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Theoretical Physics @ UoL: who we are

QF T+ (astro-)particle pheno

Alon Radu

John Juri

Martin

Susha ~ Thomas M Yannick Simon

7
7~

A .

V. v

+ ~ 8 postdocs, ~ 20 PhD

@ Deputy HoD Research: Weekly events:
students and several

" Thomas Teubner @ theory colloquium
emeriti
. @ Departmental Al lead: i i i
o Section lead: . 5 T e lattice/string/pheno meeting
Martin Gorbahn hadu latar @ student-led seminar
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Theoretical Physics @ UoL: (some of) what we do

(some) interaction points with DoPhysics

0 g —2
= “data-driven” (Thomas T, Yannick)
= “lattice” (Tobi)

@ precision QFT & Flavour:
John, Martin, Thomas T, Tobi, Yannick,

@ Quantum technologies:
= Q sensing (Juri)
= Q computing (David, Pavel)
@ Cosmo/Astro and Dark Matter:
David, Juri, Martin, Radu, Susha
...strings & pheno, BSM models, condensed matter, QCD phase diagram, future colliders...

Disclaimers

@ wide spectrum of topics with fluid boundaries
@ | am not an expert in most of these

@ far too much to cover in 17+3 minutes
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The challenge: Quantum Chromodynamics and colour confinement

quarks and gluons hadronic bound states
- ¢e G
_ 3 1 b ¢ ©
Lacp =¥ (i7" Dy — m)p — 3G, GH* © © < \ [Wikipedia]
03 decay (N°LO)
Tdecay et . .
low G2 cont. (NLO) perturbative at high Q
o e A e (NNLO) - | “standard” method k
ets e
025 [ e'*e’ jets/shapes (NII\ILO+NLLA) =] :> Stan ar met ods wor
) e*e” Z0 pole fit (N3LO) o~
‘g pp/pp jets (NLO) —=— .
g ozf o TRn NNLO) > non-perturbative at low Q
o1s | = "“standard” methods fail
orE o] Consequence: hadronic uncertainties
005 —_ as(mz?):lo.nsow.ooog : ‘ 4‘? d . . . .
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Lattice QCD simulations provide first principle predictions.
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Lattice QCD in a nutshell

Based on the Path Integral formulation.

(O =5 [ Dl.5, VIO, , U] 5554

Minkowski: Highly oscillatory, infinite dimensional integral.

= Wick rotate to Euclidean (i.e. imaginary) time (t — i7).

(O = ;/D[w,u?, U] O, 9, U] e~ Selv:Ul

Euclidean: Exponentially decaying, infinite dimensional integral.

= Discretise space-time and interpret as a probability distribution.

o Lattice spacing a (UV regulator) o [ — >, @ — finite differences
@ Box of length L (IR regulator) e Evaluate numerically

Lattice: Exponentially decaying and finite dimensional
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Parameters of QCD and scale setting

Lattice QCD = first principles QCD. Defined by parameters in the action:

e bare coupling constant g Sacnly, ¥, U] = SolU] + Sel, 4, U]

1 _
@ bare quark masses ms = /d4>< @Tr [Fuw Fun] + > ¢ (vuDy + my) s

Nf
Simulations takes bare quantities, but want to reproduce real world (example N =2 + 1):

@ want to determine 3 parameters: m;(= m, = my), ms and a(g)

@ need to sacrifice 3 predictions: for example m;, my and mq

Vary the quark masses m; and mg until Require (mq),,. = (ma)rpc
(amw) _ (@) and (amK> <M> o1 — (ma)epg
amaq / jag ma / ppa ama / ja ma / ppc (amq),,.

Everything else is a (QCD) prediction
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Stealth Dark Matter candidates and searches (i schaich, LsD, 1503.04203 - present]

Lattice field theory studies of composite dark sectors

=@
&

Combine early-universe interactions for relic density & thermalization
with present-day experimental constraints |

Many novel features & signatures [cf. arXiv:2602.23002 & refs therein]:

Direct detection via EM polarizability — o o< Z* of nuclear target

Collider signatures beyond &% + jets (e.g., tttb + ttbb, arXiv:2405.20061)

Stochastic gravitational waves from early-universe phase transition

Indirect detection via radiative decays

Diverse galactic sub-structure from self-interactions

@ Distinct from more traditional WIMP and axion possibilities

@ Lattice can make predictions relevant to all of the above! = lattice talk soon
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Over-constraining the Standard Model: CKM

