New Physics? Old Questions



After LHC Run 1 ceeces) :n|

Phenomenal success of Standard Model

— Both calculational and experimental
* Rates over 10 orders of magnitude
* Precision of ppm

Higgs boson has been found

— Properties are consistent with standard model
expectations

Nothing missing
No other new particles have been seen
Cue party.....
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After LHC Run 1

Standard Model Production Cross Section Measurements  siiws: mvarch 2015
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Everything is not rosy "

* Experimental

— Neutrinos oscillate:

* Can be accomodated by straightforward
modifications

— (g-2)u does not agree with predictions

* Errors underestimated (both theory and
experiment)?

* Hint of new physics?
— Dark Matter

* If it's a particle, there is no candidate

* Theoretical (philosophical?)

LAWRENCE BERKELEY NATIONAL LABORATOR
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Issues with Standard model
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 Experimental
— 0.5(g-2)}L
 Very precise measurement: (116592089)x10™"

http://arxiv.org/abs/1311.2198 For summary

’\ : 8 — Calculational error (light by light scattering):

s 49x107"7

& — So what?

» Theorists: “supersymmetry might
explain it”

» Experimenters: “‘need better experiment”

» Me: “‘need smaller credible errors”
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http://arxiv.org/abs/1311.2198
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Issues with Standard model

Neutrino masses and mixings
* Does not fit into SM
— But easily accomodated

Summary from Steve King

m? m2
A =N V(, A
Vi
* Which ordering?
Normal [== Y- Inverted .
*CP Violation?
2 2,
My - - - = — - - Is there any?
solar~7x10%eV? . Can it explai . b
_ - m? . plain universe baryon excess
atzn)‘(‘”pt:e“‘f, -Dirac or Majorana
ek atmospheric Neutrinoless double beta decay
HIZ"'._._. — ~2X 10_3CV2
. solar~7x10%eV? | :
m "+ = | I 74
I Mostly experimental issues
.
0 0
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Issues with Standard model

Dark
Energy
68.3%

Dark
Matter
63%

Neutrinos
10%

Photons
15%

Atoms

No dark matter candidate in SM 12%

13.7 BILLION YEARS AGO
(Universe 380,000 years old)

Dark matter inferred from star motion and gravitational lensing
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Issues with Standard model cooree
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* Theoretical (philosophical?)
— 18 parameters

— No understanding of particle masses
* All blamed on Higgs couplings

— Measured CP violation (quark sector) too
small to explain excess of matter over anti-
matter

* Could be related to neutrino problem (above)

— Higgs mass is “unnatural” (fine tuned)
» Orwhyis M <<M,

* Gravity problem or Weak interaction problem
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Making progress

 Someone comes up with a good theory
— Must predict something measurable and
definitive
* Sadly lacking at present

* New Experimental information

— More information about neutrinos
* CP violation?
* Mass structure
* Important but unlikely by itself so be critical

— Discovery of some new state(s)
* Everything changes

LAWRENCE BERKELEY NATIONAL LABORATORY
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Could Higgs be related to Dark Matter?
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* Higgs iIs rather odd
— Non universal couplings, Spin 0

— Could it be coupling to Dark matter?

* DM particles only couple to matter via Higgs
(“Higgs Portal”)

— M_ <M /2 has bound on coupling to Higgs

* Higgs decays to pairs of DM particles
* Invisible width limited by experiment

“Higgs portal models”

LAWRENCE BERKELEY NATIONAL LABORATORY
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Higgs to “invisible” search at LHC

* Uses production of Z+Higgs
* Trigger and Detect Z to leptons
— (Can also use Z to bbar)

Phys. Rev. Lett. 112, 201802
——— 00009 090909mm0 0 0Om OmOm9m©©©©©O©m©©m©m©©©©© OB OO O ©©©©©©©©©
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Z+Missing ET event e
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Z+Missing ET event
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Run Number: 167776

\ @
Event Number: 129360643 _‘ L\ N
—_—\ D
Date: 2010-10-28, 10:41:18 CES —J - \)
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Higgs to “invisible”: Backgrounds

