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‘ Possible new physics explanations I

* Hundreds of phenomenological arXiv:2204.12175
papers proposing explanations. AAFB

» Successful explanations need
to satisfy many constraints.

« Alarge fraction of models @— [Q |e——— a,
—..> ;

involve particles already being
searched in ATLAS and CMS.

* How well are we doing? y qq — ee y

* What are we missing? W' SU2)

AA

\\lvv

g
Not discussing models where AA
explanation is driven by new S/F

scalars or SUSY particles
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‘ Light leptophilic vectors/scalars: phenomenology I

Anomal
Scorecai/d » Flavored light vectors and (pseudo-)scalars appear in many SM b . K
extensions that explain R(K), R(K*) (for masses >10 GeV) and a,.
* A Z associated with the spontaneously broken U(1),,-; symmetry ’ g
only interacts with the second and third generation of leptons at
tree level = challenging at a hadron collider.
* For Mzs>5 GeV can perform searches at the LHC. pt >
» Forlighter Z'/S can use fixed target experiments (very light scalars w>§
can be long-lived!). N —»
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Light resonances: current program

Anomaly .
scorecard » For ~5 GeV< Mz< Mz perform searches in Z>4p.
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2022-041/
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Light resonances: opportunities

« Searches for y()/Z")>4p and WO ->3u+E1™ss to go above My.
i lu-'

+ Other explanations of a, involve e.g. flavor-violating vectors or
scalars.

= New dedicated multilepton search involving taus at higher
masses!
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Heavy resonances
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‘ Heavy vector particles: phenomenology I

+ B-anomalies can be explained with new heavy W’ and Z’ b
bosons with LH couplings to fermions. A heavy W/ LFV Z’
can also explain the CA/a, anomaly (arXiv:2005.13542).

* Many models, with different flavor structure, predict very
different cross sections and decay rates to SM particles.

=> decays to 3 generation quarks and 2"9/3™ generation
leptons relevant!

» Flavor-violating couplings to quarks can also be generated
without new sources of flavor violation via loops:
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Heavy vector particles: current program

» Broad program of inclusive searches for dilepton, dijet, and tb/tt resonances
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http://cms-results.web.cern.ch/cms-results/public-results/publications/EXO-19-019/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2018-30/
http://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-21-001/

Heavy vector particles: current program

Anomaly

» Broad program of inclusive searches for dilepton, dijet, and tb/tt resonances
scorecard
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2018-46/
http://cms-results.web.cern.ch/cms-results/public-results/publications/EXO-19-019/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2018-30/
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Heavy vector particles: current program

» Broad program of inclusive searches for dilepton, dijet, and tb/tt resonances
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Heavy vector particles: current program

Anomaly

» Broad program of inclusive searches for dilepton, dijet, and tb/tt resonances
scorecard
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2019-03/

Heavy vector particles: current program

Anomal : : : .
y » Broad program of inclusive searches for dilepton, dijet, and tt/tb resonances
scorecard
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http://cms-results.web.cern.ch/cms-results/public-results/publications/B2G-20-005/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2018-48/

Heavy vector particles: opportunities

Anomaly
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+ Extend program to exclusive final states!
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http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/EXO-21-018/index.html
http://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-21-001/
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Heavy vector particles: opportunities

+ Extend program to exclusive final states!
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2022-008/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2018-09/
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Non-resonant dileptons: phenomenology

A / arXiv:2103.16558
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Non-resonant dileptons: current program
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* Non-resonant inclusive ee, uu searches
published.
+ Slight excess in ee channel seen by
CMS
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http://cms-results.web.cern.ch/cms-results/public-results/publications/EXO-19-019/
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Non-resonant dileptons: current program
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* Non-resonant inclusive ee, uu searches

published.

+ Slight excess in ee channel seen by

CMS and ATLAS.
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2019-16/
http://cms-results.web.cern.ch/cms-results/public-results/publications/EXO-19-019/
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‘ Non-resonant dileptons: current program I

* Unfolded spectra and LFUV ratio test also
obtained by CMS.

* Ryee Normalized to 1 in 200-400 GeV
m region.

« Compatibility with R ee=1 hypothesis
for m>400 GeV: ~2.3c.
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http://cms-results.web.cern.ch/cms-results/public-results/publications/EXO-19-019/
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‘ Non-resonant dileptons: current program I

* Unfolded spectra and LFUV ratio test also

obtained by CMS.

Rywee Normalized to 1 in 200-400 GeV

m region.
Compatibility with R,,ee=1 hypothesis
for m;>400 GeV: ~2.3c.

