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ATLAS SUSY Searches* - 95% CL Lower Limits

ATLAS Preliminary

T T T T T T T T T T T T T T T T T T T T T T T T T T | T T T T T T T June 2021 Vs=13TeV
Model Signature  [£dt[fb) Mass limit Reference
A TLAS and CMS 33, & Oepu 2-8jets  E™is 139 mif))<400GoV 2010.14293
LH e TOtaI : Stat —/ SySt S monojet  1-3jets  EES 381 m(@)-m(i2)=5 GeV 210210874
22, 2-q40) Oepu 26jets Ep 139 mE})=0Gov 2010.14293
C Run L Total Stat. Syst. mE)=1000GeV 201014293
2, 3qaWh Teu  28jots 139 mi?)<600 GeV 2101.01629
. v ee, 2jets  ETS 381 1=50GeV 1805.11381
ATLAS H—oyy H—==e==—H  126.02+0.51 (+0.43 +0.27) GeV 8.eund be  Titms R "y o coostoss
SSe.u 6 jets 139 m(3)-m(¥)=200 GeV 1909.08457
22, g-ii¥y 0-1eu 3b  Ef™ 798 m(¥})<200Gev ATLAS-CONF-2018-041
CMS H—)’}"}' 124.70 £+ 0.34 ( +0.31+ 0.1 5) GeV SSeu 6 jots 139 m(Z)-m(¥s)=300 GeV 1909.08457
by Oe.p 26 EP™ 139 mi¥})<400 GV 210112527
10 GeV<Am(by ¥})<20 GeV 2101.12527
ATLAS H—ZZ -4l 124.51+ 0.52 (+ 0.52 + 0.04) GeV B b o et bew o EE 1 i et edmsrote S
2r 26 EP 139 Am¥ ¥))=130 GeV, mi#})=0 GeV ATLAS-CONF-2020-031
iy, -] Oleu  =ljot Eps 139 m(Z)=1 GeV 2004.14050,2012.03769
+ 4+ + Ay, f—WhE) lepu  3jetstb EF™ 139 m(F})=500GeV 201203799
CMS H—ZZ —4l 125.59 + 0.45 (+ 0.42 + 0.17) GeV ol el A réinsmony i
BN OB O RO O OB RO O R OO O O OO W e w - W OEE BN OB BN BN BN B B BN B OB B OB B OB B B B B B B OB B R B B B O B R B O B O O O W ilr],il—’ﬂi?l&.(‘—'o"? 0‘_“ 2“. ﬁzin 361 m%;oeev 180501“9
ATLAS+CMS 125.07 + 0.29 (+ 0.25 + 0.14) GeV s 1 = 0 S o
+ Yy . T U. T U. - U. e A Rt oz nE 12ep  14b EFE 139 miii)=500GeV 2006.05830
b, hoh +Z 3en 16 Ep 139 m(¥1)=360 GeV, m{iy)-m(E})= 40 GeV 2006.05880
Vi viawz Multiple ¢/jets E®iss 139 m¥5)=0, wino-biro 2106.01676, ATLAS-CONF-2021-022
ATLAS+CMS 4] 125.15 £ 0.40 (£ 0.37 £ 0.15) GeV . ceus  2ljel  Eee o 139 ) i o5 Gov, wing b 191112606
e W WO W WO W W W W W R e Xfifviaww 2ep E,'-‘.‘" 139 m“‘.’):O,wino-b'lb 1908.08215
X113 via Wh Muitiple ¢/jets ERs 439 m(2)=70 GeV, wino-biro 2004.10694, ATLAS-CONF-2021-022
e o o
ATLAS+CMS y}’+4l 125.09 +0.24 ( +0.21+ 0.1 1) GeV Xixivial, /v 2ep Ef™ 139 m(Z,7)=0.5(m(T7 }smiTy) 1908.08215
%, Fotl) 2r EF® 139 m(E})=0 1911.06660
frlig, I-08) 2ep Ojets  EP* 139 meEh)=0 1908.08215
' T T B TR TR T P R T R | I R T R T | TR TR T T N T T TR SR RN S ee. zljet  EP% 139 m{Z)-m(¥;)=10 Gov 1911.12606
1 23 1 24 1 25 1 26 1 27 1 28 1 29 HA, A—hG|2G Oe.p >3bh  EF™ 3641 BR(Y} —» k)=t 1806.04030
depu 0jets iﬁ: 139 s:(ﬂix_.zg.‘ 2103.11684
Oepu  =2largejots EF 139 BR(Y} — ZG)=1 ATLAS-CONF-2021-022
mH [GeV] Direct. 1] prod., long-ived ¥} Disapp. trk  1jet  EF® 139 . Pure Wiro ATLAS-CONF-2021-015
uro higgsino ATLAS-CONF-2021-015
Stable g R-hadron Multiple 36.1 1902.01636,1808.04095
Metastable 2 R-hadron, 2—gt' Multiple 36.1 m(E5)=100 Gev 1710.04301,1808.04095
2 2-q96, )
&, I-6G Displ. lep EFs 139 2 =0.1ns 201107812
) =0.1ns 2011.07812
i B -zttt Beu 139 Pure Wiro 201110543
XX 1) — wwjzetttyy dep Ojets  Ep™ 139 m(¥})=200 GeV 2103.11684
23, 2-qe00. ¥} - 0uq 4-5 large jets 36.1 Large 47, 1804.03568
T, ity X — ths Multiple 36.1 m(i})=200 GeV, bino-like ATLAS-CONF-2018-003
- 1 i, i-b¥], X — bbs 24b 139 m(¥])=500 GoV 201001015
hiy, fi—-bs 2jets +2b 36.7 171007171
3 5 9 - 1 3 ; fb 1 3 I e V i, gt 2epu 2h 36.1 BR(f,-+be/bu)>20% 1710.05544
- 1 v 136 BR(F; — gu)=100%, cosf,=1 2003.11956
X R0, ) ytbs, X1 —bbs 12eu  26jets 139 |4 . 02032 Pure higgsino ATLAS-CONF-2021-007
1 I | | I | L I | | | L | |
) ‘ ” — 2 . 2 . - 2 R s
L t - “Only a selection of the available mass limits on new states or 10 Mass scale [Te'
1 - C M S . e - pheglo’mgna &sj es’howr':. Igfan;;o of ﬁ,he limits a;a based :n (Tev]
- - simplified mi s, c.f. refs. for the assumptions made.
= Z ’ -