@ Determine individual elements from
(many) different decays

@ SM CKM-matrix is unitary

CKM = theory ® experiment

o " Z kinematic X non-perturbative

1

= Different determinations compatible?
= Does unitarity hold?

experiment = ‘ Vy

[(B = tv) =~ |Vy|* Kfz
Amg = | Vi Veal® K2 BS)
dr(B — wtv)

T~ Vasl? (K 27(6?) + Kol (a?))

v

“best” channel depends on availability of experimental and theoretical precision.
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Preferred (lattice) determinations

Vud K—/fv (+ Vus)

T—lv

Vs K — mly

Vud Vus Vub
Ve D — v, D — wly

V = Vcd Vcs Vcb Ve Ds — lv, D — Klv
Vib

Vi, B — mly
Ve, B — D™y

1st p|ace to look: FLAG [Flavour Lattice Averaging Group] BO N EO (+ th)

Bg — B_so (+ th)
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V4, Vs and isospin breaking corrections

e |V,4| =0.97373(31) [nuclear 3 decay]
o |Vys| FF7(0) = 0.21654(41)
e ||\\22|| % = 0.27599(41) (IB-breaking correction

from XPT (cirigiiano.Neufeld'11])

J. Tobias Tsang (University of Liverpool)
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FIAG2024

[ attice results for fi-/1 2+1
[ lattice results for Ny=2 + 1+ 1 combined
[ lattice results for Ny=2 + 1 combined
nuclear B decay

0.960

0.965 0.970 0.975 0.980

[Vl


https://inspirehep.net/literature/1821327

V4, Vs and isospin breaking corrections

e |V,4| =0.97373(31) [nuclear 3 decay] ozzs
o |V FF77(0) = 0.21654(41) o
o o2

0.220 B lattice results for fy- /fy-
- lattice results for £ (0),
lattice results for fi-/fy-, Nr=2 +
3 lattice results for Ny=2 +1+ 1 combmed
[ lattice results for Ny=2 + 1 combined
nuclear B decay

| Vud | f 0.955 0.960 0.965 0.970 0.975 0.980

Vsl it — 0.27683(29) e (20).[35]
(IB-correction from lattice [pi carlo, ETMC '19]) (Ve

@ A lot of lattice activity for QED corrections
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V4, Vs and isospin breaking corrections

e |V,4| =0.97373(31) [nuclear 3 decay] ozzs
o |V FF77(0) = 0.21654(41) B e =
° o222

[ lattice results for f. (0)

0220 I e e o R
53 lathce resuls for =3 + 1+ 4 combined
|Vus| fKi o 0.218 = L?\}Eilteea:%s;\elzaf;urNy=2+1(omrbmed
|Vud| f;r:t - 0.27683(29)6(20)t[35] 0.955 0.960 0.965 0.970 0.975 09‘80
. . Va
(IB-correction from lattice [pi carlo, ETMC '19]) T Med _
@ A lot of lattice activity for QED corrections el P —e—
NLL, p 070 —— 1
@ [Moretti, Gorbahn, Jiger arXiv:2510.27648] — NLL; + ———e—Hnope A
systematic inclusion of higher order corrections K 1 e ; 1
. . Kp e i B
for Vg, using nuclear input from Hardy, Towner'20 PG | o e |
0.224 0.226 0.228 0.230
Vs
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Neutral meson mixing - background e.g. B(OS)

Neutral mesons oscillate: mass eigenstate # flavour eigenstate

_ 0 R0
b w q |BL7H>_p‘Bq>iq’Bq>

AVAVAV
Bq u, ¢t u, ¢t By = splittings in mass eigenstates:

7 AVAVAV, ; @ mass splitting Amg = my — my.

w e width splitting Al', =T — Ty

b u'/ C7t q

@ in particular Amg experimentally very

Bq<> W ; ; W ()Bq precisely measured!

q u,c,t b Time dependence: q _
[Bq(1)) = &+(1) [Bg) + g-(1)|B)

h =d 5 B
where g = d, s 1B3(1)) = Ca-(1)[B9) + (1) |BY)
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Neutral Kaon mixing

@ 5 independent (parity even) short distance operators (“bag parameters”)
@ Tensions for BSM bag parameters By, Bs persist Tt RBc/UKQCD, PRD, 2404.02207]
e Matching RI/(S)MOM <+ MS needed. Now available at 2-100ps [orbahn et i, JHEP, 2411.10861]

By B, Bs By Bs
e @ RBC-UKQCD24
L] o L] [ ] 18 RBC-UKQCD24
P HH SWMEILS
= | e b= b4 RBC-UKQCDI16
ETMI5
—_— i RBC-UKQCDI4 —— —+ —— —4—1| M SWMEIS
e | P ETMI2 ETMI15
——>— | B Laiholl
e —v— —— [P gl FH ETMI2
—<— | € BMWII
FLAG21 Ny=2+1
FLAG21 Nj=2+1
T T A y T T v y
v v v v
0700 0725 0750 0775 045 050 055 07 038 08 10 06 038

= Foundation for B(s) — E(s) miXing programme [JTT, RBC/UKQCD + JLQCD PoS LATTICE2021 (2022) 224]
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Status of heavy quark lattice physics?