Can be explained, along with the CAA

anomaly, by this operator:
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Non-resonant dileptons: current program

Anomaly
scorecard  First search for bsll Cl recently completed by ATLAS: c 107
u%’.), 1ok ATLAS — Data
2 b 2 Vs=13TeV, 139 fo” B 2y +ets
£ i3 e*e’+1b category, CR-only fit @ Top
+ 2 Signal Region "
&2 ¢ w Cl?milat:/(i ?ns distribution E "O”;:zlz
A? - i % Bkg. Unc.
g 5 " AR
- . . (=3 1. - 10
» Largest deviation in ee+1b category for s y% R |
Mee™™>1.6 TeV: 2.6c local (1 .50 global). 8 o top-CR ZOR VR 500 7000 7500 , [2&)0{)/]“”‘
mge" [Ge
§1O4§"'|"'1"-"'"-|'~|"'|"-§ o
o - ATLAS — Observed ] 2 ATLAS ) ~-Data
b> 103__ r_13-|— \Y, 139fb1 — = Ys=13TeV, 139 fb .Z/"
g S= ev,1s91m ... Expected E 2 wHu+1b category, CR-only fit o Y +iets
F et = o Signal Regions Top
102 R Limits at 95% CL - tlo E_ w Cugmulativ?a m,, distribution -Others
£ e*e+1b category +26 E w
E 3 7%, Bkg. Unc.
10k x Strongest expected -
E - di P, Theory 3
.................................... - o 1.4 - 10
1 4 2 %//% setesdssbibucbodde
e B, . E Y 107
1o —— S *pCRZCR VR 500 7000 7500 o B0
0 _E | | | l .................................. —— S EXQOT-2018-16

P L AR
400 600 800 1000 1200 1400 1600 1800 2000
mmin [GeV]


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2018-16/

Anomaly
scorecard

Non-resonant dileptons: opportunities

» Develop broad program of non-resonant dilepton searches (ee, uyu, tt, ev, uv, tv),
both in inclusive and exclusive (e.g. Ob, 21b) final states.

b ut b T b T q e’
§XH BX‘L’ EX v a’X e

% Rye) @ ATLAS g CMS @ LHC () HL-LHC(20) A [TeV]
. . o 43 2 1
 Unfolded dilepton mass spectra and LFU ratio tests. o -
- ——d—— ER
—_— ¢ Vector
—
dﬂ'(PP—*///l)/ﬂlT(pp—N’e) so = (13Te\)2 -
13 LIBLANL AN B S B S e B B e S B B B s B B B S B S TT
“ Te\) (Q_y Q_)(I_ YoLa ] | I, *
— Tensor
1.2 —
o LIF TV 2 @57 03) T2 val) ok
2 ] v Scalar -Tensor
‘L 1.0F o—
o 09F 00 02 04 06 08 10 1.2
0.8F —(30 TeV)2(0; "0 01) L2 Yo" L) _ |E|‘| arXiv:1811.07920

0.7| 1 1 1 1 1 1 L ]
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R(D)
R(D*)

©
O

‘ Vector leptoquarks: phenomenology I

Predicted by Pati-Salam lepton-quark unification models g Vis g Vis
(gauge origin) and composite Higgs models. Typical mass ~few TeV. %, J; jj&{
WH g K V1T’3
* Resonant production in pairs or singly. I s

Enhanced cross section if of gauge origin in the case of vector LQs.

Non-resonant production relevant, particularly at high mass, if large q\_z_/é ! ¢
coupling. EA VLS Vi
. VLS g : 1,3

» Single-particle explanation of B anomalies: V4 (V3 also possible).

10%

« Dominant decay if only explaining R(K), R(K*): S*fgf;f?(mﬁ;appmx'+NNLL)
—V urich,
\V 1+2/3 > bH’ tv 101 4 —— vLQ (Ziirich, min.)
V313 > by 7 Vector LQ (YM)
V5*253 > by, tv g 107 Vector LQ (min)
V3*8 > tu /
Scalar LQ
. . . -5 T T T T T T T
If also explaining R(D), R(D*), couplings to t dominate. U0 &0 800 100 D200 1400 1600 1800 2000
m(LQ) [GeV]

Need a broad program!
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‘ Scalar leptoquarks: phenomenology I

» Predicted by composite Higgs models (as pNGBs) or GUTs.

Typical mass ~1 TeV.

* Most successful models involve at least two LQs:

* Sy and Sj (e.g. arXiv:1912.04224)
* Ry and S3 (e.g. arxiv:1806.05689)

 Another possibility: S4 and singlet ¢* (e.g. arXiv:2104.05730)
+ Can also explain a, and the CA anomaly.
« But large masses for S1 and ¢* preferred (multi-TeV).

