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The Naturalness Strategy

Param UV sensitivity | Natural if NP Scale Natural?
“mMe” e2 A N\ =5 MeV | Positron 511 keV v
3a N\ = 850
M2 = Mio? A VeV Rho 770 MeV v
MKL-MKs el A=2GeV | Charm | 1.2GeV v
M2 6yF e A =500 2 2 2

GeV




From the “naturalness strategy” to new physics

At this level, we expect

* New physics below the TeV scale...

e ...coupling to the Higgs

Strong motivation for BSM Higgs physics!
But maybe too broad to be useful...



Implementation is up to us

We’ve refined this strategy using some rules of thumb, for exampile...

1. The Standard Model coupled to gravity is a
generic EFT.

2. The solutions to the hierarchy problem involve
symmetries, low cutoffs, or anthropics.

3. Symmetries imply new particles charged
under the SM.

In turn, this tells us what kind of NP to expect: SUSY, CHM, ...



Overview of CMS EXO resuits

CMS pr 36-140 fb~1 (8,13 Tev)
String resonance " 1 1012.12238; 1604.08907 (2j) 137 fb!
Zy resonance " ST 1712.03143 (21 + 1y; 2@ 4 1y; 2§ + 1y) 361
Higgs y resonance " R 1808.01257 (1 + 1y) 36 b1
Colar Octed: Scalar, &7 =112 " S 1912.12238; 1604.08907 (2)) 137 b}
Scalar Diguark “ IS 1912.12238; 1604.08907 (2]) 137!
4 ¢, pseudoscalar (scalar), g%,, X BRig-+20) > = 0.03(0.004) " 1911.04968 (3¢, = A7) 137 b}
£+, pseudoscalar (scalar), gZ,, X BR($-20) > =0.03(0.04) - 1911.04968 (3¢, = &f) 137!
quark compositeness (q@), muan=1 Nom 36 fb~!
quark compasiteness (), nuan=1 Ao 36 fb~!
quark compasiteness (qd), muan= —1 Nim 36!
quark compasiteness {10), nums= —1 N 181210443 (20) 36 fb~!
Excited Lepton Contact Interaction " RSN 2001.04521 (2e + 2j) 7771
Excited Lepton Contact Intesaction " R 2001.04521 (2p + 2§) 777t
{axiak)vector mediator (), ga=0.25, gou = 1 my=1GeV " 171202345 ( 2 1 + EF*) 36 fb!
{axiak)vector mediator (g7), ga=0.25,gou=1, my =1 GeV " 1912.12238; 1604.08907 (2j) 137 !
scalar mediator (+/), gy = L gou =1.m; =1GeV “ 1901.01553 (0, 12 + =3j + EF*) 36!
pseudoscalar mediator (+4/t8), .Gou= 1L my=1GeV " 1901.01553 (0, 1 + =3j + EF=) 36 b1
scalar mediator (fermion portal), " 1712.02345 ( 2 1 + EF*) 36 fb-1
@mplex sc. med. (dark QCD), My = 5 GeV, CTxg =25 mm " 181010069 (4)) 36 fo~!
BaryonicZ', go=0.25,gou= 1 my =1 GeV " 1908.01713 (h + EF*3) 36 b1
Z'— 2HDM, gz = 0.8, gow= 1, tanf = 1,my; = 100 GeV - 1908.01713 (h + EF*9) 36 fb-!
Vector resonance, ga=0.25, gou = 1,my=1GeV " NGEERGE  1911.03761(=3j) 18 fo~!
Leptoquark mediator, B =1, B=0.1, Acow =0.1, 800 <Mig <1500 GeV OEEOE  1811.10151 (1p+ 1 + E7) 77071
RPV stop to 4 quarks " I 1808.03124 (2;4)) 361
