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Naturalness in Shnowmass
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e strong CP problem
e cosmological constant problem
 electroweak hierarchy problem
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The Naturalness Strategy

To avoid i

pictu

e 10 C

The naturalness strategy: an analogy from E&M

=xperimentally ro <107 % cm = AEq > 100 GeV

m\Y

If so, 0.011 = —99999.489 + 100000.000 MeV

ne-tuning, I.e. for the theory to be “natural”, need

nange on scales below 2.8 x 10-13 cmr
3



The Naturalness Strategy

Dirac (1928-29): There is a new state in the relativistic quantum theory

Weisskopf (1934-39): Compute the self-energy including the positron

¥

At ~ h/AE ~ kh/(2m.c?)

AFE =AFEs + ... d ~ cAt ~ 200 x 107" cm AFE = —-AF~+ ...

3 7
AE = AEs — AEq + =m, 2 log

A MCTe

4



The Naturalness Strategy

Another divergence!
In terms of scale A ~ fic/r:

—

2
70 —

Consider the charged & neutral pions...

3
A7

Given observed splitting, predict scale of new physics:

\What about scalars?

A2

m2: —m>o = (35.5MeV)? = A <850MeV




The Naturalness Strategy

K, Ks
d , AN — s
W
U AU
) ) W _
0 ) - d
1 .
M, = MKs ™~ 763 mi f7G% sin® ¢ cos® O x A?

loffe & Shabalin, 1968]

Given observed splitting, expect new physics around A ~ 3 GeV

0



The Naturalness Strategy

|Glashow, lliopoulos, Maiani, 1970]
Propose a 4th quark, charm

d > (N N\ > S
%%
u,c Y AN U, C
~ %%
g € < d
1
N 2 ~2 . 2 2 2
My, — MKy RmeKGF sin” 0 cos” O X m

|Galllard & Lee, 1974]

Predict m. ~ 1.5 GeV
Charm discovered in 1974, m. = 1.2 GeV

v



The “Hierarchy Problem”

The Higgs Is an apparently
elementary scalar w/ self-energy
due to its couplings to Standard LL
Model particles O»L

hc

Assuming SM is valid down to some length scale  7rpew = A then we have

AQ
1672

2
Ami; =

—xpecting new physics at A such that Amy2 ~ my2 is a strategy.

8



The Naturalness Strategy

Param UV sensitivity  Natural if NP Scale Natural?
“Ime” e2 A N =5 MeV Positron 511 keV v
3a N\ = 850
Mn:2 = Mno? EA VeV Rho 770 MeV v
Sg %(mKo
MKL-MKS L A? N\ =3 GeV Charm 1.2 GeV ‘/
2424
- 6y? A2 A\ = 500 o 0 "

1672 GeV



A Reminder

Often said that the quadratic divergence “is” the hierarchy problem:

AQ

2 _
Ami =

1672

But this Is misleading, as it depends

—6y; + —g

9 3
5 - 4g%+6)\+...

on regularization scheme (try dim reg!).

Only meaningful if A is a physical scale. From the bottom-up, /A a proxy for the scale of new

pohysics. Given a UV completion, “gquadra:

IC divergence” replaced by finite, calculable,

regularization scheme-

ndependent contributions.

Tempting to “solve” hierarchy problem by positing no physical scale above weak scale. Still
need to explain why scale of quantum gravity, hypercharge Landau pole do not contribute.

10



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 can come up with models.
Easiest path: work by analogy with known examples.

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

11



Overview of CMS EXO results

CMS preliminary

36-140 fb~1 (13 TeV)

