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Lessons from the LHC: a Higgs boson has been found
...and it looks like the Standard Model Higgs
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Lessons from the LHC:
the SM has passed all tests with flying colours

June2016 CMS Preliminary

S § 7 TeV CMS measurement (L < 5.0 fb™
. i 8 TeV CMS measurement (L < 19.6 fb™)
. e 13 TeV CMS measurement (L < 2.7 fb™)
enjet(s) : : : : : : : — Theory prediction
: S Z CMS 95%CL limit
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Lessons from the LHC:
the SM has passed all tests with flying colours

Inclusive Jet Cross Section Measurements

Incl. jet R=0.6, |y| < 3.0
—lyl <0.5,0.1 < pr <2 TeV
-05<]y]<1.0,0.1 <pt <2TeV
-1.0<]y]<15,01<pr <2TeV
-15<y| <2.0,0.1 <pr <2TeV
-20<]y]<25,01 <pr <0.9TeV
-25<]y|<3.0,0.1 <pr <0.5TeV
Incl. jet R=0.4, |y| < 3.0
—]y] <0.5,0.1 < pr <2TeV
-05<]y]<1.0,0.1 <pr <2TeV
-10<]y]<15,01l <pr <2TeV
-15<]y]<2.0,01 <pr <2TeV
-2.0<]y|<25,01 <pr <0.9TeV
-25<]y]<3.0,0.1 <pr <0.5TeV
Dijet R=0.6, |y] < 3.0, y* < 3.0
-y*<0.5,0.3 <mj; <43 TeV
-05<y"<1.0,03 <m;<43TeV
-1.0<y* <1505 <m; <4.6TeV
-1.5<y*<2.0,0.8<mj;<4.6TeV
-20<y"<25,1.3<mj<5TeV
-25<y"<3.0,2<m; <5TeV
Dijet R=0.4, |y] < 3.0, y* < 3.0
-y*<0.5,0.3 <mj; <43TeV
-05<y*<1.0,03 <m;<43TeV
-1.0<y" <1505 <m; <4.6TeV
-15<y"<2.0,0.8<m;<4.6TeV
-20<y* <2513 <mj<5TeV
-25<y"<3.0,2<mj<bTeV

Status: June 2016

T T |
o =712.3+1.9479.9 - 76.0 nb (data)
o =187.0+0.9 4+ 15.1 — 15.0 nb (data)
o =172.7+0.9 4+ 15.9 — 14.3 nb (data)
o =139.8+£0.9 4+ 16.5 - 16.2 nb (data)
o =105.5+0.7 + 16.0 — 15.2 nb (data)
o =69.7+0.6 + 13.5 — 12.7 nb (data)
o =375+0.4+9.4-8.4nb (data)
o =563.9+1.5+ 55.4 -51.4 nb (data)
o =145.1+0.8 4+ 10.7 — 10.6 nb (data)
o =136.9 + 0.8 + 10.9 — 10.5 nb (data)
o =112.2+0.7 4 11.0 - 10.2 nb (data)
o =2835+0.6+11.1-9.7 nb (data)
o =57.1+0.4+10.4 -9.1 nb (data)
o =29.13+0.31 4 7.5 -6.38 nb (data)
o =119.0 £ 0.4 4+ 10.9 — 10.3 nb (data)
o =48.21 £ 0.23 4 4.03 — 3.8 nb (data)
o =51.47 £0.32 + 4.76 — 4.44 nb (data)
o =13.82+0.11 + 1.44 — 1.42 nb (data)
o =4.93+0.06 + 0.69 — 0.65 nb (data)
o =505.0 +15.1 4 102.4 — 92.4 pb (data)
o=269+4.2+7.7-6.4pb (data)
o =86.87 +0.26 + 7.56 — 7.2 nb (data)
o= 35.47 £0.15 4 2.79 — 2.66 nb (data)
o =37.33+0.24 3.25 - 3.03 nb (data)
o =10.12 + 0.07 4 1.02 — 1.03 nb (data)
o = 3.57 £ 0.04 + 0.51 — 0.49 nb (data)
o =371.0+9.7 +81.5 - 72.1 pb (data)

o =16.0+2.0+5.4-4.3pb (data)
1 1 |

Theory NLOJet++, CT10

LHC pp Vs=7 TeV

_ Data 4.5fb™!
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stat & syst

Incl. jet: JHEP 02, 153 (2015)
Dijet: JHEP 05, 059 (2014)

ATLAS Preliminary
Runi1 +s=7TeV
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Physics beyond the Standard Model?