RPV squark to 4 quarks “ I 1806.01058 (%)) 3871
RPV gluino to 4 quarks " ., 180601058 (2§) 38!
RPV gluinos to 3 quarks " 1810.10092 (&) 36 fb!
ADD (ji) HLZ, nep =3 " 1803.0803 (2j) 36 !
ADD (yy. #) HLZ, neo=3 “ 181210443 (2, 22) 36 fbt
ADD Gx emission, n=2 " 171202345 (= 1j + EF*9) 36 b1
ADD QBH (jj), neo =6 " 1803.0803 (2j) 36 b1
ADD QBH (ep), neo =6 " 1802.01122 (ep) 361
RS Gax(yy), kibin=0.1 " 1809.00327 (2y) 36 b~
RS QBH (jj), nep =1 " 1803.0803 (2§) 361
RS QBH (ep), nen=1 " 1802.01122 (ep) 36 b1
nonotating BH, Mp = 4 TeV, ne = 6 - 1805.06013 ( = 7L, y)) 36 b1
SpHtUED, p =4 TeV m [ 1803.11133 (£ + E7) 36!
RS Gux(qd. gg). kiMn =0.1 " I 1912.12238; 1604.08907 (2)) 137t
excited light quark (qy), fs=f=F=1,A=m] " 171104652 (y +J) 36 fo~!
excited b quark, f=f=F=1,A=m; “ I 171104652 (y +)) 36 fb~!
excited light quark (qg), A=mg " 1S 1912.12238; 1604.08907 (2j) 137 it
excited eledran, f5=f=f=1LA=mZ “ I 1811.03052 (y + 2e) 361
excited muon, f5 = f=f=1,A=m; " I 1511.03052 (y +241) 36t
WMSM, [Ver2=1.8, [V,42=1.8 I 1802.02965 (3¢{y. &) 36 fb~!
VMSM, VgV 2K Ve + Vel = 1.0 “ 180610905 (22, = 1j) 36 bt
Type-lll seesaw heavy fermions, Flavor-democratic " 1911.04968 (32, = 47) 137 !
Vector like taus, Doublet " 1905.10853 (3¢, = 4,24, = 17) 7771
scalar LQ (pair prod.), coupling to 1% gen. fermions, f =1 " 1811.01197 (2e +2j) 36 fb!
scalar LQ (pair prod.), coupling to 1% gen. fermions, " 1811.01197 (2e +2; @ + 2§ + EF*=) 36 fb~!
scalar LQ (pair prod.), coupling to 2 gen. fermiors, " 1808.05082 (241 + 36 fbo~!
scalar LQ (pair prod.), coupling to 2™ gen. fermions, "l OE=NSY 181110151 (1p+ 1 + E7*) 777!
scalar LQ (pair prod.), coupling to 2™ gen. fermions, 5 " 1808.05082 (2 + 2j; p +2j + EF™=) 361
scalar LQ (pair prod.), coupling to 3" gen. fermians, f = " 1811.00806 (2 + 2j) 36 fbo~!
scalar LQ (single prod.), coup. to 3% gen. ferm ., f=1.A=1 " 1806.03472 (274 b) 36 bt
Zo, namrow resonance " 1912.04776 (230 137 ot
Zo, namaw resonance " 1912.04776 (23 137!
ssmz' “ i 2 =512 £X0-19-019 (2e, 230) 140 fb!
SSMZ'(qq) “ oS 1912.12238; 1604.08907 (2)) 137 it
i@ " 1905.10331 (15, 1y) 36 fo~!
Superstring Zg " OSSN £X0-19-019 (2e, 24) 140 !
LFV Z, BR{ey) = 10% " S 1802.01122 (eg) 3671
Leptophabic Z' " s =oasN  1909.04114 (2)) 78 b1
SSM W) " G 1803.11133 (£ + E7=) 36 fbt
SSM W/(Tv) “ ] 180711421 (& =) 361
SSM W'(qq) " SN 1912.12238; 1604.08907 (2)) 137 b1
LRSM Wa(hg), M, = 0.5Mw, " 1803.11116 (22 + 2j) 36 fb~!
LRSM Wa{ ), My =0.5Mwy “ 1811.00806 (27 + 2j) 36 fb~!
Axighion, Coloron, cot6 =1 " = 1912.12238; 1604.08907 (2j) 137 b1
n L
01 10 100
LHCP 2020