FLAG2024 FNAL-MILC
Several tensions: 301 == (Prosent wor
4.5 Vv ] . B ETMC 17
B-D"L — f
BoDIv __linclusive % 251 j}
[} . 0
. 4l Bow Th-Th B-decays (+— mostly g
S o 7 2 2 £209
X o\ X “-rescaled...) E
Y o
5 £ 1.5
S35 Th-Th D-decays (—)
Th-Ex R(D), R(D*)? 1.0
3
B~Dy Th-Ex b — sti? 0.5 T T T T
3638 40 42 44 Th/Ex inclusive-exclusive? ¢ [GeV’]
Veol X 10
[FLAG'24] [FNAL/MILC'22]

Theory — Theory tensions < underestimated uncertainties somewhere
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Novel methods to scrutinise results

discretisation effects inter- and extrapolations ground state parameters

o large quark masses
and/or momenta

Tensions = overlooked systematics?

Suggestion of simplified benchmark quantities pTT & pella Morte, EPJ-ST 2310.02705)

@ renormalisation
constants

o HQ-effective actions

@ in quark masses

e EFT prescriptions (e.g.
HMxPT)

@ continuous description
of momentum transfer

v

@ excited state
contamination

@ neglecting systematics

@ neglecting/tampering
with correlations

[Boyle, Del Debbio, Khamseh, PRD, 1611.06908]

massive NPR

form factor bases

[JTT, RBC/UKQCD, PRD, 2303.11280]

[JTT, RBC/UKQCD, PRD, 2407.18700]

14 /25

[Flynn, Jiittner, JTT, JHEP, 2303.11285]
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enforcing unitarity constraints

Laplace Filtering
[JTT & Portelli, 2508.11541, PRD 2508.01900]
and its applications

[JTT & Zuchanke, in preparation)



The anomalous magnetic moment of the muon

. . . E821 i t at BNL, PRD 73 (2006) 072003
@ Spin magnetic moment 1 is related to (F821 experiment 2 (2000) 072003]

spin S by g: g v
e gL
p=g5-5 :
m 5 o
@ At tree-level: g =2 wl
@ g # 2 due to quantum corrections. Define wl
_ 2 ° b a0 0 TimemgguIQIDups‘nn
W="5
[Fermllab experlment PRL 135 (2025) 101802]
@ Sensitive to effects due to QED, weak and BNLEB21 '
. . Run-1 0
strong interactions (and NP?) RUN-2/3 I
. Run-4/5/6 +—o0—+
@ precisely measurable as a frequency: RUN-1-6 [
Exp. average +——t
exp,combined 11 " =
a, p x10** = 1165920715(145) [124 ppb] 20.0 205 21139_116529100
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g - 2 Theory [Numbers based on Theory Initiative white paper 1: Phys. Rep. 887 (2020) 1]

g — 2 — _ .QED weak strong, HLbL strong, HVP
T_au—a# +a, +a, +a,

e QED (differing input for «v) [pRL 109 111808, Atoms 7 28]
aZ"P x 10' = 116584718.931(104)
aZ"P x 10' = 116584718.842(106)

@ Weak [PrD 67 073006, PRD 73 119901, PRD 88 053005]

ek x 101 = 153.6(1.0)

e Strong (Had. Light-by-Light) (pro 70. 113006, PRD 95, 054026, JHEP 04 161, JHEP 10 141, PRD 100 034520, PLE 798 134994,
JHEP 03 101, EPJC 74 3008, PRD 95 014019, STMP 274 1, PLB 787 111, PRD 101 054015, PRD 101 074019, PLB 735 90, PRL 124 132002, EPJC
81 (2021) 651; EPJC 82 (2022) 664..] — hadronic models, data-driven & lattice: all consistent

ay, Pl x 101 = 92(18)

e Strong (Hadronic vacuum polarisation) 777
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“data driven” vs “lattice” at WP1

SHVP _ (amu>2/00 dsw aZIVP = (:)2/000 dtK(t)G(t)

