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LHC Run 2 (2015 - 2018

e Increase in energy from 8 — 13 TeV

e Major new-physics sensitivity opened up, specially at
high masses

e Integrated luminosity: 140 fb-!

From Marumi’s talk earlier today
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https://twiki.cern.ch/twiki/bin/view/AtlasPublic/LuminosityPublicResultsRun2
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Hundreds of searches performed

Overview of CMS B2G results

35.9-77.3fb~! (13 Tev)

- * o, . F— L .
ATLAS Exotics Searches* - 95% CL Upper Exclusion Limits ATLAS Preliminary CMS Pr y
Status: May 2019 1 W-WZ-9394, HVT model B 82G-18-002 (qqqq) 38
y JL£dt=(32-139)fb Vs=8,13TeV W-WZ-vvq3, HVT model B 26-17-005 (vwad) 34
& Emiss 1 s W-WZ-tugd, HVT madel B 826-16-029 (tvad) 3
Model Gy Jdetsi BT frae™) Limit Reference W-WZ-ttqg, HVT model B 826-17-013 (tqd) 27
T T T s —
W-WH-=qgbb, HVT model B 826-17-002 (qqbb} ESt
ADD Gk + g/q Oe 1-4] Yes 361 |Mp 7.7TeV n=2 1711.03301 w Wmnﬁ ot """;js — ::‘“)’ — a2
£ | ADD non-resonant yy 2y N - 367 | Ms 86TeV  n=3HLZNLO 1707.04147 Hager. HYT . 82617006 (aqrr)
.S | ADDQBH - 2j - 370 |Ma 89TeV n=6 1703.00127 W=sWH-ggrr, HVT model B g z il
S DD BHhigh 3 pr slen  32] - sz | —— VI 160602265 W combination (2016), HVT model B 82G-18-006 (al finalstates) 3
'é’ ADD BH multijet - >3] - 36 | My 9.55TeV. n=6,Mp=3TeV,rot BH 1512.02586 Z-WW-qdqq, HVT model B EECRLG R as
T RSt Gk =y 2y - - 36.7 | Guk mass 41 TeV KiMp =0.1 1707.04147 Z~ZH-qqbb, HVT model 8 B2G-17-002 {qqbb) 23
Bulk RS Gkx — WW/ZZ multi-channel 36.1 Gk mass 2.3TeV ki 0 1808.02380 Z'<ZH-swwbb, HVT model B B2G-17-004 (wwbb) 21
S Bulk RS Gkx — WW — qqqq Oeu 2J - 139 |/Giimass 1.6 TeV. kfMp =1.0 ATLAS-CONF-2019-003 Z/~ZH~11bb, HVT model B B2G-17-004 (tbb) 24
w Bulk RS gkk — tt leu =1b,=1J/2) Yes 36.1 8k Mass 3.8 TeV r/m=15% 1804.10823 Z'<ZH=qg T, HVT model B B82G-17-006 (qqvr) 18
2UED/ RPP leu =22b23j Yes 36.1 KK mass 1.8 TeV Tier (1,1), BAI) > t) =1 1803.09678 Z' combination (2016), HVT model B f. [B2G-18-006 (all finalstates) 37
V'=VH-qqghb, HVT model B M, |B2G-17-002 (qqbb) 33
. " 2 - - . " =
SSM 27— e 139 | Zmass SiTev 1903.06248 V'SVH-(u0, v, )65, HVT model B M, [B26-17-004 (ww, v, 1)) 29
@ | SSMZ -1t 27 - - %41 |Z'mass 2.42TeV 1709.07242 V<VHogg T, HVT model B u, [B26-17-006 (agvr) 28
S Leptophobic 2/ — bb - 2b - 36.1 |2 mass 24 TeV 1805.09299 M ;"" 20160 VT model 8 i —— -
@ Leptophobio 2/ - tt Tepu 21b>10/2 Yes 364 |2 mass 3.0TeV. 1804.10823 P IT"?H:; e )L/ﬁ o I s :N-';"“""’ —-
Q  SSMW -y Ten - Yes 139 | W/mass 6.0 TeV CERN-EP-2019-100 WWoig3, Bulk G, kibow= Mo
L SssMwW -y i - Yes 361 | W mass 3.7 TeV 1801.06992 G~ZZ-itw, Buk G, kiMa =0.5 M. (YT 2
§' HVT V' > WZ = qqqq model B 0 e, 29 _ 139 |Vimass 36TeV ATLAS-CONF-2019-003 G combination (2016). Bukk G, KT, =0.5 M. [B26-18.006 (allfinalstates) 085
@  HVT V' — WH/ZH model B multi-channel 361 [V mass 2.93 TeV 1712.06518 R-HH-~qqrr, Radion. A =1TeV M, [B2G-17-006 (qqr) 27
LRSM Wg — tb multi-channel 36.1 Wg mass 3.25TeV 1807.10473 R-HH-+bbbb, Radion, TeV #, (826-17:010 {bbbb) _ 15
LRSM Wk — uNg 2pu 1J - 80 [ Wgmass 5.0 TeV m(Ng) = 0.5TeV, g, = gr 1904.12679 R+HH-1vqghb, Radion, A =3TeV M [B2G-18-008 (fvqgbb) 12
5 C: 4999 a 2j - 370 |A 21.8TeV 7, . 1703.09127 Zath, BZ~)=100%, /M, =1% v, [B26-17-017 (@i finalstates) : 18
