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Higgs Boson Discovery
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= Observation by ATLAS and CMS

= I[ndependent confirmation by two
experiments and two final states

= ATLAS and CMS paper with more than
5000 citations each (> 4/day)
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Overview of Higgs Results

= Combined ATLAS and CMS
measurements using LHC
Run-1 dataset

= Precision (0.2%) limited by
statistical uncertainty
my =125.09 +0.21 (stat.) £ 0.11 (syst) GeV

= Established that particle
masses and couplings to
the Higgs boson relate

= Discovered particle looks
in all aspects like the SM
Higgs boson

= No additional Higgs bosons
or BSM decays observed

1 L) L) l Ll L) Ll L) ' L) 1 L ] L] 1 ' Ll L) L) L] l L] L) L] L) I 1
ATLAS and CMS —e—i Total ' Stat. [ Syst.
LHC Run 1 Total Stat, Syst.
ATLAS H-yy ]  126.02 + 0.51 (+ 0.43 + 0.27) GeV
CMS H-yy b 4 124.70 + 0.34 ( + 0.31+ 0.15) GeV
ATLAS H—2ZZ -4l - 124.51+ 0.52 ( £ 0.52 + 0.04) GeV
CMS H—2ZZ -4l e 125.59 + 0.45 (£ 0.42 £ 0.17) GeV
ATLAS+CMS yy ? 125.07 + 0.29 ( + 0.25 + 0.14) GeV
ATLAS+CMS 4l e 125.15 + 0.40 ( + 0.37 + 0.15) GeV
................................... Prm - ccceeeiieieeeeticetececesececeneaan.
ATLAS+CMS yy+4l @ 125.09 + 0.24 ( + 0.21 + 0.11) GeV
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Production process

Measured significance (o)

Expected significance (o)

VBF 54 4.7
WH 2.4 2.7
ZH 2.3 2.9
VH 3.5 4.2
itH 4.4 2.0
Decay channel

H—- 1t 5.5 5.0
H — bb 2.6 3.7




Higgs Coupling Measurements

ATLAS and CMS Preliminary
LHC Run 1
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Parameter | ATLAS+CMS ATLAS+CMS ATLAS CMS
Measured Expected uncertainty | Measured | Measured
Parameterisation assuming BR!_;SM =0
Kz 1.03%91] T 100201 | 1.0770 18
Kw 0.912910 o 092013 | 0.90%513
K, 143308 s 1312939 | 1.56703%
K, 0.8870 13 oS 097017 | 0.821517
K XU o2 0.61293% | 0.61205¢
Ke 0.8173:15 ol 0.947:15 | 07025313
K, 0.92*5 1o AT 0881013 | 0961013
ATLAS-CONF-2015-044
CMS-PAS-HIG-15-002

= Coupling modifier measured with
varying assumptions on total width

= Precision already ~10% for Z, W,
and photon couplings



First Observation

= First B~y observation
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http://arxiv.org/abs/1411.4413

Precision Top Mass Measurements

Tevatron+LHC m,, combination - March 2014, L_=3.5fb"-8.7 fb”
_ ATLAS + CDF + CMS + DO Preliminary

ﬁ?f;j:f?"' I+jets — et = 172.85+ 1.12 (0.52 + 0.49 + 0.86)
C D F CB'_’S:*DO“- AP ON e —— ————— 170.28 + 3.69 (1.95 +3.13)
Cstfz'?'L all jets - ———— - 172.47 + 2.01(1.43+0.95+ 1.04)
CDF;?:""' B vols bttt 173.93 + 1.85 (1.26 + 1.05 + 0.86)
DO DLO .R:Ln,:' I+jets bipetit 174,94 + 1.50 (0.83 £ 0.47 + 1.16)
Do Rsuan;l di-lepton P————d | 74,00 + 2.79 (2.36 + 0.55 + 1.38)
ATLAS ATUf;?G” I+jels —_— e — 172.31+ 1.55(0.23+0.72 + 1.35)
ALTU:? :011 , di-lepton ———t— 173.09 + 1.63 (0.64 + 1.50)