’ -
. WS,
) K 4 ’
L 4
- f— 4 -t
l“H — 125-38 Gev .° |
L 4 . * . . o
10—1 - L’ - ATLAS Exotics Searches* - 95% CL Upper Exclusion Limits ATLAS Ppreliminary
- p-VaI ue = 440/0 P = Status: May 2020 JLdt = (3.2-139) fo Vs =8,13TeV
—
= . iss _
B A \d - Model ¢,y Jetst ET™ [Cdt[i) Limit Reference
= . T — T —
L 4 ADD Gyk +g/q Oe,pu 1-4]  Yes 361 n=2 1711.03301
o v -] ADD non-resonant yy 2y - - 367 n=3HLZNLO 1707.04147
P . ADD QBH - 2j - 37.0 n=6 1703.09127
- P - ADD BH high ¥ pr >lepn >2j - 32 n =6, Mp = 3TeV, rot BH 1606.02265
P ADD BH multijet - 23] - 3.6 n =6, Mp = 3 TeV, rot BH 1512.02586
’ RS1 Gyx — ¥y 2y - - 36.7 k/Mgp, = 0.1 1707.04147
-2 Bulk RS Gk — WW/ZZ  multi-channel 36.1 /Mgy = 1.0 1808.02380
1 O — g _— Bulk RS Gk — WV — fvqq Tew  2)/1J Yes 139 KW = 1.0 2004.14636
- v - Bulk RS gxx — tt Teu >1b,>1J23 Yes 36.1 r/m=15% 1804.10823
: - 2UED/RPP leu 22b23] Yes 361 Tier (1,1), B(AM) & ¢1) =1 1803.09678
B P l 7 SSMZ' - €t 2e,u - - 139 1903.06248
~ o -l SSMZ' - 7r 27 - - 36.1 1700.07242
’ il Leptophobic 2’ — bb - 2b - 361 1805.09299
B ¢ Leptophobic 2’ — tt Oeu 21b,22J Yes 139 r/m=12% 2005.05138
’ SSM W’ — £y Teu = Yes 139 190605609
B o’ B SSM W’ — 1v 17 - Yes 361 1801.06892
ector OSOnS HVT W’ - WZ - fvggmodel B 1e,u 2j/1J  Yes 139 gv=3 2004.14636
HVT V' - WV - gqqqgmodel B O e, u 2J - 139 &v =3 1906.08589
_3 _— L4 _— HVT V' - WH/ZH model B multi-channel 36.1 gv=3 1712.06518
- B ' rd . . — HVT W’ — WH model B Oeu =1b22J 139 &v =3 CERN-EP-2020-073
- = LRSM W — tb multi-channel 36.1 1807.10473
C ,* E 3 generatlon fermions : LRSM Wi — i R TI M) =050V 5= o0k 12879
B N Clgqqq - 2j - 37.0 T 1703.09127
— . Clétqq 2e,u - - 139 M CERN-EP-2020-066
- » E M uons - Cl tret ey 21b,21] Yes  36.1 |Cerl = 4n 1811.02305
Axial-vector mediator (Dirac DM) Oe,pu 1-4j Yes 36.1 87=0.25, g,=1.0, m(y) = 1 GeV 1711.03301
™~ -1 Colored scalar mediator (Dirac DM) 0 e, u 1-4j Yos 36.1 &=10, m(y) = 1 GeV 1711.03301
. VVxy EFT (Dirac DM) Oe,u 1J,51]  Yes 3.2 m(y) < 150 GeV 1608.02372
[ — SM HI S boson Scalar reson. ¢ — ty (DiracDM) O-1e,u  1b,0-1J Yes  36.1 y =0.4,2= 0.2, m(y) = 10 GoV 1812.09743
1 0_4 — — Scalar LQ 1% gen 12e 22 Yes 361 B=1 190200877
- - Scalar LQ 2™ gen 12 2]  Yes 361 p=1 1902.00877
~ = Scalar LQ 3" gen 27 2b - 36.1 B(LQS — br) =1 1902.08103
C11 I | 1 L1 1111 I | | L1 1111 I 1 | L1 1 111 I | n Scalar LQ 3" gen O-1epu 2b Yes  36.1 B(1.Q§ - t1) =0 1902.08103
VLQ TT — Ht/Zt/Wb+ X  multi-channel 36.1 SU(2) doublet 1808.02343
E 1 5 VLQ BB - Wt/Zb+ X multi-channel 36.1 SU(2) doublet 1808.02343
VLQ Ts3Ts3lTsz = W+ X 2(SS)23eu21b,21] Yes 36.1 B(Tsy3 = Wt)m 1, ¢ TssWi)a 1 1807.11883
U) . _I | I | I LR | | | i I I I i I | | VIO Y o Wh4'X Ten 21031 Yos 361 (Y o> Wo)e 1, ca(WEpe 1 1812.07543
VLQ B — Hb+ X Oeu,2y 21b,21 Yos 79.8 kg=05 ATLAS-CONF-2018-024
B Il VLQ QQ — WaWg 1eu 24  Yes 203 1509.04261
(@) B il Excited quark * — gg - 2] - 139 only u* and &*, A = m(q") 1910.08447
) B = Excited quark ¢* — qy 1y 1j - 36.7 only u* and d*, A = m(q") 1709.10440
1 o O BN BN BN BN BN BN BN B BN BN B MmN SN BN BN BN BN BN BN BN BN BN BN BN B BN B - e . - - Excited quark b* — bg - 1b1j - 36.1 1805.09299
- - Excited lepton £ 3eu - - 20.3 A=30Tev 1411.2921
O Excited lepton v* 3eprt - - 20.3 A=16TeV 1411.2921
- — - —
Lt L . Type lll Seesaw Teu 2]  Yes 798 ATLAS-CONF-2018-020
m LRSM Majorana » 2u 2j - 36.1 m(We) = 4.1TeV, g = gr 1809.11105
~ I I I I - Higgs triplet H** — ¢¢ 234eu(SS) - - 361 DY production 1710.09748
|| 1 1 L1 1111 1 | L1 1 111 1 1 L1 1 111 1 Higgs triplet H** — ¢1 et . - 203 DY production, B(H;* — () = 1 1411.2921
. Multi-charged particles - - - 36.1 DY production, |q] — Se 1812.03673
1 0—1 1 1 O 1 02 Magnetic monopoles - - - 344 DY production, |g] = 1gp, spin 1/2 1905.10130
Ll PR N P

