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Flavour anomalies
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However, the other b>spup
anomalies are still there!

LHCb B*— K*u*u~ [JHEP 06 (2014) 133]
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‘ Possible new physics explanations I

* Hundreds of phenomenological . arXiv:2204.12175
papers over the last years proposing This talk AV
explanations. Sese

» Successful explanations need to
satisfy many constraints.

» Today will discuss recent searches

(since Moriond 2022) by ATLAS and
CMS in the context of non-SUSY
explanations of these anomalies.

For recent results on searches
for new heavy fermions, see
Haifa Rejeb’s talk today




‘ Leptophilic vectors/scalars: Overview I

Flavoured light vectors and (pseudo-)scalars appear in many SM

extensions that explain b->sup (for masses >10 GeV) and a,.. b 7 p

W)
B~

E.g. a Z' associated with the spontaneously broken U(1),-L; symmetry
only interacts with the 2"¥ and 3™ generation of leptons at tree level

=>» Challenging at a hadron collider.

* For Mz;s>5 GeV can perform searches at the LHC.

» For lighter Z'/S can use fixed target experiments (very light scalars
can be long-lived!).

Flavor-violating couplings to quarks can also be generated without new
sources of flavor violation via loops.
=>» Searches for Z' in associated production particularly interesting!
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arXiv:1704.06005




‘ Leptophilic vectors/scalars: Overview I

» Flavoured light vectors and (pseudo-)scalars appear in many SM

extensions that explain b->sup (for masses >10 GeV) and a,.. b 7 p

W)
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+ E.g. a Z associated with the spontaneously broken U(1),-.; symmetry
only interacts with the 2"¥ and 3™ generation of leptons at tree level
=>» Challenging at a hadron collider.
* For Mz;s>5 GeV can perform searches at the LHC.
» For lighter Z'/S can use fixed target experiments (very light scalars
can be long-lived!).

* Flavor-violating couplings to quarks can also be generated without new
sources of flavor violation via loops.
=>» Searches for Z' in associated production particularly interesting!
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Events /0.8 GeV

sygssgass

Search for Z'in L,~L. model.

Event preselection:

* 24u w/ pr>20/15/8/3 GeV.

¢ min(m,,)>4 GeV, minAR(,,)>0.2

¢ 80<m,,<180 GeV (excl 110-130 GeV)
Main background: Z(Z*/y*)>4u

Dimuon mass pairing:

o Z1: p*w pair with smallest |mz¢-my|

* Z2: remaining pu"u pair with largest mz,
Further signal-to-background discrimination via cut on a
DNN trained using muon and Z1, Z2 kinematics.

Final discriminating variable: mz; or mz, after DNN cut.

-

Data / Bkg
o
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No significant excess observed

ATLAS

Vs= 13 TeV, 139 fb™"

—— ATLAS obs.
—— Neutrino Trident
—— Bs mixing

Equivalent CMS analysis:
CMS-EXO-18-008

ATLAS exp.
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2018-57/
http://cms-results.web.cern.ch/cms-results/public-results/publications/EXO-18-008/index.html

CMS

ttd(>ee,up,11)

+ Search for ttop(=>ee,up,tt), with ¢=scalar or pseudoscalar.

+ Broad multilepton search considering 31 and 4| multiplicities
(including e, p and thaq)-

+ Complex event selection and categorization.
* Main background: tZ*/y*, non-prompt/fake leptons

+ Atotal of 19 signal regions considering different lepton flavor /'
combinations and targeting low/high mass hypotheses.

Also interesting results on searches for
Vé(>ee,up,tt)! Not discussed here.

CMS-PAS-EXO-21-018

+ Final discriminating variable: dilepton mass. :

CMS Ppreliminary 138 o {15Tev) CMS Preliminary 138 fb™ (13 TeV)
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No significant excess observed
Experimental limits should also closely apply to ttZ’


http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/EXO-21-018/index.html

‘ Leptoquarks: Overview I

+ Leptoquarks (LQ) appear in BSM extensions trying to address the SM flavor (and other) ¢
puzzles, e.g. GUT SU(5), Pati-Salam SU(4), RPV SUSY, composite Higgs models.

