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“Direct” search for new particles at colliders

LHC: proton-proton collision at center-of-energy of 7-14TeV

P

p/P

New particle productions e.g., via pp = XX (cf.gg — tt)

New heavy particles can be produced
directly by collisions at high energy.

Sensitivity is limited by beam energy.

How to probe BSM in higher energy scale?



“Indirect” search at flavor experiments
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Processes with initial and final states composed by SM particles.

Heavy particles can appear , I.e., through radiative corrections.

Quantum principle allows heavy new particles to contribute as
(off-shell/virtual) states.



Example of decay induced by heavy particle

Muon decay: u= — e Uy,

SM ,
Y Ao —7 v, " Prw) (e, Prve
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y Fermi coupling const. 73 = SMZ,

Muon decay proceeds via off-shell exchange of W-boson even though
W boson is much heavier than muon.

Muon lifetime (inverse of total decay rate of muon) has been used to
determine Fermi coupling constant.



Correction from heavy new particle

Muon decay: u= — e Uy,

M Physics beyond SM (BSM)

y Y y /Vu

Gr = G +6Gr

Introduce new heavy particles (X) in off-shell states.
Such contributions are observed as deviations from SM predictions.

Sensitivity to BSM is determined by precision rather than beam energy.



Which process is sensitive to BSM?

Quark flavor violation

Processes where a quark changes its type = flavor (e.g., bottom to strange),
violating the conservation of individual quark identity.

B

>
b t S
High sensitivity to (off-shell) contributions of new particles:

SM contributions are highly suppressed or forbidden at the tree level.

Exp-SM=BSM  SM BSM




Outline

¢ What is ‘collider’ & ‘flavor’? — Done

o Quark flavor violation
® Hint of physics beyond SM (BSM)

e How to test BSM contributions?
= |est with collider observables

= lest with flavor observables

® Summary



B meson

Quarks are not isolated (cf. confinement), but dressed by quarks and gluons.

B meson consists of b quark w/. light u,d quark (mp » mygd).

B° : (bd) ﬂg ' Pseudo scalar
BY : (bd) x JE =0

b quark decays into lighter quarks by exchanging W boson in SM.
Many decay channels — Targets at Belle Il, LHCDb, future exp, e.g., Z factory



LHCDb exper'iment one of four LHC experiments, 2008-

pp collision at Vs=7-14TeV, producing b quarks in forward region.

Target integrated luminosity: 270-300fb-! (~2041)
— BO0: 3x101!3, B*: 3x10!3. Moreover, Bs%: Ix1013, Bc: IxI10'!, Ap: 2x10!3

Hadron collider: huge statistics, but challenging to reconstruct events.




Belle Il experiment cf. Belle: 1999-2010, Belle 11:2018-

e- (7GeV) e+ (4GeV) — Y(4S) — BB (also DD, T*T-, ...)
Target integrated luminosity: 50ab-! (~2040s)
— B0:5.4x 1010, B+: 5.7x10!0 (also Bs° via Y(5S) production)

Lepton collider: clean environment allows us to reconstruct events.
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Z factory project

e+e- collision at Vs~90GeV (around Z-boson mass)

— Experiment of Z-boson factory cf. Higgs factory

(i) proposals of future “Higgs Factories”

240- Beam

250 Polarization

LCF 0.1 0.5* 3 0.4 8 8 (80%, 30%)
CEPC 100 6.9 21.6 1* (0, 0)
FCC-ee 205 19.2 10.8 3.16 (0, 0)

(+ emerging Muon Colliders, uTristen, HELEN, HALHF, RelLiC, ALEGRO, XCC, etc)

LCF: Linear Collider Facility @ CERN; identical to scenarios proposed
by LC Vision Team up to 550 GeV, representing ILC, CLIC, C3




Z factory project

e+e- collision at Vs~90GeV (around Z-boson mass)

— Experiment of Z-boson factory cf. Higgs factory
cf. Br(Z—bb)=15.12%

—

Lepton collider: clean environment allows us to reconstruct events.

All B hadrons are produced.

