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Messages in this talk

Flavor anomalies may be a hint of the new physics.

Motivated by the discrepancies, many developments for
collider physics are made in the last decade.

Collider physics is also a very important tool to probe a
new particle possibly behind the discrepancy.
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Our SM is a very good theory to
describe almost all measurements

DES Ganas

However large part of theorists is
not satisfied with the SM.

Mysteries of the SM

Dark Matter, matter vs antimatter asymmetry, strong CP problem,
fine turning of Higgs mass, Yukawa hierarchy, Neutrino masses,,,,

Each problem has several New Physics(NP) solutions and
we need further hints to specify the scenario!
Deviations in flavor physics may be a hint for NP?
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Fact
* No concrete NP signal at the high energy frontier

- Flavor physics is sensitive to higher NP scale.

Flavor / LHC

X
VS. T

N

Kaon physics is sensitive up to J5 = 13TeV
10° TeV depending on the flavor

i Since a proton is not elementar
structure of a mediator P Y

particle, myp<13TeV can be produced

For me it sounds more natural to find something in flavor physics
first and confirm at the direct searches.



Fact
No concrete NP signal at the high energy frontier so far,

however, as Kobayashi-Maskawa proposed a model
with more than 3™ generation, an experimental hint is very important.

Caution
Although there are many flavor anomalies on the market,
statistically and historically saying, most of them would not be true.

| started particle physics in 2016 and have seen disappearance,,,

K AN AN K A

Additional data Lattice New data Many excesses in LHC
At the same time many new discrepancies appeared! e.g. di-tau, di-y (95GeV),
b%cuq CAA B.~>J/bTV Charm AAcp di-di jets(1TeV)
AV
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LHC data will come regardless of the status of
the flavor discrepancies.
Independent cross check is interesting

| will interplay between collider physics
and following discrepancies

* b->cuq puzzle
* R, anomaly

Depending on the time

FCCP2022 Capri: Syuhei lguro



Current status of B anomalies (b->c)

_ e
V., puzzle , * * b — cuq puzzle
ch P 7 s qnp
d - d
D* D New
"'T‘4-8-"'I'"'I'"'I""I'"'I""l""l""I""I""I- b_)cad b_>CﬁS
| 0= 10 comours BRUPX10° | BRSMADFx1(? s\"/u
S Sp— wwie 1 3 B Dir | 3004023 | 4094021 35g L&
= [ World Average exc IV'y1: global fit in KS = =5 e < W
38 : = B = D*K~ (0,186 0.020( 0.303 + 0.015 4.7¢ b < ¢
36 E | —— ==
S .3 . BaD'r| 20505 | 4461022 4.50 B D*
32E el 2-30 deviatign? — D
{3 B - D*K~0212+0015| 0327 + 0016 53¢ d d
28F PDG 2109.10811 Tree level W
2'6:_...|....|....|....|....|....|....|....|.l.)(.xf)|=.7.'7.‘7f|
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IV, [107]

Amplitude « B->D Form Factor
inclusive Vcb: determined from B->Xc lv mode SM prediction updated in 2007.10338.

Xc: all hadronic state containing a

20% amplitude suppression
charmed hadron.

is favored compared to QCDF
exclusive Vcb: determined from B->D™) | v mode prediction
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R anomaly

Lepton flavor universality is a key prediction of the SM B
BR(B-D™M1v)
Rpe = BR(B-D®l) ’ L=pe v

Taking ratio greatly cancels uncertainty in the hadronic matrix element o
Several deviations

% IR L L T .
% o4 0 HFLAV Ay? = 1.0 contours _: D* _ BR(B - DZTV)
P 40 discrepancy . Y " BR(B - D*v)
N BaBarl2 u
035 |- s 3| FPiy = 0.46 +0.01 1.70
L LHCb18 —
03 S| Flexp = 0.60 £ 0.09 Belle: 1903.03102
0.253— & Bellel9 Rellel —f _ BR(Bc—J/Wtv)
E Bellel7 \Q/?I;I)d%v36:3r:91560026+0014 E ]/l.'J o BR (BC—)]/llJI.[V)
0.2~ 4 Bigi 16, Gambino 19 R(D*)=0295+0.010£0.010 ]
B -I—]?ordonew =+ Iguro, I\Natanabew l P(;( )0 3?8/ | . . . ] R]/l.lJ = O 24 + O 01 1 80
02 03 04 " o Ry =0.71%0.25 Belle: 1711.05623

One striking news: LHCb released the new data 2201.03497
R(A.) = B(Ay = A7) /B(Ay = Acu)  Smaller than the SM

RV =0.24 £ 0.08, R3 = 0.324 + 0.004 Consistent with SM within 1o
However, systematic uncertainty is stifl 157g€6 ¥4V s6iething °



https://arxiv.org/abs/2201.03497
https://arxiv.org/abs/2004.10208
https://arxiv.org/abs/1903.03102
https://arxiv.org/abs/1711.05623

B decays involve hadron physics
B->DU*) form factor is important .