. CLMS,, 32.1 R TR TY TP T TP EPPEPREPRY P Eeran 06(0 e .9.7.) ..
C M S CLMSAfg"' di-lepton —_— — 172.50 + 1.52 (0.43 + 1.46)
CLMi_fgﬁ all jets —_— — 173.49 + 1.41(0.69 +1.23)
World comb. 2014 % 0 2 0° -0t =t 173.34+0.76 (0.27 + 024£067)
3 S Tevatron March 2013 (Run 1+11) - 173.20 £ 0.87 (0.51+ 0.36 + 0. 61)
50 LHC September 2013 —_—— 173.29+ 0.95 (0.23 + 0.26 + 0.88)
a | | 1 totall (stat. 1JES syst)

165 170 175 180 185
m,, [GeV.

= Updated CMS combination yields: 172.44 £ 0.13 £ 0.47 GeV
/



Standard Model Production Cross Section Measurements
Wﬂmmﬂ%‘

t.itsmssgtug({ fzinisis

wigly

Precision Cross Sections

ATLAS Preliminary e ? 4
Run 1 J;-?.GTGV onqswb
°
°©
o °
a a
o o
a
o
') o
* B
ob
0 5
a a
g LHC pp V5= 7 TeV :’
¢¢ B e °
Observed
] - :g’osrsr i
e .E-. PN CL e LMC pp Vs =8TeV
',- - Theory -%
: o :
’ - —
10 102 10 1 100 10° 10° 10* 10° 10° 10" 05 1 15 2

v
{1 =
b -
2
a
"
o
-

203

aaln & BN
o Joese 0 oo >

a Ha

o [pb] observed/theory

More than 800 paper between ATLAS and CMS,
not even counting LHCb and ALICE results

Selected highlights are minor fraction of the total LHC physics program

38

Reference
St Mar.'2015 : . ' ' : ' : I ' CMS f’relir!\ha /
CMS measurements 7 TeV CMS measurement (stat,stat+sys)
vs. NLO owneojtheory | 8 TeV CMS measurement (stat,stat+sys)
YY., (NNLO th) ——o 1.06 £0.01£0.12 50
. Wy e — 1.16+0.03+0.13 50"
= zy o 0.98+0.01£005 50fb"
Zy r— 0.98+0.01£0.05 195"
WW+WZ — 1.05+0.13+015 49"
ww —_——— 1.11£0.04+0.10 49"
WW, (NNLO th) e 1.01£0.02+0.08 19.4 "
- Wz e 1.17 £0.07 £0.07 49"
- Wz e 1.12+0.03+0.07 196"
2z —— 099+0.14£007 49"
2z —— 1.00+0.06 008 196"
05— T
http:licerm.chigo/pNi7 Production Cross Section Ratio: ¢,/ 6,