GClttqq >‘e,u el v %1 A S 400TeV 17?: 0§424 Zith, BZI~)=100%, [/M,=10% M. [B2G-17-017 (all finalstates) I 52
Ol eeee Zlen =1b=1] Yes 361 |A 257TeV [l = 51102305 Zath, BZ+1=100%, [/M;=30% 1. [B26-17-017 (all finalstates) i N 1
Axial-vector mediator (Dirac DM) O e, 1-4j  Yes 364 Mined 1.55 TeV. 84=0.25, £,=1.0, m(x) = 1GeV 1711.03301 Gt Kaluza-Klein G . [B2G-17-017 (all finalstates) i 45
S Colored scalar mediator (Dirac DM) 0 e, 1-4]  Yes 361 | mue 1.67 TeV. £=1.0, m(x) = 1 GeV 1711.03301 W-sth=bbtv, My < M,,, right-handed W ,, [826-17-010 (bbEv) i 36
Q | VWyy EFT (Dirac DM) Oe 1451 Yes 32 |M 700 GeV m(y) < 150 GeV 1608.02372 ZT {28, tHt)+tv + jets, BIT~1Z) =B(T—+tH)=50% M. [B26-17-015 (tv + jets) i 23
Scalar reson. ¢ — ty (DiracDM) 0-1e,u  1b0-1J Yes 36.1 my 34Tev y=04,1=02, m(x) = 10 GeV 1812.09743 W= (tB, bT)~tHb~bqgbbb, B(W-bT)=100% M, |B2G-18-001 (bqGbbb) i 16
Scalar LQ 1%t gen 12e 2] Yes 361 |LQmass 14TeV =1 180200377 LOLQ- s *41 b + jets, BILO-tul=100% M, | BRI VR L3
O | ScalarLQ 2" gen 124 22]  Yes 3.1 [LQmass 1.56 TeV/ p=1 1902.00377 LOLQrtr-r & jets. BLQ-fr)=100% o o9
=~ ScalarLQ 3 gen 27 2b - 361 [Loymass 1.03 TeV BILQY - br) = 1 1902.08103 LQLQ-bubv— 4 ~b +jets. BILQ-bV)=100% M, [B2G-16-027 (u*u=b +jets) n
Scalar LQ 39 gen Oley  2b  Yes 364 [LOjmass 970 GeV. B(LQY ~ 1) =0 190208103 FEtgtg-dubb +jets, Bt t9)=100% Y — I
VLQ TT — Ht/Zt/Wb+ X multi-channel 36.1 T mass, 1.37 TeV SU(2) doublet 1808.02343 YY~bWbW-£vggqd, BIY~bW)=100% v, [B26-17-003 (tvqdad) T 13
>S9 VIQBB - WiyZb+ X multi-channel 361 | Bmass 1.34 TeV. SU(2) doublet 1808.02343 T DWBW—£vdqd, BT~6W)=100% v [B26-17:003 vadaq) 3
3 ¥ VLQ e TonlTen - We+ X 2(SS)28 ep 21, 21 i Yes 364 [ Tysmass 1.64 TeV B(Tas —» We)=1, o Toa We)= 1 1807.11883 TIAZEZAL ™, L0, L2 11 7) 4 jets, BT~1Z)=100% . [B26-17001 (=, k=0, k== 07y 4 jets) 13
3 QY- WhtX . 1 e > ig > i! Yes 361 | Ymass 1.85 TeV BY = Wh)=1, cr(Wb)=1 1812.07343 TT—tHtH-bq@bBbaqh, BT—tH)=100% v |p2G-18-005 5bqGbb T 137
xtg ZQ* "“"JC‘(/ G2y =12l Yes 798 |G HEZRTEY] “e=05 ATLAS-CONF-2018-024 TT= (%05 % L =L =17 +jats, TT singlet M, [B2G1T00L (%, £= 0, = £=L7) + fets) iz
— — WaWg eH 24  Yes 203 1509.04261 Tl =, 058 % 02017 ) + jets, TT doublet . [B2G17-011 (=, £=E=, 12077 + jets) 1z
@ Excited quark g — g - 2j - 139 |lqfmass. 6.7 TeV only u” and d", A = m(q") ATLAS-CONF-2019-007 BBtWEW~{£% £ 1% 1 =L+ £7) 4 jets, BB+tW)=100% W [B2G17-011 (e=, 1= 0=, 0= 12 07) + jets) 12
E g Excited quark ¢* — gy 1y 1j - 36.7 q" mass 53TeV only u* and d*, A = m(q") 1709.10440 BB—+bZbZ-+bqdbaq, B(B+tZ)=100% M, [B2G-18-005 (bqabqq) 107
3 E Excited quark b* — bg. - 1b1] - 36.1 b* mass 2.6TeV 1805.09299 BB—bHbH, B(B~bH)=100% M. [B2G-17-012 (£+£~ +jets) 113
|.>|j @ Excited lepton £ Beu - - 20.3 A=3.0TeV 1411.2921 i BB—(f*,0*4* £ *1*1¥) +jets, BB singlet M, [B2G-17-011 ((£=, £=L=, [ L= L) + jets) 17
Excited lepton v* Bept - - 20.3 A=16TeV 1411.2921 I BB=(£* £ %1% £ *1*1¥) +jets, BB doublet M, [B2G-17-011 (€=, £=£=,E=L=1%) + jets) 094
Type ll Seesaw Teu  22)  Yes 798 |NVmass 560 GeV. ATLAS-CONF-2018-020 KXo s WEWAIL™, L1 ") +jef5, BOGtNI=100% R, | T
LRSM Majorana v 2u 2j - 31 [Nemass 32TeV m(We) = 4.1 TeV, g = g 1809.11105 KaXapurstWEWAIL %, £31%) +els, BOGA-tW)=100% LH -, | S =