ATLAS Exotics Searches* - 95% CL Upper Exclusion Limits

ATLAS Preliminary

String resonance u OIS =B 191103047 (2) 137 ! .
OS54 1712.03143 2+ 1y 2e +1yi 2] + 1y) 36 fb-! Status: May 2020 f _ _ -1 _
o yresnarce P TR 19900257 (s 2y 6w y Ldt=(3.2-139)fb Vs=8,13TeVv
Color Octect Scalar. kI = 12 0SS 191103947 (2§) 137 fbo- ; B L.
Scata Diquark p TGS 75 0 1911.03947 (23) 137 fo1 Model {,y Jetsy E?'ss JLdt[fb™] Limit Reference
4+, pseudoscalar (scalar), g%, % BR($—2)> =0.03(0.004) M 1911.04968 (34, =4t) 137 fb~! ™TTT T T T ™ T T T°7T T T T LI B R | T T T T
4+, pseudoscalar (scalar), g%, % BR($-21)> =0.03(0.04) M 191104968 (3L, =4f) 137 fb~! . I !
ADD Gk +g/q Oepu 1-4j Yes 361 |M n=2 1711.03301
w: compositeness :,:). Nusn -ll Nogm 1803.0803 (2j) I ;g z:} ADD non-resonant yy 2y _ _ 36.7 n = 3 HLZ NLO 1707.04147
compositeness (1), Nues = & N
:uk am:ﬁ-nm (qé).qn...= -1 t 1803.0803 (2j) 36 b-1 ADD QBH_ - 2j ) - 37.0 n==6 1703.09127
quark compositeness (1), fuss = — 1 Nism 1812.10443 1) 36 m-ll ADD BH high ) pt zleu >2] - 3.2 n 6, Mp — 3 TeV, rot BH 1606.02265
Excted Lepion ontact teractin " R - 17 1+ 2) 70 ADD BH multijet - >3] - 38 n—6, Mp — 3TeV, rot BH 1512.02586
Lepton O 2507 2001 _
RS1 Gk — yy 2y - - 36.7 kiMp — 0.1 1707.04147
B e JPommien " T e . ,'”,;l § Bulk RS Ggx — WW/2zZ multi-channel 36.1 kiMp =10 1808.02380
axiak)vector mediator (qd). 9. =025, gox =1,m, = u . osa2s i - Bulk RS Gy — WV —s v 1e 2§/1J  Yes 139 KiTps — 1.0 2004.14636
i 8. 90=1gou=1,m, =1GeV 190101553 (0, 1 + =3+ E7™) 36 -1 KK qq H ) Py = 1
f..'m";':mmfwnﬂ.ﬂ,ﬁﬁ Lm,=1GeV : 100101553 0, u‘:g ;; +E7) 36 b1 Bulk RS gkx — tt leu =1b =102 Yes 36.1 Fim=15% 1804.10823
scalar medistor (fermion portal), A, =1,m, =1 GeV M 171202345 (= 1j +ET™) 36 bt 2UED / RPP 1 e u =2 b, > 3j Yes 36.1 Tier (1’1)’ 3(A(1'l] - ") =1 1803.09678
cmplex sc. med. (dark QCD), m,, =5 GeV, ¢y, =25mm M 1810.10069 (4j) 36 lb':
Baryonic Z', ga= 025, 9cs=1,m, = 1 GoV 1908.01713 (h + E7™) 36 b~ _ _ 0624
7'~ 2HDM, gz =0 8, gow = 1, tanf=1.m, = 100 GeV : 1908.01713 (h 4+ E7) 36 'b-: ggm 5: : i{; 2;";# 31:? :32 gg":
vector mediator (d), 9o =0.25, g =1, m, =1 GeV o [ 035-07 191103761 (23j) 18 fb~ - - - .
Leptoquark mediator, 8=1, B=0.1, Ax cw=0.1 800 < M. <1500 GeV PO 032060 1811.10151 (1p+1j+ E7) 77 ot Leptophobic Z* — bb - 2b - 36.1 1805.09299
B Leptophobic Z* — tt Oeu =1b,22J Yes 139 rim=12% 2005.05138
RPV stop to 4 quarks Il O 0ES0S2N  1806 03124 (25;4)) 36 bt
RPY squark to & quarks O EE0T2N  1805.01058 (2)) 38 b1 SSM W' — v 1eyp - Yes 139 1906.05609
RW:?:‘:: tod :l::ks : 1806 01058 (2j) 38 n,j SSM W' — 1y 1t . Yes 36.1 1801.06992
FPvslunosto 3 aurs " R o HVT W' — WZ - fvggmodel B 1eu  2ji1J  Yes 139 gv =3 2004.14636
ADD (jj) HLZ, neo=3 M 1803.0803 (2j) 36 ! HVT V' - WV — gqqqq modelB O e, u 2J - 139 gv =3 1906.08589
Y 1
oo e " et i SN ¥y HVT V’ - WH/ZH model B multi-channel 36.1 gv =3 171208518
gg‘ﬂiﬂ.;’:fs-z : 18030803 (2j) 36 tb-1 HVT W’ — WH model B Oepp =21b22J 139 gv =3 CERN-EP-2020-073