Non-perturbative information extracted from

Lattice, experiments, QCDSR,,,, i . 5@ e
wWw=v-v U\‘*\‘ - D*
Vep puzzle BR(B->D Iv)<|Vcb X FFs|?2
* b = cug anomaly BR(B->DK) & | Vcb X FFs |2

B->D form factor is
very important

See, talk by Nazila

BR(B - D®v)

" Ry anomaly  gR(B->DIv)oc|Vebh X FFs|2  Zxe=27m.

21177117 We have updated FF (HQET) using experimental input from Belle
Iguro, Watanabe JHEP 08 (2020) 08, 006
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Form Factors in B->D,D* transition

Conventional parametrization
* CNL parametrization (Caprini, Lellouch, Neubert 1997)
-> too much simplified b
- BGL parametrization (Boyd, Grinstein, Lebed 1997) . Vg
-> too general to use for the NP analysis B '

Our approach
* General Heavy Quark Effective Theory(GHQET) (Jung, Straub 2018)

CD information
(D[ey"b| B)uqer = /mpmp [h;(mh—(” b M

(D*|ey"~°b| B)uqer = v/mpmp- [ha, (w + 1)e* — (" - v) (ha,v* + ha,v™) ],

/

vt = plp/mp, v = pl;)(*)/mD(*)’ w=uv-v = (mj+ m2p(*> — ¢%)/(2mpmp),

Main difference: h., h_, h,,... are described by common parameters

We want to determine hy precisely. Recent progress
_ L. Zoltanetal 2017 9
A A o A N A. N A Ay
hx = hxo+ %(le e T —— 0 F Oh x . + Ohx m2
’ T ’ 2my, 2m. ’ 2m,. o

M. Bordone et al.

0.1 0.0§CCP2022 Capri: Syuae.zélguro 0.04 EPJC 2020



Three kinds of constraints (input of the fit)

. P 1t 2
. Lattice (6) prediction for. large q>|< |
e unstable particles (D*) are problematic

-> hard to predict FF for B->D*

* Theory (45) e prediction for small g2
e.g. QCDSR we newly included QCDSR constraints on
LCSR higher derivative terms

Unitarity bound Experimental data from Belle

we also newly included data of
angular distribution in 1809.03290

#._{_
4

* Experiment (132)\ (&

Belle 17,18

-

P -

R S—

Bellel8-¢

~180 constraints recr2022 Eult kinetic.lg?, ©,, Oy, X) distributions of B - D* | v



Latest status with our form factor

Vcb puzzle remains b->cuq puzzle
T T N T T A S T BRepr103 BRSM,QCDFx103
1 Vebinclusive (pog) | | { =
‘ _ B, Dr~ | 3004023 | 4094021 350
1 . Vcb exclusive (PDG) ‘ L 41 A4
Lol ol it o sodnectl B’ - D*K~|0.186 £ 0.020{ 0.303 + 0.015 4,70
1params |—t— SM(2/1/0) W E.,-—)D??T_ 20405 446+022 4.50
M (3/2/1) tanabe| -
23 ?arams'_e!(_'c Loy B - DK {0212 +0015| 03270016 5.30
Lo PDG 2109.10811

: S. Iguro ét al. arXiv:2b04.10208

We got the smaller RD* value.
-> Now 3 40 discrepancy again.
Even if we have new physics in
b->clv transition, the anomaly remains.

X2=4 X2=1

SM(HFLAG)
*

2 0-28 i Sh’i‘*‘Vg
3/2/1)\

0.26} BN ~40 . R _ BR(B-DM1v) | =
(2/1/0) D™ = BR(B->DMw) ’ " He
024  sMBAD SM(/2/1) ] NP in T mode is necessary.
0.24 0.26 0.28 0.30 0.32 0.34 FCCP2022 Capri: Syuhei Iguro 13
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NP possibilities of b->cuqg puzzle ?

In order to explain the discrepancy,
0O(10)% downward shift from the SM amplitude is necessary.

Interestingly such a large shift is still allowed by flavor observables.
Lenz et al 1912.07621.

We need a charged mediator (for instance W’, not LQ)
The naive NP scale for this puzzle is estimated as

¢;'F (Anp) o/ _ 911Xgss 1 _ g11Xgs3 (400GeV)?
SM ~10% = 2 — 2
Cs Mj  4V2Gp 1 Mg d X
Our model  2008.01086 Iguro, Kitahara \\//
: 911
We will focus on the SU(2); X SU(2), X U(1), model W’ §
See also for other NP analyses, Bordone et al 2103.10332, Cai et al 2103.04138.. b > P > C

The model contains heavy vector-like quarks and
heavy SU(2) gauge multiplet.