@  Higgs triplet H** — (£ 234eu(SS) - - 361 | HE* mass 870 GeV DY production 1710.09748 TatZ-bggt * L=, namow T M, [B26-17-007 (bgat+2-) T 17
£ | Higgs triplet H** — {7 et - - 20.3 DY production, B(H;~ — fr) = 1 1411.2921 bTu~btZ-bbqql+ L~ namow T M, [B2G-17-007 (bbagt + £-) 12
O | Multi-charged particles - - - 36.1 | multicharged particle mass 1.22 TeV DY production, |g] = 5e 1812.03673 BbH-bbb, narrow B M. [B2G-17-009 (bbb) 1 18
Magnetic monopoles - - — 344 | monopolemass 2.37 TeV. DY production, g] = 1gp, spin 1/2 1905.10130 BotW=t + jets, narrow B M, [B2G-17-018 (tv + jets) T 17
_ z Pl s A N N | N P 1 L 1 L 1 L
‘/-r;l?d"':v Vs =13Tev 101 1 10 1 2 3 4 5 6 7 89
partial data full data Mass scale [TeV] mass scale [TeV] EPS-HEP 2019
“Only a selection of the available mass imits on new states or phenomena is shown. Selection of observed exclusion limits at 95% CL (theory uncertainties are not included)
. .. P R
ATLAS SUSY Searches* - 95% CL Lower Limits ATLAS Preliminary Overview of CMS EXO results
October 2019 V5=13TeV
" . _ o -1
Model Signature [ dt b7 Mass limit Reference CMs 36 fb~* (13 TeV)
v 0 26jets  E] 139 [10x Degen] 19 i ATLAS-GONF-2019-040 Ssmzin iz 1805.06292 (20) _—
3, G0k en Gjets  EPS )x Degen. g m(E)<400 GeV. -CONF-2019-0 - Nad
" ' monodet  1Bjets S 361 o iy Gev 1711.0301 SSM Z(q4) w7 |1806.00843 (2) 27
z 0 Oeu  26jets EPS 139 |z 235 ()20 GV ATLAS-CONF-2019-040 LRV Z, BRGey) = 10% e (1802.01122 (a4 a4
5 #&Eoah . 3 7 : miE)=0Ge -CONF-2019- = M W - ¥ i B
g z Forbidden 1.151.95 m(F})=1000 GeV ATLAS-CONF-2019-040 5 §:M x:f;‘:j)) Zw :sgz;;:ji 2;;)' B 33 52
&z soaaoF e 4l 361 & 185 m(FY)<800GeV 170603731 & ssMwimw) o [1807.11421 (x + EP'S)
ce fmiss : Tt
2 Y M Jets - Fp ‘1| E 2 m(g)-miF)=50 GeV. 1805.11381 g‘ LRSM Wr(ENR), My, = 0.5My, My, [1803.11116 (22 +2)) a4
8 a7 goagWiy Oe.p 7-1jets EPT 364 i 18 m(¥}) <400 GeV. 1708.02794 £ LRSM Wq(TNg), My, = 0.5My, My, |1811.00806 (27 + 2j) 35
3 SSen  Bjets 139 f#7 1315 m(g)-m(1)=200GeV 1909.08457 Axigluon, Coloron, cotd = 1 e [1806.00843 (2)) 6.1
= gt 0-1ep 3b £ 798 & 225 m(F})<200 GeV. ATLAS-CONF-2018-041
SSep  Bjets 199 55 m(E-mAT})=300GeV ATLAS-CONF-2019:015 scalar LQ (pair prod.), coupling to 1%t gen. fermions, # Mg [1811.01107 (2e + 2j) 1.44
i i at i i e+ 2) + Epis
T Vit w1 |5 pme— — e ————— 170808266, 171103301 £ scalar L (pair prod.), coupling to 1 gen. fermions, § Mo [1811.01197 (2e + 2j;  +2j + EP'ss) 127
Multiple %1 | B Forbidden 0.58-0.82 300 GeV, BR(h#})=BR(tF 08.092 3 scalar LQ (pair prod.), coupling to 2™ gen. fermions, M |1808.05082 (2p +2j) 1.53
Multiple 139 |5 Forbidden 074 0GeV. m{¥{)=300 GeV, BR( ATLAS-CONF-2019-015 g scalar LQ (pair prod.), coupling to 2" gen. fermions, Miq |1808.05082 (248 +2J; p + 2] + ™)) 129
P v . o §  scalar LQ (pair prod.), coupling to 3 gen. fermions, B = Miq [1811.00806 (21 + 2j) 1.02
4 s bt Oe, £ .23-1. = 190803122 =
5 Bibr, b1z — biki R A Forbicden 023048 e fni Sl el scalar LQ (single prod.), coup. to 3¢ gen. ferm., f=1,A=1  Miq |1806.03472 (2T +b) 074
B 0 miss i "
§§ Al oWy or it O2ep O2jels2pEPT 361 | 0 mik;)=1Gev 1506.08616, 1709.04183, 1711.11520 excited light quark (qg), A =mg - [1806.00843 (2)) 1 6
o8 A h-wh - Tep  Bjetsith Iy 139 |4 0.44-0.59 ATLAS-CONF-2019-017 3 excited light quark (qy), fs My [1711.04652 (y +j) i 55
