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The Era of Anomalies

* A growing list of “anomalies” — experimental results
that conflict with the Standard Model but fail to
overturn it for lack of sufficient evidence.

* Could be due to statistical fluctuations, systematic
uncertainties, theoretical issues, or experimental
error.

* Or breadcrumps to follow on the path toward new
physics?

Figure credit: APS/Alan Stonebraker

* A good driver of scientific creativity.
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Ambulance-chasing: Is it really worth it?

 Anomalies are mostly regarded with skepticism.
* Lack the grandeur of trying to solve big problem:s.

 Just about every anomaly in the past decades has
disappeared over time.

* But perhaps some anomaly might eventually turn B AMBULANCE i
out to be textbook material for future decades? ov. v

Worthwhile hunting down blips in the data.

Offer fresh challenges to experimentalists.

A promising sandbox for theorists. “It is better to work on a 2.6 o signal thana 0 o one.”
— Ben Allanach (Cambridge)

Inspire new analysis methods and tools.

Open-access data and more theory-experiment collaborations could play a crucial role.



Lessons from the Past: OPERA
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The corresponding relative difference of the muon neutrino velocity and the speed of light

(v-0)/e = 8t ((TOF", - 8t) = (2.48 + 0.28 (stat.) & 0.30 (sys.)) x10°. O(100) theory papers on “superluminal neutrinos.”

with an overall significance of 6.0 o.




Lessons from the Past: 750 GeV Diphoton Excess
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Lessons from the Past: KOTO Anomaly

K, » v : (r° =) 2y + nothing

collimator +
sweeping magnet

vv (undetectable)
A -
Csl calorimeter

(reconstruct m° from 2y)

-_
30 GeV/c
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proton

pencil beam
(Ki, n,y)

- DBeamn Dunps

' Egana-Ugrinovic, Homiller, Meade,
1911.10203 [PRL]

AN
\r Hermetic veto detectors ‘

- FCNC : highly suppressed decay
~BR (SM) : 3x 10"
- Small theoretical uncertainty (~2%)

— Good probe for new physics search
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Light scalar .. Consistency with GN bound?

Br(Ky — 7vp) < 4.3Br(K+ — ntvpo)

Grossman, Nir, hep-ph/9701313 [PLB]
See also

Kitahara, Okui, Perez, Soreq, Tobioka, 1909.11111 [PRL]
BD, Mohapatra, Zhang, 1911.12334 [PRD]

Liu, McGinnis, Wagner, Wang, 2001.06522 [JHEP]
Cline, Puel, Toma, 2001.11505 [JHEP]

He, Ma, Tandean, Valencia, 2002.05467 [JHEP]

Liao, Wang, Yao, Zhang, 2005.00753 [PRD]

Gori, Perez, Tobioka, 2005.05170 [JHEP]

Conclusions and prospects With the 2016-2018 dataset,
we obtained an SES of (7.20 & 0.05¢a¢ £ 0.664ys) x 10710
and observed three events in the signal region. We estimated
the total number of background events to be 1.22 4 (.26 with
the two new background sources. The corresponding prob-
abilityrofrobservingithreereventsnisnld%: We conclude that
the number of observed events is statistically consistent with
the background expectation estimated after finding two new
sources. Assuming Poisson statistics and considering uncer-
tainties [32], we set an upper limit on the branching fraction
of the K7 — w’v¥ decay in this dataset to be 4.9 x 10~ at
the 90% C.L.
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F CMS,\s=7TeV —=— Observed
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A Success Story
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Understanding the Higgs Signal

ATLAS Preliminary +——Total 35.9-137 ib™ (13 TeV)
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Everything seems consistent with SM expectations.