“Tera-Z”=1012Z

Particle BESIII  Belle IT (50 ab~! on Y(4S)) LHCb (300 fb=!) CEPC (4xTera-Z)
BY. B - 5.4 x 1010 3 x 1013 4.8 x 1011
B* - 5.7 x 1019 3 x 1013 4.8 x 101
BY, BY - 6.0 x 103 (5 ab™! on T(59)) 1 x 1013 1.2 x 1011
B - - 1 x 101 7.2 x 108
Ay, A} - - 2 x 10" 1 x 10t

Ai et.al, Flavor Physics at CEPC: a General Perspective, 2412.19743

FCC-ee: ~5x*“Tera-Z”

* LCF also proposes Giga-Z projects


https://inspirehep.net/literature/2863363

Semileptonic decay of b quark

Electron, muon, and tau lepton have same gauge charges.
In SM, quark decay rates into leptons become same (but mass effects).

— lepton-flavor universality

£3)
I 2 3
3 W 4D




° Py ° ° * P _ -
Lepton-flavor universality violation D gt =1
Making ratios benefits from cancellations of experimental T
and theoretical uncertainties (hadrons and V).
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Heavy flavor averaging group



https://hflav-eos.web.cern.ch/hflav-eos/semi/ckm25/html/RDsDsstar/RDRDs.html

Theoretical prediction

In SM, b quark decay proceeds via W boson exchange.

b quark is not isolated, but is dressed by quark and gluons:

b —

b =
_ B
A= —=Vy <D(*)T’7|(ELVMbL)(%LVMVT)|B> { d % W d

ctv = B — Driv, B— D*ri
%4

Transition amplitude:

Introduce hadron matrix elements including

b B) = [ (¢*)(ps +pp)* + f-(¢°)(pB — PD)*

ey sb|B) = 0

}D(*)



Hadron matrix element parametrization

|. List all dynamical variables, e.g., momentum, polarization vector
PB, PD

2. Matrix elem. consists of all possible linear combinations of variables in ‘I’
which match the Lorentz structures and symmetries (e.g., C,PT)

(D|ey*b|B) : p's, v — (pB +pD)", (B —PD)"

(D|ey"~ysb|B) = 0 because of Parity
Parity:odd odd odd

3. Form factors are Lorentz scalar (¢ = pg — pp)

PQB — m237 p% — m%v PB " PD (% CIZ)

—> (D|ey"b|B) = f1(¢°)(ps +pp)* + f-(¢*)(pB — PD)"

4. Determine form factors by using lattice, experimental inputs, etc.
— Literature search



Form factor from lattice

(D]ey*b|B) = f+(¢°)(pB +pD)" + f-(¢7)g"

fB—>D (q2)
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https://inspirehep.net/literature/2846474

Form factor for BSM

Scalar operator: ¢ =pp — Pp = Py — Pe

qu{D]ey"b| B) = (D|e(ph — pe)b| B) = (my — me)(Dleb| B)

qu(D|cy"b| B) = q,, f+(q2)(pB +pp)" + [fola®) — f+(q%)]

= (mp —mp)fo(q’)
2 2
. — L m - mD 2
(D[cb|B) = mi ey fo(q”)

Here, Dirac equation in momentum space representation: pi = mi
Also, (D|cysb|B) = 0

Tensor operator: new form factor fr(q?)

2i fr(q*)

(D]eo"b|B) = —
mp + mp

(P50 — PHPH)



Decay rate

Transition amplitude

4G g =PB +PD
A = _TQF ub (DLTD|(Cy*br)(TLyuve)| B) { fz ppB —erpp = Ppr + Dy
_ _4% w (D(R)[e7*b2 | B(p)) a(pr )7, Pro(p,)
= —V2G Vi (D(K)|ey"b|B(p)) (pf) rpy) PL= 1_2%
= —V2GrVuy [f+(*)P* + f-(a*)¢"] alp VuPLU(pV>
= —V2G Vi f1 (¢ (p,,)PPLv(pe) + (m, term) <« EOM for leptons

ignore for simplicity
Spin-averaged/summed amplitude squared:

S IMP = 2GR Vi 2 £4 () (A — u?)
spin
where u = —2k(pr; —p,), A = )\(szvm%v QQ)

Nz, y,2) =22 +y° + 2° — 22y — 2yz — 227]



Decay rate

Integration of 3-body phase space (m+ is neglected)

d'(B — D10) 1 A —Z o GE|Vw|? \3/2
p— d
dq* 25673 M, / 12 Y MI™ = 19273 m fr(a") A%

Including m: (w/o derivation — Let’s try!)

dF(B — D7v) B G%\VubP \L/2 ( m2>2

_ 1 7
dq? 19273 m3, B q2

2 2
[ (1 " %) Apfi(q)? + Sl (m% —mp)* fo(q®)?

