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The Universe, per the Standard Model
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This picture 1s not complete!

No gravity!

No verified theory of
quantum gravity

No neutrino masses!

Neutrino masses require
degrees of freedom
beyond the SM

Naturalness!

Higgs field parameters
seem highly fine-tuned

No dark energy!

The universe is being
inflated by an invisible
source of energy —
what?

Not enough matter!
No dark matter!

Unable to generate
Astronomy + cosmology enough asymmetry
require a “dark” particle between matter &

antimatter in the

Neutrinos as we know Big Bang
them don't have needed
behavior N



Flavor physics: studying the matter sector & its interactions

Matter particle motion
+ interaction with forces

Matter particle interaction
with Higgs field

+ Matter particle interaction
with unknown things???




A Prototype

Consider neutron decay Nature on Fermi's paper:
- N ! ! “speculations too remote from reality
ew interaction to be of interest to the reader”

- changes particle type: not electromagnetic or gravitational

) . P
interaction! /
n o< G

- rare: neutron half-life is quite long, ~ 10 min

* described at low energy by four fermion coupling (Fermi

1933) % )
- but this predicts interaction rates that grow as G2 E2 N —
d
- Can guess that there should exist new physics at a scale ~ 1/G.2 o o
~ 300 GeV

* Direct observation of force carriers W, Z in 1983 at CERN
* Fermi theory is prototype of an “effective field theory”

Low energy: something is going on! m, = 80.4 GeV
High energy: let's see what exactly it is m, = 91.2 GeV




The B Zoo

BOTTOM QUARK

* Like other quarks, b quarks are only seen in
hadrons

- mesons (bq) or baryons (bqq)
~ for flavor physics purposes generally ignore
excited states or bb bound states (aka the upsilons)
— the behavior of those is dominated by QCD
° b quarks are (relatively) long-lived because |
Val, [Vw| are small
~ lightest B hadron lifetimes ~ 1.5 ps

~ characteristic flight distance ct ~ 0.5 mm:
displaced decays detectable with precision
tracking detectors

feebleness of weak decays potentially allows other
forces to affect rates noticeably




General mode: e*e” — Y(4S) — BB
- Precisely tuned to 10.58 GeV

* Previous experiments: BaBar (SLAC), Belle (KEK)
* Current experiment: Belle-II
* Advantages:

- Clean production environment: no (few) extra particles,
one collision at a time

- Constrained kinematics (total 4-momentum is known,
presence of B implies B)

- Reconstruct neutral particles (e.g. n° — yy) relatively well
* Disadvantages:

- Produce Y via EM processes, cross sections are low

- only have large samples of B* and B° since Bs etc. are too
heavy



Where do we study B hadrons? pp

General mode: pp — ???? — X, X5

Broad spectrum of B hadrons produced, at various
momenta

At the LHC:

- dedicated experiment for B physics (LHCb)

- two general purpose experiments that do B physics
(ATLAS, CMS)

Advantages:
- Strong production — high cross sections
— Produce all B hadron species
Disadvantages:

- Maessy collision environment, few kinematic
constraints

- Generally hard to work with n° etc.
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Past and Future
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* Great project for the next 20 = 00~ .
years: precision constraints : E
on rare processes! s ¢
1.0 :— Y &
B % i sol. w/cos 2B <0 :
- Summer 23 E (excl. atCL > 0.95) —
- i E = | L1 1 1 I L1 1 1 I [ I | | L1 1 1 I N I i
! Personal opinion 0 -0.5 0.0 0.5 1.0 15 2.0



Four-Fermion Interactions

R
W
X S X e » <« S
Y Y
o B
( g )2JXY_gaB+%\Jé, RS > Gr JXY(jRS)
21/2 - Mz "F 2

Collapse an expression with two dimension 4 operators + a
propagator to a dimension 6 operator, as |q| << mw 1f the fermions are
in hadrons

For W exchange, currents must be left-handed 10



Effective Field Theory

* “Old school” QFT: only dimension 4 or lower operators can exist, because higher-
dimension operators are non-renormalizable

2 _ G _
§€Auu7uu v F(S%b)(hw) X

- but exchange of high-mass particles will induce effective higher-dimension operators for
low-energy interactions

* “New” QFT: generically work with higher-dimension operators

- standard in B physics for a long time: compare measurements to SM predictions to search
for discrepancies

- calculate with them without worrying about the underlying ultraviolet completion