+ Decay modes directly related to the B anomalies:
Sy > by, ct > R(D), R(D*) € R8> br, cv

S3*2B> tv
S5 > b, tu
S343 > bu > R(K), R(K*)

However, other decay modes may actually dominate (e.g. S3#3->br")
if similar hierarchies as in SM quark Yukawas hold (Ap; > Ap,).

R, > tr, ¢t }

Need a broad program!

by sz b CL(®)

HL ML Ve TL(R)




Leptoquarks: current program

Anomaly EXOT-2019-13

scorecard

» Broad program of searches for pair-production underway.
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0.7
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» Typical mass exclusions: "
« LQg: ~1.0-1.7 TeV depending on search/benchmark 04
« LQy: ~ LQg limit + 0.4 TeV

Vector LQ->brt/tv

0.2
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Leptoquarks: current program

b
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CMS-HIG-21-001

Growing program of single LQ searches: I+LQ(=>bl) (I=e,u,t), T+LQ(2>bv), v+LQ(>b1), v+LQ(>c1).
Also considering non-resonant production. Interference with SM background can be relevant!
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Leptoquarks: current program

« Growing program of single LQ searches: I+LQ(=>bl) (I=e,u,t), t+LQ(2>bv), v+LQ(>b1), v+LQ(>c1).
» Also considering non-resonant production. Interference with SM background can be relevant!
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Leptoquarks: current program

Anomaly + Growing program of single LQ searches: [+LQ(->bl) (I=e, 1), t+LQ(Dbv), v+LQ(Dbr), v+LQ(>c1).

» Also considering non-resonant production. Interference with SM background can be relevant!

b T+
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= N
. .
g
o b
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b T
b
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Potentially exciting!!
ATLAS result soon!
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Leptoquarks: opportunities

* More sophisticated analyses for:
 Pair production
» Single production
* Non-resonant production
« Combinations!
» Explore single resonant production

q
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‘ Vector-like quarks: phenomenology I

Anomaly Q
scorecard » Predicted in Composite Higgs models and other
UV-complete constructions. Typical mass ~O(TeV).
« Can explain CA anomaly. a
Q
b
* Production: in pairs via QCD, singly via EW.
« Decay: Q>Wq, Zq, Hg, all with sizable BR g e ]
- VLQs typically assumed to mix preferentially with 5o S

3 generation quarks.

e « r

Singlets Tr.r Brr

04— 3
’ X i B Lo ]
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X F 1
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Vector-like quarks: current program

Anomaly
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 Broad program of searches for pair production of VLQs preferentially coupled to 3™ generation
quarks with partial Run 2 data (36 fb-").

« Combinations can lead to significant improvements in sensitivity.

" m =900GeV | ATLAS
1] /s=13Tev,36.11b "
«++» Exp. exclusion [[] Obs. exclusion

W(Iv)b+X pexwiossasary

H(bb)t+X tavarsenosere

2V X w01y
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—— Z(IWD+X faxise08 10855

All-had (cemmer- a1
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[ ] B P [ g L
3t e B, I i
Ey L Sr. - S L L S,
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Vector-like quarks: current program

« Broad program of searches for pair production of VLQs preferentially coupled to 3™ generation
quarks with partial Run 2 data (36 fb1).

« Combinations can lead to significant improvements in sensitivity.
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o
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Vector-like quarks: current program

Broad program of searches for pair production of VLQs preferentially coupled to 3 generation
quarks with partial Run 2 data (36 fb1).

Combinations can lead to significant improvements in sensitivity.

Full Run 2 program underway. Individual searches now have comparable/better sensitivity than
partial Run 2 combination:

* x4 larger integrated luminosity
* Improved experimental techniques (e.g. boosted object tagging).
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Vector-like quarks: current program

Similarly broad program of searches for single production, again q
focusing on preferential couplings to 3 generation quarks.
. W, Z, H
Powerful handles against backgrounds: T/B
» Forward jet tagging bit, t/b, t/b
» Boosted object tagging g
00
» VLQ mass reconstruction b,t
More complex interpretations (mass- and coupling-dependent).
Highest sensitivity achieved for singlet representations.
2 L R R Rl R LA RS LRl RRRR RARRE R a o L L L L L L L B L
§ ATLAS Preliminary ¢ Data —VLQ = 104 L o —
W 403 fs=13TeV, 139 fo" mTop WZijets 5 :,\_j\ E ATLASPreliminary —— Theory (NLO) 3
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Post-Fit %7/ Uncertainty— Pre-Fit Bkg. | — 3 __ Single-T Production —— 95% C.L. Obs. Limit __
v mr=1.7 TeV, kr=0.5, singlet _ + 10 05 singlet [ 95% CL. Exp.+lc  §
E 2 E BR(T— Zt) = 0.25 [ ]95% C.L. Exp. +2¢ ]
B~ E
10: Sy : E
; e | > E
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‘ Vector-like quarks: opportunities I

* Non-standard production: e.g. via W'/Z'.