ADD QBH (e), neo =6 M 1802.01122 (en) 36 m:} LRSM Wg — tb multi-channel 36.1 1807.10473
gg{yz)) kil =1M : 1809.00327 (zl:)o S : g_l LRSM Wg — uNg 2u 1J - 80 m(Ng) —0.5TeV, g — gr 1904,12679
). Nen =
RS QBH (e, neo =1 o 1802.01122 fep) 36 bt cl _ 2i _ 37.0 n 1703.09127
nrotat L Mo = , eo = 1805.06013 (= 7j(t, y)) -1 qqqq ] . i -
:uwm?:r e " O =200 1803 11133 (f + E7) o 36 -1 . Clttqq 2e.p - - 139 um CERN-EP-2020-066
RS Gux(d. 99). kiMin = 0.1 M I isE2e 1911.03047 (2)) 13771 ClI tett >lep =1b=1] Yes 36.1 |Cyel = 4x 1811.02305
cied g quark oy, ==/ =1 A= " IS 111065 1+ R Axial-vector mediator (DiracDM) O e,r 1-4j  Yes  36.1 £=025. g,=1.0. m(x) = 1 GeV 1711.03301
o=f=f=lh= e 1711 i i - =
—t— ngt‘l'::-'k (Qg), A=m; h : —1911 03047 2)) 137 b1 Colored scalar mediator (Dirac DM) 0 e, u 1-4j  Yes 361 £=1.0, m(y) =1 GeV 1711.03301
excited electron, fy = fa F'm 1A =m: M 1025 =S8 181103052 (y + 26) 36 -1 VVyy EFT (Dirac DM) Oeu 1J,51j Yes 3.2 m(y) < 150 GeV 1608.02372
excited muon, f; =f=F =L A=m_ u 025 S50 1811 03052 (v + 20) 36 b1 Scalar reson. ¢ — ty (DiracDM) 01 e, 1b,0-1J Yes  36.1 y— 04, 1— 0.2, m(y) — 10 GeV 1812.09743
WASM, [Vonl* =10, |Vinl®=10 M 0001-143 1802.02965; 1806.10905 (3£(p, e); = 1j+ 2f(p, e)) 36 fb': Scalar LQ 15': gen 12e > 2] Yes 36.1 ﬂ 1 1902.00377
WASM, VoV /(I Van]® + Vi) =10 002-16 1806.10905 (z1lj+pu+e) 36 b~ B =<l o .
ii Wpedll - heavy fermions, Flavor-democratic : <088  1011.04968 (3¢, =4t) 137 b1 Scalar LQ 2 gen 120 >2j Yes 36.1 p=1 1902.00377
Vector like taus, Doublet M 012-079 190510853 (31, =4L, = 1v +20) 7711 Scalar LQ 3™ gen 2r 2b . 36.1 B(LQY — br) ~ 1 1902.08103
scalar LQ (pair prod.), cowpling to 1** gen. fermions, 8 =1 u i | <144 181101197 (2e+2j) 36 m'} Scalar LQ 3 gen O-1epu 2b Yes 36.1 B(LQZ — t1) —0 1902.08103
scalar LQ (pai d.), ling to 1** . fermi =05 ¥ <127 181101197 (2e+ 2j;e + 2j +ET™) 36 b~ R
oo L0 i rod ). coupng o 2= gen. ermons. 8 1 p ; S s 1808 05082 e 2 o VLQ TT — Ht/Zt/Wb+ X  multi-channel 36.1 SU(2) doublet 1808.02343
ol L paroma). o 0 - g femens § -1 u S 12111015 004148 77 VLQ BB — Wt/Zb+ X multi-channel 36.1 SU2) doublet 1808.02343
scalar LQ (pair prod.), co to en. ons, B = H H . B2 - . i = =
aia L0 (psir prod ) coupling to 3 gen fermians. - 1 . ! <102 | 181100806 27+ 2j) 36 b1 VLQ T5i3 Tl Tsys » W+ X 2(SS)=3 e >1b 21 Yes  36.1 B(Tsg3 = W)= 1, c(Tes W)= 1 1807.11883
scalar LQ (single prod.), coup. to 3 gen. ferm , 8 =1,A=1 M i <074 1806.03472 @27 +b) 36 b1 VIQY - Wb+ X leuy =21b21j Yes 36.1 B(Y - Wh)=1, cp(Wh)=1 1812.07343
. [Py T—— 137 -1 VLQ B — Hb+ X Oeu,2y =1b,21j Yes 79.8 kg=0.5 ATLAS-CONF-2018-024
. NAITOW resonance A N
25, narrow resonance : PONIE02N  1912.08776 (2) 13717 VLQ QQ — WqgWq Teu =4]j Yes  20.3 1500.04261
OSSN 1911 137 b~ . . : . = m(q"
?&‘5 “ : 190510331 (15 1y) s 36 n,'-’: Excited quark g* — qg - 2! - 139 only u* and d", A = m{q") 1910.08447
Superstring Z, u 102 A6 2103.02708 (20, 200) 140 71 Excited quark g* — qy 1y 1j - 36.7 only u* and d*, A — m(q") 1709.10440