« Scalars (S, R) or vectors (U)
» Have fractional charge and carry color, B and L quantum numbers LQ
» Mediate interactions between quarks and leptons

» Can provide an explanation for different flavor anomalies: q

; b->ctv z b->suu
- . 4 w LQ type | Rkw | Rpe | (g—2)at 1L
b c + G Vr b 3 s + no i *?1 X* \/ /
g ]//Q < g /42 < 5 | w | ™ x
b - S 53 v X X
B _~* ™~ D® B KO Ry X* 4 v
R, X X X
Uy v v X
a, U1 4 X (X)
Us W X (X)

arXiv:1808.00943

Most favoured? arXiv:2002.12544

HUR




o(pp = LQLQ) [pb]

‘ Leptoquarks: Production and decay I

Pair production Single production Off-shell production
9 q g q 1 et
LQ - /A LQ s ] A Q Y | \
- 7z (
25 ANt ey 2 SU" k,'/ﬂél\@\
R q s BN F
N
g q 9 - 1 ‘ J
QCD production (universal mode) Depends on q PDF (Depends on q PDF)?2 X
o only depends on m g o~ \2 o~ D MLQ
Sensitivity to low m g Sensitivity to higher m g Sensitivity to very high m_q
if A sufficiently large if A sufficiently large
103 0 . 0 .
- —— scalar LQ (NNLO approx. + NNLL) * Explanations of the flavor anomalies put the focus on particular couplings:

vector LQ (Yang-Mills coupling, LO)

vector LQ (minimal coupling, LO)

0 0 A"\ 0 0 4004
E.g.fortheU;LQ: B, =|0 B B z(o +0.02 +o.2)

” bu bt —0. ‘10
arXiv:2103.16558 0 g* pt 0 02 (1]

* However, other coupling textures are possible and there may be other
LQs that do not affect flavor anomalies = Need a broad program!

400 600 800 1000 1200 1400 1600 1800 2000

m(LQ) [GeV] 10



Leptoquarks: State of the art
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Scalar leptoquark pair production, all contours at 95% CL March 2023
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Overview of CMS leptoquark searches N ATLAS Preliminary
CMS Preliminary March 2023 -1 =
LOleLate). BRLO~&) =1, j=u.d 1811.01197 s 36 -t :(’jm Vs=13 TeV, 139 fo E
g LO(ELOle)) + LOELOW,)), LQ, j=u,d 1811.01197 — 36 fb! :I, E E
5: eLOle), BRILQ~e) =1, A=1,j=u,d 1509.03750 — 20 b1 (8 Tev. & 0.7 —
| [P, 2202.08676 —— 171 ‘l 0.6E- E
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> 031021 B S E Thr 3
3 coenown. mmuo-m=14=1 1809 ;u:m e | g - [arXiv:2303.01294] 3
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] 2i brtv E
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P ot IR | VI PR IR AR B
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: ’ o ! : oz 1127w . — Scalar leptoquark pair production, all contours at 95% CL March 2023

LQ(TtLQ(TE), BRILQ - Tt) =1 2202.08676 137 fb ,; N L I P |'\'. LA L B L Y L L R
LOWe Qe BRILQ Vo) = 1, j=u,d. s, ¢ 1909, Sociieney 137 fo-! .? 0 gi . ATLAS Pfe“minary =
= —— 9F Bl
g LOWbLOW:b), BRLO=v,b) =1 1900. - —— — 137 o « E Cross-generat|0 Vs=13 TeV, 139 fb1 E
5; LOWELOW:, BRLO= vt =1 1909. Ee 1371 o€ 0'8; =
3 I T E I o os-La1TeV (@] - b d =
LO(-ULQW.1) +v.LQ(v.u), BRILQ»v.u) =1, A=1 2107.13021 1370 = 0.7 ObSeIve! -
0.00 0.25 0.50 0.75 1.00 125 150 175 2.00 a e MY T expeCted |
Scalar W Vector(k=0)  mmm Vector(k=1) Mass Scale [TeV] | 0.6 i
Selection of bserved exclusion imitsat 95% C.L. (theory uncetainiesare not included) — c tete (2¢) E
0.5 — iy (22) =
— — N E E
S o4b WHEP 10 (2020) 112] 3
+ E tete (3¢ + 47) 3
. . . . . . 0.3 — iy (3¢ + 4¢) =
Broad program of searches for pair-production (including combinations!). =EF [ATLAS-CONF-2022.052] ]
. . o 0.2, tebv E
Growing program of single LQ searches. ® g — v 3
. . . "E / [arXiv 2210.04517] E
Increasing focus on non-resonant production to reach highest masses. Ol TN

600 800 1000 1200 1400 1600 1800 2000 2200 2400
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11



https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2023-006
https://twiki.cern.ch/twiki/bin/view/CMSPublic/SummaryPlotsEXO13TeV

Events / bin

Data / Bkg.