The problem of mass

What stabilises the Higgs mass”?
What sets the scale of the fermion masses”?

The problem of unification
|s there a grand unified theory?

The problem of flavour

Why are there so many types of quarks and leptons?
What is the origin of CP-violation?

Cosmological problems
What is the origin of the matter-antimatter asymmetry?
What is the nature of dark matter and dark energy?

The holy grail
What is the theory of quantum gravity?



BSM physics at the LHC?

The naturalness problem: why is MHiggs <« Mpianck”?

OQB =

.......... OME ~ =5 Ay ~ (0.3 Auvy)?
8

H usg H

— new coloured (top-)partners with mass = 500 GeV?

Dark matter

Kly interacting massive
e(s) with mass = 1 TeV?




WIMP dark matter: from SUSY to simplified models



WIMP dark matter: from SUSY to simplified models

VoLuME 48, NUMBER 4 PHYSICAL REVIEW LETTERS 25 JANUARY 1982

Supersymmetry, Cosmology, and New Physics at Teraelectronvolt Energies

Heinz Pagels
The Rockefeller Universily, New Yovk, New Yovk 10021

and

Joel R. Primack
Physics Depaviment, University of California, Santa Cyuz, California 95064
{(Received 17 August 1981)

If one assumes a spontaneously broken local supersymmetry, big-bang cosmology
implies that the universe is filled with a gravitino (g,,,) gas—poasibly its dominant
constituent. From the observational bound on the cosmological mass density it follows
that mg,,, =1 keV. Correspondingly, the supersymmetry breaking parameter I sat-
isfies VF = 2x 10° TeV, requiring new supersymmetric physics in the teraelectronvolt
energy region. An exact sum rule is derived and used to estimate the threshold and
eross section for the production of the new states.

PACS numbers: 11.30.Ph, 11.30.Qc¢, 93.80.Dr




WIMP dark matter: from SUSY to simplified models

VoLuME 48, NUMBER 4 PHYSICAL REVIEW LETTERS 25 JANUARY 1982
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VoLUME 50, NUMBER 6 PHYSICAL REVIEW LETTERS 7 FEBRUARY 1983

Upper Bound on Gauge-Fermion Masses

Steven Weinberg
Department of Physics, Univevrsilty of Texas, Austin, Texas 78712

(Received 22 November 1982)

A large class of broken supersymmetry theories is shown to imply the existence of fer-
mions A* and A’, lighter than or nearly degenerate with the W* and Z° gauge bosons, and
with vanishing baryon and lepton number. If the A* is appreciably lighter than the W* it can
be readily produced in W* decay, as well as in e*-e¢~ collisions.

PACS numbers: 11.30.Pb, 14.80.Er, 14.80. Pb
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WIMP dark matter: from SUSY to simplified models

VoLUME 48, NUMBER 4 PHYSICAL REVIEW LETTERS 25 JANUARY 1982
VoLUME 50, NUMBER 6 PHYSICAL REVIEW LETTERS 7 FEBRUARY 1983
VorLumEe 50, NuMpser 19 PHYSICAL REVIEW LETTERS 9 May 1983

Constraint on the Photino Mass from Cosmology

H, Goldberg
Depaviment of Physics, Nevtheastern [Universily, Bosion, Massachuselis 02115

(Received 22 February 1983)

A lower bound for the photino mass me as a function of the spin-0 fermion superpartner
mass m, is derived as an extension of the calculation of Lee and Weinberg. The Majora-

— na nature of the photino induces a p-wave threshold for annihilation 3§—ff into light
fermions, and leads to a rather unexpected form for the bound: for 25 GeV = mjy = 45
| GeV, (mglhyy>~ m,=1.8 GeV; for m;>45 GeV, (m;)y;, increases approximately linearly

with my to a value of 20 GeV when mj; = 100 GeV.
PACS numbers: 14.80.Pb, 11.30.Pb, 98,80.Bp