ATLAS-CONF-2020-027 =« B normalized to SM




Interpretation beyond Signal Strength

* The k-framework (1307.1347):

* Effective way to study E—
modllflcatlonls OdelggBSSM CMS —
ATLAS Preliminary .. — 10 (stat @ syst)
COUp. Ings refated to (s=13Tev,245-139fp" 8% CL—— Freliminary — oo
P hYSICS. m,=125.09 GeV, ly,| <25  g50, oL —— psm=‘72°/°

* Devise similar techniques
for studying other
anomalies?

e Constrain a broad class of
BSM scenarios, rather
than fitting a single
model.

ATLAS-CONF-2020-027 25 -2 415 1050 05 1 15 2 25
Parameter value

CMS PAS HIG-19-005 10



(Partial) List of Existing Anomalies

[ Mltileptons@EHC T 1250 I [T190105300 |} pama/Lira 1907.06405

LFUV in B-decays 1909.12524 Fermi-LAT GC excess 1704.03910

Muon g-2 2006.04822 AMS e*/p excess Phys.Rep.894, 1
Cabibbo angle PDG XENONI1T e-recoil 2006.09721
LFUV in tau decay PDG 3.5 keV X-ray line 2008.02283
LSND/MiniBooNE 2006.16883 511 keV gamma-ray line 1512.00325
NOVA vs T2K Neutrino 2020 EDGES 21cm spectrum 1810.05912
IceCube HESE vs TG 2011.03545 Primordial ’Li problem 1203.3551
ANITA upgoing events 2010.02869 Hubble tension 2008.11284
Neutron lifetime PDG NANOGRAV 2009.04496
8Be transition 1910.10459 Fast Radio Bursts 1906.05878

Should create and maintain an online repository for up-to-date information on anomalies.
11




Outline

* LHC multilepton anomalies

* B-anomalies:
* High-p-LHC tests
e A SUSY explanation
* Muon g-2:
e Tests at LHC and future colliders
* Leptophilic scalar

e LSND and MiniBooNE excess:

e eV-scale sterile
* Non-oscillatory new physics

(More details on LFUV anomalies — A. Crivellin’s talk)

12



LHC Multilepton Anomalies

* Discrepancies in multi-lepton final Final state Characteristics Dominant

states w.r.t. current MCs. SM
A _ - process
A sl | + jots, b- | m,<100 GeV,
ominated by different processes: jets dominated by Ob-
Wt/tt, VV, ttV. jet and 1b-jet
* Hard to explain with MC Il + full-jet veto| m,;<100 GeV
mismodelling of a particular
process, e.g. tt production alone. I=1* + bjets Excess with

N.>2, moderate

Hy
I=1=1 + b-jets Moderate Hy “
Z(S 1)+ Pr><100 GeV “

Data set Selection
ATLAS Run 1 | ATLAS-EXOT-2013-16 [41] | SS ¢¢ and 200 + b-jets
ATLAS Run 1 | ATLAS-TOPQ-2015-02 [26] | OS ep + b-jets
CMS Run 2 CMS-PAS-HIG-17-005  [42] | SS ep, pp and €00 + b-jets

CMS Run 2 CMS-TOP-17-018 [43] | OS eu

CMS Run 2 CMS-PAS-SMP-18-002  [44] | ¢00 + EXss (W Z)
ATLAS Run 2 | ATLAS-EXOT-2016-16 [45] | SS ¢¢ and 200 + b-jets
ATLAS Run 2 | ATLAS-CONF-2018-027 [46] | OS eu + b-jets
ATLAS Run 2 | ATLAS-CONF-2018-034 [47] | £0¢ + B (W 2)

Buddenbrock, Cornell, Fang, Mohammed, Kumar, Mellado, Tomiwa, 1901.05300 [JHEP]
13



A Simple BSM Interpretation

Buddenbrock et al (1606.10674 [EPJC], 1711.07874 [JPG], 1901.05300 [JHEP])

Can be interpreted with a simplified model where H—Sh, with h SM Higgs-like.
Strengthens the need for precision Higgs measurements.
E.g., distortion of Higgs pt and rapidity. Lo _5g@tt_H+vaing VRV

Wits ICPP
i 1
Lins == v MBS + X, oshSS + Ay HHS

hhS

ATLAS R! DFOS aHepion + b-jels ATLAS R2 midopton « E
ATLAS R2 S5 lepgions « b-jats CMNS R2 ri-lopton + El
CME R2 58 lepionm « Sjes — GOSN

CMS R2 OFOS ddesien 8o significance!