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

mass scale [TeV]

Gluino

Pp—G 5,5 ~aali /%, ) ~ o WD,
pp-§§,§ ~qak /%,) ~9aWDX

§
s

Pp—35,5 ~aak,
pp~§8,5 ~aa%
pp~§5,5 ~bb%
335 <3,
PP—99,§ ~bb%
PP—38,8 ~H#x
pp=Fd,8 ~t%
po~55.§ ~ux;
PG 9,0 %
PP—38,8 %
pp-F 5,8 ~t%
po55.§ ~ux;
PP—g 9,0 %
PP-35,8 ~tt ~te}
pp~G 8,5 ~bty*
P88, ~aqdi’ ~aqWy
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pp~G 5,0 ~ad, ~aaWx

ppAii ~t %]
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pp 31,1 =17
pp—tt,t =t%
ppill -t
pp-tt,t =t%
PRttt =t%
n-&?.’i -c%
il l—e%
pp—~tt,t —-c x,
pp—11,1 =bit %’ @-body)
pp-i1,i b1 % (dbody)
pp—tt,t -nni‘(uoq)
A Liad o,
pp—tt,t -3 b-bW'y
n-dl,k-o'i|3-0bw"i.
pp-i1, I3 b bW g
pp—tt,t =% b-=bW'%
Lo by
pp—+bb,b =b %
pp—bb,b b %
pp—sbb,b b
n-hh.b-b'i‘
pp—dd,q -qi‘

P-4 d,d ~ak,

PP %, X5~ WV, %,
~8_1 ot et |

PR =%, %MV %
T ot

PP iy Xy TV X,
Pp=% %, =wTrevE X

2090
Pp =3 %~ WZE T
i Yor'} o Y’
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..""l-.wz""
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Selected CMS SUSY Results* - SMS Interpretation

ICHEP '"16 - Moriond '17

(Max exclusion for M,,_,.. - M ,s, <80 GeV)
-M 5, <80 GeV)

~ o~~~

q(u,dc,s)

x=0.5

(Max exclusion for M, _ - M s, <40 GeV)
|

CMS Preliminary
s =13TeV

L=129fb"'L=3591fb"

9,44, (a8

For decays with intermediate mass,
:“Inhemwdlate = Ix. mm+(1 'lx)' mLSP

600 800 1000 1200 1400 1600

*Observed limits at 95% C.L. - theory uncertainties not included
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Mass Scale [GeV]

Only a selection of available mass limits. Probe *up to* the quoted mass limit for L] ~0 GeV unless stated otherwise