WIMP dark matter: from SUSY to simplified models

VoLuME 48, NUMBER 4 PHYSICAL REVIEW LETTERS 25 JANUARY 1982
VoLUME 50, NUMBER 6 PHYSICAL REVIEW LETTERS 7 FEBRUARY 1983
VorLumEe 50, NuMpser 19 PHYSICAL REVIEW LETTERS 9 May 1983

Nuclear Physics B238 (1984) 453-476
© North-Holland Publishing Company

SUPERSYMMETRIC RELICS FROM THE BIG BANG*

L

John ELLIS and J. S. HAGELIN

Stanford Linecar Accelerator Center, Stanford University, Stanford, California 94305, USA

D. V. NANOPQULOS, K. OLIVE', and M. SREDNICKI*
CERN, CH-1211 Geneva 23, Switzerlund

Received 16 September 1983
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Lessons from the LHC: no sign of SUSY

ATLAS SUSY Searches* - 95% CL Lower Limits ATLAS Preliminary

Status: July 2016 ‘ \s=7,8,13TeV
miss - - .
Model &[Ty Jets ET™ [Lanm™] Mass limit V5=7,8Tev [ y5=13TeV Reference
MSUGRA/CMSSM 0-3e,u/1-27 2-10jets/3b Yes  20.3 1.85 TeV m(g)=m(g) 1507.05525
44, q—>q)§° 0 2-6jets  Yes 3.2 m(F))<250 GeV, m(1* gen. §)=m(2" gen. §) 1605.03814
® 43, §—q¥ (compressed) mono-jet  1-3jets  Yes 3.2 m(q)-m()'(?)<5 GeV 1604.07773
S & g*qqx? 0 2-6jets  Yes 3.2 mm)<250 GeV 1605.03814
& 88 8—oqgVi —gqW* )%| lenu 2-6jets  Yes 3.3 m(Xl)<350GeV m&*)=0.5m(%})+m(z)) 1605.04285
8 88, §—qq(tl/ty/vv)X 2e.pu 0-3 jets - 20 1.38 TeV mm) 0GeV 1501.03555
o 8% g-aqWZi) 0 710jets  Yes 32 m(Y) =100 GeV 1602.06194
= GMSB (¢ NLSP) 1-27+0-1¢ 0-2jets Yes 3.2 To appear
g GGM (bino NLSP) 2y - Yes 3.2 ¢7(NLSP)<0.1 mm 1606.09150
Q  GGM (higgsino-bino NLSP) Y 1b Yes 203 |%& 1.37 TeV m(¥))<950 GeV, cr(NLSP)<0.1 mm, <0 1507.05493
=  GGM (higgsino-bino NLSP) Y 2jets  Yes 203 |z 1.3 TeV m(¥})<850 GeV, cr(NLSP)<0.1 mm, 1>0 1507.05493
GGM (higgsino NLSP) 2e,u(Z) 2jets  Yes 203 |z 900 GeV m(NLSP)>430 GeV 1503.03290
Gravitino LSP 0 mono-jet  Yes 20.3 F12 scale 865 GeV m(G)>1.8 x 10 eV, m(g)=m(g)=1.5TeV 1502.01518
SF 2z z-bbt 0 3b Yes 33 m(¥%)<800 GeV 1605.09318
f’ g gz g—>ttX(1) 0-1e,u 3b Yes 3.3 m()=0GeV 1605.09318
S0 g3, gobit] 0-1e,u 3b Yes 201 |2 1.37 TeV m(¥})<300 GeV 1407.0600
@ s Db, biobY) 0 2b Yes 32 (I G40 GEV] m(¥})<100 GeV 1606.08772
‘§ L bib, 171—>IX1 2¢,u(SS) 0-3b  Yes 32 |5 1 325-540 GeV m@d)= 50GeV, m(¥ ¥5)= m(?))+100 GeV 1602.09058
23S Af, hobtT 1-2ep 1-2b  Yes 4.7/203 | #17-170 GeV 200-500 GeV m(FE) = 2m(¥Y), m(P")=55 GeV 1209.2102, 1407.0583
@ 'g af, —WhEl or i) 0-2e,u 0-2jets/1-2b Yes 203 |#  90-198 GeV 205-715 GeV 745-785 GeV mEd)= 1Gev 1506.08616, 1606.03903
q':)' 8 i, t1—>o\/0 0 mono-jet/c-tag Yes 20.3 3 90-245 GeV m(f))-m(¥})<85 GeV 1407.0608
S8 hi(natural GMSB) 2e,u(2) 1b Yes 203 |& 150-600 GeV m(¥})>150 GeV 1403.5222
%5 hhhoh+Z 3e,u(z) 1b Yes 203 |h 290-610 GeV m(¥})<200 GeV 1403.5222
