynWz) Spectrum calculators

« Flavour (SuFla, micrOMEGAS)
+ Cold Dark Matter (DarkSUSY, micrOMEGAS)

SoftsUSY || SuSpect

« Other low energy (FeynHiggs) g ELT-I A
« Higgs (FeynHiggs) m )
=
« different precisions (one-loop, two-loop, etc) | 5 Predictors
g Higgs Sector Cosmology

« different languages (Fortran, C++, English,

German, ltalian, etc) e s
« different people (theorists, experimentalists) B Flavour Phys. || EWK Physics
« Compatibility is crucial! Ensured by s ||
+ close collaboration of tools authors 7
« standard interfaces Predictions

Expt. Data

E. Bagnaschi, M. Borsato, O. Buchmueller, R. Cavanaugh, V. Chobanova, M. Citron, J. Costa, A. De Roeck, M.J. Dolan,

J.E., H. Flacher, S. Heinemeyer, G. Isidori, M. Lucio, D. Martinez Santos, K.A. Olive, A. Richards, K. Sakurai, G. Weiglein




Data

Electroweak precision

observables

Flavour physics

Deviation from Standard Model:

T

Supersymmetry at low scale, or .

100gS Mass

Dark matter

LHC

Observable Sourece Constraint
Th./Ex.
me [GEV] [39] 173.2 £ 0.00
Aal) (mz) [38] 0.02749 + 0.00010
Mz [GeV] [40] 01.1875 + 0.0021
T'z [GeV] [24] / [40] 2.4052 + 0.0023 + 0.0015ysy
Thag 0D [24] / [40] 41.540 + 0.037
Ry [24] / [40] 20.767 + 0.025
A, (£) [24] / [40] 0.01714 = 0.00095
Ay(P,) [24] / [40] 0.1465 + 0.0032
Ry, [24] / [40] 0.21629 + 0.00066
R, 24] / [40] 0.1721 =+ 0.0030 -
Am (b) [24] / [40] 0.0002 + 0.0016
Ap(c) [24] / [40] 0.0707 + 0.0035
Ay [24] / [40] 0.923 + 0.020 |
A, [24] / [40] 0.670 + 0.027 ’
A,(SLD) [24] / [40] 0.1513 + 0.0021 K
sin” 8% (Qm) [24] / [40] 0.2324 + 0.0012 -
Mw [GeV] [24] / [40] 80.399 + 0.023 + 0.010susy
BR{"; /BR;Y.. [41] / [42] 1.117 + 0.076gxp
+0.082sm =+ 0.050susY
27] / [37] (< 1.08 + 0.02sysy) x 10~°
[27] / [42] 1.43 + 0.43exp+TH z
[27] / [42] < (4.6 £0.01susy) x 10" |B
? [43]/ [42] 0.00 +0.32
== == [2?] ! [-1-'-1] 1.008 £ 0.014xp+TH
BRE’EF,”,I, fBR?‘fm,:-, [45]/ [46] <45 =
AME JAMB" [45] / [47,48] 0.97 £ 0.01gxp £ 0275 |
(AME™Y JAME™) |
e A [27] / [42,47,48)] 1.00 £ 0.01exp £ 0.13sm
03 4 0.14gxpP+TH

Acg™" mfsl‘f‘

{mu, mug} ]:I]E.IIE

(M4, tan 3) plane

J TR Ty ™



Fit to Constrained MSSM (CMSSM)

2012 ATLAS + CMS with 20/fb of LHC Data

4000
3500 cvssm | Allowed
(4 parameters) _
3000 region
> 2500 o extends
—
LSP
=, 2000 to large
= 1500
My
1000
500 * best f %:*L\
— 1o X
—2\¥¢ ére
_Pooo 0 ]

p-value of simple models ~ 10% (also SM)




Buck~ueller, JE et al: arXiv:1312.5250

Constrame_d MSSI\/I (CI\/ISSI\/I P

Contributions
to global y?
from
different
observables

Flavour (&

B (s-2),

B BR{B—>X 7) B H/Asr B zpoe

W jets + B W BRBou'u )
@ M,

[ T — - - [ S TS T = T T




~ Dark Matter Density Mechanisms I"‘E@

2012 ATLAS + CMS with 20/tb of LHC Data
* CMSSM: best fit, 10, 20

- sy s . . . My 5
71 coannihilation (pink) : 775 —1 < 0.15, ' ' Buchmueller, JE et al: arXiv:1312.5250
A/H funnel (blue): |5