FCCP2022 Capri: Syuhei lguro 14



Goal: 20% shift

b — cuq puzzle and LHC Width s farge

o o — 5%
Gii 3w VIV ~ | Blavorbasnd gl =
ﬁ = 4 7JZ, dlL’)’”di — 9 J Z, 'U;L’Y“?.Li ;\'If ) e 1%
- (Vg),

\"JJij Wl+ udJ % - 0.1%

V2

d U |
911 0.10

g

Coupling

01%

\_911 = —Fs3

gi; = | 0 gu 923 C3" (my)/C3™ (M)
W'é 0 g 0.05, ; ,
b 6 —»—C 23 238 Mass[TeV1
137 fb" (13 Te!
933Vcb ﬁ:wsilrc'.).;' S 'Observods(s%cr
§1°2=r quark-quark ::x'ig: E
) 10% Spin 1 ek e 1
LHC bounds are very stringent. - Dairuriodh
Possible deviation is 100 times smaller. als s
10—2 e 5
-> NP explanation is difficult. ' e Dijet search

el T e e Te s coy T
FCCP2022 Capri: Syuhei lguro ~ 1911.03947 Resonance mass [TeV]



What kind of New physics is implied by R ?

BR(B-D™ ) “he
BR(B-D®l) ’ =~ ®

Ry =

* New physics in b -> ctv is necessary.
* We need to enhance BR(B - D(*)tv) by 20%.

Tree level W exchange describes the SM amplitude

O(1) TeV tree level NP is necessary

It is natural to test NP scenarios at the LHC

Faroughy et al 1609.0713 nofer ot al 1704.06659 Iguro-Tobe 1708.06176,
Abdullah et al 1805.018¢ Bunch f Jrmura-Takeuchi 1810.05843,
Mandal et al 1811.035614,G:¢ O works , 0, Marzocca 2008.07541,
lguro-Watanabe-Takeuchi 2011.02486, Iguro et ai Z.._. ®edo 2112.14604
lguro-Zhang-Blanke 2202.10468  FCCP2022 Capri: Syuherlguro 16



Effective Lagrangian forb - ctv

4G
Herr = ﬁVcb [(1 + Cy) Oy, + CyrOyg + CsgOsg + Cs,0gy, + CrO7]

Operator basis Possible candidate
Osg = (CPrb)(TP V) Scalar H  Brow
Og;, = (CP.b)(TPLv,)

Oy, = (cy"P.b)(Ty" P v,) Vector @ sior
(CVMPRb)(T]/HPLVT) & bb > Tt

Or = (5O'MVPLb)(fO'uvPLVT) Tensor LQ

We focus on models with v, |

Recent progress in BR(Bc_ — TV) lacx mg + large error in charm mass
-> large error for g,

Previous constraint i
Current constraint

R-Alonso et al 1611.06676 0 B.Grinstein et al 2105.02988
0 A.G.Akeroyd et al 1708.04072. . <<.63%0 M.Blanke et al 1811.09603

FEERX0822 Capri: Syuhei lguro
Tera Z factory is important, Manqui et al(CEPC), Olcyr et al(FCC- ee)



https://arxiv.org/abs/1611.06676
https://arxiv.org/abs/1708.04072
https://arxiv.org/abs/1811.09603
https://arxiv.org/abs/2105.02988

3 types of LQs are known to explain Ry, Ry« anomalies

A. Angel , et al. 1808.08179
RZ, Sl and Ul ngelescu, et a
(SU(3)., SU(2),U(1)y)

R,:(3,2,7/6) scalar 5::(3,1,1/3) scalar
Cs, (,uLQ) = 4CT(uLQ) Cs, (.ULQ) = _4‘CT(.uLQ)r Cy, (.uLQ)
X. Q. Li, et al. 1605.09308 Y. Sakaki, et al. 1309.0301
S; with (3, 3, 1) is needed for R(K) S;— S;combination is considered
|. Dorsner,et al. 1701.08322 A. Crivellin, et al. 1703.09226

Calibbi, et al. 1709.00692
U,: (3, 1, 2/3) vector UV completion is needed Heeck, et al. 1808.07492

. Grinstein, et al. 1812.01603
CSR (.ULQ): CVL (.ULQ) e.g. Pati Salam lguro, et al. 2103.11889,2201.04638

SU(4)C X SU(Q)L X SU(2)R
SU(4)c — SU(3)c x U(1)p_1

Massive vector LQ appear (Z’ also)

R(K) is also possible

Recently 4321 model is most popular From the flavor side, T polarization in
See Gino, et al. 2203.01952 toward UV corpcpc):letion B — Dtv is the best angular observable

P2022 Capri: Syuhei Iguro 18
lguro, et al. 2018



https://arxiv.org/abs/1808.08179
https://arxiv.org/abs/1701.08322
https://arxiv.org/abs/1605.09308
https://arxiv.org/abs/1709.00692
https://arxiv.org/abs/1808.07492
https://arxiv.org/abs/1812.01603
https://arxiv.org/abs/2103.11889
https://arxiv.org/abs/1309.0301
https://arxiv.org/abs/1703.09226
https://arxiv.org/abs/2203.01952

Key feature of the NP signal at the LHC

s-channel

b . _
* Charged Higgs H< >H< Tv resonance

* Leptoquarks

Various channels

p
LQ (Q=2/3) > ny_
\Y B
» LQs

Pair production

t-channel t-channel

b T b t
e viDb T

b tb search Mono tau search

di-t search
High pT tails

Events/80 GeV integrated beyond m

DATA
MC

signal shape on the mT plane
s-channel : cliff
t-channel : plateau (t<O0)

N
) e

L

- | il‘
ESACAA LRS!