H * 0, - - - . * - - . .
ATLAS EXxotics Searches* - 95% CL Upper Exclusion Limits LAJEP: rdiies* - 95% CL Lower Limits ATLAS Preliminary
Status: May 2020 fL dt = -13 -1 8 Vs=13TeV
- 3
. Signature  [Ldt [ Mass limit Reference
Model ¢,y Jetst ET™ [rdif] Limit Reference . —— . —
L | T ) T Oe,u 2-6jets EMS 139 m(¥7)<400 GeV ATLAS-CONF-2019-040
ADD Gk +g/q Oeu 1-4j Yes 361 n=2 1711.03301 mono-jet  1-3jets Ef‘“s 36.1 m(@)-m(73)=5 GeV 1711.03301
ADD non-resonant yy 2y - - 36.7 n=3HLZNLO 1707.04147 Oeu 2-6jets  Emss 139 mE2)=0 GeV ATLAS-CONF-2019-040
ADD QBH - 2j - 37.0 n=6 1703.09127 T m()=1 000 GeV ATLAS-CONF-2019-040
ADD BH high ¥, pr >lepu >2j - 3.2 n=6, Mp = 3 TeV, rot BH 1606.02265 ) _
ADD BH mulijet - =3j - 36 n'=6, Mp = 3TeV, rot BH 1512.02586 Tep — 26jts 139 m(Z1)<600 GeV ATLAS-CONF-2020-047
RS1 Gk — vy 2y - - 367 k/Mp = 0.1 1707.04147 ee.ppt 2jets  Ep* 361 m(g)-m(¥})=50 GeV 1805.11381
Bulk RS Gk —» WW/ZZ multi-channel 36.1 k/Mp =10 1808.02380 Oeu  7-11jets EMS® 139 m(¥}) <600 GeV ATLAS-CONF-2020-002
Bulk RS Gk — WV — ¢vqq 1epu 2j/1J  Yes 139 k/Mp = 1.0 2004.14636 SSe,u 6 jets 139 m(g)-m(¥1)=200 GeV 1909.08457
Bulk RS gxx — tt lep 21b 2102 Yes  36.1 r/m=15% 1804.10823 28, g—it? 0-1e,u 3b EPs 798 mer)<200 GeV ATLAS-CONF-2018-041
2UED/RPP lep 22b23j Yes 361 Tier (1,1), B(AM) — tr) =1 1803.09678 SSe,u 6 jets 139 m(z)-m(¥1)=300 GeV 1909.08457
SSMZ’ — ¢¢ 2e,u - - 139 1903.06248 O - . .
_ _ 1By, By—bE) ik} Multiple 36.1 m(¥))=300GeV, BR(BY})=1 1708.09266, 1711.03301
SSMZ’ — 17 27 36.1 1709.07242 Multiple 139 m(¥})=200 GeV, m(¥7)=300 GeV, BR(¢¥ )=1 1909.08457
,
Leptophobic Z’ — bb - 2b - 36.1 1805.09299 R . . o _
Leptophobic Z’ — tt Oep >1b,>2J Yes 139 r/m=12% 2005.05138 B1by, by—b¥3 — bh] Oep 6b g‘ﬂ: 139 Am(Z3, ¥1)=130 GeV, m(¥})=100 GeV 1908.03122
SSM W’ - ¢v leu - Yes 139 1906.05609 27 2b T 139 Am(¥3,71)=130 GeV, m(¥})=0 GeV ATLAS-CONF-2020-031
SSM W’ — v 17 - Yes  36.1 1801.06992 i, f—h Oleu  =ljet EMS 139 m()=1 GeV ATLAS-CONF-2020-003, 2004.14060
HVT W’ > WZ — bvgq modelI g :) eu 2j/1J  Yes 139 g ig 2004.14636 Li, Wbt Tep Bjetslb EF 139 m(E3)=400 GeV ATLAS-CONF-2019-017
HVT V/ - WV — gqqq mode eu 2J - 139 g = 1906.08589 AR Bt by, 717G Tretenr 2jets1b ENS 361 m(#)=800GeV 1803.10178
HVT V/ - WH/ZH model B multi-channel 36.1 gv=3 1712.06518 P el [ 22 docld e 2¢ pmiss g =0 Gev 1805.01649
HVT W’ — WH model B Oep 21b,22J 139 gv =3 CERN-EP-2020-073 hilt, H—eXy 122, 2oek H T ) A, ooV 1805.01649
LRSM Wg — tb multi-channel 36.1 1807.10473 Ocu  monodet ENS 361 m(lfl - m&.}:s GV 1711.03301
LRSM Wg — uNgr 2u 1J - 80 m(Ng) =0.5TeV, g = gr 1904.12679 0 o ) (XD
- - fif, -y, X—Z/ Wy 1-2en 14b  EP™ 139 m(¥2)=500 GeV SUSY-2018-09
Cl qqqq - 2j - 37.0 m 1703.09127 et iss S0, S oo o014,
. Clétqq 2eu _ _ 139 - CERN-EP-2020-066 b, h—h +Z 3eu 1b EP 139 m(¥?)=360 GeV, m(f,)-m(¥})= 40 GeV SUSY-2018-09
Cl tttt 2leuy 21b,21j Yes 361 |Cael = 4m 1811.02305 TR via Wz 3eu ﬁss 139 m()=0 ATLAS-CONF-2020-015
i ss. o N
Axial-vector mediator (Dirac DM) O e,z 1-4] Yes  36.1 £4=0.25, g,=1.0, m(y) — 1 GeV 1711.03301 com zljet  EpT 139 mE;)-meE?)=5 GeV 191112606