* Thermal rebe
030 bt
10 besi i

Forme GO 30 bk

(R A}
Mo\

Beck, Temo, Malwa, Kumar, Mellado (2102.10596)

ATLAS R! 55 lephons « b-jots ATLAS R2 DFOS dHopion « O-jets
+ )\HSS HSS + )\HhS Hh5:| y (b) Top pair associated production (ttH).

(c) Single top associated production (tH).

DM coupling to S

LHC-astro complementarity



B-anomalies

(with £ = e, )

|”C9‘rr‘1bir‘1ed4.5q -
340
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Altmannshofer, BD, Soni, Sui, 2002.12910 [PRD], updated from HFLAV ‘19




High-p+ LHC Tests o y Np: I o

The main idea

b — s,u,u [tree-level or [-loop]
Greljo, Marzocca (1704.09015 [EPIC])

3( b{‘)( )
() T2 £ a2 CrLY, TLY VL

High-pT Tails >9< s, ’ b— cTU, [tree-level]

+ —
— 7L X
pp EXPERIMENT

pp— T Q@ Q =
pp — TV - « pp > TV inclusive

VEw . . .
Greljo, Camalich, Ruiz-Alvarez (1811.07920 [PRL])

Terra incognita
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) ] 1609.07138
SU(2) invariance & Flavor structure

T T t 1% l T
b v, / t\ow/" '\ o/ T "\ o)
o 1)?(/ W ch R
B meson " b . ;
_ r> <] B-anomalies . v, b v, b o b

b — CT V- .’Qua k Lepton
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Dilepton Limits on Leptoquarks

——————9

i S - fu S — o]
' — Jo2 — fi - fa - f3 - i J

-

:/""\-"—‘,‘ N S T R S B
1200 1400 1600 0.0
400 600800 1000 500 1000 1500 2000 2500 3000
my, [GeV] my, [GeV]

Babu, BD, Jana, Thapa (2009.01771 [JHEP])

Non-resonant dilepton searches at LHC severely restrict
iy = 0.9 TV ‘ the allowed LQ parameter space for B-anomalies.

far = 0.29

04 0.6 0.8

0.00




B-anomalies in RPV SUSY

/[~ = P T =C = A 7 A A aC
Liap = Ajjk [ViLdkadjL + dj kgvit + OkrVi O — € dkrUp — Updkg€ir — OkrejL UjL} + H.c.

1 ~ - ~ _ ~s -c . .
Lie= §>\ijk [ViLekRejL + €jLekrlijL + e;(kRViLejL — (I /)} + H.c.

Work within RPV3 framework: RPV SUSY with light 3d-generation sfermions. (Altmannshofer, BD, Soni, 1704.06659 [PRD])

Motivated by Higgs naturalness arguments. (Brust, Katz, Lawrence, Sundrum, 1110.6670 [JHEP]; Papucci, Ruderman, Weiler, 1110.6926 [JHEP])

18



B-anomalies (+Muon g-2+ANITA

Case 3

iIn RPV3 SUSY

myo = 2.0 GeV

mz, = 2.0 TeV

mz, = 10.0 TeV
my, = 0.9 TeV

mg, = 4.0TeV

App3 = —1.5

A=-35

Flavor-violating

decay mode

AN

dependence

RPV3 Prediction

Case 1

Case 2

Case 3

Current experimental

bound /measurement

T — o
T — uKK
T — pK?