. 3 m2 52
0

@ dominated by light-quark contributions

e dAominated by low s region o K(t) - known analytic function

@ K(s) - known analytic function e G(t): lattice 2-point function(s)

® Ruaa(s) = WU(GJFG_ — hadrons) @ Independent of experimental inputs
@ based on experimental data (other than m,, and scale setting)
@ sum over exclusive channels @ sum |+s+c+disc.+sIB + QED

White paper 1 [taken for Theory prediction]: | White paper 1:

afVP x 10" = 6845(40) al!VP x 10" = 7116(184)
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Two game-changing new results
Input for data-driven Complete lattice calculation
[BMWc 20, Nature 593 (2021) 7857, 51-55]
Isospin symmetric

[lgnatov et al. (CMD-3 Collab.), PRD 109 (2024) 11, 112002]

before CMD2 connected light connected strange connected charm disconnected
CMD2 633.7(2.1)(4.2) 53.393(89)(68) 14.6(0)(1) -13.36(1.18)(1.36)
SND . QED O,,,,O Strong isospin-breaking
—— KLOE comb isospin-breaking: —CD O
BABAR valence comected  discomnected
connected -1.23(40)(31)  disconnected -0.55(15)(10) 6.60(63)(53) -4.67(54)(69)
—_—— BES

000 w OO, &

ottom; higher order;

—_— SND2k @ isospin-breaking: penurBanne

I
I

- CMD3 connected 0.37(21)(24) sea disconnected -0.040(33)(21) oy
1
360 3(15_5‘: 370 n.g'5063r0 038885(3 ‘1,’: 010_10 QED Finite-size effects
ar™ (0.6</s <038 GeV ), Jenahir bresking: o
. . - mixed i

Tensions between experiments (inputs for ol o osanisy  dssommesies 00112A04) fsospn reakng
data driven method) in dominant region 107%2, 0 = 707.5(2.3) 1(5.0)yl5. Shox
o Kloe vs BaBar @ Impressive result: sub-percent precision
e CMD3 tension yet to be understood @ Needs independent verification
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Contributions to the HVP: by windows [JTT, RBC/UKQCD 18, PRL 121 022003]

Particularly challenging:

small t region: discretisation effects large t region: finite volume effects
2 (o]
HVPX _ (& 2
VEX <;) /0 dt K(t)G(t)

Q: How can we scrutinise these difficult calculations?

19/25 J. Tobias Tsang (University of Liverpool) Theory Efforts



Contributions to the HVP: by windows [JTT, RBC/UKQCD 18, PRL 121 022003]

Particularly challenging:
small t region: discretisation effects large t region: finite volume effects

HvPX _ ()2 [T . %
a, _<7T)/0 dt Tx(t; to, t1, A)K(t)G(t)

Q: How can we scrutinise these difficult calculations? A: Separate these regions!

Split integration range Rrec/ukaco 18] O(to, tr, A) = (1+ tanh(;o —t1)/A)
agvp _ aLI-LIVP,SD I aEVP,W i aEIVP,LD 10
SD Short distance (Tsp =1 — O(t, tg, A)) o8
W Intermediate window ° (V- shor distance
(Tw = O(t, to, A) — O(t, tr, 7)) " o nodsene
LD Long distance (T.p = ©(t, t1, A)) ) ::

%0 05 0 5 2.0
t [fm]

= Use windows for scrutiny

19/25 J. Tobias Tsang (University of Liverpool) Theory Efforts



New lattice results for WP2 [inc. JTT, RBC/UKQCD, PRD, 2301.08696 & PRL, 2410.20590]

e Many new results SD

@ Many of them from blinded analyses = 1 ]

E— [ FNAL/HPQUD/MILC-2: 2
N C Aol BMw/pMz2 ot
. RBC/UKQCD-23 i Mas/cLs 21—
@ Many ways to build averages of these - 4
H R BB A R Y X R )
@ Highly complementary
— e e o
\/\ [FNAL/HPQCD/MILC-21 ———— —
M 2 Pt
By DAz-21 H——o—t—
Mainz/CLS-21 et
T T T T T T T T T T T T T T T [ Mainz/CLS-21 -
ENAL/HPQUD/MILC-2¢ o ENAL/HPQCD/MILC-21 HeH . ; 1 [ —
" JE 2
B A7 24 ot - R R - N -
FNAL/HPQCD/MILC-25 ———8——— R — 05 IO T2 1A e TS B0 -fm s om0 C T
RBC/UKQCD 23 H——t i 10°a30(c) disc)
ETM-22 ——— -
e IRy N —
Mainz/CLS 22 ———
: bt LD
BMW-20 ——t——t— LM-20 —t——t— .
LAL20 ————t—| S RBO/UKQCD-1s H——a——H )
E R TR T A A D T T e T A !
10" e} ud) 10%a)(s) FNAL/HPQCD/MILC-24| ——e—+
PNALPQEDALC21 4 YR R i G —
- I Mainz/CLS-24 I
BMW/DMZ-24 v —
Brv I
. Maing/CLS-22 ————
lainz/CLS-22 —t— RBC/UKQCD-24 Y
P 1 B . J = g
! Il n L n Il
RBC/UKQCD 18 a9 RBC/UKQCD-1s ] X 700 100 0
33 3025 2627 25 29 30 31 32 TR 1 (- 1 1010 n/';D(ud)
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White Paper 2 - Consolidating lattice