gﬁ {.‘)v{‘—yﬂ"b'vv ﬁﬂ(;'u 1r+lept 2jetsi b EZ,:M %1 |& 1.16 1803.10178 excited b quark, fs=f= My [1711.04652 (y +J) H 18
TS Al ikl /e Eck] Oep 2c AW g1 |E 055 e 1805.01649 85| excied electron, f; . [1811.03052 (y + 2e) H 39
o j0ieE 2y mify)=50Gev 1805.01649 excited muon, fs = . [1811.03052 (v + 2p) i 38
Oeu  monodet P 361 |7 0.43 - m(E)=5 GeV' 1711.03301 W Is= w 2 v +2p) ! &
Db, hofy +h 12eu 4b Eps 361 A 0.32-0.88 GeV, m(7 }-m(¥})= 180 GeV 1706.03986 2 quark compositeness (gg), Numr =1 Atga [1803.08030 (2j) 128
Pofy, Fofy + 2 3ep 1b EP 139 |7 Forbidden 0.86 m(P1)=360 GeV. m(f,)-m(¥})= 40 GeV ATLAS-CONF-2019-016 E% quark compositeness (£1), e = 1 Atupa [1812:20443 (22) 20
Tfvawz 2B e s |q o5 o 403 5294, 180602293 32 quark compositeness (d), N Ao |1803.08030 (2j) 175
e =1 EPs 439 b d 0.205 m{FTmE)=5 GeV ATLAS-CONF-2019-014. £ quark compositeness (£1), Murr = — Aine |1812:10443 (22) 31
VR via ww 2ep EPS 139 | 0.42 1908.08215 o _ N N N
4 via Wh Olep  2b2y EMS 139 [F® Fomidden 074 ATLAS-CONF-2019-019, 1809.09226 :gg E"’ Hlll-'zH’lEZD =3 s Ms ::‘1);-:3030 :21) ﬁ) i = 12
B i 3 miss. e . s i g 2 Nep = 110443 ' ! 2
= § idivialv 2en £ 19 |8 0] mEA=0S(mEemiED) ATLAS-CONF-2018-008 ADD GV 4 emission, n—2 ;4; 1712.02345 (2:114-5','“") i 9.9
W 1, 7ot 2 Ems 139 |7 L e INONE%0E] 0.12:0.30 )= ATLAS-CONF-2019-018 e T ° - - :
® ;T ; rX} o 2 :,: Ojets EL“‘ 139 |7 o 0.7 mg“’; ; ATLAS-CONF-2019-008 £ | ADDOBH ] neo=6 Moo |ESCEIIBOSONZIN : Lx)
1rbig, B . - miE)= -CONF-2019- H
26 >1 B 1 |7 0.256 miE)m(F)=10 GeV. ATLAS-CONF-2019-014 @ | ADD QBH (en), neo=6 Mgy (1802.01122 (eh) | i EIE)
AH, H-hGZG Oep >3b  EP™ 364 | A 0.13-0.23 0.29-0.88 ! 1806.04030 £ | RSGu(9d.99). kiffn=0.1 Mo, [1806:00843 (2)) " ! 18
G u::‘ Ojets  EP® 361 g e ’ ::p?“‘ :z )_: 1804.03602 8 | RS Grelth). ki .. |EEBI0G2ZOPIZI i 25
T g RS Gx(yy). kiMp, Mo, [1809.00327 (2y) i a1
B @ Direct {77 prod., long-lived ¥ Disapp. trk 1 jet £PS 361 Pure Wino 712.021 w RS QBH (jj), ney Magn [1803.08030 (2j) i 5.9
22 Pure Higgsino ATL-PHYS-PUB-2017-019 RS QBH (e4), neo Mo [1802.01122 (ep) - I 36
g:"E‘ Stable g R-hadron Multiple 6.1 1802.01636,1808.04095 non-rotating BH, Mp = 4 TeV, nep = 6 Mgy [1805.06013 (= 7j(2, v)) i 9.7
S8 Vetastable g A-hadron, 3yt Multiple 36.1 m(E})=100 Gov 1710.04301,1808.04095 sPlit-UED, =4 Tev R [1803.11133 (£ + EF™) ! 209
LFV pp—¥s + X, Ve—epfetiur eperr 32 1, duzy1331233=0.07 1607.08079 (axial-)vector mediator (xx), g. Moy [1712.02345 (= 1j + EP's5) 18
T/ > wwyzetttry e Ojets  EP™ 361 mii)=100 GeV 1804.03602 g (axial-)vector mediator (g4), gq Meeq [1806.00843 (2j) 2.6
22 &ag?). ¥ > gaq 4-5 large-R jets 36.1 . Large 4}, 1804.03568 S scalar mediator (+4/t), go=1,gou=1,my=1Gev Mea [1901.01553 (0, 14+ = 3j + EF™*) 0.29
& Mutiple 36.1 m(E1}=200 GV, bino-like ATLAS-CONF-2018-003 ¥ pseudoscalar mediator (+4/th), gq=1,0om=1,my=1GeV My [1901.01553 (0, 10+ =3j+ EF'™) 03
€ 7 el X > tbs Multiple 36.1 m(i})=200 GeV, bino-like ATLAS-CONF-2018-003 &  scalar mediator (fermion portal), A, =1, m, =1 GeV M,, [1712.02345 (= 1j + E'*5) 1.4
i, fi—bs 2jets+2h 36.7 1710.07171 complex sc. med. (dark QCD), My, =5 GeV, CTy, =25 mm My, |1810.10069 (4]) 154
i fi—at 2ep 2h 36.1 BR(7 —be/bul>20% 1710.0544
i oV 136 BR(R—qu)=100%, cost,=1 ATLAS-CONF-2019-006 5 Typelll Seesaw, B.=B, Mo [1708.07962 (= 31) 084
£ string resonance 5 |1806.00843 (2j) 71/
L L L
0.1 1.0 10.0