Colored scalar mediator (Dirac DM) 0 e, u 1-4j Yes 36.1 g=1.0, m(y) = 1 GeV 1711.03301 X0 viaww 2e,u iss 139 mi¥})=0 1908.08215
VVyy EFT (Dirac DM Oe,p 1J,<1j Yes 3.2 m(x) < 150 GeV 1608.02372 YiX; via Wh O-leu  2b2y EMS 139 m(¥})=70 GeV 2004.10894, 1909.09226
. 1X2 T 1)
Scalarreson. ¢ — ty (DiracDM) 0O-1e,u  1b,0-1J Yes 361 y =0.4,2=0.2, m(y) = 10 GeV 1812.09743 XX via /v 2e,p EP's 139 m(Z,7)=0.5(m(¥; Jem(y) 1908.08215
Scalar LQ 1%t gen 12e >2j Yes  36.1 B=1 1902.00377 7%, Tth) 27 Ep* 139 m¥1)=0 1911.06660
Scalar LQ 2" gen 12pu 22]  Yes 361 B=1 1902.00377 PLrlLR, PoeT) 2e,u 0jets EEE“ 139 O m@=0 1908.08215
Scalar LQ 3" gen 27 2b - 361 B(LQY - br) =1 1902.08103 e upt zljet Ep™ 139 m(?)-m(E})=10 Gev 1911.12606
Scalar LQ 3" gen O-le,pu 2b Yes  36.1 B(LQ - t7) =0 1902.08103 AH, A-hG[2G Oe,u >3b EL;SS 36.1 BR( - hG)=1 1806.04030
. SS % -t - (
VLG TT o HZWh L X mtichanmel o1 U@ doubiel pP—— dep 0jets L 139 BRI > ZG)=1 ATLAS-CONF-2020-040
VLQ BB —» Wt/Zb+ X multi-channel 36.1 SU(2) doublet 1808.02343 . ST R ok . : i -
- D ., long-| Disapp. trk 1 jet s 36.1 Pure Wino 1712.02118
VLQ To3Togal Tojs » Wi+ X 2(SS)/28eu>1b,21] Yes 361 B(Toa > Wi)= 1, c(Tojs We)= 1 1807.11883 irect¥1¥1 prod., long-lived app ! 7 Purs Mgt ATLPHYS PUB 0017010
VLQY -» Wh+ X leuy 21b,>1 Yes 361 B(Y - Wh)=1, cg(Wh)= 1 1812.07343 B !
VLQ B — Hb+ X Oeu2y 21b,>21 Yes 79.8 kg=05 ATLAS-CONF-2018-024 Stable g R-hadron Mult!ple 36.1 1902.01636,1808.04095
VLQ QQ — WqWg 1eu >4j Yes  20.3 1509.04261 Metastable Z R-hadron, —qg¥s Multiple 36.1 m(7})=100 GeV 1710.04901,1808.04095
Excited quark q* — qg - 2j N 139 only u* and d*, A = m(q*) 1910.08447 T X0 Wi sze—ete 3epu 139 Pure Wino ATLAS-CONF-2020-009
Excited quark ¢* — qy 1y 15 - 36.7 only u* and d*, A = m(q*) 1709.10440 LFV pp—¥: + X, Vr—eu/et/ut et ut 3.2 251,=0.11, A132/133233=0.07 1607.08079
Excited quark b” — bg - 1b1j - 861 1805.09299 T 1R - Wwjzecttry dep Ojets  ES 361 m{)=100 GeV 1804.03602
1X1/X%2 /: T
Excited lepton £* Seu - - 20.3 A=3.0TeV 1411.2021 38, —qq¥ PN 999 4-5large-R jets 361 |z m@%=200Gev 1100Gev] Large A7), 1804.03568
H 3 141 - R
Excited lepton v* Semt - - 208 A=16Tev T411.2021 Multiple 36.1 m()=200 GeV, bino-ike ATLAS-CONF-2018-003
R . __________________________________________________________ |
Type Il Seesaw leu >2j Yes 798 ATLAS-CONF-2018-020 i, ity X3 — ths Multiple 36.1 m(¥7)=200 GeV, bino-like ATLAS-CONF-2018-003
LRSM Majorana v 2u 2j - 36.1 m(Wg) =4.1TeV, gL = gr 1809.11105 7 Fob¥E, 7 = bbs >4b 139 m(¥;)=500 GeV ATLAS-CONF-2020-016
Higgs triplet H** — ¢¢ 234e,u(SS) - - 36.1 DY production 1710.09748 f7 . F—bs 2jets +2b 36.7 1710.07171
Higgs triplet H** — £ 3eut _ _ 03 DY production, B(H:* — £r) = 1 14112921 T 2 ‘ BR(, —sbe/ bu)>20% 1710.05544
Multi-charged particles - - - 361 DY production, [q| = 5e 1812.08673 e e 2y e BRI §=l1 0% oot 2003.11955
Magnetic monopoles - — — 34.4 DY production, |g| = 1gp, spin 1/2 1905.10130 H 1o ’ = .
101 1 L L L M A L L M