LQ-t-I (I=e,u): Pair production

» Event preselection:

« 3 or4light leptons (e or p), 22 jets, 21 b-jets
Main backgrounds: ttW, ttZ/y*, diboson

Event categorization:

« Signal regions: (3I, 41) separately for tete tuty,
min(m;)>100 GeV.

+ Control regions for main bkgs and validation regions
(min(m;,)<100 GeV).

Final discriminating variable:

H . miss
. =)
Effective mass: meg Ljets PT + PT
B c e B N R o o R N R
1027 ATLAS Prellmmary 001 [LQS, (1.6Tev) = F ATLAS Preliminary @ pata  []LQY, (16TeV)
E ofw W Diboson 3 2 [ (5= B oy " 1
£ Vs =13 TeV, 139 fb” W) -Nonrpmmp“ = L V§_13Tgv. 139 fo”' [llfizy) Il Diboson
[ Signal regions \jorhe  Uncertainty & Signal regions Etwz [CJother
I 3/SR-e --Pre- FtBkg. 10? 4¢SR-e 7 Uncertainty---- Pre-Fit Bkg.
10 Post-Fit E [ Post-Fit
1
L 107"
102 | o | & 102 e
155 | E @ 15
I L D W ==
g g T £ ! 700777
o5t 1 T E 8 os- E
EOO 1000 1500 2000 2500 3000 3500 4000 gOO 1000 1500 2000 2500 3000 3500 4000
Mgy [GeV] My [GeV]

No significant excess observed

b v
p ; Eery i)
Q?mx LQ?nix W+
oz (=(e7,u™)
£ T~ (e, i)
Lanx t LQmix w-
(*(e*,,u ) (= (e~ 1)
b v b v

ATLAS-CONF-2022-052

g F 7 g P i 3
T o09rF = 2: ? ATLAS Preliminary JEE— ]
<E E ER=) =130V, 108! <o Exp. limit 3
o 08:7 ERE OMOMSs tuty WEse. o 7
] 07— = % CL limits exp. 425 ]
" 6; E % &= Theory (LO) E
05: E 3 3
04 ATLAS Preliminary | gl ]
0 Vs=13TeV, 139 fb" - E £
s BR(LQ — bv) = 1-BR(LQ — te) E ; =
0= 95% CL limits E 1045 =
0.1 3 E E|
1%00 T100 7200 7300 7400 1500 7800 1700 7800 7900 2000 107050 200100800 igon 0045200
m e [GeV] Migow [GeV]
Obs. limits @95% CL (for BR=1): . .
. @ ( ) Equivalent CMS analysis
For both Scalar LQ: m_ o>1.6 TeV
LQLQtete & { Vector LQ (mi L): m g>1.7 TeV (see also backup):
ete ector LQ (min. coupl.): m o>1.7 Te CMS-EXO-21-002
LQLQDtutu Vector LQ (YM coupl.): m o>2.0 TeV

12


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2022-052/
http://cms-results.web.cern.ch/cms-results/public-results/publications/EXO-21-002/index.html

LQ-b-t: Pair production @TL 3)

EXPERIMENT

» Event preselection:

+
s
* ThadThads TIThad (I=€,1) channels g LQ - - p
: : . or a recent search on excited taus
+ 22 jets, 21 b-jets 2 b : .
¢ (and LQLQ~>1qgrq interpretation) see
+ Single 14,4 triggers and single-lepton triggers ™ Aaron Paul O’Neill’s talk on Friday
. . LQ °
« Additional requirements: g <
_ miss b
* St =2gjizPr+pT > > 600 GeV
. p111:1155>100 GeV EXOT-2021-015
. . vy g RN R B L IR L 7 T L I L L A B A L L L A B
+ Main backgrounds: Top, Z+jets, Fake thaq 5 oot ATLAS S & b amas Bl Theory ()
. P . s E Vs=13TeV, 130 1b" 1T gL fs=13Tev.izen’ Obs. limit
* Final discriminating variable: Neural Network 2 98 scamria T g R vewrlovagmis el
0.7 95% C.L. E 10° ", 95% C.L. )
g 95% C.L. E _T‘ g foll e
- : : : : e | | C- 065 ops. limit =4 § 10¢ T
5 10°: aTLAS TN narenss I 2 10°F ATLAs —'—Q:;;,LD“WV)XS E 0.5E === Exp. limit q ©® JE XP- % 2000
2 (§=13TeV, 139 fb™" tt 3 £ = s=13TeV, 139" (Multijet) 1 TE e ODS. £ 10y = E
¢ ToTraa —— e 4 0 = 0.4 mmm Exp. £ togg = 106
- Post-it B 2 (oo E| = = Postit q 035 EXp. + 26,y E
5 Uricaainny - 10% E 0‘22 E 102 E
1 = - 1 E il e E D00 oo o oon Ta go Pn oo s a0l on oli 5a ¢ po g
s = 800700800 900 1000 1100 7200 1300 1400 1500 400 600 800 1000 1200 1400 1600 1800 2000
‘ LQ; [GeV] Mq [GeV]
$ s T T . e Obs. limits @95% CL (assuming BR=1):
% 05177 . . . . + \*5\ \* ] & : O RN} <~~;\\\:+\§;}3§1‘\\§ Scalar LQ mLQ>1 49 TeV
T E I I 3 © = | I I = .
- N N I U S R N - N U Vector LQ (min. coupl.): m o>1.69 TeV