500 1000 1500

2000 2500 3000
m; (GeV

S mr = \/prfEEFiss(l — cosby,)
,  Main SM BG: pp -> qq->W->lv Ma




LHC implication in LQ cases %[~ .
High p; T events are sensitive to the scenarios \a
In some papers EFT limit is taken.
M~
b\\/’
e propagator: ‘Wt Huge BG from W
EFT limit High p; region is
t¥|a 1 k3 sensitive to NP
E/ﬂ/\v\v t—mlz‘Q < mlz'Q 5 .

t = (Pp —Dc)°~—2pp D <0

Large t is the source of the large transverse
momentum.

Events/80 GeV integrated beyond m

DATA
MC

omamN »
T

We found up to 50% sensitivity mass dependence st

in terms of WC Iguro et al 2011.02486 I

EFT limit is always aggressive for LQ models sin%%ttoﬁo.

Main BG : pp>W->1tv. N(W*) > N(W") means collecting u\ w /T
T event improves the sensitivity .., c.on syunei 1gure q ‘N""\v -



https://arxiv.org/abs/2011.02486

Further improvement of tv mode
An additional b-tagging a sonietal 1704.06659, lguro-Tobe 1708.06176

Importance of b-tagging
1. smaller BG, 2. different BG - semi-independent cross check

3. specifying interaction: one of quarks in 4-fermiis b
BG g b
2929
W b\ w /T
ui V|b \
No b-jet Vcb 102, V,,~103
previous
Within the EFT framework,

an additional b-jet tagging improve WC sensitivity
by 30-40% Minho et al 2008.07541
j->b mis tag Iess than 1%

We keep mediator mass dependence WZ, single t ., are
even with b-jet tagging Ilguroetal2111.04748 also important

FCCP2022 Capri: Syuhei lguro 21



https://arxiv.org/abs/1704.06659
https://arxiv.org/abs/1708.06176
https://arxiv.org/abs/2008.07541
https://arxiv.org/abs/2111.04748

TV +b with mass dependence

We observed the significant mass dependence

t parameter dependence is large in small

¥

mass region

Sensntlwty to WC

0.4}
= 0.3} _
<3 b tag gain
% 0.2} 40%:
2 .\\ \*“"i---&--*--‘
OAF TR s
R,LQ
0. 1 o v vl 1
2 10
mq [TeV]

) lllllll I

2111.04748

= 4ImC7

ImCg,,

v
v+ b

v

- 139 fb_1:
- 139f1:
-4 3000 fb1:

~o- 3000fb': *v+b

ImCsr =4ImCy

Charge ID of b-jet would improve the sensitivity
since the main BG does not come from
the genuine b+tv event.

pT dependence of tau tagging efficiency will relax constraint from
36fb™t CMS data Jaffedo 2112.14604 but problefiisfixed for139fb2i©

Outside of the circle can be probed!
6 BR(B, = 1v) > 0.6
BR(B. = 1v) > 0.3
0.4}
/™ \—Repl:139 fb
i ,«j;f ‘ h'ﬂ I\ " w/o b, w/b
0.0} {: & | <-l—+_Dashed:3 ab
\ 7 ja=/| W/9b, w/b
~0.2f \\f:"' : Impact of b tagging
_o4l \\\ Vb, - "\36fb'1 CMS datz:
D
" 2.5Tev
=006 <04 =02 00 02 04 08
ReCsp =4ReC
0.6 S_Lﬂ i RZ LQ

BR(B, » 1) >06

0.4F

\“‘\BR(<—’ ™) > 03
\\
— - . TV\\\,

II" ““‘ "" “‘ 1 . “"“ ‘y\
0.0 —1 ¢ 4 i ~
| \ 0 | / |

N

~0.4} S\

R’) {
5TeV
-0.6 :
06 -04 -02 00 02 04 06

RCCSL - 4RCCT

.22
We can test the scenario soon!


https://arxiv.org/abs/2111.04748

R(D*)

H* revived

2 [ _
R Thanks to the relaxed upper bound from B, — tv
BR(B; — V) .. L
1o, 20, scalar scenario is still viable!
Only scalar can enhance FLD*
= D*  _ D* _
S o Flexp = 0.60 £ 0.09, F 5y =0.46 £ 0.01
£
= We need complex WC
f => Complex Yukawa in type lll (General) 2HDM
Based on 2201.06565 Reinterpreting tv resonance search from the CMS(36fb1)
'2_"2 x) 5 i 5 excludes the scenario with my,+ > 400GeV
RE[CSL] §°cm's“
Much more stringent constraint than B, — tv B
0-3411810.05843 My [GeV] u,d ;
= 500 . z
0.32} T .
0.3Fwumne.. | /‘”\\ |
B e ur i S T Covey
028 B pleis excludeq by lHCI