Summing by windows:

AL PQeDAILC-21

[

:
Mainz/CLS 24 I
HPQUD-14 e

Summing by flavours: 2A

avraconmcs H S AT exauracopmos el |
ol 2B
) 4

J. Tobias Tsang (University of Liverpool)
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averages

RBC/UKQCD-24+18

Mainz/CLS-24

“Complete” calculations

BMW-20

N —

n 1 n

I
700 710 720

I
730

101() n}}\'l’.LO

Final averages

|

—

—
—o—

R
716 720
1010 gHV P.LO

N |
708 712

|
724

728



HVP through the (recent) ages

Snowmass (post WP1) 2203.15810

2025 - WP2

\l—"\\/'\:\f\“‘)mm‘mmHH‘HH‘H\ L e SNDOG
LM20 i CMD-2
BMW20 —0— A notyetin WP BaBar
ETM18/19 +H——@&— KLOE
Mainz/CLS19 t { BESIIL
FHM19 —— SND20
PACS19 L4 CMD-3
RBC/UKQCD18 ) — 1 T
BMW17 ' e BMW/DMZ-24
RBC/UKQCD A K RBC/UKQCD-24
data/lattice g’ M:\HIY_/(‘L;::
BDJ19 o BMW-20
J17 Ave 1
4 _notusedinWP20 | Ave, 24 A |

DHMZ19 - K Avg. 2B

E Avg. 3
KNT19 HiH S % Ave 1 ("\
WP20 —— WP25 N
‘76‘,0”".i‘o‘“‘74‘0”“7‘””‘””‘” 'B HI\()HHZ\OHH}\OH 7 I 0 o o % 30

N M exp 10 x (M — )
( a, - ) X 10"

aZIVP,data driven o 1011 — 845(40)

a/l;lVP,lattice x 101 = 7132(61)

V.

a huge success for the lattice!
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QOutlook g — 2

A huge step forward, but more work needs to be done:

o (hopefully) more experimental and highly complementary results:
J-PARC

Japan Proton Accelerator Research Complex

S

Data driven vs Lattice tensions need to be understood!

°
@ More experimental inputs for eTe™ — hadrons to scrutinise data-driven predictions
@ Hybrid approach by BMW+DMZ'24: Supplements very noisy large-t tail with

experimental data.
@ Further reduction from lattice expected: more collaborations, finer ensembles, larger

volumes, ...
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Chiral I\/Iagn etic Effect [Buividovich, von Smekal, Smith, 2605.04743]

@ conjectured charge asymmetry in heavy-ion collisions due to interplay between magnetic
fields and QCD topology

@ no statistically significant signal at RHIC and LHC despite extensive searches

o statistically significant CME signatures by STAR (2506002751 in NARROW RANGE of beam
energies ONLY

e Conjecture: CME enhancement near QCD tri-critical point/chiral crossover [12.0202]

@ Test of conjecture in finite-density two-colour QCD chiral crossover line of 2nd order
phase transition [Buividovich, von Smekal, Smith, 2605.04743]
= no statistically significant CME enhancement across the (i, T) phase diagram

= lattice talk soon
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Summary

the TP group

e small (and biased) selection of topics @ we are a friendly bunch (I think)

@ ‘lattice’ is a first principle tool for QCD @ there are many more topics...

@ g — 2 from lattice and R-ratio @ synergies and complementarities
°

@ method development and application, relevance for/interplay with
e.g. for many flavour observables ) experimental activities

Relationship with HEP in Physics

@ we should have more TP & EP interactions!
o feel free to come along to our seminars/meetings!

@ scope for more joint events/meetings/lunches/...?

J. Tobias Tsang (University of Liverpool) Theory Efforts
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