10 Mass scale [TeV]

*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).

*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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35.9-137 fb™' (13 TeV)

L0
1y O
- 1 3
Bz 8 N o @®
c S . .2
O ® =
c & 5 t HJI._n_lu
& o 2 1 O
Q N
O +H H N P LOCREE! | WRREER SRR R . RaCEt --I.1m
o _ 5 I i (O
Q |5r
19
O 100
oX ED
10
- | D e
v ”_
. c
] v—
M ql.v t H_
) N -4
| | _O_ | | | | %
N = - 2 > = =
v g e v o v g
~— (Tp] o
2 « ww ] n|Ua
Vv (@)
%|H*_ﬂ__ 10 >
T 5 3 4~ =
_.OV., ¥ Q _ ..QI.U
3 3 . - o
. 2 — £
3 © 8 . ©
No_*,,.\__ N ©
2 a 12 0o
Il
Il ¥ Q 41 O
L g
o
O o0
*__8 ......
= |
Bmpw
mnv e 1] SIS
N | -
_ll_ OO | — 5
<< ¥R ROELE
83 IR R RIS

Q

1%

SOl > >
< 4
\w‘u W‘/»»




On the wrong track?

What if some of the rules of thumb are wrong?

1. 1e-Otandard-Vode oupledto-gravity-isa — TODAY

2. The solutior y-the -hierarchyv problem-inveolve
- der the SM ) Relaxion

Twin Higgs, discrete symmetries,
“neutral naturalness’”, ...



The End of EFT?

Parameter space of EFTs shaped by consistent coupling to gravity

UV/IR mixing... O

Various (conjectured) consequences:

* No global symmetries * No (meta)stable dS vacua
 Charge quantization * Infinite states @ infinite distances

« Completeness hypothesis e “Gravity is the weakest force”



(), Relevance to BSM?

- 0 s |0-32 \

[Isabel Garcia Garcia, BSM Pandemic seminar 07 /20]

|3,

|3,

Usual (EFT) logic of hierarchy problem:

distribu

tion of possible values of i

CUtO

Usual

Alternately: consistency wit

orch

uncorrelated UV contributions give broad

h Up 10

T: mn well below cutoft “unli

<ely”

(EFT) logic of hierarchy solution:

lower the cutoft.