026F =

0.24——

10%

R

0.2

0.4

30%

"IN~
r,

0.5

‘ M~
recrihersis Nadrta available for my+ < 400GeV 3
Additional b-jet would suppress the trigger rate



https://arxiv.org/abs/2201.06565
https://arxiv.org/abs/1810.05843

Closing the low mass window with tv+b search! 180Gev < m,+ < 400GeV
Iguro, Hantian, Blanke 2202.10468

120 ——
:.é — Singlet 0.4 my- [GeV] ]
%100. — 180
2 S | — 250
= L L ~— 300
g 80 go.s_ I8ha o
g 60 § 400
s S 02
5 40} T
3 01 it
€ 20 A
0 . . = 0.0 N N = '—5 -
. 150 300 450 g 200 300 400
b-tagging suppress the SMBG mr [GeV] mr [GeV]

mr = \/prl@EllPi”(l — cos by,)
NP signal event number (with parameters to explain the anomaly) is comparable with SMBG!

my.=200GeV " ~ —
1.0 =, : e . mH_ZZOOGeV

: my-[GeV] d

i Stau search: =200
o8f < |

' Jdi-jet;
ool i .
®:
0:2¢ 0.24 : : : :

0.20 0.25 0.30 . 035 0.40 . 045

S : , : conservative syst. error is assigned

0oLl A S i ol . 4 Heavier scenario is more easy due to smaller BG!

.-(io 02 @ ° . o . o Capri: Syuheij,lguro .
33b™ The current luminosity (135?52'932& Félfc’égd'\g( enough to judge the model!”’


https://arxiv.org/abs/2202.10468

Check list at the LHC

N
)

.
b—>ctv interaction L]
Signal
TV TV+b M+
channel
lguro et al lguro et al
1810.05843 | 2202.10468 Mass dependence
H* S | p
Ol)e DOne TV TV +b
Greljo et al Minho et al lguro et al lguro et al
1811.07920 2008.07541 2011.02486 2111.04748
la T D D D D
(o)
One One Ne One
f:="» Finally completed the table! \»

*n

o

+b category is always more sensitive

>
v -
h

-



https://arxiv.org/abs/1810.05843
https://arxiv.org/abs/1811.07920
https://arxiv.org/abs/2202.10468
https://arxiv.org/abs/2008.07541
https://arxiv.org/abs/2011.02486
https://arxiv.org/abs/2111.04748

High pT collider physics is also sensitive
tob—->clvandb - ulwv.

NP in b-cev

NP in b-cuv

lguro, et al. 2011.02486

4G

(1+ Cy1)Oy + CyrOyr ]

,....,....,...;:t....l,.(.l..),...,, ...... TN, 1 _ % )
Lo | result o .
e——e Upper bound (95%CL) T lerer—0-----9 eff \/7 ul +CSR OSR + CSL OSL + CT 0’1"
r—a Prospect (HL-LHC) =

T ?ﬂ. -------- kY ==LHC (EFT) || vl v _ _' -
7 Bl —inc :f:;; I-Q)l V’ . OSR(l) - (ulPRb) (lPLvl)

o s Flavor fit —_ D
Vif——e - wes Leptonic decay Vif—o——e - OSL(Z) - (uiPLb) (lPLVl)
Sz EEP— i — — 7.
: ———" | Oyiy = @y*Pb)(y*PLv)

S e Ovr(2) = (Wy*Prb)(ly*PLvy)
| IR PR FEETE FETETE FERTE PURTE | PTETY FEETY FEETY FYTRE PR FEUTY Peeey Feeey v _ - v 5
0. 01 02 03 04 05 06 0. 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 Or = (uio-/" P b)(lo-ﬂv PLVZ)
Cx(mp) Cx(my)
NP in b-»uev NP in b>upv NP in b->urv

PP, ey e L e e e e
T @-mmmmm—- L e e PUEEEEEEREY ) T @-==n= L s s SEREE a T o -~ o—raTEre-
Vo|e--mmnnn- >—r—r—--------- 5 V, @--=== o= ° V| e == *----0
Vi @ *----9 Vi o -—u—Tm—e--o Vi v -- -1 .-

82D """"" L 2 - o * q

sz . o - = - -~ s1 MMMMMM ” o PEEEE 82 L4 = .
$1--- . NEESNE =N $if-o - .

aalassslasssleanaloalaalanaalasnaloanalesd Laisaass l..‘..-..‘.'.ofznn ‘..o.'o.z. .°-.u..l ............. lassssassalssssnnsss lasssssns

-0.7-0.5-0.3-0.1 0.1 0.3 0.5 0.7 -1 0.  J -1. 0. 1.

Cx(mp) Cx(mp) Cx(my)

LHC is comparable with flavax.sensitivity

26


https://arxiv.org/abs/2011.02486

Summary

We need more data to confirm/reject flavor
anomalies.

LHC provides a powerful and independent cross
check the new physics scenario.