IFVZ', BR(ey) = 10% M 1802.01122 (ep) 36 b~ Excited quark b — bg‘ _ 1b.1] _ 36.1 1805.09299
i 00520450 1909 04114 2j) 787t ! ) ’
é‘.'."’m‘ ‘ p — 180311133 (£ + E7™) 36 -1 Excited lepton (* 33 e - - 20.3 A=30TeV 1411.2921
SSMW(tv) M O 1807.11421 (v + E7) 361" Excited | * N8 - - 20. A~ 16TeV 1411.2921
SMwiad) " OSSR 1911 93947 @j) 137 11 xcited lepton v et 0.3
LRSI Wollle), M, = 0.5Mr, u 180311116 21+ 2)) 36 b Type Il Seesaw leypu =2j Yes  79.8 ATLAS-CONF-2018-020
LRSM Wa( =), My, = 05My, 1811.00806 (27 +2j) 36 b1 . 5
Axighuon, Coloron, 18 =1 p | —” 19110947 (2j) 137 fb! hBSMtM;JT:?g v " . 2u &) 2] - gg-: g«& Wg‘)1 :t :: TeV, g = gr 1:1113- (1) ; ; g‘;‘
. - — — — e iggs triple - f .34 e 1 - - . produ !
01 10 10.0 N N . -
Higgs triplet H** — ¢r 3eut - - 20.3 DY production, B(H;= — {r) = 1 1411.2921
Selection of observed exclusion limits at 95% C.L. (theory uncertainties are not included). mass scale [TeV] Moriond 2021 MSI%-ch :, ged particles _l‘ _ _ 36.1 DY production. |q| :L 5e 1812.03673
Magnetic monopoles 34.4 DY production, |g| — 1gp, spin 1/2 1905.10130
e a gl " N PR
107! 1 10 M
ass scale [TeV]
"’B u t t h u S I Iff] selqgijon g thqggailable mass limits on new states or phenomena is shown.
ATLAS SUSY Searches* - 95% CL Lower Limits ATLAS Prelimi +Small-radius (large-radius) jets are denoted by the letter j (J).
June 2021 Vs =13TeV
Model Signature  [Ladr ('] Mass limit Reference
&G, G—gV Oep  26jets EMS 139 1.85 m{F})<400 GeV 2010.14293
4. a—-q% I » N .
monojet  13jets Ef™ 361 |4 BxDegen) 08 m@HmiE})=5 GeV 210210874 CMS (preliminary) Moriond 2021
28, -q30) Ocu  26jets EP™ 139 |& 23 m(T?)=0 GeV 2010.14293 - -
¥ Eonbikien =15 m(f1)=1000 GeV 2010:14293 Overview of SUSY results: squark pair production
2. 2gaWe} teu  28jets 130 |E — mi)<600 Gov 210101620 137 fb™* (13 TeV)
28, 2-4ICOX] copp 2jels  EPN 361 [ 12 m(&)-m(F?)=50 GeV 180511381
: wzt! Oep  7-1jets 139 |2 1.97 m(f'}) <600 GeV 2008.06032 ~~
8.5 aWeh SSeu  bjets | 130 |& 115 m(@}mi})=200 GeV 1909.08457 pp — tt iond 2021
a2, g1ty 0-1ep 3p  EP™ 798 |& 2.25 mi¥})<200 GeV ATLAS-CONF-2018-041 t—txd NI
sl SSeu  bjets | 139 |# 1.25 m(zFmi})=300GeV 1809.08457 CMS orion
. . . .
i ven 20 B 1 |B 1255 g 210 257 Overview of SUSY results: gluino pair production
by 0.68 10 GeV<Am(by X!)<20 GeV 2101.12527 1
Buby, by—bt2 — bhE" Oeu 66  E™ 139 | Forbidden 0.23-1.35 Am(E2¥1)=130 GeV, m(F})=100 GeV 1908.03122 137 b (13 TeV)
27 2b  EPs q3g |3, 0.13-0.85 Am(E3,11)=130 GeV, m(¥})=0 GeV ATLAS-CONF-2020-031 5 bt = bW=50
E Oteu  >ljet EFS 139 |§ 1.25 miP})=1GeV 2004.14060.2012.03799 X1 Xi
Tii, = WhY) leu  3Bjetsib EPF™ 139 |7 Forbidden  0.65 m(¥})=500 GoV 201203799 pp g g
iviy, i = by, #1516 12r  2jtsb EFS 139 | § Forbidden 14 m(#,)=800 GeV ATLAS-CONF-2021-008 ?
iih, hi—et) / &, e—ek] Oepu 2¢ EFS 364 |@ 0.85 m(E})=0 GeV 1805.01649 - ~0
et ! Oeu mono-jet Eﬁ“” 139 |7 0.55 m(f},2)-m(¥))=5 GeV 2102.10874 g - ttxl
iy, iy =83, 3 —2Z/h¥] 12ep 1-4b EP™ 139 | 0.067-1.18 m(F2)=500 GeV 2006.05650 T - (t%9/b7E — bWL?