T = 1y

T —> W

! / !
A332A232, A323 320
/ / !
A332)\2327 )\323)\322

A530 )\ 510\
33271231 3127323
/ /

A333>\2337 >\133)\123

A323A322

1.9 x 107%°
1.2 x 10717
4.5 x 1071
1.3x 10710

1.7 x 1071

3.8 x 10710
2.4 x 10712
8.7 x 10712
1.3 x 1078

1.2 x 107°

2.6 x 10712
2.9 x 10713
3.1x10713
2.4 x 1071

1.2 x 1071

< 8.4 x107% [201]
<4.4x107% [202]
<23 x107% [203]
<4.4x107% [204]

<2.1x107% [205]

By = KW (¢)ur
Bs — T
b— sTT

B— K®rr
Bs — 17
b— sup

Bs — pp

.1333)«2327 )‘IZSS)\gZiQa )\332>\323
)“/333)‘/2327 )‘/233Aé327 A/332A323
)\SISISA§SISQ
A333A332
)‘l/iiiiiAgiﬂ
/233>\/2327 >\£’>32)\232

!/ / /
AQSS)‘QSQ ’ )‘332 )\232

4.1 x107°
4.4 x 10710
3.4x107"
3.7x107°
3.7x 1078
5.9 x 107°

4.1x 1071

1.2x1077
1.3 x 1078
2.8 x 1078
4.2 x 1078
3.0x107°
3.2x 1078

6.5 x 10711

2.2 x 10710
2.3 x 107
1.3 x 10713
9.6 x 10712
1.4x 1071
8.8 x 107°

1.8 x 1071

< 2.8 x 1077 [206]
< 3.4 x107° [207]
N/A
< 2.2 x 1073 [208]
<6.8x 1073 [209]
4.4 x 1075 [210]

3.0 x 1077 [211]

Altmannshofer, BD, Soni,

Sui, 2002.12910 [PRD]
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Rpey Oy, = (Cy" PLb)(TyuPLv)
Ryt Qopto) = (37" PLb)(0,.(75)0)

Crossing symmetry: b — crv leads to gc — brv, and b — sé/ leads to gs — b/.

br
N
tL/,r Au:x’< '
r/,
i

SM Vector Scalar

Normalized Eveneats

BD, Soni, Xu (in prep.)

400 600 800 1000 Y0 200 400 600 800 1000 1200 , (O —
p?'(GEV) .\f;\- |G&V) v ) v A3 =5

A3 = =5
— 14 TeV

Altmannshofer, BD, Soni, 1704.06659 [PRD]; Altmannshofer, BD, Soni, Sui, 2002.12910 [PRD] 02 / 271ev | | M =4 e

— 100 TeV m;, = 5TeV
mz, =25TeV

without cut m; = 90 TeV
'L

M+~ > 0.15 TeV

LHC 13TeV ™

Can test the RPV3 solution to B-anomalies at HL-LHC.

10 15 20 25 30




Lepton Anomalous Magnetic Moment

[figure from J. Kasper (PHENO '20)]

DHMZ10 o
JS11 — .
HLMNT11 ——
FJ17 Com
KNT18 ——
DHMZ19 .

Theory

BNL: 540 ppb

Fermilab goal:
x4 accuracy: 140 ppb

-

b
-
)

E
| -
)
QO
X

L

| I
-7 -6 -5 -4 -3 -2
Difference from Experiment (parts per million)

a;’ =116592089(63) x 107"

BNL, hep-ex/0602035

New results coming soon from Fermilab!

EM — a/(?ED + CZEW + CIZIVP’ LO + CIZIVP’ NLO + GEVP, NNLO + a}I;ILbL + a}I;ILbL, NLO

= 116591 810(43) x 107!
Aoyama et al, 2006.04822
._ exp __ SM _ ~11 ,
Aay = a, —a,~ =279(76) X 10 Ry Mol LNty

Similar anomaly earlier reported in electron sector:

Aal® = a2 () _ M — (874 3.6) x 107" XNy

Parker, Yu, Zhong, Estey, Mueller, 1812.04130 (Science)

Recent development:
Aaf® = af® B — M = (4.8 £3.0) x 107 "* -

e

Morel, Yao, Clade, Guellati-Khelifa, Nature 588, 61 (2020)