hi, hof +h le,u  6Gjets+2b Yes 20.3 I 320-620 GeV m(¥})=0GeV 1506.08616
lurlig, [ 2e.p 0 Yes 203 |7 90-335 GeV m(¥?)=0 GeV 1403.5294
)?f)?f,)(l SIv(ty) 2e,pu 0 Yes 203 | X} 140-475 GeV m(¥?)=0 GeV, m(Z, )=0.5(m(¥; )+m(¥})) 1403.5294
XIX X = T(1h) 27 - Yes 203 | X 355 GeV m(Y)= 0GeV, m(7.7)=0. 5(m(E7)+m(t})) 1407.0350
> § xl)(a—)vaeLf(w) VL () Bep 0 Yes 203 | XLE) 715 GeV mE¥T)=m(E3), m(¥})=0, m(Z, 7)=0.5(m(¥; )+m(¥})) 1402.7029
W= )(1)( —wiz?) 2-3e,u  02jets  Yes 203 |K K 425 GeV m(¥r)=m w ) m(¥})=0, sleptons decoupled | 1403.5294, 1402.7029
S Xix —)(‘)}V)flh/\/l, h—bb/WW/tt|yy &HY 0-2b Yes 20.3 /\zz:,iz 270 GeV m(ff): (/? ), m (X(?):O sleptons decoupled 1501.07110
XoX3, X3 >R dep 0 Yes 203 | X5 635 GeV mF9)=m(¥3), m(¥1)=0, m(Z, 7)=0.5(m(¥3)+m(¥})) 1405.5086
GGM (wino NLSP) weak prod. lepu+y - Yes 20.3 w 115-370 GeV cr<imm 1507.05493
GGM (bino NLSP) weak prod. 2y - Yes 20.3 14 590 GeV cr<imm 1507.05493
Direct)gf/\:/f prod., long-lived ¥7  Disapp. trk 1 jet Yes 203 | X 270 GeV m(E5)-m(E))~160 MeV, 7(¥{)=0.2 ns 1310.3675
Direct ¥1¥] prod., long-lived ¥7  dE/dx trk - Yes 184 | X 495 GeV mET)-m(t})~160 MeV, 7(¥1)<15 ns 1506.05332
§ @ Stable, stopped g R-hadron 0 1-5jets  Yes  27.9 z 850 GeV m(¥9)=100 GeV, 10 us<7(3)<1000 s 1310.6584
=3 Stable g R-hadron trk - - 3.2 1606.05129
<O -
ST Metastable g R-hadron dE/dx trk - - 3.2 m(¥)=100 GeV, r>10 ns 1604.04520
S 8 GMSB,stable 7, oz, rre,w) 12n - - 19.1 )?6 537 GeV 10<tanB<50 1411.6795
= GMSB, X1—yG, long-lived X| 2y - Yes  20.3 ’?6 440 GeV 1<T()2]><s ns, SPS8 model 1409.5542
gg,XleeeV(/eyv/,uyv displ. ee/e/pp - - 20.3 )?6 1.0 TeV 7 <c‘r()(1)< 740 mm, m(z)=1.3 TeV 1504.05162
GGM g3, X|—>ZG displ. vix +jets - - 203 | X 1.0 TeV 6 <ct(¥})< 480 mm, m(g)=1.1 TeV 1504.05162
LFV pp—vr + X, Vr—ep/et/ut eH,eT UT - - 203 | ¥ 1.7 TeV A411=0.11, A132/133/233=0.07 1503.04430
Bilinear RPV CMSSM 2e,u(SS) 0-3b Yes 20.3 7.2 1.45 TeV m(g)=m(g), ctrsp<1 mm 1404.2500
FLRT, XWX —eev,, eute dep - Yes 203 | ¥ 760 GeV mEE)>0.2xm(F}), 121 %0 1405.5086
S XL X WAL K st ety,  Beu+T - Yes 203 |X 450 GeV m(¥Y)>0.2xm(F%), 1133#0 1405.5086
EL: 88, 8—q9q 0 6-7 jets - 20.3 z 917 GeV BR(r)=BR(b)=BR(c)=0% 1502.05686
2 8—qa0), X} — qqq 0 6-7jets - 203 |z 980 GeV m(@)=600 GeV 1502.05686
22, g—)tlt fil—bs 2e,u (SS) 0-3b Yes 20.3 g 880 GeV 1404.2500
fifi, fi—bs 0 2jets+2b - 32 |4 345GeV ATLAS-CONF-2016-022
i1, fi—bt 2e,u 2b - 203 |7 0.4-1.0 TeV BR(7 —be/u)>20% ATLAS-CONF-2015-015
Other Scalar charm, c—c¥) 0 2¢ Yes 203 |@ 510 GeV m(E))<200 GeV 1501.01325
Il Il Il Il Il Il Il Il I Il Il Il Il Il Il
*Only a selection of the available mass limits on new -1
states or phenomena is shown. 10 1 Mass scale [TeV]