Let’s independently conclude scenarios before the

arrival of the new data.
N2
a2 J



muon g-2 anomaly

- €E 3 -
= —gq : S [ Magnetic moment of the muon
e

g=2: tree level corresponds to 2 freedoms (spin up and down)

Anomalous magnetic moment: a, = (g — 2)/2

White paper et Many developments
rermiab Theoretical calcglatlon: |
experiment 5-loop QED, lattice calculation,
< 42 5gma > Hadronic Light-by-Light,
Hadronic Vacuum Polarization,,,
0.00116591810 0.00116592061
Standard Experiment Aa — aEXp — CLSM ~ 2 5)(10_9
model average H 7! i) .

Muon magnetic anomaly . . . .
Recent lattice favors smaller gap but The situation is not fixed
new problem arises in e*e->2n andthe&W fit(slightly)..
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What kind of new physics you need?

Naive new physics scale to explain muon g-2 anomaly.

| ~

eAaM

UV
prLot urk
my,

If new particle X appear at 1-loop
with a flavor conserving coupling

2 2 2
g my o (100GEVA™  Ewy scale |
Aa, > ~ 3%X10
16m% my My No signal in LHC so far

What kind of new physics scenarios are still allowed?
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Muon g-2 and LHC

Because of the size and sign available scenarios are limited for the model with simple extension

2104.03691: Single field extension

Model | Spin | SU(3)c x SU(2)r x U(1)y Result for AaPNE, Ag2021
1 0 (1,1,1)
2 0 (1,1,2) .
3 10 (t,z, —1/)2) Two Higgs doublet model
4 0 1,3,-1
5 |0 (3,1,1/3) S, leptoquarks
6 0 (3,1,4/3)
7 | 0 (3,3,1/3) See, talk by Olcyr
8 | 0 (3,2,7/6) R, leptoquarks
9 0 (3,2,1/6)
10 | 1/2 (1,1,0)
11 1/2 @11}
12 | 1/2 (1,2,-112)
13 | 1/2 (1,2,-3/2)
14 | 1/2 (1,8,0)
15 | 1/2 (1,3,-1)
6 | 1 (1,1,0) Dark photon
17 1 (1,2,-3/2)
18 1 (1,3,0) )
oo g,i,—gg LHC data will come regardless of the
2 | 1 (8,2,5/6) HVP status.
22 1 (3,2,1/6) .
23 | 1 (3,3,-2/3) If the LHC exclude all the simple model

NP pheno people (at least me) can

Many models are already killed by LHC _
move to other things.
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Muon g-2 and LHC

2104.03691: Single field extension

Model | Spin | SU(3)c x SU(2)r x U(1)y Result for AaPNE, Ag2021
1 0 1,1,1)
2 0 (1,1,2) .
3 10 (t,z, —1/)2) Two Higgs doublet model
4 0 1,8,-1
5 |0 (3,1,1/3) S, leptoquarks
6 0 (3,1,4/3)
7 0 3,3,1/3) See, talk by Olcyr
8 | 0 (3,2,7/6) R, leptoquarks
9 0 (3,2,1/6)
10 1 /0 /1 1 N\
11
12
13
14
1 Dark photon
1 B0
1 E 0.001 ST o
i D e Bel T 0 ab '
5 o 10 Belle II, 50 ab™" p
) © N “on.  Belle 503", T “=10° ] AL g —*
2 e = = v,
-------- z!
23 R —
BBN M*, phase 2 _ V/
6 e‘ /(/v,
19 10 20 50 100 200 soo‘.rh . il b
Mass[MeV] e scenario wi e

1904.13053:2p+missin .
. © recp2022 capri: syu@Xgpbored soon in Belle 11, NA64!



Possibilities (1,2,-1/2)

* Muon specific 2HDM  1504.07059 T. Abe, et al.

* Flavor aligned 2HDM  1502.04199 V. 1iisie

* Type-X 2HDM 1409.3199 M. Passera, et al.

* ut2HDM Focus of this talk

FCCP2022 Capri: Syuhei lguro
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SU(2) doublet : EW pair production

LHC physics Final state

* Muon specific 2HDM  multi-muon
1504.07059 T. Abe, et al.

* Flavor alighed 2HDM multi-tau

Even if the size of the deviation decrease,
) those signals are always important.
* Type-X2HDM  multi-tau

1507.08067 Chun et al.
N N 4 N h H A
e UTZHDM T T

>
>

KL
New scalars are accessible 74/%
chirality flipping

even with enhancement

FCCP2022Capri:Syuhe|IgurQ <m > enhancement s;
L



One realistic model Tsumura, Abe,Toma 1904.10908

(SU(3)., SU(2)1)

ges Discrete symm.
Particle SM Zy b ( H )
— llf:ti A
: . 2
(LeaL,UnLT) (172)—1/2 (177’7_2)
. . Additional neutral scalars: H,A
(eRHMRvTR) (171)—1 (1v@v—l)
Scenario can explain the dark matter
H (1’ 2) 1/2 1 and neutrino masses with singlet scalars
New entry P (1’ 2)1/2 —1 in type-l seesaw. See, 2205.08998.
y H'
__ pyukawa __ 5 / t t
L, =Llg y,H v,9®" | L+ H.c.