L g o :

*Only a selection of the available mass limits on new states or phenomena is shown.
TSmall-radius (large-radius) jets are denoted by the letter j (J).

10 Mass scale [TeV]

Particle mass (GeV



A Superconducting Analogy

High-Tc Superconductors Ginzburg-Landau Theory Low-Tc Superconductors (BCS)

000¢
oco0
0000

i 2 é g, 1 : 2
F = alpl? + Slul* + o |(~ihV — g Ay +

“The more ambitious goal...is to identify and understand the nature of electroweak symmetry
breaking, the asymmetry that is key to the material universe. The Higgs boson is but its herald.”

—Frank Close
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Is it even a Ginzburg-Landau model?

\

VS.

l HL-LHC

(If you like this way of presenting Higgs self-coupling precision, please feel free to use it w/ credit to R. Petrossian-Byrne.)

LHC (how)



Does it even restore EW symmetry?

Best probed in vector boson scattering with 3+ bosons in the final state...

[Chang & Luty '19, Falkowski & Rattazzi '19, Cohen, NC, Lu, Sutherland "21]

0



What is the microscopic theory?

Why is electroweak symmetry broken, and what sets the scale?

Parameters in the Standard Model can be predicted (or correlated) in its extensions.

Of course, we know mp=125 GeV, so the aim should be to use this data to predict new phenomena.

v



The Naturalness Strategy

Going up in scale through the SM, parameters in the effective theory appear UV sensitive.

Ultimately, new states appear & UV sensitivity replaced by finite contributions.

Welsskopf 1934-39]: Divergent self-energy of electron cured by appearance of positron.

But no obvious mechanism for a charged scalar:

“This may indicate that a theory of particles obeying Bose statistics must
length, or at energies corresponding to this length; whereas a theory o

INVO

ve new features at this critical
icles obeying the exclusion

0 10

principle is probably consistent down to much smaller lengths or u
3

much higher energies.”



The Naturalness Strategy

Param UV sensitivity Natural if NP Scale Natural?
Me e2 A A =5 MeV | Positron | 511 keV v
Mia? - Ming? o AI\S/IGB\‘:’O Rho | 775 MeV v
MKL-MKs ity | A<2GeV | Charm | 1.2 GeV v
M2 - 1?52 A% + Aéj\?o ? ? ?

Quadratic sensitivity of mé makes it a promising target for predictions.

9




From the “naturalness strategy” to new physics

At this level, we expect
® New physics around the TeV scale...
® .. .coupling to the Higgs

Strong motivation for beyond-the-Standard Model physics connected
to Higgs! But maybe too broad to be useful guidance to experiment.

O make further progress, we come up with models.
Easiest path: work by analogy with known examples.

Supersymmetry: Relate Higgs Compositeness: Higgs is a
to a fermion, a la electron. composite particle, a la the pion.

10



Overview of CMS EXO results

36-140 fb~" (8,13 Tev)