PNN (mm = 1400 GeV) score bin PNN (mLO =1400 GeV) score bin

Vector LQ (YM coupl.): m o>1.96 TeV
No significant excess observed 13


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2021-15/

CMS

LQ-b-t and LQ-c-v: Non-resonant production

» Event preselection: Neglecting interference w/ SM bkg
* 1 thaq candidate, pr>130/190 GeV b T a T
- pP'$>200 GeV , 10 ~ Other
* Single thaq trigger and p7's trigger interpretations
¢ v q vr

Main backgrounds: W+jets, Fake thqq
Final discriminating variable:
« Transverse mass: mr(Thad, pPAiss)

R(D), R(D*)

CMS-EXO-21-009

Only LH couplings 138 fb™' (13 TeV)

138 fb (13 TeV)

138 b (13 TeV 5 87T+ “ o 121 : .

> T Tk @ k] u ! (' 167) (=2 r CMS ‘ ‘ ] (% —CMS 95% CL upper limits B
© CMS my.=1.0 TeV —— Data E 7E = > 1= —— Observed _
o My =5.0TeV [ Wsjets F B > T ; ]
@ Mg = 5.0 TeV [ Misid. 7, 3 E ] £ r = === Median expected -
= EFT tensor [ DY+jets & 6t £ S gl B 6% oxpected
= I Top quark — C ] S L 95% expected |
= I Diboson — A= gU/\/E 5F = O osb :

E ar 3 : ]

= £ ] 0‘4j ]

E 3F = 3

= C 95% CL upper limits, best-fit LHJ] 0.2

2:— — Observed —:
W AR Median expected 1 0
E%) i ——r N = 1: -g:/;::gyzz:' ) ,; Vector () Scalar (e2) Tensor ()
E anomaly-preferre i . . .
|z OfF .¢,+¢++T| { R TR TR A R First limits on bctv Cls
©
al -1t | I | | L 1 7 % X
451 0 103 251 03 mLQ (Gev) Lo D _2;/215 (1 + e}j’) TYuPLvr - 4" Ppb
GeV . . '
5 ) Starting to probe B-anomaly-preferred region + €7y, Py, - Ty Prb + €2 70, PLyy - 50" PLb
No significant excess observed + el PPy, @ PLb + €4, FPovy - T:Prb| + hic. 14



http://cms-results.web.cern.ch/cms-results/public-results/publications/EXO-21-009/

Events / GeV

Obs. / Bkg.

LQ-b-t: All production modes

» Event preselection:

CMS

Neglecting interference w/ SM bkg

b b T
¢ )
04 < 5 LQ ,

/\

T+

137 b~ (13 TeV)

— Single
— Pair

Expected by B anomalies

Nonres.
—Total

*  ThadThads ©Thads MThad, €M1, HU Channels g - < .
* Di-1n5q triggers and single-lepton triggers ailin LQ
» Main backgrounds: Top, Z+jets, Fake Thaq IQ< -
- Event categorization: g . ; ] B
* Resonant: 21 jets (pt>50 GeV), split in 2
categories: 0 and 21 b-jets (pr>50 GeV)
. CMS-PAS-EXO-19-016
* Non-resonant: =0 jets (pr>50 GeV),
IOW bOOSt & AT], Sp“t in 3 mViS Categorles z CI\SSS%PCT/Z:)Z::}IIMHS 7Sing|:337 fbl:lo(r:rZ:eV) (; 0222 ler_e:j:g:rl}i/mits
. H H . H H . £ — Observed —Pair  —Total i) — Observed
Final discriminating variable: | | oo S § | gomme,
» Resonant: SY*T = 3. pr + p** B 25} . @ 25
, 1= C Y ] £ F
* Non-resonant: ¥ = exp(|yr1 — ¥z2l) 3 . & E s
O _E = o,
T, 21b 137 o' (13 TeV) o Mue > : 151 - E
Fous e et ] o ol : y ~2-9c0bs :
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LQ-b-t: All production modes