*Only a selection of the available mass limits on new states or
phenomena is shown. Many of the limits are based on
simplified models, c.f. refs. for the assumptions made.

107!

Mass scale [TeV]

Selection of observed exclusion limits at 95% C.L. (theory uncertainties are not included).

mass scale [TeV]

January 2019
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Many measurements to probe the SM

Standard Model Production Cross Section Measurements Status: November 2019
> LR II T T T T LI I| T T T T LI II T I
r— E |> — . . ]
A-Q total (2x) . R
2 jguf a0 ATLAS Preliminary s 1 ATLAS Preliminary . .
= Theory = Vs=13TeV,24.5-1391b z. 43
— — " —
© eE T Run 1,2 Vs = 57,813 Tev S £ m,=12509GeV -
&g LHC pp Vs=5 TeV E EL1.|> B "'W ]
o Bl  0ata 0025 ] L TR SM Higgs boson o

dijets ) 7 ¥ 10 ' E R =
10° o . + = L _
pr=25 GV LHC pp Vs =7 TeV ] — It .
10* O 40 B Data 45490 - — L .
40 ' E 10_2 — » ,'!' —]
— T E " - b E
103 21 O s o LHC PP ‘/g—STeV - — "'¢ T -
E%g “o 409 g B  oate 2022030t 3 ~ .’ N
pTA>100GeV ;22 A .0 ww ala 2le =l ] — ’," —
1 2 n>1 Ao D"j21 nt—chan O = -3 o"‘ —
0 N - ° Louts oo, LHC pp Vs = 13 TeV 3 107 E 4 e =
8o O A 2z AW a ] = .’ =

nj=2 nj=2
vz 20 go Oa Bl Data 32-798f! e — -
10t x = | ZzZl 3 e m,(m,) used for quarks n
=8 a (o] nj>3 njat H VH o Wy 7 |2 q _