CMS pr i Y
String reconance “ 1 1017 12238 1604 03907 2§ 1372
Zy resanance ~ I 1712 07141 (24 + 1y; 2e +1y; 2 +1y) 36 fb~!
Hegs ¥ msonance - [ 1508.01257 (1§ + 1y) 36m?!
Colar Ociud: Scalar, & =12 ~ ., 191212238, 1604.03907 (2§ 137 fo~!
Scalar Diguark “ 1 112 17734 1604 0907 (2)) 137!
4§, pamudoncalor (scalar), gl % BRI H) > = 0.63(0.004) » 191104968 (32, = 40 137 o~}
+¢, preudoscaler (scaler), L, X BR-20) > =0.03(0.08) w 191104968 (3¢, = a2) 137
quark compesiteness 660, muss=1 A 36 b}
quark compasteness ), nuan =1 A 36171
quark compasiteress @), quen= —1 o 36 fb~!
quark compastanass @), nuan= —1 A 36 b1
Excited Lepton Contact Interaction % 77 fo-1
Excitad Lepton Contact Interaction - 771071
(axiak)vector meditor (., Ga=0 23, gom =1, my=1 GeV. w 36m!
(axial)vactor medator (g, Gq=0.25,gow =1, m; =1 GeV - 137 o
scalar madtor (4449 gy= 1 gy - 190101553 (0, U + =3j +E7*9 36 b}
peudascalor mediokar (+489, g, ~ 190101553 (0, 11 + =3 + EP=) 36 fp~1
scalr mediotor (fermian portal) M 171202345 (= 1 + E7*) 36Mm1
omplax sc. mad. (cark QCD), M, = 5 GaV, cTyy = 25 mm - 131010069 (&)) 36 b2
BaryanicZ', ga=025,gou= L my =1 GeV ~ 1908.01713 (h + B7*9 36!
7'~ HOM, gz =0 8. gon =1, 1and =1, m; = 100 G’ - 190801713 (h 4 B7%3) 36 fb
Vector rezorance, gy = 0 25, gom = L, my = 1GeV ™ G 1911.03761{ =3 18 fb~?
Laptoquark mediator, # =1, B=0.1, Agor=0 1, 800 < Mg <1500 GV ar R 181110151 (R s 1+ ) 1780
AV stop to 4 quarks “ I 1208 03124 (24:4) 361
RV zquark to 4 quorks ~ I 1606.01058 (2§) 38 fb~!
RV ghuno to 4 quarks “ 1 1506 01038 (25) 38m1
RV gluinos to 3 quarks. ~ 1810.10092 (&) 36 fb~1
ADD (j) HLZ. aep =3 ~ 1803.0803 2§ 36 fb~1
ADD (yy. #1 HLZ n=3 “ 181210443 (2y. 20) 36m!
ACD Gex cmizgian, n =2 " 171202305 {21 47 36 fb~1
AD OBH (i), nen =6 w 1803 0803 2D 36 fb~!
ADD QBH (og1l, neo = 6 n 1802.01122 (ag) 36 fb~1
RS Gax(yy), kMn=0.1 w 1809.00327 (2y) 36 b}
RS Q8H ). nm =1 - 18030803 (2) 361
RS QBH jep) o =1 “ 1802.01122 {eg) 36 b~}
nonotating BH, Mo =4 TaV, nm = 6 " 105 06013 ( = TN, y)) 3Bm!
WILUED, =4 TeV n . 150311133 (£ 4 E7*) 36 b7
RS Gu(qq gg1. ki =0 1 ~ I 1917 17234 1604 08907 2P 137!
excited Ight quark (Gy). 5=r=r=1A=mg - 171104652 (y 4 361
axcitad b quark, f;=f=f =1,A=m; - R 171104652 iy + j) 36 fb~1
excited Igh quark (q), A=mg M 1912 17238; 1604 0R907 @P 137 Mt
axcted electron, fy =f=F'=LA=m; ~ S, 1211.03052 {y + 2m) 36 b2
exitedmuan, = f= £=1, A= oy u | 151103052 (¥ +2p) 36m-1
WMSM, Ve P =18, [Vw’=18 ~ 1802.02965 {34{u, =} 36 fb~!
MM, Vg BN Verl? + Vi =10 w 130610005 (22, = 1j) 36!
Typelll seesaw heavy fenmiors, Flavor-democratic ' 1911.04968 (3L, = &2 137 fo?
Vactor like taus, Doublet “ P on2s0ney 190510853 (3¢, = 42,24, 217) 771b7?
scalar LO (pair prod ). coupling t 1% gen. fanmions, f =1 - 181101197 (204 2)) 36m 1
scalor LQ (pair prod ), coupling to 1% gen. fermians, f <05 - 1811.01197 (2= + 2§ @ 4 2§ 4 EP™=) 36!
scakr L0 (pair prod ), coupling to 2* gen fermiors, #=1 - 1808 0%082 (2u+ 2)) 36m1
acabr LQ (pair prod ), coupling to 2™ gen. formiors, #-1 ~ RN 191110151 (1 4 3 & =) 77 b1
scalr LO (pair prod )\ coupling o 2 gen. fermiars, A=0 3 ~ 1808.05082 (2 + 2w + 2§ & E7*=) 36 ml
scakar LQ) (pair prod ), coupling to 374 gan. farmions, f =1 - 1811.00806 {27 + %)) 36 b1
scalr LO (single prod ), coup. to 3% gen. ferm., B=1,4=1 w 180603472 (2 + b) 36 !
Zo, namow resonance w 1912.04776 (230 137 !
Zo, namew rasonanca » 191204776 (20 137 o2
sMz' ~ EXO-19019 (2e, 21) 140 fo~!
SMZ'(q9 - . 1012 17238; 1604.08907 (2)) 13712
Zad M 190510031 (3, 1y) 36 o'
Supsrstring Zy - e X 0-19-019 (2e, 231) a0m*
LFVZ', BAleq) = 10% ~ 180201122 (eg) 36 fb~!
Leptophabic 7/ u SIS, 1303 04114 (2)) 78171
SSM Wik) ~ s, 130311133 (£ + E7*=) 36 b2
SMW(TV) . ] 180711421 (4 E7) 36m!
SSM Wigd) ~ SN 1912.12236 1604.03907 (2§ 137 fo?
LRSV! WeltNa), M, =0 5Me u 180311116 (24 42 35 !
LRSM Walthin), My, =0.5Ma, - 1811 00806 (274 2§) 36 b1
Axighion Cokoron cat@ =1 “ e 1912.122 38, 1604.08907 (2j) 137 o’
" n N
01 10 100
LHCP 2020

Selection of observed exclusion limits at 95% C.L. (theory uncertainties are not included). mass scale [TeV]