Wilson coefficients Og = (57, PLb)({v"0)

g.forb— A4Gp " O10 = (57, Prb) (P15t
ter:—.?nsicftgons: T He = - NG Vio Vis Z(Cioi +Ci0;) +hec. (’)1’902 ((;’ZZP;b))((Z’YJ;) |

11




Hadronic Physics

* Need amplitude for quarks from a short-
distance interaction to coalesce into a
particular final state hadron

r2.0

- a priori lattice gauge theory calculations should " ; 0 [
be accurate, but have limitations (in particular " B —
large hadronic recoil, and for strongly-decaying " s
hadrons in the final state) PRD 107 014510 (2023)

- otherwise typically fit form factors from data
using models/approximations ot

* Also have to care about “long-distance”
physics, 1.e. what hadrons do

- for example, by far the biggest contributors to O >

inclusive b — s¢¢ are CKM-allowed b — scc,
followed by cc — £¢

12



Things To Look For

Some new physics ideas...

9 S 4

Z' LQ . H .
b 2 b g 2 b g v
S ? C

Non-diagonal Z’, leptoquarks, charged Higgs, ...

Each would leave a different pattern in the Wilson coefficients
13



Anomalies

Two classes of potential anomalies under
study:
* b — sP? processes:

- non-resonant b — sup shows non-SM
m(pp) and angular distributions

b

* b — cfv processes:

- lepton flavor universality violation: t/p
ratio > SM (T mass means ratio is not 1)

s

Will show details from ATLAS analyses,
when available...

14



The “spectator quark” determines the actual hadrons
involved

- down:B° — [K* — K*1t]€¢, (Ks®— mm)€2
- up:B* — [K*— K] €L, K+
- strange: B — [p —K*K]e¢, 22

dr/dg?

- baryon: Ay® — pK#¢

Different final states can probe different EFT
operators

Avoid charmonium resonance regions populated by
the (not rare) b — ccs process

Can look at muon/electron ratio for processes that
might not be lepton flavor-universal

Can also look at various distributions - e.g.
branching fraction vs dilepton mass, or angular
distributions

dB(BY — ¢u*u)/dg? (GeV =2t

. 1606.009176

TH

Photon pole
&~ enhancement (from C7)

CKM suppressed
o light-quark resonances

Sensitive to C;—Cy
interference

N

Broad charmonium
\ resonances (above the
open charm threshold)

Sensitivity to
Cy and C)y
—>

phases;ac}‘

suppression
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The Anomaly That Wasn't: Universality Violation

Differences between muon and electron
rates would be a smoking gun for new
physics

- could not be faked by hadronic physics

Significant evidence was reported in
multiple channels by LHCb

Turned out to be a consistent
underestimation of electron backgrounds

Discovery of new physics in these kinds
of channels will require evidence from
multiple experiments

LA LI L N I N ) B L L B BB B
Q‘E\ﬁ 1.0 ;_I.h ....................................... Ao ]
0.8
0.6 ® LHChH
042 \ BIP
S v CDHMV T
L \June 2017 B EOS ]
0.2 F @® flav.io
T LHCDb ]
0.0k

Ry k-

- Dec 2022

|
I t

{ Data
— SM

Y =16p=0812, 0 =02

Ry low-¢> Ry central-q¢® Ry low-¢> Rp- central-¢
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B° — K*nu Angular Distributions

. 0
* New physics in b — sy can alter the V}\ O\i_\\
angular distributions of the decay ) By \Ox

products in B? —» K*pup — Kmup \ \A\\
- relies on K* being a vector with two H —

different quarks

» “P's” coefficient shows a potential 3;[3“ TP i 0+ P cos 0 + 1T sin” 0 cos 26,
deViation fI‘Ol’n SM -FL cos’ Ok cos20; + S3 sin’ Ok sin’ 61 cos2¢

+54 sin 260k sin 2607 cos ¢ + S5 sin 20k sin 07 cos ¢

+56 sin’ Ok cos O + S7sin 20k sin 0, sin ¢

- look in different bins of g?(up), avoiding
J/p, w(2S), $ resonances

e ATLAS result from Run 1, 20 fb!