* Instead of g2, w is also used in literature:

2 2 2
mB+mD—q

QmBmD

w =
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https://hflav-eos.web.cern.ch/hflav-eos/semi/ckm25/html/RDsDsstar/RDRDs.html

Physics beyond SM: low-energy effective theory

SM contribution is obtained by integrating out heavy W-boson propagation,
leading to effective interaction (— low-energy effective theory).

Similarly, by integrating out new heavy particles, BSM contributions
are expressed by effective interactions.

Standard Model New heavy particle
T T T
14 o v
B A R 7
9 e =9 e 1,
2= M2, (CL*oL)(TLyuve) = M2, (cLy*brL)(TLyuve) W(CF[))(TFV)

W-boson effective effective



Physics beyond SM: low-energy effective theory

BSM contributes only to tau channel.

4G
Heost = 7; 2| (1+Cv,)Ov, + Cs, Os,, + Cs, 05, + CrOr
N SM
Fit to Rp and Rp* results
operator Wilson coefficient
Vi  (ey*PLb)(FyuPLv) Cy, =~ 0.08 \
St (cPrb)(TPrv) Cs, =~ —0.57 =10.86 BSM scale
Sk (GPrb)(FPLv)  Cs, ~ 0.18 O(l)TeV

T ((_ZO'MUPLb)('T'O'M,/PLV) CT ~ 0.02 =20.13

Constraints/correlations depend on UV models.

lguro, Kitahara, Watanabe, PRD 110 (2024) 075005



https://inspirehep.net/literature/2785325

BSM models in UV scale { » }

B D™
d d

W’ is ruled out by flavor constraints on Z’ and colliders.

Charged Higgs boson in Type-ll two-Higgs doublet model (2HDM)

cannot explain Rp and Rp* excesses simultaneously.

Two major scenarios: charged Higgs boson (non Type-ll) & leptoquark.

Leptoquark (LQ):spin 0 or | boson, carry both lepton & baryon #,

ptoq P Y P Y

couple to lepton and quark simultaneously. LQ charge

R2, S1, U1 can explain both Rp, Rp+ excesses. LS T B
(37277/6) O R2
(3,2,1/6) 0 Ry
(3,1,4/3) 0 S
(3,1,1/3) 0o S
(3,1,-2/3) 0 S

LQ - (3,3,2/3) 1 Us

(3,2,5/6) 1 W
(3,2,—-1/6) 1 Vs
(3,1,5/3) 1 U,
(3,1,2/3) 10
(3,1,—1/3) 1 U,




Fit to Rp and Rp= in LQ models

2
9LQ
2
LQ

LQ contribution after LQ decoupling: C; ~

Rz . CS’L = 4CT
S1: Cy, , Cg, = —4Cr
Uy : Cg,, = —2e*®Cy, [UV:U(2)-flavored model]

Include QCD corrections, and then, fit to Rp and Rp+ exp. data

Ry : Cs, =8.4Cr = —0.09 +70.56
Sl . CSL — —8.9 CT = 0.18 (CVL — O)
U;: Cy, =0.08, ¢ =0.57 (Cs,, = —3.7¢"*Cy,,)

All are consistent with experimental constraints such as LHC.

lguro, Kitahara, Watanabe, PRD 110 (2024) 075005



https://inspirehep.net/literature/2785325
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Direct search for new particle at colliders

Direct (on-shell) productions of new particle = LQ mass >~1.8TeV

g
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CMS collaboration, [HEP 05 (2024) 31 |
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https://inspirehep.net/literature/2688366

ATLAS collaboration, JHEP 10 (2025) 054
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https://inspirehep.net/literature/2905252

Crossing symmetry

bb—TT depends only on b-T coupling of LQ.

Generally contributes to bc— TV scattering due to crossing sym.