ATLAS Exotics Searches* - 95% CL Upper Exclusion Limits
Status: May 2020

Model ¢,y Jetst ET™ [rdii) Limit Reference
ADD Gyx + g/q Oe,u 1-4j Yes  36.1 n=2 1711.03301
ADD non-resonant yy 2y - - 36.7 n =3 HLZNLO 1707.04147
ADD QBH - 2j - 37.0 n==6 1703.09127
ADD BH high ¥’ pr >leyu >2j - 3.2 n =6, Mp = 3 TeV, rot BH 1606.02265
ADD BH multijet - >3j - 36 n =6, Mp = 3 TeV, rot BH 1512.02586
RS1 Gk — vy 2y - - 36.7 k/Mp = 0.1 1707.04147
Bulk RS Gxx — WW/Z2Z multi-channel 36.1 k/Mp = 1.0 1808.02380
Bulk RS Gk — WV - fvqq lepu 2j/1J  Yes 139 k/Mp; = 1.0 2004.14636
Bulk RS gix — tt e 21b21J2 Yes 36.1 r/m=15% 1804.10823
2UED/RPP le,pg 22b23] Yes 36.1 Tier (1,1), B(A®D - ¢t) =1 1803.09678
SSM Z’ - ¢¢ 2e,u - - 139 1903.06248
SSM Z’ - rr 27 - - 36.1 1709.07242
Leptophobic Z’ — bb - 2b - 36.1 1805.09299
Leptophobic Z’ — tt Oe,up >21b,>2J Yes 139 rm=12% 2005.05138
SSM W’ = ¢y lepu - Yes 139 1906.05609
SSM W’ - 1v 17 - Yes 36.1 1801.06992
HVT W’ — WZ - fvggmodel B 1 e,u 2j/1J  Yes 139 gv =3 2004.14636
HVT V' - WV — gqqgmodel B 0 e,u 2J - 139 gv=3 1906.08589
HVT V' - WH/ZH model B multi-channel 36.1 gv=3 1712.06518
HVT W’ - WH model B Oeu 21b22J 139 v =3 CERN-EP-2020-073
LRSM Wg — tb multi-channel 36.1 1807.10473
LRSM Wg — uNg 2u 1J - 80 m(Ng) =0.5TeV, g = gr 1904.12679
Cl qqqq - 2j - 37.0 m 1703.09127
Clétqq 2eu - - 139 M CERN-EP-2020-066
Cl teet 2leu 21b21] Yes 361 |Cael = 4x 1811.02305
Axial-vector mediator (Dirac DM) 0 e, 1-4] Yes 36.1 2¢=0.25, g,=1.0, m(y) = 1 GeV 1711.03301
Colored scalar mediator (Dirac DM) 0 e, u 1-4j Yes 36.1 £=1.0, m(y) = 1 GeV 1711.03301
VVyy EFT (Dirac DM) Oe,u 1J,€1]  Yes 3.2 m(y) < 150 GeV 1608.02372
Scalar reson. ¢ — ty (DiacDM) O-1e,u 1b,0-1J Yes 36.1 y =0.4,2=0.2, m(y) = 10 GeV 1812.09743
Scalar LQ 1% gen 12e >2j Yes  36.1 =1 1902.00377
Scalar LQ 2™ gen 12p >2j Yes  36.1 =1 1902.00877
Scalar LQ 3 gen 27 2b - 36.1 B(LQ - br) =1 1902.08103
Scalar LQ 3 gen 0-1eu 2b Yes  36.1 B(LQ§ - tr) =0 1902.08103
VLQ TT — Ht/Zt/Wb+ X  multi-channel 36.1 SU(2) doublet 1808.02343
VLQ BB —» Wt/Zb+ X multi-channel 36.1 SU(2) doublet 1808.02343
VLQ Ts/3Ts)3|Tsi3 —» We+ X 2(SS)/28eu21b,21] Yes  36.1 B(Tsy3 — Wit)m 1, o Te/sWi)= 1 1807.11883
VLQY - Wb+ X ey 21b,>21 Yes 36.1 B(Y — Wh)=1, cr(Wb)=1 1812.07343
VLQ B - Hb+ X Oeu,2y 21b,21 Yes 798 xg=05 ATLAS-CONF-2018-024
VLQ QQ —» WgWq 1eu 24 Yes 20.3 1509.04261
Excited quark ¢* — qg - 2j - 139 only u* and d*, A = m(q") 1910.08447
Excited quark ¢* — qy 1y 1j - 36.7 only * and d*, A = m(q*) 1709.10440
Excited quark b* — bg - 1b1j - 36.1 1805.09299
Excited lepton £* Seu - - 20.3 A=3.0TeV 1411.2921
Excited lepton v* Bepurt - - 20.3 A=1.6TeV 1411.2921
Type lll Seesaw 1eu >2j Yes 79.8 ATLAS-CONF-2018-020
LRSM Majorana v 2u 2j - 36.1 m(Wg) = 4.1 TeV, g = gr 1809.11105
Higgs triplet H** — ¢¢ 234eu(SS) - - 36.1 DY production 1710.09748
Higgs triplet H** — ¢r 3eurt - - 20.3 DY production, B(H;* — ¢1) =1 1411.2921
Multi-charged particles - - - 36.1 DY production, |g| = 5e 1812.03673
Magnetic monopoles - - - 344 DY production, |g| = 1gp, spin 1/2 1905.10130

o aal
Rt o :

*Only a selection of the available mass limits on new states or phenomena is shown.
+Small-radius (large-radius) jets are denoted by the letter j (J).

10 Mass scale [TeV]

But-thus
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Gluino

]
PG d,8 ~qaX /%, )~ W%,
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CMS Preliminary
s =13TeV

L=129fb"'L=35.91fb"

@dsd) | ...
q,4q (udc,s

For decays with intermediate mass,
lmlmerrmdlate = Ix' mm+(1 -IX) mLSP

es* -ﬁ%

Lo

800 1000

*Observed limits at 95% C.L. - theory uncertainties not included
Only a selection of available mass limits. Probe *up to* the quoted mass limit for ful ~0 GeV unless stated otherwise
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ATLAS Preliminary