LHC SUSY Searches

ATLAS SUSY Searches* - 95% CL Lower Limits

ATLAS Preliminary

Status: July 2015 Vsi=7,8TeV
Model emTy Jets ET™ [Laqm) Mass limit [WFE7TeV|  Vi=8Tev Reference
MSUGRACMSSM 03e.pt-2r 210jots3b Yes 203 migemiz) 1507.05525
. §-aty 0 26jets  Yes 203 MIV5)0 GaV, m{1* pon. (™ gon. §) 14057875
. | (compressed) mono-jet  1-3jets Yes 203 mig-mit] < 10GeV 1507.05525
. Ha L 2e, n (oft-Z) 2jets  Yes 203 m{E7)+0 GaV 150305200
a2 26jots  Yes 203 miF})e0 GaV 14057275
R i—wf. —aggW iy 0-‘ ep  26jets  Yes 20 miV}) <300 GaV. i * Jo0 Senci homi)) 1507.05525
-oq’(llllrlwad 2ep O03jets - 20 mi¥})~0GeV 150103855
1274017 O2jots  Yos 203 tans 20 1407.0503
GGM (Nno NLSP) 2y - Yes 203 eT{NLSP)<0.1 mem 1507.05403
GGM (higgsino-bino NLSP) Y 15 Yes 203 miE])<000 GaV. =(NLSP)<0.1 em, j1<0 1507.05483
GGM (higgsino-bino NLSP) b 2jots Yes 203 mit}) <850 GaV. «7(NLSP)<0.1 mem, ji>0 1507.05493
GGM (higgsino NLSP) 2ep(Z)  2j0ts Yes 203 MINLSP)>430 GV 1503.03200
Gravitno LSP 0 mono-jet  Yes 203 MG =1 8 x 107 oV, m{i)=mij)=1.5TeV 1502.01518
8.8 1 0 3b Yes 201 mi¥}) <400 GaV 1407,0600
2, gl 0 710ts  Yes 203 mit}) <350 GeV 1308.1841
28, ;..,5‘; 01 ep 3b Yes 201 m{F}) <800 GeV 1407.0800
28, B—bi¥| 0lep ab Yes 201 mi}) <300 GeV 1407,0800
buby, by —bi} 0 2b  Yes 201 M) <00 eV 1200.2631
6.5..5.-»&. 2cep(55) 03b Yes 203 miF} )e2 el 1404.2500
Ry i 12ep 1-2b Yes 4.7/20.3 miE]) = 2miK}), m{¥))e55GeV 1209.2902. 1407.0583
o iy WhE or ) 02ep 0201120 Yos 203 miET)e1 GaV 1506.08616
Ty, By —seky 0 monojelic-1ag Yes 203 mii, )miEs ) <BS GaV 1407.0508
fyi) (natural GMS8) 2ep(Z) 16 Yes 203 mi{})>150GeV 16005222
foly, Ba—eiy + 2 3epi2) 15 Yes 203 miF}) <200 GoV 1403.5222
lnlin, F 2ep 0 Yes 203 miF])e0 GaV 1403.5294
by B —dvtn 2ep 0 Yes 203 mif})=0 GaV., w.v)-ow:)-ut‘.‘u 1403.5204
Rk B t(re) 27 - Yes 203 ME})e0 GV, mi?, 10 5(m(i! Joa(i} ) 1407,0350
i‘-ol. d. (ov), (W Liov) 3ep 0 Yes 203 S JarmiS). mET)e0, il e S{mgEL poeriT) 1602.7029
t Wiy, 23ep  O2jels  Yes 203 miE ] JemiE2). miE])=0, sloptons docoupled |  1403.5204, 1402.7029
i‘_.wi‘hf‘;. bbb/ WW/rrfyy €Y 026  Yes 203 i Jerm(E?), miE])e0, sloptons docoupled 150107110
e . dep 0 Yes 203 ) F5). mi¥?)o0, el 140, Sm(FS)omi¥?)) 1405.5006
(wiro NLSP) weakprod.  lepusy . Yes 203 erelmm 1507.05403
Direct £11) prod, long-fved ©] Disspp. trk  1jt  Yes 203 MK )M )~ 160 MeV. 1k 0.2 ns 13109675
Dwect £ %, prod,, longved £]  dE/dx trk . Yes 184 i ()] 160 MeVL (i <15 ns 1506.05332
Stable, stopped § R-hadvon 0 Sts  Yes 279 miF})=100 GaV. 10 s<n@)<1000 & 1310.6584
Stable ¢ R-hadron wk . . 19.1 14116795
GMSB, stabbe . Pt pyertey 120 . <101 10<tang <50 14116795
GMSB, i -G, wmﬂ 2y . Yes 203 2<ni)<3 ne. P58 model 1409.5542
u. 1 —seev EJMW' disph. ee/eplpp - < 203 7 <crii§)< 740 men, (i) 3 ToV 1504.05162
Gispl Vix + jots - . 20.3 6 <crif})< 480 men, m(Z)=1.1 ToV 1504.05162
LEV ppsi, & X, ¥y—sepefet/pr  eperyr . . 20.3 A, #0112y 100000.07 1503.04430
Blinear RPV CMSSM 2e4(58) o035 Yes 203 mighemig), c7yp<1 mm 1404.2500
LR, ] WA B ety e, dep . Yes 203 M50 2amif ] ), 4,390 1405.5006
]'|.i| —‘V‘) i, ety Jepsr - Yes 203 wam‘:). Ay #0 1405.%006
28, B—quy 0 6-7 jots . 203 s 1502.05688
AR, B—gt). &) — o0 0 67jets - 20.3 MU} )e500 GeV 1502.05606
28, Bty 1, §)—bs 2e.4(58) oan Yeos 203 1604250
Fydy, By —sbs 0 2pts 20 - 203 ATLAS-CONF-2015-026
fily, 2ep 2b - 20.3 BRY, <abe/p}>20% ATLAS CONF-2015-015
- Scalar charm, &—scky 0 2c Yes 203 — : miF])<200GaV 1501,01325
107 1 Mass scale [TeV]