N gravity

estrates correlations among UV
parameters to satisfy bounds,

changing the distribution.



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,

“Justification”: consider BH of charge Q, mass M decaying to this particle

‘ S # particles produced = Q/q
I 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 stable black holes, remnants, in conflict w/ holography



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



A Family of Conjectures

Electric WGC: m < (gq)Mp

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

Magnetic WGG: A < gMp

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

+Scalar WGC:  m < v/¢2¢%2 — 2 Mp,

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 EFT + gravity.



S [

Irrelevance to BSM?

[Cheung, Liu, Remmen ’18]

large
small black holes
black holes

llllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllll
s

classical GR

Higher-dime

deforr

direct

oN 1

1 eXl

nat al

NS

On

en

d

al operators
ity curve in

OWS larger

extremal black holes to decay
INto smaller extremal black

holes, “self-satisfying” WGC.

Could still expect arguments
to hold for sub-Planckian

states, In wr
still releva

ich case WGC
Nt to particle

physics; status unclear.



Weak Gravity, Weak Scale?

f mass of WGC e ~
particle is UV sensitive, then for fixed UV- A
insensitive parameters, satisfying the WGC 10° GeV - Mpi
enforces fine-tuning. (Or: would orchestrate
correlations among UV contributions)

102 GeV | Vv

Application to SM: charge SM fermions
under weakly gauged (unbroken) U(1)s-L
(oounds currently g = 10-24),

10-10 GeV -+ YvwW~q Mp

Cancel anomalies with RHN vr \— J
Neutrino mass from EWSB If lightest neutrino is WGC particle,
Yy Lvg — my, ~ y,v My ~ 0.1 eV, g=10-23

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

See also:



Weak Gravity, Weak Scale?

Things that could go wrong:

o \WGC could be satisfied by states outside EFT

o Satisfying WGC could compel the appearance of a new light state
that enforces apparent UV correlations (e.g. relaxion)

® Apparently UV-sensitive parameters might control apparently UV-
insensitive ones (e.g. emergent gauge fields)

Thing that certainly goes wrong:

e Magnetic WGC implies cutoff of U1)at A < gM p;



Weak Gravity, Weak Scale?

First order of business: can m, A be raised to the weak scale?

: New U(1)x plus matter SU2)r, U)y U(Ql)x h
acquiring some mass L +1/2 +1
from the Higgs. E.g... L° —1/2 —1

N - 0 +1
N€ - 0 —1
- Y

—L D> {myLL° +myNN®+yH'LN®+j§HL‘N} + h.c.

Best option: mn < m, lightest mass eigenstate x1 is WGC particle

Then for fixed 5 ) 5
(technically natural) v SJ ) (mX1 + My (mL — mN) — mLmN)
g, ML, MN, Y, Y



Weak Gravity, Weak Scale?

Still have a notion of sensitivity of the weak scale
to parameters involved in the bound

INC, Garcia Garcia, Koren ’19]

Quantify A d log v°

with €.J. . log T

101 MmN
Here Amax ™ 2 9
(TRk(¥,

1072 |

Not surprising: WGC particle should

get “most of” its mass from EWSB.
107°

Surprisingly predictive: look for new

) singlet fermions coupled to the

10~

Higgs at/below the weak scale.

DM story interesting...
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Weak Gravity, Weak Scale?

Lightest particle charged under U(1)x Is stable = dark matter candidate

U(7)x gives a very weak, long-range force, too weak to influence
individual collisions but relevant on scale of galaxy clusters

axy cluster collisions can trigger plasma

ities,
man,

Heikinh

eimo,

Mma

King DM collisional on large scales

BL

ckley, Carroll, Kamionkowski '08;

Raidal et al "15; Spethmann et al '106]

Timescale of plasma fluctuations set

by
Y L/ BV
b m? — Mp

plasma frequency,

0.04 GeV cm ™3

wp_1§1015s>< (
0

1071
107°

10—10

Q0
10713

>1/2 10720

1025 [Lasenby "20] -
1077 1076 1073 10° 103 10° 10°

Cf.t~ 1Gyr ~ 10'° s for galaxy cluster collisions m, /GeV



Weak Gravity, Weak Scale?