VgDl - {1

Additional scalars in @ can only couple to purt.
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Electroweak production in LHC

* Maximum mass gap in H and A is given asm% = m4 + Asv?=m5 + v? (forA; < 1)

* Minimum mass gap is given by |yé”|, |yZ”| <1

50

pp->H H?

300

400
ma[GeV]|

AM -~
w

i\
202p @apri: Syuhg [g0to

500

1907.09845 S.lguro et.al.
Vs = 13TeV

my = my-:oblique correction
A, = 2.8x107°

pp—>2Z >4t BG is small
700

600

Scenario can explain the dark matter
and neutrino masses with singlet scalars
in type-l seesaw. See, 2205.08998.

35



Electroweak production in LHC

* Maximum mass gap in H and A is given asm% = m4 + Asv?=m5 + v? (forA; < 1)
.. .. UT ™
* Minimum mass gap is given by |y, |, |y, | < 1.

50

Vs = 13TeV
pp -> HHZ, pp -> AH®

S my = my-:oblique correction
=, Aa, = 2.8x107°
< , _

0.5

0.1

0.05

Run 2 data is sensitive up to 500 GeV.
HL-LHC is sensitive up to 1150 GeV.

S. Iguro and M. Blanke, coming soon. °




Bonus



Nice to meet you!
| am a Postdoc at KIT for three years!

| will go to U.S. since we have the next one in U.S.

* For more info: https://igurosyuhei.wixsite.com/mysite || o
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 Name: Syuhei lguro
* Position: Postdoc
* Birth place: Japan, Tokyo
* Interests: Flavor, Collider, Dark Matter,

Neutrino.....
Especially for interplay between flavor physics and collider e
physics _ - @

e ¥ A
) - ) KIT 4 Tok
* | love football! | came to EU since Ve 50021 C 2026
time gap is smaller between here and Qatar 2022 W cup. | TR




P u

Factorization amplitude » ¢ 2=

_ GgV,SV,
A(B N D+K_) _ FYus¥cb
V2
The non factorizable soft gluon exchange contribution
between BD system and K is suppressed. Bjorken (89)

Soft collinear effective theory shows the contribution is absent at leading order
=C, + % (LO) Bauer et al. 0107002

(mg —mp)ay(DYK ™) fy Fg P (mg)

(Ci{D*K~|04|B) + C,{D*K~|0,|B)) B

— L GF Vu*chb
V2

a;(DTK™) is calculated in pQCD at NNLO. See also Beneke et al 2107.03819 for QED correction

a;(DYK™) = (1.069%3:399) + (0.04613522)i  Huber et al, 1606.02888

Uncertainty in fx and V,, is negligible

V. X F§7P(m%): LCSR, Belle data, QCDSR, Lattice Iguro Watanabe 2004.10208.
LCSR dominance at g2 = m#%
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Missing piece?

) Vcb, B-> D, D* form factor? M§
We use the result from Iguro Watanabe 2004. 10208: V5=0.397(6),,,. “

Adopting V¢ > V4*¢ makes the situation worse!

* O(\qcp/My) sub-leading power corrections ?

Expected to be small: 0(0.1)% Bordone et al 2007.10338 «10%
- O(Aqcp/my) chirality enhanced contribution is absent

- correction to LCDA is O(a A2 /m,?)
Contribution from soft gluon exchange between BD system and light meson is small

- Other corrections beyond QCDF?

meson-meson rescattering contribution is tested

lguro, Endo, Mishima 2109.10811 D M1 D
= -3
M M1, M2 MZ M

We can not explain within the SM
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Other scenarios: U, LQ with U(2) flavor symmetry

2111.04748
U; LQ: Cs=-2¢€'% Cy, CMS PAS HIG-21-001 .. (13 TeV)

95% CL Excluded:

7 fit CMS l:]Obser\:(ecdu « 68% expected

¢r " =042, ) Preliminary Expected 95% expected

3 v Ll T T l T T Ll Ll
. 1 :
Real:139 fb o | VLQBM?2 Includmgb tag

sensitivity w/o b, w/b 5 = 3 ]
| R

hy: hey
N W S

4
4
4
-
e
o p
- e
-, - e b
- P E
-
A5
. - R
g
-
-s®
"
" N e 4
ae*
i e 4
"
I Erb 4
.
. -]_ - . 4
.
.
. T -
-
2=

=

"""" e sensitivity w/o b, w/b 1 95% CL preferred region
2 2 2 P ® I o PRERAP SR S N DO R S P S S i i B v
1 2 3 4 5
2 4 7
3 S 6 my (TeV)
| Mo [TeV] | | . 1
We assigned the conservative uncertainty corresponding to the one with 36 fb

to estimate the sensitivity with 139 fb™! = our sensitivity is conservative.

-

We can touch the interesting region with the LHC.