‘Only a selection of the available mass limits on new slales or phenomena is shown. All imits Quoted are observed minus Tor theorelical signal cross seclion uncerlainly.

9 = Similar picture from CMS



LHC Non-SUSY Searches
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X .
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SSM W'(lv) QBH, nED=4, MD=4 TeV
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gluino(3j inclusive jets, A+
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01234567 8 910111213141516171819 TeV

CMS Exotica Physics Group Summary — Moriond, 2015

10 = Similar picture from ATLAS



To watch out for ...

= We have a number of > 20 deviations which might be first
indication of new physics

= All have been vetted by the community and some generated
considerable excitement

= Eyeballing the probability to have a few 30 deviations is NOT
small. No detailed statistical evaluation has been performed

= These excesses are interesting highlights of Run I. Run |l will clear
the clouds and confusion




To watch out for in Higgs

and also a few more
events than expected

i i 10arXIV 1502 07400 1971 (@ TeV) v arX|V 1508 03372
= Lepton-Flavor-Violating 3 | oms L,m,,,,,,,(,mr% F amas DI
Higgs searches & ot mamy | © 255 jeares [anmop: MBI rommoe
= CMS reports an excess of 2 ¢ —o— Dwmttes 2 2 — e
o : c
2.50 @ af- L%’
= ATLAS has less sensitivity § ”
o)
%)
B

CMS 19.7 b (8 TeV) :
1 -4}
T = - ul)o ' . 2rl>o - 300 ( )
> M(ut)_ [GeV] miMC [GeV]
10
= CMS
[ BR(h — put) < 1.51%. 95% C.L.
o “ & Y ¢
e ,,,% BR(h — put) = (0.84703%)%
109k \DR = ATLAS
; BR(h — pt) < 1.85%, 95% C.L.
il Al BR(h — put) = (0.77 + 0.62)%
10* 10° 102 10 1
Y | 12



To watch out for in SUSY

- SearCh for SUSY in events With 25»—11 LA LARE LARE LAY RALN RAAS RALE BAAE B Y]H

>
jets, missing ET, and two leptons o [ATHAS e
N oo s eV, 20 V'“’“"’n:s ]
= CMS saw a ~2.50 excess for a 2" sRZeown o 70020060V
o | = M) $1+(900,600)GeV |
lower mass non-resonant decay G 15t -
= ATLAS saw a ~30 excess when o Ey :
leptons came from a Z boson et Jr-u n
= Neither confirmed by the other N -: o 2k :
experiment = il
 CMS Preliminary 194 o' (8 TeV) |
T L L I
180 | —— Data ] ‘% | ATLAS
160 - Background E u>J \s=8TeV, 203"’
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To watch out for in Exotics ...

= Another ATLAS and CMS excess; ATLAS at 2.50
= Constistent(ish) with 2 TeV W’-like particle
= Using boosted jets and hadronic W and Z boson tagging