s s
Limits
Vs =13TeV
Signature  [Ldr () Mass limit Reference
Oeu 2-6jets bz‘" 139 mi¥})<400 GeV ATLAS-CONF-2019-040
mono-jet  1-3jets EP™  36.1 m(g)-mi})=5 GeV 1711.03301
Oeu 2-6jets EFS 139 m(¥})=0GeV ATLAS-CONF-2019-040
m(¥1)=1000 GeV ATLAS-CONF-2019-040
38, G—qgWi\ Teu 2-6jets 139 m(E})<600 GeV ATLAS-CONF-2020-047
38, F-qa(LOT) ee,up 2jts  EPT 3641 m()-m(¥))=50 GeV 1805.11381
28, 8->qqWz¥] Oep  7A1jets EP'™ 139 m(i)) <600 GeV ATLAS-CONF-2020-002
SSeu 6 jets 139 m(g)-m(¥})=200 GeV 1909.08457
22, 81X O-1e,p 3b EP®  79.8 mi¥})<200 GeV ATLAS-CONF-2018-041
SSe,u 6 jots 139 m(g)-m(,?é )=300 GeV 1909.08457
BBy, by _,bjr?/,\‘z‘l' Multiple 36.1 m(¥])=300GeV, BR(4¥])=1 1708.09266, 1711.03301
Muttiple 139 m(¥})=200 GeV, m(¥;)=300 GeV, BR(:F; =1 1909.08457
biby, by —bT3 — bh¥] Oep 6b  EPT 139 AMES,T0)=130 GeV, m¥})=100 GeV 1908.03122
2r 2b EPS 139 Am(P3,7)=130 GeV, m(¥})=0 GeV ATLAS-CONF-2020-031
iy, -t 0-1e,p >ljet  EP® 139 m(E})=1 GeV ATLAS-CONF-2020-003, 2004.14060
iy, Wb, lepu 3jets/ib EP® 139 m{F])=400 GeV ATLAS-CONF-2019-017
iy, - by, 7116 Tr+lent 2jets/ib EPS 361 m(#,)=800 GeV 1803.10178
iy, = | 88, E—cky Oeu 2¢ EPis 361 m(¥)=0GeV 1805.01649
m(, £)-m{¥1)=50 GeV 1805.01649
Oeu mono-jet EF® 361 m(7, &)-m¥;)=5 GeV 1711.03301
iy, k9, D3 Z/ hE) 1-2e,u 1-4b  EPS 139 m(¥2)=500 GeV SUSY-2018-09
b, h-ih +Z Seu 1b Epis 139 m(¥})=360GeV, m(f,)-m(¥})= 40 GeV SUSY-2018-09
B viawz 3epu Epis 139 miP)=0 ATLAS-CONF-2020-015
ee,up >ljet  EPS 139 m¥;)-m(¥})=5 GeV 1911.12606
XXy viaww 2epu EPs 139 mi)=0 1908.08215
BiR3 via Wh Oleu 2b2y EP® 139 m(¥)=70 GeV 2004.10894, 1909.09226
XXy viaZy/y 2e,u EP® 139 m(Z,5)=0.5(mE; }emE})) 1908.08215
#, 1ok 27 EP'® 139 miEd)=0 1911.06660
B rbir, I-E0) 2ep Ots  Ep™ 139 m()=0 1908.08215
ee,up =1ljet EP™ 139 m(?)-m(f})=10 GeV 1911.12606
AR, A—hG|ZG Oep >3b lzz“““ 36.1 BR(Y} — hG)=1 1806.04030
dep Ojets  EP'™ 139 sn(xzf - ZG)=1 ATLAS-CONF-2020-040
Direct¥1¥] prod., long-lived ¥} Disapp. trk  1jet  EP'® 361 Pure Wino 1712.02118
Pure higgsino ATL-PHYS-PUB-2017-019
Stable g R-hadron Multiple 36.1 1902.01636,1808.04095
Metastable 7 R-hadron, —qg; Multiple 36.1 m(¥})=100 GeV 1710.04901,1808.04095
B X szttt 3eu 139 Pure Wino ATLAS-CONF-2020-009
LFV pp—¥: + X, V.—ep/et/ut e et ur 3.2 A31y=0-11, A1n/133233=0.07 1607.08079
TG 1K — WW/ztettvy dep Ojets  EP™  36.1 m(E)=100 GeV 1804.03602
2. 8-q0%1. ¥} — qaq 45large-R jets 36.1 Lamge 4 1904.03568
Multiple 36.1 m(¥})=200 GeV, bino-ike ATLAS-CONF-2018-003
7T, it XY — ths Muttiple 36.1 m(¥})=200 GeV, bino-ike ATLAS-CONF-2018-003
if, i-h¥, X; — bbs >4b 139 m(¥} )=500 GeV ATLAS-CONF-2020-016
iyfy, fy—bs 2jets+2b 36.7 1710.07171
iy, hi—gt 2ep 2b 36.1 BR(7) —be/b)>20% 1710.05544
1u Y, 136 BRI —qu)=100%, CO8G=1 2003.11956

*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.
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Higgs Mass vs. Naturalness

Perhaps the observed Higgs mass is simply a sign that the naturalness strategy is impertect.
—.g. In minimal SUSY frameworks the Higgs mass predicts phenomena consistent w/ data.

E.g. [Pardo Vega & Villadoro 15 | Minimal Gauge Mediation
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| " PSSibIePath S o

The goa/ is to ,oreo’/ct tha H/ggs mass Natura/r)ess /s a ,orom/smg straz‘egy (and the one nature has .
re/oeateo’/y chosen) /auz‘ there are a/so /or/nC//o/ao’ frameworks exp/a/n/ng why /t m/ght appear to fa//

14



The goa/ is to ,orao’/ct z‘ha H/ggs mass Natura/r)ass /s a ,orom/smg straz‘agy (and the one natura ER
-ra/oaatao’/y chosen) /ouz‘ thara are a/so /or/nC//o/ad frameworks axp/a/n/ng why /z‘ m/ght appear to fa// |

2 _2..
o Naturalness mH ~ mUV

- (SUSY, global sym, dlscrete sym ) o

14



- Possible Paths
The goa/ IS to ,oreo’/et the /—//ggs mass Natura/r)ess IS a ,orom/smg strategy (and the one nature ES
repeatedly chosen) but there are a/so /or/ne//o/eo’ frameworks ex,o/a/r)/ng why /t m/ght appear to fall.

y )

.9 Naturalness mH~ mUV |
- (SUSY, global sym, dlscrete S )

(anthropics, NNaturalness, crunching,

: X _‘,' - o NT ey
I-d- ; |
s I Ing | b
e 2 N 3
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P055|ble Paths

The goa/ IS to ,oreo’/ct the /—//ggs mass. Natura/ness IS a ,orom/smg strategy (and the one nature has
repeatedly chosen) but z‘here are a/so /or/nC/,o/eo’ framevvorks exp/a/n/ng why it m/ght a,opear to fall.

y "2 > y

o ‘ mH ~Pgy. o o ‘ Adjustment: m; ~ mgy, + mjp < o
- (SUSY, global sym, discrete sym, ...) (relaxmn self-organlzatlon %)
. T 2 2 >0
° NG My ~ 2myy, << My
(@nthropics, NNaturalness, crunching,

sliding...)