+Sg sin 20k sin 26, sin ¢ + Sg sin® O sin® 0 sin 2¢

Si=4.57.8

P{=456,8 -
= VFL(1 - Fp)

JHEP 10 (2018) 047
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/BPHY-2013-02/
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¥

“Most interesting bin" is P’s, g> € [4 GeV, 6

GeV]

Can see e.g. lack of expected cos ¢
modulation in signal fit: P’s = 0 in our fit for

this bin

of course, simultaneous fit to 8x and 6. as well

not a significant difference from predictions but
deviation in the same direction as other results
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CFFMPSV fit
theory DHMV
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T T
I L
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e
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B — LR

B; — pp is another process sensitive to the bsup

vertex, but with different coupling structure
* Use 2015+2016 data, 26.3 fb! after prescales
* Rare decays sensitive to bspup and bdup couplings

(incl. Oy)

* ATLAS dimuon mass resolution not good enough to

separate Bs and B peaks

fit simultaneously, but expect strong correlation of

branching fractions

* Normalize number of observed decays to the

number of B* — J/yp K*:
B(B,)y—utp™) =

X

Reference branching fraction
[B(B* = Jjp K*+) x BJ/ — ptp)

Ratio of B meson
species production

> | T ‘ T T T | T T T | T T T | T T T | T T
) B . ; ; ]
= Fc BlowwMe ATLAS Simulation ]
S a0 Double Gaussian fit Vs =13 TeV, 26.3 fb —
; L + B s utuMC _
s [ —— Double Gaussian fit ]
o
> 15— —
Lu -
10/ ]
5 .
ole! il L bt olois b al
4800 5000 5200 5400 5600 5800
Dimuon invariant mass [MeV1
> L L B L L B L B L B
2 90000F- ATLAS o 20152016data _J
E _ -1 : 3
© 80000E- Vs=13TeV, 15.1 b Total fit result 3
o = B T B'— Jiy K 3
@ 70000E" — Dottaly reeon. 3
= E U y! =
EJ 600005_ ----- Non-resonant bkg. "
L 50000 - B> Jy -
40000~ =
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20000 & —=
10000~ —=
0 rennaa —
=T ]
R
—of- t¢ the t t ; 4 t H

-4

5000 5100 5200

JHEP 04 (2019) 098
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My K [MeV]
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/BPHY-2018-09/

Bis) — 1 Results

. % g ~ T T T T T

* Combine Run 1 and early 13 TeV data S o revosa
. ; 142 0.4163 < BDT <=1 — - Continuum background —f

- results compatible - S R oo 1 1 X background

Lﬁ N Peaking background E

- sensitive to lower BRs for B — pp vs 12 o

B: — pp because f4 >> f; 1 E

_ _ JHEP 04 (2019) 098 | :

- anticorrelation of Bq and B; BR , \ 3

5460 5600 5800
Combined B(BE — f—""+”_} — (28 + (]T} X 1[}—9 \ Dimuon invariant mass [MeV]
Run1+2015/6 BB = u*p™) = (=1.9+£1.6) x 10719,

— E 1'2;_ ATLAS —— 2015-2016 data _;

= 1 g

2015/6 result uncertainties S o runTraoTEOIecER

T r T - Likelihood contours for 7

Source B,(s) [%e] RO [%e] -y 0.63— ST e, 2aRb-2ae2ns 3

fs /fd 5.1 - @ - E

B yield 4.8 4.8 C ]

R. 4.1 4.1 _ _

BB > J/W KN XxB(J/W — utu) 29 2.9 : -

Fit systematic uncertainties 8.7 65 = -
Stat. uncertainty (from likelihood est.) 27 150

BBY - u+u)[10°% 20



https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/BPHY-2018-09/

Bis) — np Combination

+ CMS update [PLB 842 137955 (2023)]

0.6x10° CMS _140fb" (13 TeV)
ATLAS CMS LHCDb - Summer 2020 0 5i -
~ - > | = — | E— S— B
o : e Prehmmary ATL A S ] - |
= 05F _,4,_'__7,_/_' 2011 - 2016 data --.CMS — —04f
0.4 [/ l/ e /,’ ~\‘~ s \N _C b d < = :
+ Iy SO ombpine N
3‘ iIl I// “ \E T 03__
T 03F 3 @& !
o " ’," N Q 0.2
Q 02F{, \ I
Q C L Vo i
0.1F | A 01 ST L
A I3 - | owopg VG
Otl\l L] 0_||||=.||||\||||||||||I||l||||F||X10—9
1 1 2 3 4 5 6 7

B(B] - )

\-/U]