b bl +Z Sen 1h  EP™ 139 R Forbidden 0.86 m(F})=360GeV, m(7-m(¥{)= 40 GeV 2006.05880 (tX2/bX3 X1)
B viawz Multiple ¢/jets EFs 139 | & 0.96 m(})=0, wino-bino 2106.01676, ATLAS-CONF-2021-022
ce >ljet  ERs q39 [/ 0205 m(F)-m(i)=5 GV, wino-bino 1911.12606
if'if via WW 2ep E;‘i“ 139 ﬁ 0.42 m(ﬂ)=0. wino-bino 1908.06215 ‘1.; — bf?’ % AM < 80 GeV (max. exclusion) o =0
TR via Wh Multiple ¢/jets E®s 139 | ¥R Forbidden 1.06 m(E)=70 GeV, wino-bino 2004.10894, ATLAS-CONF-2021-022 _ . _ff; ' ‘ g — bby
X vial, /v 2ep EF™ 139 | 1.0 m(Z,7)=0.5(m(¥})sm(F})) 1908.08215 t — byT — bff'x? AM < 80 GeV (max. exclusion), z = 0.5 _ -0
#, 7oth) 27 Epe 139 | FL TR IIN0A603 0.12-0.99 m@l)=0 1911.06660 i et AM <80 GeV (max. exclusion) g — q9qx3
Tiplig, i8] 2en  Ojets  Ep 139 [7 07 =0 1908.08215 R ~ o N ~+ ;1 ~0 -0
ee, py > 1jet E$‘ 139 |7 0.256 m(f)-m(¥})=10 GeV 1911.12606 t = by; — bl — bryy g — qq(x 1_/, X — qq(w/z)xl
AH, H—hG/2G 2 ep 5 3b Eﬂ‘z 36.1 Z 0.13-0.23 0.29-0.88 BR({] — ;.g))ﬂ ;egg.oag
e jets ! 139 BR(Y, — Z()=1 103.11 -t ~0
Oep =>2large jets Eﬁ"" 139 | & 0.45-0.93 BR(T! — 2G)-1 ATLAS-CONF-2021-022 PP — BB BF(xf’:m) =21, z=05
. poryom . < " . i b S0 ! 1 1 1
Direct ¥ ¥; prod., long-ived ¥§ Disapp. trk  1jet  EP™ 139 |¥F 0.66 Pure Wino ATLAS-CONF-2021-015 b — bx}
P 021 Pure higgsino ATLAS-CONF-2021-015 B 5t -0 M — 50 Gey 0 500 1000 1500 2000
Stable z R-hadron Multiple 361 |& 20 1902.01636,1808.04095 -ty WY x4
Metastable & R-hadron, gt Multple 36.1 miE%)=100 Gev 1710.0401,1808.04085 mass scale [GeV]
s = - . . . .
&, t00 Displ. lop E 199 :s; ;2;: " 2}}:3;:}2 PP — qq Solection ol obeerved | limits at 95% C.L. (theory uncertainties are not included). Probe up to the quoted mass limit for light LSPs unless stated otherwise.
q— qid id z represent the absolute mass difference between the primary sparticle and the LSP, and the difference between the intermediate
I X s zetee Bewmu o 189 Pure Wino 2011.10543 relative to AM, respectively, unless indicated otherwise.
18 - wwyzeteery dep Ojets  EP™ 139 m(T%)=200 GeV 2103.11684
22 2-q¢¥1, X1 - aqq 45 large jets 36.1 Large 4, 1804.03568 . . . . . . .
if, i=t0y, X = ths Multiple 36.1 mF})=200 GeV, bino-like ATLAS-CONF-2018-003 0 250 500 750 1000 1250 1500 1750
if, i—bX; X7 — bbs >4 139 m(¥})=500 GeV 2010.01015 mass scale [GeV]
iy, hi—bs 2jets +2b 36.7 171007171 Selection of observed limits at 95% C.L. (theory unc are not included). Probe up to the quoted mass limit for light LSPs unless stated otherwise.
fiy, h—gl 2e.n 2b 36.1 BRIf) —be/bu)>20% 1710.05544 The quantitiecs AM and x represent the absolute mass difference between the primary sparticle and the LSP, and the difference between the intermediate
1u DV 136 BR(f, =qu)=100%, cosé,=1 2003.11956 sparticle and the LSP relative to AM, respectively, unless indi 1 otherwise.
Vi VR, 1), tbs, V] —bbs 12epu  2Bjets 139 Pure higgsino ATLAS-CONF-2021-007
*Only a selection of the available mass limits on new states or 10! 1 Mass scale [Te 1 2
phenomena is shown. Many of the limits are based on [Tev]