>5 o o ”1205 chal Hﬁbbn DAO ] 1 0_4
O = —
nj> n;> H-rr = =
L Hg ‘o og~ g 7 S %o E -+ o | | =
L | n,,>5 n>7 VBE n Wjj ] > _' T L T 1 i
_ I l 17 fo) Ho W/ A i A Kg 7 N4 L _
107!
o 29 o 5 g = 3 — 1.2 -
l i o o] H—yy Uzjj 3 o) B ;
10-2 L B a 4 L i PR G S . 2 Y
n=7 n oz H . B Elww*g b 1 - T
u _ - -
103 I a ® o ]
uwza 0.8 §
i C 1 " 1 il ol ]
PP Jets ¥ w z Tt VW 7Y H WVVytiWtiZtiH t&y 777 Vii WW  Wyy  Zyjj 10—1 1 10 102
EWK  Excl. Z)/)/ WW'y Vij
tot. tot. tot. tot. tot. tot. EWK

Particle mass [GeV]

e The Standard Model persists being unchallenged by
LHC data so far
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What's next?

@
Spaatind 2020 - Jan 3rd 2020 5 F. de Almeida Dias



UNIVERSITY OF COPENHAGEN THE NIELS BOHR INSTITUTE

BSM very
rare

What's next?

Looking In
the wrong
place!

Spaatind 2020 - Jan 3rd 2020 6 F. de Almeida Dias
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e Assume that: neutrino masses
does not lead to any new
physics; there is no particle
composition to dark matter;
ignore all b-jet anomalies;
hierarchy of masses/ forces
just are what they are;

Spaatind 2020 - Jan 3rd 2020
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e Keep performing searches as we do;

* Precision measurements to look for BSM very
deviations rare

= Use of effective field theories (SMEFT) to
parameterise a large class of BSM models

— Expected background
- - Deviation from background
M Uncertainty

— Expected background
- - Deviation from background
B Uncertainty

ATLAS Higgs Combined
Results signal strength

At discovery
July 2012

March 2019
(with 8x more data)

LHC data

Number of events
Number of events

- - more data
0 100 200 300 fb-1

current data

Mass

Spaatind 2020 - Jan 3rd 2020 8 F. de Almeida Dias
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e Development of generic, less model-dependent! searches

= Algorithms aimed at detecting data departures from a given
reference model

= Ideally sensitive to any new physics, not specific BSM alternatives

discovery of something = falsification of the SM

Looking In
the wrong
place!

1: Hypothesis test unavoidably requires
alternative hypothesis, or probability model,
to compare with. Model-independent
physically means that the alternative
distribution is not selected as the one LAPES
D’Agnolo, Wulzer, predicted by known alternative physics <
Phys. Rev. D 99, 015014 (2019) model ‘
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Machine Learning Tools

e Revolution on applications with deep learning, already
in our daily lives

%, § S5
«I};, ey ‘.:\‘.‘\
LI

@
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Machine Learning Tools

e Revolution on applications with deep learning, already
in our daily lives

Image Recognition

Mon, 8 Jul ~

Google Photos search

Spaatind 2020 - Jan 3rd 2020 || F. de Aimeida Dias



UNIVERSITY OF COPENHAGEN THE NIELS BOHR INSTITUTE

Machine Learning Tools

e Revolution on applications with deep learning, already
in our daily lives

Text Generation

Talk to Transformer

See how a modern neural network completes your text. Type a custom Com pletion
snippet or try one of the examples. Learn more below.
for more neat neural networks. In 2020, | wish that the Large Hadron Collider will find such a big particle; for

then, we'll have found our opponent, our reason to exist, our final secret. The
true nature of the Universe will be revealed to us! The true foundations of
Custom prompt v reality will be revealed! We will finally know what exactly this Universe is and

how it came into being. Finally, we will see the cosmic picture — the structure
of the entire Universe — in all its parts, and understand that the Universe was
In 2020, | wish that the Large Hadron Collider will find never there."

COMPLETE TEXT

https://talktotransformer.com/
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Machine Learning Tools

e Revolution on applications with deep learning, already
in our daily lives

Image and video generation

https://thispersondoesnotexist.com/
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Machine Learning in HEP

Cluster splitting identification in silicon
trackers

b quark and 7 lepton identification

Identification of substructure within
hadronic showers (jets)

Optimisation of signal-to-background ratio
in physics analyses

e and vy identification

Fast simulation of events

Guest, Cranmer, Whiteson

Annu. Rev. Nucl. Part. Sci. 2018. 68:1-22

https://www.weizmann.ac.il/conferences/SRitp/Aug2019/

Nature 560, 41-48 (2018)

Table 1 | Effect of machine learning on the discovery and study of
the Higgs boson