ZZ, WZ from MC.:Validated from data
WW, ttbar, Wt from MC and data:
— These make ey final states: signal does not

Z+jets with jet mismeasured or lost
— Data driven using A®(Z,Etmiss) and |Etmiss —p_|/p_,

* Use regions outside of selections
— Agrees within 10% with pure MC estimate

Final background dominated by ZZ

— Note that Higgs discovery itself validates this
background.
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Invisible Higgs decay: Result

TR
ATLAS ® mn

E 10° =
S Vs=8TeV,[Ldt=2031" B zz- cevviinel E
Sl —  ZH > £¢ +inv. B - ovecincn B
% 102 = e [ R TXATES: E
S F k. ST = e ’ S
@ ol BT W jts, mutie,semiop.iop | Signal” assumes H> invisible
% S el ZH - ¢¢ +inv.,, BR(H — inv.) = 1 ? dominates decays
N T = Sensitive to large BR
g o -
g Lig: e U
g 05F 4 x
S R L R [ L R [ L
E™= [GeV]
Combined with 7 TeV data: BR(H> invisible)<75%
See also ATLAS-CONF-2015-004
Looks unimpressive but....
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. Invisible Higgs: Global fit

 Can compare to other laboratory searches in simple model
— Not bad for a “byproduct”
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Generic approach

P>

Astrophysics

Direct detection

LHC
> >
Dark matter
Ordinary matter
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Generic production
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 Parameterized by

* DM mass
* Interaction strength (M*) A

M*
 Assumptions
— Only SM and DM produced
* No other new particles Energy of collision
— Interaction is treated as point
* M*> kinematics of production
* Need something else in the event to observe
— Get this by QCD or QED radiation.
— Only small fraction of total production observable

m(wimp)

18 LAWRENCE BERKELEY NATIONAL LABORATORY



Associated production %
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Photon or

Gluon unobserved

L
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Event display of “monojet” ceceed]
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Search for Event with Jets+nothing
Determine expected background

Run Number: 189090, Event Number: 206976
Date: 2011-09-10 17:17:48 CEST
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Lack of Signal
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New physics examples show excess at large values
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Events / GeV
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Comparisons

Excluded regions above lines
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SUSY and Dark Matter '
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Supersymmetry models can provide dark matter candidates

— R parity conservation --> Lightest SUSY particle (LSP)
stable

* Must be Neutral and probably weakly
interacting

Models have strongly interacting SUSY particles
— Heavier than LSP
— But production rates might be larger at LHC

Generic searches for SUSY particles cannot be easily
interpreted as Dark Matter constraints

— Direct production of LSP small (but not negligible)
Searches within fully defined model can provide constraints
General statements impossible

LAWRENCE BERKELEY NATIONAL LABORATORY



SUSY and Dark Matter ‘ )
- Typically complicated decay at LHC

— Electrons, muons, jets....

Deposits no energy

\ e
Observed as “jet” of erﬁrg?

Many searches in many models: nothing seen

24 LAWRENCE BERKELEY NATIONAL LABORATORY
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Events of this type
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ATLAS SUSY Searches*