simplified models, c.f. refs. for the assumptions made.
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The Hierarchy Problem Cartoon

Va Quantum gravity cuto

Higgs sector cutoff ~— e

Uninteresting

7 fowtolR

(~unique vacuum) ) . Standard Model

MH IS not technically natural = hierarchy problem



Adding a symmetry

...and (sometimes) breaking it softly

1. Supersymmetry (a /a the electron)
Global symmetry (a /a the pion)

Discrete symmetry

> O Db

Modular invariance
[Dienes et al. '94-'01, ...]

—Xperimental signals: partner particles

e The familiar host of prompt signals (with or without missing energy)

e Rich variety of displaced decays (RPV, twin higgs, folded SUSY, ...)

15



Neutral Naturalness

win Higgs [Chacko, Goh, Harnik ‘05]

Zo
Standard Model «—» |sboM bisbnsie

Radiative corrections to mass-squared are SU(4) symmetric thanks to Zo:

AQ
= 1672

9

(—Gyf + g%+ .. ) (|Hal* + |Hp|?)

V(H) .

Citations per year

& See [B. Batell, M. Low, E.T.
vV i Neil and C.B. Verhaaren,
a Review of Neutral

Naturalness, 2203.05531]

16



strong
direct
production

DY

direct
production

Higgs portal
direct
production

!

!