14 =C



P055|ble Paths

The goa/ IS to ,oreo’/ct the /—//ggs mass. Natura/ness IS a ,orom/smg strategy (and the one nature has
repeatedly chosen) but z‘here are a/so /or/nC/,o/ed framevvorks ex,o/a/n/ng why it m/ght a,opear to fall.

30 5 y

(SUSY, global sym, discrete sym, ...) - (relaxion, : elf-organlzatlon )

o D ~ 2mpy, K< mpy, - ® > My ~ Myyig :
(@nthropics, NNaturalness, crunching, (modular mvarlance quantum grawty,
sliding...) A ' s

il A_ﬂ

14 —



The Value of Being Wrong

All but one prediction for the Higgs mass will be wrong, but
even wrong predictions profoundly broaden our horizons.

—or example...

Conformal technicolor [ uty, Okui '04]: Tension between

hierarchy problem (07 0) and flavor (Off ) can be avoided if Ao ~1+e Apto > 2

[Rattazzi, Rychkov, Tonni, Vichi ’08]: 1 4 1 4
revive the conformal bootstrap to v )0 S 1)
constrain scaling dimensions using ; I
2 3 2 3

unitarity, OPE, crossing symmetry.

2.0 _
000 105 1.10 1.5 120 125 130 134 9]
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Discrete symmetries relate the Sta
to mirror copies; new physi
ne weak scale is SM-neutra

\Vilele[=
t

Possible Paths

Discrete symmetries

[Chacko, Goh, Harnik ’05, ...]

ndard

CS at

16

Gra
HIggs

Cosmological Relaxion

Dvali, Vilenkin "03; Dvali "04;

ﬁam, Kaplan, Rajendran '15, ...}

mass scans due to cosmological

evolution of a light field; stops when
Higgs mass passes through ~zero.

e

~
e
~

You are here.
|

i



Self-Organized Criticality

Some systems evolve into critical states on their own (sandpiles, a la |Bak, Tang, Wiesenfeld "84
Lessons for the weak scale”? |(Giudice '08

@ Vanishing Higgs mass coinciding

o~ Localization of scalar fields

with potential minimum for an exponentially close to critical
P extra-dimensional modulus field points during eternal inflation
[Eroencel, Hubisz, Rigo "18] (Giudice, McCullough, You "21]

[Khoury et al. '19-"20]

1.0} Q*V
: iC Qv
. 0.8 ¢
S [
Y §0.6j
.
0.4} i
0.2}




Self-Organized Localization

SOL unsuited to explaining proximity to boundary between broken & unbroken phases,
but can explain proximity to a point at which two broken phase vacua cease to coexist.

—.g. In SM, second vacuum created by instabllity of ,l:

Higgs potential associated w/ a scale A(/\;) = 0 [ AI

0.20¢ — T The problem: in SM alone, A; ~ 10! — 10!2 GeV
My =15 TeV, yy =1.5
015 """ " MV|_=400 GeV, yV|_=2.
0.10| The solution: lower A; with new light states
0 055 coupling strongly to the Higgs
0.00F—% _ | .
| \ _ —.g. vector-like SU(2) doublet and singlet leptons w/
500 1000 1500 2000 2500 L =—yyryH + h.c.
RGE scale [GeV]

5 [Giudice, McCullough, You *21]



Un-effectiveness

—ssential feature of the hierarchy problem: the UV doesn’t know about the IR
...unless it does?

Two frameworks exhibiting UV/IR mixing:

Quantum gravity. .. O
7
N

...and non-commutative QFT.
E.g. [Minwalla, Seiberg, Van Raamsdonk '99]; Q
for hierarchy problem [NC, Koren "19]

. ! 4
2 2 @2p2
19



Modular Invariance

[Dienes et al. '94-"01, Abel & Dienes 21 ...]

At heart, curing UV sensitivity is about controling  dm37; ~ (StrM?)A? + (StrM?)log A + ...

For finite # of states ~ StrM?° = Z (—1)F (M@')Qﬁ Cancellations require degenerate boson/fermion pairs

states 1

For infinite # of states, suitably regularize:  StrM?P = lim (—1)* (M;)*P o~ YM;
y—0 .
states 1

Then many nondegenerate spectra have vanishing supertraces

i E.g. formasses M, = +/nu and degeneracies g, ) i Generally satisfied when modular )
invariance controls the spectrum,
(—E )" n for any k € Z* degeneracies g, given by the envelope
gn = (—: )n(”5 n)  meven: bosons of some suitable function ®(n): string
\ (=1)"(n” 4+2n") n odd : fermions ) . theory (SUSY or otherwise) )

Nondecoupling corrections to Higgs properties?

20



The Weak Gravity Conjecture

: . : )
(Electric) weak gravity conjecture: an m
abelian gauge theory must contain a state of q9 > M
charge g and mass m satisfying Pl
\- Y,

Thought experiment: consider BH of charge Q, mass M decaying to this particle

S # particles produced = Q/q
‘ \

Energy conservation: mQ/qg < M

Then BH satisfies Z=Q Mp/M < z=q Mp/m

Extremal BH (Z=1) stable unless there exists a state with z > 1

= q > m/Mp; to avoid exactly stable black holes, remnants

21



Magnetic Weak Gravity Conjecture

Analogous argument for BHs carrying magnetic charge:

»
\

For monopole of size L, (27 /g)* o 2m
decay of extremal BH implies ~ g

mmon L

:>AEL_1 SQMPI

Note: cutoff need not imply appearance of quantum gravity,
only physics underlying monopole structure

22



Electric WGC: m < (gq)Mp

[Arkani-Hamed, Motl, Nicolis, Vafa ‘0O7]

Magnetic WGC: A < gMp,

[Arkani-Hamed, Motl, Nicolis, Vafa ‘0O7]

A Family of Conjectures

+Scalar WGC:  m < v/¢2¢% — u

Palti *17]

dS WGC: m* 2 ggMp H

[Montero, Van Riet, Venken ‘19]

Axion WGC:  f < (1/S)Mp,

[Arkani-Hamed, Motl, Nicolis, Vafa ‘0O7]

New hierarchies from field theory + gravity.
Recent review: |Harlow, Heidenreich, Reece, Rudelius "22]

23



Weak Gravity, Weak Scale?