B(B) — wu) (107

21



* Fits significantly favor non-SM C | (2023)
- but flavor-universal 2 /
* Remarkably consistent EFT picture _ ,,«'jjjﬂjf-;’%fff::’/
¢ Multi-o discrepancies in individual e
measurements et : f;wsax.m
 Would look to hadronic uncertainties - no K
for a SM explanation i
- some of these could be constrained with K
data ) I | | ‘\Zm\[_\gf. |
Cou
Wilson coefficients Oy = (57, Prb)(£4"0)

A - §
Heg = _ﬁmb iy Z(O’ioi 4 Cz{(’);) + hee. O10 = (57, Prb) (by"~50)

V2 Oh = (uuPrO("0)



Fits

C . . Scenario Best-fit point lo Pullgym p-value
. ffi b
OnSIStenCY O t aCIoSS DINS Scenario 0 coF =Cpf =cf -117 [—1.33, — 1.00] 5.8 39.9%
. . Scenario 5 () —1.02 [—1.43, —0.61] 4.1 21.0%
. ff 1 :
Ditterent NP scenarios leave Ch ~033 (~075, —0.00)
. . . . cl=cl +0.19 [—0.16, +0.58)
different fingerprints in Wilson Sewrio6 G, ==Cf, 02 (-034. 021 40 180%
=y -0.41 [—0.53, —0.29]
COGfﬁClentS Scenario 7 a, ~0.21 (039, —0.02] 56 40.3%
ra] —0.97 [— 121, —0:72]
Scenario 8 Co, = —Ciou —0.08 [—0.14, —0.02] 5.6 41.1%
e —1.10 [—1.27, —0.91]
2 T T Scenario 9 et =20 —0.21 [—0.29, —0.13] 27 9.3%
[ T ® B — Kutp ] Clo —0.06 [-0.23, +0.11]
I | Scenario 10 ey —0.65 —0.81, —0.50 4.1 19.1%
1k : W3- Kty | ] 2 ; !
_ i co +0.05 [—0.08, +0.18]
® B, — optu 1 Scenario 11 o —0.68 [—0.84, —0.52] 4.1 19.0%
0 T L SM 7 Criy —-0.03 [—0.15, +0.09]
—— i Scenario 12 i +0.21 [+0.07, +0.34] 15 6.0%
5o o F ] ] Clo -0.14 [—0.26, —0.03]
-1 r ; :: G!thﬂ Fit] Scenario 13 C;L —-0.78 [—0.97, —0.60] 38 19.2%
| - ' l ® ] 3, +0.33 [+0.10, +0.57]
2oL ] ‘el +0.11 [—0.04, +0.26]
[ 1 Cri +0.13 [—0.03, +0.30]
[ 1 Scenario 14 C")J —1.16 [— 1.33, —0.99] 5.5 39.0%
-3r ] ¢y, ~0.10 [—0.24, +0.04]
i 1 : . ‘)‘J: Scenario 15 cy —1.16 [—1.33, —0.99] 55 38.4%
L . T R B -\.E(-."DMP‘. i Cye +0.03 [—0.05, +0.11]
0 5 10 15 20

q 23



*  With spectator quarks:
- B > [D— IE*r['rt'] 2y,
[D* — (D% — K*m)m-| &v
- B — [Ds — (¢ — K*K)n] v
- Bt — J/p v
- Ny — AWV
* Harder to do at hadron colliders due to
neutrinos

- needs detailed modeling of higher
multiplicity decays (e.g. B — D* v, where
the n° is missed)

* Can potentially be done with both
leptonic and hadronic t decays

24



* Experimental situation more
challenging than for b — s¢¢ o4

% N AL ! ' ntours

* R(D*) and R(J/y) are more = = tLbD;aBar :
accessible to hadron colliders “F E
than R(D) because D* are more osE E
pure : '

- tag with D* — Dt 0.25 ‘ Lﬂi:

* Need theory for semileptonic N W NESEE e
decay form factor prediction; F Eoeascms Ef%}f o E
R(D)

updated lattice computations 02 03 0.4 05
In progress

25



LHCDb Data
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LHCb: Example Control Region

D% + exactly one additional nt
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Interpretation of b > c?v

§  Ap-ibemow ]

* The process is tree-level in the o paets_( =
SM: visible modifications wE 1] N —
require large BSM contribution B E

- presumably tree-level E e ——
Measurements pulling away RCEy . TR
from SM are combined " " " " ko)