- 95% CL Lower Limits

ATLAS Preliminary

Status: Feb 2015 \Vs=7,8TeV
Model &[T,y Jets ET™ [Larm™) Mass limit Reference
MSUGRA/CMSSM 0 2-6 jets Yes 20.3 X3 1.7TeV  m(G)=m(g) 1405.7875
3, G—q%) 0 26jets  Yes 203 |§ 850 GeV m(¥})=0 GeV, m(I* gen. §)=m(2™ gen. g 1405.7875
3 qqy, q—nﬂ? (compressed) 1y 0-1jet Yes 20.3 q 250 GeV m(G)-m(¥)) = m(c) 1411.1559
S 3 g-a0 0 2-6jets  Yes 203 |% 1.33 TeV m(¥})=0 GeV 1405.7875
§ 2z, §—>qq/\?1t—>qu*:\~(/)? leu 36jets  Yes 20 |2 1.2 TeV m(¥})<300 GeV, m(¥*)=0.5(m(¥})+m(z)) 1501.03555
(%) 88, §—qq(Le/tv/v)X 2e,n 0-3 jets = 20 4 1.32 TeV m(¥)=0 GeV 1501.03555
o GMSB (£ NLSP) 1-27+0-1¢ 0-2jets  Yes 20.3 g 1.6 TeV tanﬁ >20 1407.0603
‘@ GGM (bino NLSP) 2y . Yes 203 |2 1.28 TeV m(¥})>50 GeV ATLAS-CONF-2014-001
% GGM (wino NLSP) leu+y . Yes 4.8 m(/\/;)>50 GeV ATLAS-CONF-2012-144
8 GGM (higgsino-bino NLSP) 9/ 1b Yes 4.8 m(¥})>220 GeV 1211.1167
GGM (higgsino NLSP) 2e,u(Z) 0-3 jets Yes 5.8 m(NLSP)>200 GeV ATLAS-CONF-2012-152
Gravitino LSP 0 mono-jet  Yes 20.3 F'2 scale 865 GeV m(G)>1.8 x 107 eV, m(g)=m(§)=1.5TeV 1502.01518
e F—bbY) 0 3b Yes 201 |2 1.25 TeV m(E))<400 GeV 1407.0600
S gty 0 7-10jets  Yes 203 | & 1.1 TeV m(E)) <350 GeV 1308.1841
* EO F1i¥) 0-1e,u 3b Yes  20.1 4 1.34 TeV m(¥})<400 GeV 1407.0600
Rg! bty 0-1e,u 3b Yes 201 |% 1.3 TeV m(¥})<300 GeV 1407.0600
ae bibi, bi—bt 0 2b Yes 201 |B 100-620 GeV m(¥)<90 GeV 1308.2631
<8 bibi, bi—iy 2e,u(SS)  0-3b Yes  20.3 | B 275-440 GeV m(¥i)=2 m(/??) 1404.2500
§§ o _)b)?'io -0 Teen 126 Yes 47 | n[H0SH67IGEV mieh) = 2m(@), m(¥?)=55 GeV 1200.2102, 1407.0583
(%) S fif, f,—»VE/(I);XI or tX; 2e,u 0-2 jets Yes 20.3 51 90-191 GeV 215-530 GeV m ~(,}):1 GeV 1403.4853, 1412.4742
g S i, i) 0-1e,pu 1-2b Yes 20 | & 210-640 GeV m(¥)=1 GeV 1407.0583,1406.1122
>3 fify, fi—>ck 0  mono-jet/c-tag Yes 20.3 A 90-240 GeV m(f})-m(¥})<85 GeV 1407.0608
?;.ﬁ % 7171 (natural GMSB) 2e,u(Z) 1b Yes 20.3 i 150-580 GeV m(¥})>150 GeV 1403.5222
b, h—oh +Z Be,u(Z) 1b Yes 20.3 A 290-600 GeV m ?)<200 GeV 1403.5222
TLrlLr, P—E8) 2e,pu 0 Yes 203 |7 90-325 GeV m(¥))=0 GeV 1403.5294
):(?E )ﬁ —v(t7) 2e,u 0 Yes  20.3 )fi; 140-465 GeV w )=0 GeV, m(Z, #)=0 (magi )+mp§§;)) 1403.5294
> *g )f‘i)f(') J-tr) 27 ) Yes  20.3 )fi i 100-350 GeV : mw )=0 GeV, m(%, )=0.5(m(¥; )+m(/\:(,))) 1407.0350
= XX lvll(v), (v l(y) 3eu 0 Yes 20.3 X ,X‘,’ 700 GeV m(Er)=m(¥3), m(¥1)=0, m(Z, #=0.5(m(¥;)+m(t)) 1402.7029
S gl -wiizy) 23epu  O02jets  Yes 203 |BENA) 420 GeV m(¥T)=m ()(2) m(¥9)=0, sleptons decoupled | 1403.5294, 1402.7029
WA, hsbb ) WW/rt/yy MY 02b  Yes 203 |¥ER 250 GeV M} )=m(r2), m(E))=0, sleptons decoupled 1501.07110
T3, 035 —Trt dep 0 Yes 203 |H, 620 GeV mE)=m(E), m(E)=0, m(Z, 7)=0.5(m(¥%)+m(¥))) 1405.5086
Direct ¥1 X prod., long-lived ¥7  Disapp. trk 1 jet Yes 203 |X 270 GeV m(FT)-m(¥})=160 MeV, 7(¥7)=0.2 ns 1310.3675
g @ Stable, stopped g R-hadron 0 1-5jets  Yes 27.9 K4 832 GeV m(¥})=100 GeV, 10 us<r(3)<1000 s 1310.6584
=g Stable g R-hadron trk i . 191 | & 1.27 TeV 1411.6795
D5 GMSB, stable 7, 1| -7, p+r(e. ) 121 i . 194 |2 537 GeV 10<tanB<50 1411.6795
S 2 GMSB, ¥)—yG, long-lived X} 2y - Yes 203 |® 435 GeV 2<7(%))<3 ns, SPS8 model 1409.5542
qq, )??—n]qy (RPV) 1 u, displ. vix - B 20.3 q 1.0 Tev 1.5 <cr<156 mm, BR(u)=1, m(t})=108 GeV | ATLAS-CONF-2013-092
LFV pp—v: + X, V:—e + 2e,u . = 4.6 3”—0 10, 4;3,=0.05 1212.1272
~.  Bilinear RPV CMSSM 2e¢,u(SS)  0-3b Yes 203 |4.& 1.35 TeV m(t‘z)=m(§), ctsp<t mm 1404.2500
&L: TR, X WY, ¥ —eev,, e, dep . Yes 203 )ff 750 GeV ME)>0.2xm(¥5 ), 1121 20 1405.5086
X0, 0w B srrv,,erv, e+t - Yes 203 | 450 GeV MT)>0.2xm(¥E), 413320 1405.5086
8—qqq 0 6-7 jets i 203 |2 916 GeV BR(1)=BR(b)=BR(c)=0% ATLAS-CONF-2013-091
g—it, fj—bs 2e,u(SS)  0-3b Yes  20.3 I3 850 GeV 1404.250
Other Scalar charm, el 0 2¢ Yes 20.3 ¢ 490 GeV | m(¥})<200 GeV 1501.01325
=8 TeV -1
N .G o 1 ass scale [TeV]