« Event preselection:

*  ThadThad: TIThad (I=€,1) channels g ” < d

+ 21 jets, 21 b-jets (pr>25 GeV) e -

+ Single 1,4 triggers and single-lepton triggers LQ T
« Main backgrounds: Top, Z+jets, Fake thaq = .

+ Event categorization:
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 Low b-jet p: 21 b-jets (25<p7<200 GeV) EXO7-2022-39
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Including interference w/ SM bkg
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& LQ-b-t: Comparison of recent results

Including interference w/ SM bkg
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L LQ-b-t: Comparison of recent results

Including interference w/ SM bkg
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Large improvement in sensitivity CMS’ excess

Need to clarify interference issue for future interpretations when adding low b-jet pr category 19
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‘ Conclusions I

» The picture painted by flavour anomalies is exciting, but
also quite confusing!

» More experimental information is needed and ATLAS and N [] ST[] N E I_ E F T “ N TU R N E I]

CMS have critical contributions to make.

* During Run 2 we have developed a broad search program
probing relevant theory parameter space that can explain
current anomalies (and beyond!).

* Leptoquarks

+ Light and heavy vector bosons

* High-mass Drell-Yan tails and EFT interpretations
* Vector-like fermions, etc.

* For Run 3 we are building on the lessons learned and
expect significantly improvements in sensitivity.

=> Ambitious program with real discovery potential!

Scalars

the EXPERIMENTAL PLAYGROUND

Stay tuned!
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Flavour anomalies: Circa 2021
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Flavour anomalies
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Vector-like leptons: Overview

* Predicted in Composite Higgs models and other UV-complete constructions.

Typical mass O(TeV).

 Can contribute to b->spu (via loop effects), a,, and/or CA anomalies.

* At the LHC dominantly produced in pairs via the EW interaction.

+ Typically they are assumed to decay via charge-current and/or neutral-current
SM interactions, depending on the SU(2)_ representation.

* However, in particular models the phenomenology can be completely
different, such as in the 4321 model”.

Vector LQ s 73
N E
t b

Complex cascades giving heavy-flavored
multilepton+multijet final states

Shown at Moriond EW 2022
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Vector-like taus

Signature:

« 2 or 3 light leptons (e or n) and 211,54 Or 24 light leptons.
« Sizable E;™ss and possibly additional jets.
Main backgrounds: ttZ/y*, WZ, ZZ, fake ty,54-

Event categorization:

+ 7 signal regions depending on lepton multiplicity and
charge/flavour combinations (for 2| events).

* 4 control regions and 10 validation regions.

Final discriminating variable:
« BDT per signal region.
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Events /200 GeV

Data / SM

LQ-g-t: Pair production

Search for excited 1-leptons via a contact interaction.

Also interpreted in the context of scalar LQLQ->qgtqr
(q=u,d,s,c).

Event preselection:

*  ThadThad, 22 jets, di-thaq trigger

Main backgrounds: Z+jets, Top (tt/tW), Fake tyaq
Event categorization:

+ Signal region: m¢3!'>110 GeV, p>70/60 GeV.

» Control regions for main backgrounds, along with
dedicated validation regions.

Final discriminating variable: St = Xt jets Pr
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Events / bin

Obs/Exp

Events / bin

Obs/Exp

CMS

LQ-t-l (I=e,u,t): Pair production

. ( I
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LQ-b-t: All production modes

Event preselection:

*  ThadThads €Thad» MThad> €1, LKL Channels

* Di-1n5q triggers and single-lepton triggers

Main backgrounds: Top, Z+jets, Fake ty4

Event categorization:

* Resonant: 21 jets (pt>50 GeV), split in 2
categories: 0 and 21 b-jets (pr>50 GeV)

* Non-resonant: 20 jets (pt>50 GeV),
low boost & An, split in 3 m,;s categories

Final discriminating variable:
SYET = ¥rj1pr + PF
* Non-resonant: y = exp(|y;1 — Vz21)

+ Resonant: miss
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LQ-b-t: All production modes
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LQ-b-t: All production modes @%}
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Non-resonant LQ in bb—>1t1
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