%i coannihilation (green) :

f, coannihilation (grey) :

1500}
1000}
Run 2 of HE LHC
500 Current LHC reach
0 . . . . .
0 1000 2000 3000 4000 5000 6000
mp[GeV]
] stau coann. B A/H-funnel B hybrid ] %, coann. | | focus point




Probir

g the CMSSM with the LHC

4000

3500

— Today 8 TeV, 20 fb™*

—— LHC 14 TeV. 300 fb! Buchmueller, JE et al: arXiv:1505.04702
—— LHC 14 TeV, 3000 fb™! vz,
f“
o

0 1000 2000 3000 4000 5000 6000

m,[GeV]



Measuring the CMSSM w

Iith the LHC
2000 .

-I --------
*
/ t, --------- -
13000/fb | LT
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/
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Dark Matter in CMSSM, NUHM1/2, pMSSM10

% ——  — CMS5S5M: best fit, 17, 2o % —— —— NUHM1: best fit, 1o, 27
4000
3500
3000
S 2500 S
o 2
S 2000 S
£ 1500 ] £
1000
500 500
o 0 - - -
0 1000 2000 o0iAMRAMRCRIll 00 0 1000 2000 3000 4000
m,GeV] m,[GeV]
v o NUHM2: best fit. 1o, 2% * = —— pM55MI10: best fit, 1o, 20
700 ' : :
600 Estimated future
500 ,
; = _J;\‘
3 g a00 -
z 300
200
100 —
c . ) . E L] = _|
1000 0 1000 2000 3000 4000 O 500 100015002000 2500 3000 3500 4000
ny[GeV] m[GeV]
" staucoann. [ hybrid B stop coann.
" A/H funnel W & coann. focus point

Bagnaschi, JE et al: arXiv:1508.01173



3 gaugino masses : My 23,

Phenomenological Jtmitidladgy

1 trilinear coupling : A,

Higgs mixing parameter : p,
MSSM (PMSSM10) | i

Ratio of vevs: tan 3.

LHC :* A | B De \ries JE etal: 8 04.0

MET < J
searches

| Contributions

75 | 2ul

to global y?
from
Flavour (& 5 | different

e = observables

X

7o 4 Tol

x? (LHCS,,,) +

[ ¥ (LHCS,,.) [ BR(B, ;) O HiaA—w++ Il Other Flavour obs.
B ¢ Lres.) ap B EBREB-X.4 Il nuisance [ LEP sparticle mass
el .
I:I ‘M}l I:I IECJJMhz - (Q :IF - Xz (HS]I
- Z—pole
) m o, m o W z o



Possible Dark Matter Particle Mass

2012 ATLAS + CMS with 20/fb of LHC Data

9

Neutralino mass [

- = = e .

.......................

500 1000 1500 2000
g - [GeV]

De Vries, JE et al: arXiv:1504.03260
PMSSM10 favours smaller masses than in models

with GUT-scale unification




Anomalous Magnetic Moment of Muon

2012 ATLAS + CMS with 20/fb of LHC Data

g, — 2 anomaly

Cannot be explained Can be explained

by models with in pPMSSM10
GUT-scale unification

De Vries, JE et al: arXiv:1504.03260
PMSSM10 can explain experimental measurements

ofg,-2




Long-Lived Stau in CMSSM, NUHM? ma@

Possible if mg,, —m gp <M.

Generic possibility in CMSSM, NUHM1, NUHM?2
(stau coannihilation region) Bagnaschi, JE et al: arXiv:1508. 01173

g g
| 1 ]
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; ] &
. 5 1 .. 5
aa | a4
3 ] 3
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1 T I —
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et e
<] 4l -1 4
3 3
2 ] 2
1=~._____._____.l‘_-_ T 1
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> 103 s gives problems with nucleosynthesis
> 10-"s gives separated vertex signature

)
i Tstau
|
1
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Long-Lived Stau in CMSSM, NUHM? |mastenc.

Possible if mg.,, —m ¢p <M.