R(D)/R(D*) determinations 3 -4 IR T
* No conclusive single :

experiment measurements,
frustrating situation

World Average

(]_2 —  JHELAV SM Prodiction R( Dl:el._t-&ﬁ:ﬂ.elﬁﬁw -
RIDY = 0295 + 0,004 R(D* = 0285 2001, 4
p=-0.30
C RIDY) = 0.254 * 0005 Do) 206
PR T T T TR I S TR T SR RN TR S S T N
0.2 0.3 0.4 0.5

R(D) 28



Anomaly summary

* Lots of channels show few-o B(BY — Kutu) 11,60
- . B(B* — Ktete ) [1.1,6.0)H  —e=
departures from prediction BB+ > K ui) ——

B(BY — ¢uty) [1.1,6.0] -

° b — sff completely driven by B8 i) 11
LHCb except for Ps' and B — pp

PiB" — K0yt ) [2.5,4.0] ——
Pi(B" = K* “#m ) [4.0,6.0] — ——

ko [0.1,1.1]

[
* b — cfvhas important o e
contribution from B factories i“ﬁ o1 e LLFUV
. Ryo [1.1,6.0]
(especially R(D)) |

Ry-+ [0.045,6.0] —
Ry [0.1,6.0] 5 —e—
Muon g — 2 (WP) — —-
Muon g — 2 (BMW) -

R(D) — —
R(D*) ——
R(J/v) —

R(AT) I

b — sf¢

b — clv

B(BT — 77v) ——

1T 17 T 1T 1T T 1T T T 1
-6 -5—-4-3-2-10 1 2 3 4 5 6
Pullin o

‘ patrick.koppenburg@eern.ch 2024-03-21 ‘




ATLAS x B anomalies

Overall, ATLAS has a lot of data

- 1n many cases we can be competitive with
LHCD, e.g. Bs — 1y for the same years of
running has similar sensitivity for all
experiments

We also are an independent experiment

with different systematics
- observation of new physics needs confirmation
Our capabilities depend strongly on triggers

- OK with inclusive dimuon, great if we can do
dimuon + X
Lack of particle ID not so important if
intermediate resonances are used to reduce
background

0.6¢ ATLAS CMS LHCb - Summer 2020
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ATLAS Triggers

. . > = AL L L DL DL
* Lldimuon triggers are the base for muon ~ & -ATASPeimnay . :
© 407 Vs =13 TeV J>6GY |
channels =1 s o
- Dedicated chains at HLT which find £10° 3
additional tracks and reconstruct pp+X to o M 7
boost rate
* Dielectron triggers use all L1 accepts and 10%¢
searches for soft electrons at HLT
- looking to reduce the set of L1 items to Y amas g oveten
those that produce reasonable rate g |t
. o __ vy 242 AAAA“AAAA‘AA . I
- separate chains that use L1 EM+EM (or - s ““AAAM%MM;_WO
jet+EM) items 40:_ L1: All events accepted by L1 trigger _575
f * 1 HLT: 2 closey elections. ‘550
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ATLAS vs CMS Triggering Strategies

CMS has cleaner low-pr hardware triggers for muons than does ATLAS, can tolerate a higher
rate into the software trigger

CMS has a few strategies for increasing data rate:

- ‘“parking”: record events to be reconstructed later, when offline resources become available. Trigger on
muon from a “tag” B decay.

- ‘“scouting”: reconstruct muons in the software trigger, write out only very high-level information.

ATLAS can do these, as well as writing “partial events” (writing out only parts of the raw data
for an event)

- our studies do not find these to be optimal strategies for us
CMS Preliminary L=0.2fb" (\/E =13.6 TeV, 2023)
E | Inc‘luslive‘ |0\‘N r‘na‘ss ::lirr‘luc‘)n tlrig‘ge‘r R - ‘E ] ‘Ii‘l Y‘(nS‘) 1r;gg;r E
108 - W Displaced low mass dimuon trigger E 4

105k Jip i Loy

104

Candidates / 1 MeV

{10%

N ﬁ'ﬁ[-l‘u}[,‘,”fﬂjt_wﬂ

10'}

BT TR
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Summary & Outlook

* Precision measurement in B physics complements direct searches
for new physics

* Lepton flavor universality is gone, but regardless, still very
significant departures from SM expectation in b — s#¥

* b — cPvanomalies still there but (to my taste) less compelling

* However experiments other than LHCb need to step up and confirm
measurements

- ATLAS and CMS have capabilities in this regard
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