Sensitivity Sensitivity Ratio Additional

Years ofdata without machine with machine of P  data
Analysis  collection learning learning values required
CMS24 2011-2012 220, 2.70, 4.0 51%
H— P=0.014 P =0.0035
ATLAS#3®  2011-2012 250, 340, 18 85%
H— 71t P =0.0062 P =0.00034
ATLAS?®  2011-2012 19, 2.50, 47  73%
VH — bb P=0.029 P =0.0062
ATLAS*!  2015-2016 2.8, 3.00, 19 15%
VH — bb P =0.0026 P =0.00135
CMS!®  2011-2012 140, 2.10, 45 125%
VH — bb P=0.081 P=0.018

Five key measurements of three decay modes of the Higgs boson H for which machine learning
greatly increased the sensitivity of the LHC experiments, where V denotes a W or Zboson, 4
denotes a photon and b a beauty quark. For each analysis, the sensitivity without and with
machine learning is given, in terms of both the P values and the equivalent number of Gaussian
standard deviations . (We present only analyses that provided both machine-learning-based and
non-machine-learning-based results; the more recent analyses report only the machine-learning-
based results.) The increase in sensitivity achieved by using machine learning, as measured by
the ratio of P values, ranges roughly from 2 to 20. An alternative figure of merit is the minimal
amount of additional data that would need to be collected to reach the machine-learning-based
sensitivity without using machine learning, which varies from 15% to 125%.
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Learning Supervision

® SuperVised: Supervised Learning Unsupervised a-.'(m*m-;.,;

= Given two test hypothesis i e e e
(e.g. signal vs background), best

discrimination Q
/]

= Very effective for specific signal A=
L7711
[

= Most applications in HEP to date

® UHSUPQIVISedi https://V\;Ww.immuniweb.com/

= Draw inference from input datasets without labels, find previously
unknown patterns (ex. anomaly search)

- Learns what is normal, detect unusual instances

= Ex: credit card fraud detection, data security against hacking
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Classification Without Labels (CWola)

e Look into di-jet (large-R jets) resonance searches

= Regular search looks for X = W/Z —=7]

= CWoLa:X—=Y—=]]

mixed sample 2
A 7\ N.B. it is okay that

) Mixed Sample 1 . ) Mixed Sample 2 X é _ there is some signal
fo) in the sidebands!
(. ' ) OeO®®® % 2
%%%%% ®  background
()
Other features (y) signal &
CWO La ?%%%% can then be used \
. , . | | to train CWolLa. >
Classification My
Without Labels 0 _ |
From Ben Nachman y Requirement: y is (nearly)
will be a NN independent of myu.
Classifier
Selection on classifier output
Collins, Howe, Nachman @
Phys. Rev. Lett. 121, 241803 (2018) O
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Classification Without Labels (CWola)

No signal With signal

106§....

Events / 100 GeV

10° '
10~1 ;_Sideband T

2000 2500 3000 3500 4000 2500 3000 3500 %E’OQ/ 3000 3500
myjyg / e
myjyg / GeV

v Independent of model (limited to a specific signature)
® Limited application for very weak signals

@ There can be complications decorrelating y features from final
discriminant variable

Collins, Howe, Nachman
Phys. Rev. Lett. 121, 241803 (2018)
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Anti-QCD Taggers

e Autoencoders (AE)

I. Encoder Decoder

= Map “normal” events back to themselves, but fails to reconstruct “anomalous” events
that it has never encountered before.

= Reconstruction error = anomaly threshold

QCD
1.0 t~
g (400 GeV)
0.8
0.6
0.4
0.2
=
0.0 10~ 10 10°° 1074 : : :
R . Farina, Nakai, Shih
econstruction Error arXiv: 1808.08992
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Anti-QCD Taggers

e Autoencoders (AE)

rl Encoder Decoder

ek

= Map “normal” events back to themselves, but fails to reconstruct “anomalous” events
that it has never encountered before.

= Reconstruction error = anomaly threshold

e Train on MC background only (weakly supervised) and in data with
~small amounts of signal (typical control region - unsupervised)

e Test on Monte Carlo with top/BSM signals

e Look into correlation effects with the jet mass (control with choice of
architecture [1] or with adversarial network [2])

[1] Farina, Nakai, Shih [2] Heimel, Kasieczka, Plehn, Thompson ‘
arXiv: 1808.08992 SciPost Phys. 6, 030 (2019)
@
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Anti-QCD Taggers

No adversarial Adversarial
least QCD-like 0.0127 ] 100%
4 1 70%
0.010 0.010 ———
5 5 1 10%
3 0-0087 3 0.008 - 1 5%
_‘E B least QCD-like
g 0.006 - g 0.006 -
N I
g 0.004 - g 0.004
c - :
0.002 - 0.002 - '
0.000 T T T T T 0.000 T T T T T
0 50 100 150 200 250 300 50 100 150 200 250 300
jet mass [GeV] jet mass [GeV]
''''''''''''''' i 3% Tops o ] )
0.010 [ QCD Training made with mixed sample:
......... 3% Tops o
s | | =T " (5% least QCD-like) QCD + 3% tOp quarks
all events S 0.008 - — 9D ..
Q0 % t .
anomalous % (5% least QD) Adversarial makes background
S 0.006 1 A=5.10- stable (full lines)
. Q _ AUC = 0.65
- - contaminated 3 000 i
e L. 7 . . H .
—pure QCD S Signal is enhanced in the above
< threshold events even if present in
0.002 j training (dashed red)
0.000 T T T T T —= j’; ‘;::Z
0 50 100 150 200 250 300 ‘ ans

jet mass [GeV]