arXiv:1405.1994

[}
® High-purity single W.Z-tag
5 .....
arXiv:1506.00962 (84 citation since June) 3
s 1¢‘gpmm™—™mr———rr » 10 e s
& ATLAS —e- Data 3 ATLAS - Data §
S ypf ooV 15TeVEGMW,c = 1 8 10°p1s~8Tev, 203"  § Background model : =
* 20ToVEGMW,c=1 - e 1.5 TaV Bulk G, KW, = 1
£ 25 TeVEGMW,c= 1 2 40 20 TeV Bulk Gy, Kk, = 1
= 10 Significance (stat) d $ F Significance (stat)
w TE W Significance (stat + syst) o W Significance (stat + syst)
- W2 Selection f? 22 Selection
10[ + 1
g 1 10
- . 107
107k -| — L, = : I ,
i A | IR R 10 | "=f
ai_yyy.'vvvvvvarvv'I" '1: 3vvvvlvvv vvvlvvvvlvvv,
g i3 J E g 2 [ :
- E 1
il B — 1 £ —_—
scp -1 - 5. _2 E
m—zlllLlLL'A PR T T | 0)—2“.‘1Alv_ S T B
1.5 2 25 3 35 5 3 25 3 L
m [TeV] m, [Te

similar events in those two distributions
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Commissioning Year 2015

CMS Integrated Luminosity Per Day, pp, 2015, «'s = 13 TeV

Data included from 2015-06-03 08:41 to 2015-10-27 17:43 UTC
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First 13 TeV Results

= Measurements of event properties and production rates
= The first of the first ...

@ pseudorapidity distribution of charge hadrons
@ Inelastic cross sections ous
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First 13 TeV Results: W and Z bosons

= Precision tests of QCD e |
ATLAS Preliminary
= Constraints on proton structure 13 TeV, 85 pb’
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First 13 TeV Results: Top
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First 13 TeV Results: Jet Resonances
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First 13 TeV Results: Jet Resonances

= Searches for black holes

= HT is sum of transverse momenta
ATLAS  Preliminary o omms | ' of all jets
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EXPERIMENT

Run: 279685
Event: 690925592 \\
2015-09-18 02:47:06 CEST

8.8 TeV invariant mass!



First 13 TeV Results: W’ and Z’ searches
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Exploiting the LHC Physics with the HL-LHC

LHC
J
14 TeV 14 TeV
13-14 TeV energy
splice consolidation i rade o 510 7 x
7Tev B8 TeV button collimators nmr&p&‘ m':on HL-LHC installation ke W
R2E project Civil Eng. P1-P§ regions —
U U U D14 U D16 U 18 U1S 020 U U U Jeq U
radiabon
damage
2 x nomanal luminosity N
750 experiment ' I experiment upgrade 1 experiment upgrade
mnosty _y | Do pees "—* e o e
/ Present integrated
EXd X 300 b Kiminosity

= HL-LHC needs new technology in iteration region: Aluminum shell

Nb3SN Titanium
® 12T quadrupoles with 150mm aperture to shrink g* P'®s Iron yoke

= HL-LHC enables 20+ year program with large

discovery potential Keys
coils —
= Baseline detector upgrades endorsed.
Experiments moving towards the developing of
Phase-ll TDRs Aluminum O masker
collars
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Exploiting the LHC Physics with the HL-LHC

Run |
Combination

CMS projection
300fb-1, 14 TeV

CMS projection
3000fb-', 14 TeV

CMS PAS FTR 15 002 \s=14 TeV, PU-140

= Precision measurements of SM § sok - CMS Simulation l:l‘,’,’,,.‘:,?,,‘:,d,,: &
parameters, including the Higgs ..“C; : + bbyy [N Resonant bkg
boson, and potentially of BSM 5 “|. + """ Nonsescnant b7
parameter E 30 + E

= Sensitivity to rare SM & BSM © f . H + -
processes ok Il TR

= Extension of discovery reach in : ! % :
high-mass region 10810568~ 1357155 156195 140, 145750

Evidence and ~30% precision for di-Higgs production Myy [GeV/ C )
24 combining multiple channel in ATLAS and CMS



Conclusion

= Fantastic results - in quality and quantity - from LHC Run |
= Exploration of Higgs Physics at the LHC on its way
@ New information on Higgs physics expected in 2016
@ HL-LHC will set a high bar for Higgs physics
= Non-Higgs Run | searches yield null results
® Stringent limits on new physics
@ And a handful of intriguing channels to look out for
= First 13 TeV (Run Il) results on limited dataset available
@ Understanding often already comparable to Run |
@ First measurements completed, many searches under way
® Sensitivity of Run | and Il comparable for my = ~2 TeV

= HL-LHC enables a 20+ year research project with large discovery potential
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