From [Curtin, Verhaaren '15]

scalar fermion
QCD qUSY Composite Higgs/
RS
EW folded SUSY erky Little
Higgs
I .
hyperbolic
| —

Mirror Glueballs

Higes portal observables

17

Higgs coupling shifts
~ tuning




Lowering the cutoff

...IN diverse dimensions

5. RS / Technicolor 8. Classicalization

[Randall, Sundrum ’99;
Weinberg '79; Susskind ‘79]

6. LED/103%2x SM 9. Disorder

|[Arkani-Hamed, Dimopoulos, Dvali '98:; |[Rothstein ‘12]
Antoniadis + ibid. '98; Dvali, Redi ‘09]

7. LST / Clockwork

[Antoniadis, Dimopoulos, Giveon '01; Kaplan,
Rattazzi ’15; Giudice, McCullough ‘16]

[Dvali, Giudice, Gomez, Kehagias ‘10]

—Xperimental signals: resonances, ...

e Primary distinctions are in spacing & coupling of resonances

e Potential goldmine of relatively unexplored signals for LST — e.g.
perturlbative string excitations

18



Selecting a vacuum

Vacuum is one of many; end up in observed vacuum through
dynamical process or anthropic constraint.

10. Anthropics (pressure)
11. Relaxation (rolling)  [Graham, Kaplan, Rajendran “15]
12. NNaturalness (reheating) [Arkani-Hamed et al ‘16]

13. Crunching away (collapse) [Csaki et al 20, see also Geller, Hochberg,
Kuflik 18, Cheung & Saraswat ’18, ...]

=Xperimental signals: Diverse, but typically

e Cosmology (Bubble collisions; axions; contributions to Nes and ) my)

e Exotic lab signals (displaced decays, hidden sector confinement,
rare/precision frontier, ...)
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Relaxion

What if the weak scale is selected by dynamics, not symmetries?

The idea: couple Higgs to field whose minimum sets mp=0
The problem: How to make mn=0 a special point of potential?

‘i(qb) The solution: what turns on when mn2 goes negative?

~ Vev gives quark masses
which give axion potential.

You are here.
|

i “Relaxion”
|[Graham, Kaplan,

SOOI ooreril .4  Rajendran ‘18]
- y

But: immense energy stored in evolving field, need dissipation.
20



Relaxion

Simplest version: an axion coupled to QCD during inflation.

< T~ Axion-like potential

Scanning term

Various other subtleties regarding technical natura

fine-tuning to inflationary sector; need to solve stror

\\ Large bare Higgs mass
i

ness, trans-Planckian field excursions,

g C

Extensive development, e.q. |[Espinosa et al. "15; Hardy "15;

2 problem. New UV considerations.

See [P. Asadi et al., Early-

Gupta et al '15; Batell, Giudice, McCullough '15; Chol, Im '15; , —
Kaplan, Rattazzi '15; Di Chiara et al. ’15; lbanez et al. ’15; Hook, Universe Model Building,
Marques-Tavares '16; Nelson, Prescod-Weinstein '17; ...] 2203.06680]
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Complicating the flow

% SM is reached from some intermediate fixed point 2 Z . Jix
— where, say, a generalized Veltman condition is satisfied H = 7’

This I1s a sense in which

14. Conformal symmetry

could address the hierarchy problem

rTop-down: Embed SM in orbifold of N=4 SYM O
[Frampton, Vafa ’99; Csaki, Skiba, Terning ‘99|

Bottom-up: “Little conformal symmetry”
\ [Houtz, Colwell, Terning *16] J

Experimental signals: Not fully explored, but expect new particles w/ SM quantum numbers around
the TeV scale. Novelty Is that statistics, irreps & couplings differ from more familiar solutions.
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Exploding the cutoff

Gravity doesn’t provide a UV scale & the SM takes care of itself

— 15. Asymptotic fragility
[Dubovsky, Gorbenko, Mirbabayi ‘13]

16. Agravity [salvio, Strumia "14]

~

Scale Mp not associated with relevant
operator becoming strong, not “felt” by
non-grav physics.

In IR, looks like CFT perturbed by irrelevant
operators; in UV, no UV fixed point; cannot
define local olbservables.

Example in 2d, no proposal for 4d.

\_

~

J

~

~

\_

Gravity has no intrinsic length scale
and is “renormalizable”
LR R,

R2
SN/d4a:\/§<f12—|— 72 +>

(E-H term via vev of some field)

Can be re-written in terms of 2-derivative
fields w/ ghosts.

~

J

Experimental signals: Crucially, must render SM couplings asymptotically
free. Not a property of the SM itself, so entails low-scale unification.