Lessons from the LHC: no sign of new physics

LQ1(ej) x2
LQ1(ej)+LQ1(v))
LQ2(uj) x2

LQ3(vb) x2
LQSgb; >)§2 LepTOC]UCII"(S coloron(4j) x2

)
LQ3(tt) x2 ) x2
)

Multijet

Resonances

4
LQ3(vt) x2 gluino(3j
Single LQ1 (A=1)

Single LQ2 (\=1) gluino(jjb) x2

o
—_

2 3 4 TeV

2 3 4 TeV

RS Gravitons ADD (y+MET), nED=4, MD

ADD (j+MET), nED=4, MD

RS1(jj), k=0.1
RS1(ee,py), k=0.1
RS1(yy), k=0.1

Large Exira
Dimensions

ADD (ee,pu), NED=4, MS

1 2 3 4 TeV ADD (yy), nED=4, MS

ADD (j), nED=4, MS

CMS Preliminary

NR BH, nED=6, MD=4 TeV

| | QBH (jj), nED=4, MD=4 TeV
SSM Z'(t1) \

T | Jet Extinction Scale

SSM Z'(jj) ,
SSM Z'(bb) , String Scale (j)
SSM Z'(ee)+Z'(up) ' ' ) .
SSM W'(jj) \
SSM W'(lv) : ) dijets, A+ LL/RR
0 1 2 3 4 5 TeV dijets, A- LL/RR
dimuons, A+ LLIM

dimuons, A- LLIM

Excited dielectrons, A+ LLIM

e* (M=A) Fermions dielectrons, A- LLIM

H (':A:A) single e, A HhCM
q”* (q9) ,

a* (@y) single y, A HhCM

inclusive jets, A+
0 1 2 3 4 5 6 TeV inclusive jets, A-

01234567 8910111213141516171819 TeV

CMS Exotica Physics Group Summary — LHCP, 2016



(750 GeV) Light at the end of the tunnel?



Lessons from the LHC: no sign of new physics
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e Do we search in all the right places”
e Can we interpret the results in a wider class of models?

e [f new physics is seen, can we characterise it in terms of
observed properties, with minimal reliance on untested
assumptions?



e Do we search in all the right places”
e Can we interpret the results in a wider class of models?

e [f new physics is seen, can we characterise it in terms of
observed properties, with minimal reliance on untested
assumptions?

For the LHC-13 we need to

e Explore a wider range of BSM models

e and move towards more model-independent searches:
effective field theories and simplified models.