* Non-standard decay modes: e.g. Q=>qg+n, n CP-odd scalar;
3-body final states as in 4321 model, etc.

q

b,t,t

* VLQs preferentially coupled to light-quark generations.
Most recent search by CMS in Run 1!

Production Channel

Dq —+ Wqq
Dq — Zqq

Qg — WqWq
QQ — WqZq
Q9 — WqHq
Q9 — 729Zq
QQ — ZqHq

Single (electroweak)

Pair (strong)
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‘ Vector-like leptons I

» Predicted in Composite Higgs models and other UV-complete constructions.
Typical mass O(TeV).

« Can explain R(K), R(K*) (via loop effects), a,, and/or CA anomalies.

« DY pair production dominaht (via W* and/or ZIy*).

» Typically CC (I'>Wv, v’>WI) and/or NC decays (I'>Z/HI), depending

L — PppP>7T
. — PP >yy
on the SU(2), representation. =10°% —— PPEuE
2 F Doublet VLL
I [
1 L B S B B T T 1 T T T ] g I
ool Doublet VLL | ol Singlet VLL g 10%
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o 10'F
8‘)0.6* b F . |
£ o] 5 _ - Singlet
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0af o ht 1 arXiv:1510.03456
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arXiv:1510.03456
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Vector-like leptons: current program

* Most advanced searches target multilepton final states (21, 3, 41), but

are not optimized for vector-like electrons/muons:

» Type-lll seesaw heavy-lepton multiplet (flavor democratic scenario)

» Vector-like taus in the doublet and singlet scenarios
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Vector-like leptons: current program

* Recent CMS search for the VLLs
appearing in the 4321 model.

« Complex cascades giving heavy-flavored
multilepton+multijet final states.

Tau VLL production Final
multiplicity + decay mode state
EE — b(tvr)b(tvr)  4b+4j+2v;
0t EN — b(tvr)t(tvr)  4b+ 6§+ 2v¢
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‘ Vector-like leptons: opportunities I

» Develop optimized searches for the three different vector-like lepton flavors separately.

Given the small production cross section, must optimally exploit broad range of possible

signatures (including hadronic W/Z/H decays!):
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Program should reach similar level of
sophistication as for vector-like quarks! O
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‘ Vector-like leptons: opportunities I
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» Consider other novel production/decay modes.
E.g. Simplified model with VLLs (to address a,) and a Z’ (to address R(K), R(K")): e.qg. arxiv:2104.04461

E.g. Flavourful vector-like leptons decaying into flavor-violating scalars: €.9. arXiv:2011.12964
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1074¢ E
: 105 ‘ : : : -
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‘ Conclusions I

* The picture painted by LFUV anomalies is arXiv:2204.12175
exciting, but also quite confusing! AAFB

More experimental information is needed.

+ We have a broad search program probing b—>cv LQ Prenm——— a
relevant theory parameter space that can \ a
explain current anomalies.

=» Long-term program with real potential
for discovery! Y qq —> ee ¥

...But there are many areas where we ,
need to improve to make sure we leave no w SUi2)

stone unturned.
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‘ Conclusions I

* The picture painted by LFUV anomalies is
exciting, but also quite confusing!

More experimental information is needed! N[] ST[]NE LEFT UNTURNED

* We have a broad search program probing
relevant theory parameter space that can
explain current anomalies.
=» Long-term program with real potential
for discovery!

...But there are many areas where we
need to improve to make sure we leave no
stone unturned.

14.12175

* The landscape to be probed is vast, and _
the available resources/time limited.
_ Da
A vibrant theory-experiment interplay

critical to sort this out!
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Backup



Anomaly
scorecard

Non-resonant dileptons: current program

* Inclusive searches for lepton+MET completed by

both ATLAS and CMS.

* Non-resonant interpretation only available from
CMS as constraint on the oblique W parameter.
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Modification of W-boson propagator:
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http://cms-results.web.cern.ch/cms-results/public-results/publications/EXO-19-017/index.html