B meson decay LHC

, P
b

NI

N



LHC h ATLAS, PRD 100 (2019) 5,052013
searc CMS, PLB 792 (2019) 107

Search for events with energetic (“hard”) T
with large missing transverse energy (“MET"). c

In LQ models, effective interactions are generated
by t-channel exchange of LQ.

1
LQ Aoct_MEQ (t <0) _ )
_]. 0_5?\\ AL .' T T TTTT1
EFT- ’ 2 if ’ﬂ<<:ﬂ4ﬁQ %\ NP in bc — Tv
MLQ 0.4R\ ™
Not always the case for Mg~ 1TeV because S/B :%703
is large in the region with hard T and large MET. 5 |

0.2}

Fig. 95% upper limit on Wilson coefficient o1 LQ EFT

lguro, Takeuchi, Watanabe, EPJC 81 (2021) 5,406 b vl
5 10 50 100

Myp [TeV]



https://inspirehep.net/literature/1828492
https://inspirehep.net/literature/1739784
https://inspirehep.net/literature/1684340

Additional b-jet in final state

Assign b quark in the final state.
Advantage: parton distribution function & SM background events.
Disadvantage: three-body final state.

— Better sensitivity to BSM. Mg,1qQ =25 TeV

BR(B. - 1v) > 0.6

Most of Rp-favored parameter regions | AR
are accessible at HL-LHC. 041 :

b-!)

C v

previous

C i

-06 -04 -0.2 0.0 0.2 0.4 0.6
Endo, Iguro, Kitahara, Takeuchi, VWatanabe, JHEP 02 (2022) 106 ReCs, = 4Re Cy



https://inspirehep.net/literature/1964639
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Q. How to test Rp and Rp* excess?

Other decays proceed via b—cTV. [cf.,, Ag baryon made of (udQ)]

B(Ab — ACTD) Fotal spin of
- ligh k=0
e = BNy 5 Al B d Ao ght quar
o ’ ’. u
RY™P = 0.285 +0.073 b, be

RIM = 0.324 + 0.004
Consistent with SM prediction (< Rp, Rp*).

BSM structure or shortcomings in experimental results/SM values!?

LHCb: PRL 128 (2022) 19, 191803 + Bernlochnrer, Ligeti, Papucci, Robinson, PRD 107 (2023) 1,LO11502
SM: Bernlochnrer, Ligeti, Robinson, Sutchliffe, PRL 121 (2018) 20,20200|



https://inspirehep.net/literature/2006977
https://inspirehep.net/literature/2100020
https://inspirehep.net/literature/1691946

Sum rule for b—c semileptonic decays l=e p

BSM contribution

e
Hofr = 7; | (14 Cy,)Ov, +Cs,Os, +Cs,,Og, + CrO7

ME, lguro, Mishima, Watanabe, JHEP 05 (2025) 112

R,

N 1 Rp | 3 Rp+ | +— exp (incl. BSM)
REM 7 4 R9M

ZR%\LI «— SM
No—= ANtV B—=D1tv B—D*tVv

* Test of Rp and Rp+ anomaly: If experimental results violate sum rule,
there are potential problems in experimental results/SM values.

* Once B—DTtVv and B—»D*TV are measured precisely, A>TV does
not provide additional information about BSM.

* Proposed initially based on empirical observations, i.e., without clarifying background.
cf. Blanke, Crivellin, de Boer, Kitahara, Moscati, Nierste, Nisandzi¢, PRD 99 (2019) 7, 075006

Amano, Jido, Leupold, PRD 105 (2022) 5,1051504



https://inspirehep.net/literature/2869667
https://inspirehep.net/literature/1704733
https://inspirehep.net/literature/1985613

Heavy quark limit and zero recoil limit

Hadron wave functions are factorized in the heavy quark limit (mp,— 00).

A1Gp
N

— Z Scy Acs chv )‘|JHC7 )‘Hc><sbv Ab; Jﬁb? )“JHM )\Hb>

spin
X M, x, (De(Je., Ao (Jr,, A))
heavy-quark transition light sector: form factor (Isgur-Wise ftn)

M(Hy — Ho10) = b ZCX (H,| T xb|Hy) (7| 7T x v |0)

4G
M)\m = F cbZCX uc FXub()\b) <Tﬂ’7_'FXv‘O>

Form factor dependencies are reduced in the zero-recoil limit (mc—my).