Model-independent searches for dark matter



Model-independent searches for dark matter

10 TeV 1
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1TeV |
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Model-independent searches for dark matter

10 TeV 1

1TeV 1

100 GeV 1

44

DM
SM

q DM
7
g | DM
\/S < MZ’



Model-independent searches for dark matter

effective field theories

10 TeV 7 T
Z!
1TeV 1
DM
100 GeV 7t SM
>

M(qq — YpMm¥ppm) =

1

(@) T T o)

&



However, if Mz » +/S, the dark matter signal is weak:

2

]\;2 (CYFQ)@DMF@DDM) — ]\Z%/ (QTQ)@DMFIDDM)

S

M(qq — Yom¥pp) =




However, if Mz » +/S, the dark matter signal is weak:

92

M2,

L (@) @omTeom) = 2o (qT9) @paTdoom)

M (qq — Yomipy) = Ve

It is thus more interesting to consider simplified models, where at
least one mediator is at the TeV scale:

4 :
10 TeV 1 T
1Tev | Z
DM
100 GeV 1t SM
>




However, if Mz » +/S, the dark matter signal is weak:

2 N
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It is thus more interesting to consider simplified models, where at
least one mediator is at the TeV scale:

Such simplified models

T * provide a reliable framework for
LHC analyses;

¢ allow to explore constraints
1Tev | Z from mediator searches;

100Gev + sm DM e allow to connect LHC analyses
with direct and indirect dark

> matter searches.
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Consider a simplified dark matter model with an axial-vector mediator Z’
which couples to a Majorana dark matter fermion ¥ and SM quarks.

The model has only four parameters (My, Mz,v/0x 9q, I'z), and it can be
tested in direct and indirect detection, and at the LHC.
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Lessons from the LHC: no sign of dark matter

CMS Preliminary

Dark Matter Summary”* - June 2016
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Science may be described as the art of systematic
oversimplification (Karl Popper)

Consider a simplified dark matter model with a Z’:

L= Z xXlgbm" + g vsIx + Y Z flay " + g7y s f

f=aq,l,v
9 q g W _q
q 1 97

Bell et al., arXiv:1503.07874 [hep-ph]; Haisch et al., arXiv:1603.01267 [hep-ph]
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L=ZxV'x~+ Z, |9, un'u+ gy dy*d

pp = jets + Z' (= xY)
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Unitarity violation and the choice of couplings

A partial wave analysis of u+d — W + Z’ yields:
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M(p-wave) = g5 (90 = 94 — 9u + 9d)

and thus the scattering amplitude may violate unitarity.



Unitarity violation and the choice of couplings

A partial wave analysis of u+d — W + Z’ yields:

g
M(p-wave) = g5 (90 = 94 — 9u + 9d)

and thus the scattering amplitude may violate unitarity.

Impose g, — 94 — 9u +94 =0

or equivalently 95 = gl‘f —gf — gg —gé? — 95

.e. left-chiral u and d-quarks should have the same
coupling to the Z’
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Compare to the Standard Model

Loy = Z Z,q 195"+ 977" 5)a

q
1% g 2 A
97 q = Qe (TS,q _ 2Qq5W) and 97 q = ey

T3,q

Thus 97. — 974 = gcw # 0

Triple gauge boson couplings come to rescue

U W U 7 ; W
d u
p Z 3 Wt d Z
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e restrict the choice of couplings

e add more particles/interactions
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Summary

Searches for new physics are increasingly designed
and interpreted in terms of simplitied models rather

than specitic top-down models

Simplified models

e mediate between theory and data
e allow to explore the space of theories and signatures
e connect direct and indirect searches for new physics

However

ow do we choose the right simplified models?
ow do simplitied models connect to theory?
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The limits from direct searches, and the Higgs boson mass
and profile, tend to push the new physics scale beyond TeV.

New physics is either natural and somewhat elaborate,
or simple and unnatural.



Conclusions

The limits from direct searches, and the Higgs boson mass
and profile, tend to push the new physics scale beyond TeV.

New physics is either natural and somewhat elaborate,
or simple and unnatural.

For the LHC-13 we need to

e cxplore a wider range of BSM models
e move towards more model-independent searches:
effective field theories, simplified models.




Should new physics be natural, simple, beautiful,
perturbative,...?



Should new physics be natural, simple, beautiful,
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Don’t expect too much guidance from theory...




Should new physics be natural, simple, beautiful,
perturbative,...?

_Experiment has to tell! |




Thank you!