Second order of business: can the magnetic WGC scale be
something less severe than the SM cutoft”? Only confident that

/\ ~ scale associated w/ structure of r

-

\_

E.g. " Hooft-Polyakov monopoles SU(2)x — U(1)x

(Adj)

"N =mw = gof =29 < 29Mp

W’s would trivialize bound from vanilla electric WGC,
but not e.g. unit charge version (charge 2 under U(1)x)

~

%

agnetic monopoles

Resolution of physics at /A ~ weak scale implies additional exotic

physics coupling directly or indirectly to the Higgs.



The de Sitter Conjecture

4 | )
de Sitter Conjecture: Low energy effective |4
1= . VV|]>c
scalar potential in any consistent theory of Mp
guantum gravity must satisfy
Obied, Ooguri, Spodyneiko, Vafa '18
_ [ g pody ] y

Arguments from string theory examples, entropy of dS + distance conjecture
Challenging for inflation, suggests dark energy should be dynamical

Denef, Hebecker, Wrase "18|: Badly violated by SM Higgs boson + dynamical DE

MY MY

V AVH 10_65 Mpl Mp1

|vv| N ‘vvquintessence| 10_120 1 1()_55

—ither quintessence field couples nontrivially to Higgs, or conjecture too strong...




The Refined dS Conjecture

~

\_

Refined dS Conjecture: Low energy

effecive scalar potential in any consistent
theory of quantum gravi

either the dS Con

ty must satisfy
ecture or

min(vi\/j V) S —C/

2
M5,

%

New wrinkle: essentially forbids metastable vacua, si

Consistent with SM

Higgs,

min(Vf,;Vj V)

v

Mmetastable minimum implies quintessence evolving too

reaching deep AdS state (“big crunch”) withi

1035

MmN\

2
M5,

rapidly

N ~fraction of a

See also:

nce satisty

1 O

U

iINng RASC in

- VaCuuim,

Hubble time



VB;im;?

The SM and the RASC

March-Russell, Petrossian-Byrne 20| RASC relevant to SM flavor!

QCD has metastable vacua for certain values of yukawas, 6;
measured values consistent w/ RASC

[IMarch-Russell, Petrossian-Byrne "20] [March-Russell, Petrossian-Byrne "20]

0 =0.6n
0=0.7n

6=0.8n

6=09nn

m2/ml

1.0

m3/ml



The Weak Scale & the RASC

March-Russell, Petrossian-Byrne "20] If pure SU(3) YM has metastable vacua, then
for fixed yukawas the RASC would bound the weak scale from above, v < 50 TeV.

\Witten ‘98, Shifman ‘98| Large-N YM should
possess N-1 metastable vacua: reconciles 2z

periodicity V(@ + 27) = V(6) and large-N scaling

V(6) = N*f(0/N) for 2z periodic f(x): potential is
multi-branched, with each branch 2zN periodic,
ground state 2z periodic due to level crossings

Status at small N unknown, no lattice studies or
reliable semiclassics, would be lovely to find out!
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Con@nsions

® Not sure (personally) how much more there is to say about Higgs & hierarchy
problem following traditional EFT logic.

® [f the naturalness strategy fails, it should be for good reason. Failure of EFT logic due
to gravitational effects is compelling, allbeit hard to quantify. Swampland conjectures
provide tools applicable to low-energy theory.

® Surprising relevance to Higgs, SM, and its extensions, and visa versa.

® Applications to hierarchy problem convolve conjecture & supposition (e.g. applying

WGC 1o

landscape at fixed dimensionless couplings), but follow familiar

reasoning (anthropics) and have testable conseqguences.

® Early days, but stand to learn much more about BSM from Swampland Conjectures
and visa versa...

Thank you!