Generic possibility in CMSSM, NUHM
(stau coannihilation region)

— —— CM55M: 17, 2= —_—

MUHMLE Ter, 2o

4000 10° 4000 e — 10°
2 ' - ~]
3500 10 350007
101 .-
3000 . 3000
10
% 2500 107 % 2500
S 2000/ ... 107 % S 2000
= 3 =
= 1500 10 = 1500
Vi 1074
1000} «f 5 1000
- 10
00 Current LHC reach 10° 500
0 10~ 0
0 1000 2000 3000 4000 5000 6000 ~1000 0 1000 2000 3000 4000
My [GE"U"] My [GE"U"]
"
Ty, > 103 s gives problems with nucleosynthesis

T4y > 10°7s gives separated vertex signature for t-like decays

| Bagnaschi, JE et al: arXiv:1508. 01173



Fits to Supersymmetric Models | ™S

2012 ATLAS + CMS with 20/fb of LHC Data

|

Ax
H N W Pk U O

Reach of LHC at
High luminosity

o

0 500 1000 1500 2000 2500 3000 3500 4000
LEACRAT 0 \rics. JE et al: arXiv:1504.03260

Favoured values of gluino mass also significantly
above pre-LHC, > 1.2 TeV




Fits to Supersymmetric Models | ™S

2012 ATLAS + CMS with 20/fb of LHC Data

Reach of LHC at

High luminosity
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De Vries, JE et al: arXiv:1504.03260

mq[GeV]

Favoured values of squark mass significantly
above pre-LHC, ~ 1.5 TeV or more




Fits to Supersymmetric Models | ™=

2012 ATLAS + CMS with 20/fb of LHC Data

Stop mass B | S
7 Compressed =
stop region [ CM=SM
ot :
~ 5¢
>
< 4}
3k
2k
1t 4 S
% 1000 3000 4000

2000
GRCRBN 1 \/rics. JE et al: arXiv:1504.03260
Remaining possibility of a light ““natural” stop

weighing ~ 400 GeV




Exploring Light Stops @ Run 2 | &

2012 ATLAS + CMS with 20/fb of LHC Data Reach of

n
pMSSMlO i, production, L= b PE /i o] i WbF /Tt 3
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De Vries, JE et al: arXiv:1504.03260
Part of region of light “natural” stop weighing

~ 400 GeV can be covered




Fits to Supersymmetric Models | ™S

2012 ATLAS + CMS with 20/fb of LHC Data
Il Buchmueller, JE et al: arXiv:1312.5250

Gluino and squark masses

ﬁxz
NN W R Wy

EEB

coannihilation funnel

Favoured values of gluino and squark masses
significantly above pre-LHC, ~ 2 TeV or more




Direct Matt earches

« Compilation of present and future sensitivities
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Dlrect Dark I\/Iatter Search

—— —— CMS55M: best fit, —— —— NUHMI: best fit,

103
10 44
lﬂ-a,s
lﬂ-as
10
1078

Spln-lndependent | 1252 Estimated reach with
dark matter

10™ Bagnaschl JE et al: arX|v 1508. 01173

olem? ]

10? 10° 10? 10* 10°

my [GeV] mys [GeV] LUX-Zepelin

tt - & —— —— NUHM2; bestfit, 1z, 20 104 x —
scattering \ o |
| .."-_I . 10-43 |
10
R 0 '”}E 1074 -
= 10" ¥, = 10
. { ' & 107
. b 108
3 — _49 - y
NU H'M 2 o May also be below
0 10° 10! 10° 10° 10* 10 10° 10! 10° Neutrino ‘floor’
myi [GeV] ¢ [Gev]
.| stau coann. . hybrid . stop coann. h funnel
. A/H funnel " % coann. focus point Z funnel

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




—

Prospects for SUSY Searches

N

e Different models, various dark matter mechanisms

DM Exp’t Models
mechanism CMSSM NUHM1 NUHM2 pMSSM10
T1 LHC | v ¥r,v LL | (v E7, v LL) | (v Er, v LL) | (v Fr), x LL
coani. DM (v') (V') X X
X1 LHC - X X (v Br)
coann. DM - v v (v')
i1 LHC — — v ET _
COATITL. DM — W _
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')