Heimel, Kasieczka, Plehn, Thompson
SciPost Phys. 6, 030 (2019)
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Anti-QCD Taggers

v Independent of model (limited to a specific signature)

V' Can be trained in MC or data, reasonably robust for
contamination in the training samples

® Itis not clear if it would work if t

ne anomaly would

yield events which are less comp!

icated than the SM (for

example, training on top quark samples to find QCD)

@ The full statistical treatment in a LHC-like analysis has

not been shown yet

Spaatind 2020 - Jan 3rd 2020 21

F. de Almeida Dias



UNIVERSITY OF COPENHAGEN THE NIELS BOHR INSTITUTE

Full-Event Training - Trigger Level

 VAE! trained in SM events to flag anomalies

= Save as a separate trigger stream for further scrutiny
(~1000 SM events/ month)

= Could also be used to flag detector malfunctions

= Inspire future supervised searches on data collected afterwards

o Test case on lepton trigger:

= Use of 21 event variables (related to isolation, pr, charge, lepton and jet
multiplicity)

= Features not tailored to specific BSM models, but might be more suitable for
certain models than for others

* Investigation on training on data

= Using contaminated samples to train does not significantly decrease VAE
performance unless signal is very strong (100x larger than method sensitivity)

Cerri, Nguyen, Pierini, Spiropulu, Vlimant

J. High Energ. Phys. (2019) 2019: 36 . Variational Autoencoder: similar to AE but allows a stochastic modelling of late space .

Spaatind 2020 - Jan 3rd 2020 22 F. de Almeida Dias



THE NIELS BOHR INSTITUTE

UNIVERSITY OF COPENHAGEN

Full-Event Training - Trigger Level

----- 1k ths/month
e SM val. Mix
1 h%stT

=
o
o

= = =
< 9 9
& I3 N

Probability

=
9
oo}

10710

10-t  10°

Reconstruction loss function for SM and
signal benchmarks

Dashed line indicates the threshold to
have 1k SM events/month

Cerri, Nguyen, Pierini, Spiropulu, Vlimant
J. High Energ. Phys. (2019) 2019: 36

SM samples
100 , ,
t . All events
10-2 ’°"‘-.,ﬁ. Outliers |
....:“M
10_4 e e

IR

0 100 200 300 400 500
St [GeV]

A—4| BSM benchmark

107 .’-“»....,,M Ac”) Siers
103 . Mo.
»«%
107> s 4 RIS
Pt 1ttt Tt
i

0 100 200 300 400 500
St [GeV]

Not trivially samples from tails
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Full-Event Training - Trigger Level

v Identify anomalies that would escape detection due to
trigger selection

v High purity sample of potentially interesting events
® Small signal efficiency

@ Strong bias in dataset definition (not possible to perform
traditional data-driven and supervised search)

V' Repeated patterns to motivate new BSM scenarios and
inspire new searches with future data
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Summary and Outlook

e Current scenario at the LHC motivates searches other
than supervised testing of specific BSM models

* Deep learning can provide tools to look for generic new
physics looking into specific final states objects or full
events

v' Possibility to find not yet thought of scenarios

@ Still poses challenges regarding systematic uncertainties
evaluation, complicated pre-processing of input variables, etc

e It will be exciting to extract as much as possible from all
the data the LHC can provide
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Backup Slides
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LHC

2 N fhces

LHCb

ALICE

SPS

CNC/S‘\‘

T2,
ATLAS
l o - 2006 | Gran Sasso
1
1T EEEEREED]
T2 = BOOSTER
1972 (157 ~ :
@ » ISOLDI
% ! East Area
|
P TR, e
LINAC 2 %, -
{ e
o LEIR
LINAC 3
44m

25m r\

e

Tile calorimeters

: LAr hadronic end-cap and
forward calorimeters
Pixel detector \

LAr electromagnetic calorimeters

Credit: CERN ‘

@
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Toroid magnets
Muon chambers Solenoid magnet | Transition radiation fracker

Semiconductor tracker
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The Large Hadron Collider Schedule

LHC High-Luminosity LHC

A

'r?cr:‘ggsye we are here!
7Tev| 8Tev *

2011 2012 2015 2016 2017 2018 2019 2020 2021 2023 2024

LHC Data

we are here!,

LHC
Analysed

0 100 200 300 400 fb-

LHC
HL-LHC
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Effective Field Theories

e Tool to interpret possible deviations

= Description of a problem in a given scale

@
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Full-Event Training - Trigger Level

BSM efficiency
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