*Only a selection of the available mass limits on new states or phenomena is shown. All limits quoted are observed minus 1o~ theoretical signal cross section uncertainty.
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Supersymmetry has not been seen /\I "1\"

* Proponents say this makes discovery more
likely
— But they are Beyesians on the issue

— Cannot really be killed (just push up mass
scales..)
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Nothing else seen either
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ATLAS Exotics Searches* - 95% CL Exclusion
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ATLAS Preliminary

Status: March 2015 fL dt=(1.0-20.3) fp-1 \/_ =7, 8TeV
Model £,y Jets ET™ [ratm] Mass limit Reference
T T T T T T T TTT] T T T T T T T —TT

ADD Gk + &/q - >1j Yes 20.3 n=2 1502.01518
ADD non-resonant &£ 2e.pt - - 20.3 n=23HLZ 1407.2410
ADD QBH — £q 1ep 1j - 20.3 n=6 1311.2006
2 ADDQBH - 2j - 20.3 n=6 1407.1376
O ADD BH high Ny 2u(88) - - 203 n =6, Mp =3TeV, non-rot BH 1308.4075
‘é’ ADD BH high ¥ pr >lep >2] - 20.3 n=6, Mp =3TeV, non-rot BH 1405.4954
g ADD BH high multijet - =2j - 20.3 n =6, Mp = 3 TeV, non-rot BH Preliminary
S RS1 Gy — & 2ep - - 20.3 k/Mp =01 1405.4123
© RS1 G — vy 2y - - 20.3 kMo =01 Preliminary
h+3 Bulk RS Gyx — ZZ — qqtt 2ep 2ji114 - 20.3 kiMa =10 1409.6190
W Bk RS G — WW — qaty Teu 2]/11J Yes 203 KMo =10 1508.04677