23



Not actually the SM

17. Lee-Wick (higher derivative scalar)
[Grinstein, O’Connell, Wise '00]

4 )
Lee-Wick: higher- Write as normal field + new field
derivative theory w/ wrong-sign quadratic action
< 50,00"6 — o (0P6) + 50,001 + S M 1
5 On WE . 5 On : . J
N\

1 1 m? — M?

Improves UV convergence of _
\Vg diagrams, introduce for every SM field p* —m* p?— M? (p* —m?)(p* — M?)

Can be defined in a unitary, Lorentz-invariant manner with only
microscopic acausality. But who ordered that??
24



Connecting UV & IR

—ssentia

doesn’t know about the IR..

Two frameworks ex

nibiting

gravity & r

UV/I

feature of the hierarchy problem: the UV
.unless it does”?

R MIXIng: quantum

on-commutative QFT

QG (cartoon version): collide sufficiently @@\(
energetic particles, make a black hole. More %

energetic particles — bigger black hole.

NCQFT (cartoon version): non-commutativity of the form [x,xV|=iB+v, qualitatively a position-position
uncertainty principle Axt Axv=6/2 [Filk '96, Minwalla, Seiberg, Van Raamsdonk 99, NC, Koren "19]

Iwo ways to put this to work

for hierarchy problem:

25

18. Indirect UV/IR mixing

19. Direct UV/IR mixing



Indirect UV/IR: WGC

~
(Electric) weak gravity conjecture: an m
abelian gauge theory must contain a state of ~ 9q = N
charge g and mass m satisfying Pl
Arkani-Hamed, Motl, Nicolis, Vafa ‘07
\_ [ | J

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

— @ # particles produced = /g
®

\‘

Energy conservation: mQ/q < 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
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A Family of Conjectures

Electric WGC: m < (gq)Mp
[Arkani-Hamed, Motl, Nicolis, Vafa ‘0O7]

Magnetic WGC: A < gMp
[Arkani-Hamed, Motl, Nicolis, Vafa ‘07]

See [P. Draper, |.G.
Garcia and M.
Reece, Showmass

lar W/ : m < 202 — 2 M White Paper:
>cala [Palt(ia‘%] o \/g d H bl Implications of
Quantum Gravity for
dS WGC: m2 Z ngle Particle Physics,

[Montero, Van Riet, Venken ‘19] 2203.07624]

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

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

New hierarchies from EFT + gravity.
Relevant for the hierarchy problem [Cheung & Remmen "14; Ibanez, Martin-lLL.ozano,
Valenzuela ’17; NC, Garcia Garcia, Koren '19; March-Russell, Petrossian-Byrne '20]
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Self-Organized Criticality

Some systems evolve into critical states on their own (sandpiles, a la [Bak, Tang, Wiesenfeld '84]).
Wouldn’t that be nice”? |Giudice 08, Kaplan ‘97

20. Self-organized Criticality

S N )
Vanishing Higgs mass coinciding | ocalization of scalar fields
with potential minimum for an exponentially close to critical
extra-dimensional modulus field points during eternal inflation
[Eroencel, Hubisz, Rigo '18] [Giudice, McCullough, You ’21]
[Khoury et al. "19-"20]
10
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8. Classicalization 15. Asymptotic fragility

9. Disorder 16. Agravity

3. Discrete symmetry 17. Lee-Wick Theory

4. Modular invariance 11. Relaxation 18. Weak gravity conjecture
12. NNaturalness 19. Non-commutative QF
13. Crunching away 20. Self-organized criticality

/. LST/Clockwork 14. Conformal symmetry 21. ...

. With apologies for the many omissions...



What next?

Generalized Global Symmetry

See [C.Cordova, T. Dumitrescu,
K. Intriligator, S-H, Shao,
Snowmass White Paper:

Generalized Symmetries in QFT

and Beyond, 2205.09545]

Properties of Ordinary Higher-form Non-invertible
symmetry op. symmetry symmetry symmetry
Codimension 1 > 1 - |
In spacetime
Topological yes yes yes
group group fusion ring
Fusionrule | g1Xg> = g3 | 91X9g2 = 93

From [Shu-Heng Shao, KIT
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