Imagine the U(1)s-L symmetry
of the Standard Model is an unbroken gauge symmetry
(oounds from 5th force experiments require gg = 10-24).

Anomaly free If we also add three right-
handed neutrinos.

Neutrinos are Dirac particles! (no Ovff)

Neutrino mass from Higgs
Yy, HLvrg — m, ~ y,v

~

\_

1019 GeV —+— Mp

102GeV —+ v

10-10 GeV —+ YvwW~gqMp

%

If lightest neutrino is WGC particle,
mMv ~ 0.7 eV, ggz10-23

For fixed y, q, satisfying WGC places an upper bound on v

24

See also:



Weak Gravity, Weak Scale?

But Magnetic WGC says: cutoff near 1,
Can m, A\ be raised to the weak scale?

1019 GeV —+— Mp

Surel Need :

1. A new U(1) gauge symmetry, not U(1)s-L 10°GeV. - v, /m

2. Charged particles acquiring mass from the Higgs. - -

Simple option: new fermions like the lepton doublet L and right-handed
neutrino &V, plus conjugates L, N, and Yukawa interaction yHLN®

Lightest mass eigenstate x1 1s WGC particle. WGC bounds Higgs vev for fixed g, mi, mn, V.
Expect new fermions around the weak scale, coupling to the Higgs boson.

25



 Implications for Experiment

AT e
My ~ My

Conventlona\ & exotic collider S|gnals

Higgs properhes as demswe probes

> 7
Varied, but often promising
cosmological signals (Ner, ...)

; .
My ~ ZmUV <K Mgy

20

PO ' 3
mH ~ mUV += mIR << My

New parhc\es coupling to the Higgs, at

or be\ovv the weak scale: Neﬁ, .

2 2
LT )

nggs propemes spacetime
symmetrles falels
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New perspective on old symmetries...

|Galiotto, Kapustin, Sieberg, Willett '14; Aharony, Seiberg, Tachikawa ’13; ...]

Symmetry defect operator Ugs(Xq—1) = exp |ia / 7tn,
3

Ugl (Z) ' U92 (Z) — U9192 (Z)

28



...leads to new symmetries

Pure U(1) gauge theory: 2 1-form symmetries JPY (x) o< M (x) JH () o< F* ()

Spontaneous breaking in the Coulomb phase — massless photon is the Goldstone (vector) boson

29



Properties of Ordinary Higher-form Non-invertible
symmetry op. symmetry symmetry symmetry
Codimension in
. 1 >1 >
spacetime
Topological? yes yes yes
Cusion rule group group fusion rlng
81 X 8 = &3 81X 8 = 83 axXb=2x.N,c

See e.qg. |[Cordova, Dumitrescu, Intriligator, Shao '22]; pheno applications e.g.

|[Cordova, Hong, Koren, Ohmori '22; Cordova, Koren '22; ...]




Magic Zeroes & Hidden Symmetries

Surprises appear in the most prosaic places...

3 3
~ - | y© myv m,, v
—Xpect: Aa,, ~ - O
? P £ 16w M2 ( VK
/ A {\k Calculate: Aa ey 0 4 Y H |
/ - 167‘(’2 M4
/4 N L 1 e
I 50
7 z}:fil— q:)k* v Yr |Arkani-Hamed, Harigaya "21] / d—kaQf’(kz)
| H “Total derivative phenomenon” 0 k2
Zero can also be explained by (elaborate) symmetries [NC, §
Garcia Garcia, Vainshtein, Zhang ’21] or on shell [Delle Rose, Setween scales IR A
von Harling, Pomarol "22] but still leaves something of the form ':{> contribution nonzero ¢« 3

but Aa, =0 T c
Aa, < A(my) + B(msg) =0 A
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Closmg thoughts

e We have a profound opporfdnrfy to predlof the Hrggs mass (| e., to use fhe .

| measured nggs mas.s to |n er ether Sharply defrned phenomena)

“Nafuralnees often arises anng fhe Way, Iouf exrsfs in a broader context of
predictive frameworks e , ,

- Whrle some approaohee to this pred|of|on are Wef explored othere have only

‘ been dlsoovered and the searoh has on ly just Ioegun
: oan do is deepen our Undersffanding of QFT. .

mens 3, but the greatest challenges have a tendency to
catalyze tne greatest progress.
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PHYSICS WITH A MULTI-TeV HADRON COLLIDER

C.H. Llewellyn Smith,

LARGE HADRON COLLIDER
IN THE LEP TUNNEL

PROCEEDINGS OF THE ECFA-CERN WORKSHOP

held at Lausanne and Geneva,
21-27 March 1984

Looking at the wide variety of alternatives which have been proposed, it might appear

that theorists are in disarray but it seems to me that the present situation is an

inevitable consequence of the successes of the 1970's. The problems of the 1960's - the
nature of hadrons, the nature of the strong force, the nature of the weak force - have
been solved. We now confront deeper problems - the origin of mass, the choice of

fundamental building blocks (the problem of flavour), the question of further unification

of forces including gravity, the origin of charge and of gauge symmetry. It is only to be
expected that many of the first attempts to grapple with these problems will be misguided.

As ever, we must reply on experiment to reveal the truth.
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