Consequently, the following sum rule holds exactly in these limits:

Ry, _1Rp  3Rp
Y ARy R

F(Hb — HCTﬂT)
I'(Hy, — Hlpy) (=e, p ME, Iguro, Mishima, VWatanabe, PRD 113 (2026) 1,014021

note: Ry, =



https://inspirehep.net/literature/2965814

Sum rule with experimental results

Corrections arising from violating the limits are negligible.

Compared with experimental results:

Ry, 1 Rp N 3 Rp- +— exp in Rp and Rp*
RM 7 4 RSM T 4 R9M

Conclusion:
Sum rule prediction for Rac

Current experimental results satisfy 40—
' [Rac
the sum rule. a0l A current
. : o | LHCb
RAc prediction will become more = e
. © 20 Ter.a—Z
precise by Belle Il (= form factor). 3
(al i
Rb and Rp+ excess can be tested 101
. BGL
by LHCb and Tera-Z. NS Z\
020 025 030 035 040
R,

ME, Iguro, Mishima, Watanabe, JHEP 01 (2026) 143



https://inspirehep.net/literature/2958476

Summary

Flavor (and CP) violations are key probes for BSM at high energy scales.
Sensitivity to BSM can reach above ~1TeV.

We reviewed the semileptonic decays of B mesons.

Currently, potential BSM signals have been reported in B—=D0)Tv.

We provided an overview of BSM interpretations.

Could be tested in the near future through interplay of flavor & collider.



Backup



Form factor for anti-quark

In the previous slides, (D|eT'b|B) is (D7 |eT b|BY) or (DY b| B, ),
where the spectator quark is ‘d’ or ‘u’.

Interchange of d—~u makes no difference because of isospin symmetry.
(— isospin violation)

Sign depends on operators for (— next slide)
(D™ [by"e| BY) = —(D ™ |ey"b| BY)
(D~ |bc| By = (D*|cb| BY)
(D~ |bo*"¢|B) = —(D*|co*b| B)

for CP|B(p)) = —|B(p)), CP|D(p)) = —|D(p)) under CP transformation.

Four momentum: p = (F,p), p= (F,—D)



Form factor for anti-quark: derivation

CP transformation (see, e.g., QFT textbook by Peskin&Schroeder)

(CP) h1(p1) " 2 (p2) (CP) = — (=) 12 (p2) ¥ ¥1(p1)
(CP) 1 (p1)th2(p2) (CP) = ha(p2) b1 (p1)
(CP) Tzl(pl) ot 1ha(p2) (CP) = —(—)“(—)V%(ﬁé) o™ 1 (p1)

(=)*=1for y=0and —1 for p=1,2,3|

Vector: (D~ |by*c|B°) = (D~ |(CP)*by"c(CP)*| B) — (CP)? =1
= [—(DT|] - [=(—)*ey"b] - [-|B")]] — (CP)|M(p)) = —| M ())

pP—D
_ +1= >0
= —(=)"(D*[ey"b| BY)|

e < = ()" | £ @) + o) + () - 1)) B
q

2 .2
_ [f+(q2)(p3 o)+ [folq) — fi(q?)] M TD q“]
= —(D™|ey"b| BY)

t (CP) 1 (p1) 7 a(p2) (CP) = —(—)" Do) 7 w1 (1)




Form factor for anti-quark: derivation

Scalar: CP transformation or apply equation of motion:

4. (D~ |br"c| B”) = (D~ [b(ph — p)c| B®) = —(my, — me){D~ |be| B7)

2 2
mp — Mp

4 (D~ 1by"e|B%) = g |~ f+(¢*) (w5 + pD)"— [fo(a®) — f+(q?)] 2 q"
= —(mp —mp) fo(d*)
m2 Bmz ’ \ D™ |by"e|B%) = —(D|ey"b| B)
— A o _ "B "D 2\ _ +
(D~ |be|BY) = ——— folq®) = (D" [eb| BY)
Dirac equation for anti-quark in momentum space repr.. py = —my

Tensor: CP transformation

(D~ |bo* | B®Y = —(D"|eo*b| B°)

!

(CP)1(p1) o 2(p2) (CP) = —(=)"(=)" ¥2(p2) o 1 (p1)

cf. Relative sign between operators is independent of phase convention.