Bulk RS Gy — HH — bbbb - 4b - 195 | Gux mass 590-710 Gev [ k/Mpy =10 ATLAS-CONF-2014-005

Bulk RS gy — tt lep =1b,>1JR2j Yes 20.3 BR=0.925 AT LAS-CONF-2015-009
2UED /RPP 2eu(S9) z1b=1j Yes 203 Preliminary
® SSMZ' — & 2ep - - 20.3 1405.4123
5 SSMZ' — 7T 27 - - 19.5 1502.07177
2 SSM W' — &v Teu - Yes 203 1407.7494
Q EGM W' — WZ — & & e - Yes 20.3 1406.4456
% EGM W' — WZ — qqét 2ep 2j/14 - 20.3 1409.6190
g HVT W' — WH — £vbb 1ep 2b Yes 20.3 Preliminary
O  LRSM W, — th lep 2b01) Yes 203 14104103
LRSM W, — tb Oep =1b1Jd - 20.3 1408.0886
- Clggqq - 2j - 17.3 Preliminary
O Cl gqtt 2ep - - 203 mr=-1 1407.2410
Cl uutt 2ep1(SS) 21b,>1] Yes 20.3 |Gl =1 Preliminary
= EFT D5 operator (Dirac) Oep >1j Yes 203 at 90% CL for m(y) < 100 GeV 1502.01518
Q EFT D9 operator (Dirac) Oep 1J,£1]  Yes 20.3 at 90% CL for m(y) <100 GeV 1300.4017
Scalar LQ 1% gen 2e >2j - 1.0 LQ mass 660 GeV B=1 1112.4828
9‘ Scalar LQ 2" gen 2pu =2j - 1.0 LQ mass 685 GeV p=1 1208.3172
Scalar LQ 3" gen lepgls 1b1j - 47 LO mass 534 GeV =1 13083.0526

VIQ 7T - He + X Wh+ X lep =1b=3] Yes 20.3 isospin singlet ATLAS-CONF-2015-012
> % VIQTT —» Zt + X 2/>x3e.p  >2/>1b - 20.3 Tiin (T, B) doublet 1409.5500
3 S VIQBB - Zb+ X 2/>3ep 22/21b - 20.3 Bin (B,Y) doublet 1409.5500
L& vieBB- Wr+X leu =1b=5j Yes 20.3 isospin singlet Preliminary
Tsps — Wt lep =1b=5] Yes 20.3 Preliminary
» Excitedquark ¢* — gy 1y 1j - 20.3 only 4™ and d*, A = m(g*) 1309.3230
E § Excited quark ¢" — qg - 2j - 20.3 only v~ and d*, A = m(q") 1407.1376
§ é Excited quark b* — Wit lor2ep1b2jorlj Yes 47 870 GeV left-handed coupling 1301.1583
0] @ Excited lepton £* — £y 2eply - - 13.0 A=22Tev 1308.1364
Excited lepton v* — W, vZ Beut - - 20.3 A=16Tev 1411.2921
LSTC a7 — Wy Teply - Yes 20.3 1407.8150
LRSM Majorana v 2ep 2j — 2.1 m{Wg) = 2 TeV, no mixing 1203.5420
N Higgs triplet H** — ¢£ 2 e 1 (SS) _ _ 20.3 DY production, BR(H}* — ¢£)=1 1412.0237
=2 Higgs triplet H== — £7 e T - - 203 DY production, BR(H;* — ¢r)=1 1411.2921
5‘ Monotop (non-res prod) 1ep 1b Yes 203 Anon—res = 0.2 1410.5404
Multi-charged particles - - - 203 DY production, |g| = 5e Preliminary
Magnetic monopoles — - - 2.0 monopole mass 862 GeV DY production, |g] = 1gp 1207.6411

V—=7Tev -

107! 1 10

*Only a selection of the available mass limits on new states or phenomena is shown.

Mass scale [TeV]
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Where to look now?

* 13 TeV LHC
— Search range doubled approx

* People tend to “look under favorite
lampposts”

— With that in mind..........

29 LAWRENCE BERKELEY NATIONAL LABORATORY



Suggestions where Roger should look
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