But Cs and Rb measurements of a.,, now disagree by morez'%han 50l




MR

3 m

2
; Z [ (|f(1€‘2 + ‘(V*f/)qdz) (QqFS(xq) + QSF2($q))
Ro q

T 16nZm

N Connection with Higgs decay to dileptons
_HZRQ[M (V2 0ael (QuFi(a) + QSF?’(%))} Crivellin, Mueller, Saturnino, 2008.02643

1 — hou*tu- BR(h—>,u+,u_)

B T Hutn = BR(h — wtp)su
3 my fea(V*f')5, {ﬂ

o 2 2
8 my mp,

=11

HL-LHC (T 17)

ILC (1000) (T¥77)
FCC-hh (t717)

FCC-hh (u* ™)

Depends on quartic couplings |G LS

Leptoquark solution to muon g-2
can be tested in precision Higgs data
at LHC and future colliders.

AHR — AR Babu, BD, Jana, Thapa, 2009.01771 [JHEP]

HL-LHC (u*u ™)




I—e ptO p h I ‘ I C Sca | a r BD, Mohapatra, Zhang, 1711.08430 [PRL]; 1803.11167 [PRD]

Future lepton colliders an ideal place
to probe leptophilic scalar interpretation
of muon g-2.

Connection to multilepton anomalies@LHC
Sabatta, Cornell, Kumar, Mellado, Ruan, 1909.03969 [CPC

No-lose theorem at muon collider ‘

Capdevilla, Curtin, Kahn, Krnjaic, 2006.16277; 2101.10334

CEPC Muon LHC

Singlel Scxnarion "\_ Electroweak Scenarics

New portcles in (g - 2)_ loops \ New portcles in (g = 2)_ loops
A

oals SM sdinghees wvy only SM singlets

Sepaatare: direct prodection of Sepaatare: direct prodaction of
SM nuglet shater new cherged shaler

Discovery: sequires i hsive Discovery: discovershle ot kpton
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LSND and MiniBooNE Anomalies
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LSND, hep-ex/0104049 [PRD] Confirmed in MiniBooNE, 1805.12028 [PRL]; 2006.16883

Completely different neutrino energies, neutrino fluxes, reconstructions, backgrounds, and systematics.

Need some exotic model beyond the three-neutrino paradigm. !
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eV-scale Sterile Neutrino?

— 68% CL
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—— MiniBooNE best fit (0.807, 0.043 eV?)
(0.01, 0.4 eV?)
MiniBooNE 1o allowed band
v mode: 18.75 x 10?° POT
v mode: 11.27 x 10%° POT
LSND

I:l LSND 90% CL

1.0 15

L/E [meters/MeV] I:l LSND 99% CL

Combined significance of 6.1 ¢

More data to come from MicroBooNE and JSNS? MiniBooNE, 2006.16883
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Non-Oscillatory Explanation

Mixing-Decay scenario MD, Upscattering-Decay scenario UD, Upscattering-Double Decay scenario U DgD,

target  decay pipe detector target decay pipe > T— target decay pipe detector -

target  decay pipe , target decay pipe

Brdar, Fischer, Smirnov, 2007.14411

MiniBooNE excess can be directly connected to expected excesses in other
experiments (T2K ND280, MINERvA, NOvVA, PS-191, NOMAD, CHARM-II).

Still some allowed parameter space.

Heavy right-handed neutrino can be connected to neutrino mass via seesaw.
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Conclusion

* More conspicuous paths to “new physics” have remained stubbornly
out of reach.

* Look for inspiration from anomalies as possible alternative routes.
* Worth investing time and effort, even though the future is uncertain.

* Need coherent community effort, active theory-experiment
collaborations and open-access data to raise the status of anomalies
(from “taboo” to mainstream physics).

* Need to find BSM scenarios that fit the anomalous data naturally
without too much finagling. May not be your favorite model.

* Make concrete predictions that can be tested.
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