Clear mass dependence, importance of an additional b-tagging are found
FCCP2022 Capri: Syuhei Iguro


https://arxiv.org/abs/2111.04748

Small comment: not explicitly mentioned on 15t day

Key observable for Belle Il

FP” PX P> Rp Rp-
Ro LQ | [0.442, 0.447] | [0.336, 0.456] [—0.464, —0.424]| 1o data 1o data
S; LQ | [0.436, 0.481] |[=0.006, 0.489] [—0.512, —0.450]| 1o data 1o data
Ui LQ | [0.440, 0.459] | [0.156, 0.422] [-0.542, —0.488]] 10 data 10 data
SM 0.46(4) 0.325(9) —0.497(13) 0.299(3)  0.258(5)
data 0.60(9) < ~0.38(55) | 0.340(30) 0.295(14)
Belle I1 0.04 3% 0.07 3% 2%
. lguro et al 2018
A Spin of T 1 1
T
(=3 1o}
pD — 2 2
T =

r(he=3)+T (= -3)

PP is a good quantity to distinguish LQ models.
Statistical error is dominant in polarization observables.
Let’s wait Belle Il for the new data!

FCCP2022 Capri: Syuhei Iguro
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Additional contents for H™ part



O Ur I\/I O d e ‘ Iguro-Tobe 1708.06176

Neutral Scalar

Particle set in G2ZHDM %p}ijLif}{ (f =ud, ev)

f F
H ----
f
0 eo Em Charged Scalar
@ m Q Q(VCKMpd)ij Houfdg + (Vimpu) TH™d}uf
(VimPu)¥ i
e <

d;
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https://arxiv.org/abs/1708.06176

Model: G2ZHDM

Yukawa couplings between a neutral scalar and fermions

ij

mi p
f y}flij = TfSBaSij + \/—%Csou
[ (]
CD=h,H,A ) —l% forf =u
v f* Yaij =\ i
—— ~ . Po + vi.. P J ipJ
‘Do Fr+ Y1 i) +2% forf=d,e,
\ V2
fi m; Py
Viiij = > CRadij — Essa
Yukawa interactions relevant to R(D(*))
C
) | B
- P o (VexmPaPr — PaVekmPL)P = pSPPr — pic Py A
b pSP<<1:Bs Mixing T )
- Vi Yukawa interactions relevant to R(D(*))
- < o pg* i X"
T LA 'be O1) Nierste et al 2019, George-Hou 2018


1912.11501
1808.00333

Constraint Recent update
Vector and scalar operators for R(D(*)) automatically

contributes to B, — v

'/v‘

= _\
BR(B:; — tv)= |
5 2
BR(B¢ = t)smX |1+ Cyq — Gy + B (Cs1 — Cs3)
mt(mb T mc)

BR(BZ — t)gy = 2% ~4.2
Scalar operator drastically enhances
BR(BC_ — T\_l) ¢ mQAS X G2, large pT depemdence

. . large error in mc in fragmentation
Previous constraint -> large error for [Bc  function fBc/fB

ﬁ R.Alonso et al. 1611.06676 Current constraint
Aori: Seuhe B.Grinstein 2105.02988
A.G.Akeroyd.et al. 1708.04072° ~""<"63% M.Blanke.et al. 1811.09603



Imi

ingent |

' CMS-PAS-EXO-17-008
359" (13 TeV)

is for W

Im

Large coefficient (large coupling) allows the collider search

the |

’

TV resonance (+j) search in LHC can give a str

But

Into
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Imi
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H™ by the collider simulation.

We reinterpreted this |

400 600

1
FCCP2022 Capri: Syuhei Iguro

[T T _._._._._____ _._._.______ _._._._._____ _._._._._____ T e Q
E g 3 E
B MM W Om_u\ S
-g 23 5= 9
. 2 & X {w —
(2385 =B
| 2383 . | = -
SSc¢B T T <
|SS%WSS il
7 I > N 3
—o o O W # 4 13
' ] <
N !
= ' -l
]
L 18 o
S
- 3 1? ? =
- E - 2!
L o
+
- &=
| o
S
=)
2 -
o
S
e

) o
o o
- -

107"

m,, [{oeV]



o XBrin G2HDM

Production b
4 flavor scheme C /Y

o X BR=

XH_|Y1|2 |Y2|2

3|Y1|2+|Y2|2

\lH_
depending on H™ mass
o=Xy-Y;|?

Branching ratio
Vv
H- BR(H™ - 'l';/)
""""" Y, - 1Y, |
3|Y1 |+, |2
T

Combination 1:Y; = 1, maximizing denominator.
less events, weaker constraint.

Combination 2 :Y, = v/3Y;, minimizing denominator.
more events, severe

We set |Y;|,|Y,| < 1 : narrow resonance v search.
'(H™ - bc)~0.06|Y; |*my-,T(H™ - 1v)~0.02|Y, |>my-,then T'/my-<0.1
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Result

I\/Iuggzrlnore stringent constraint than B, — v

0.32}

0.3}

R(D*)

028\ =T P== E

--,

0.26|
1810.05843 SM
0.24 ] e T A O R I R ] B e SN ] BT B e A | SR R S | R R R AN R |
0.2 0.3 0.4 0.5

R(D)

FCCP2022 Capri: Syuhei Iguro
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https://arxiv.org/abs/1810.05843

R(D*)

Heawer H , more severe constramt
Result

1810.05843

heavier lighter

0.34¢

0.32¢

0.3]

0.28 ¢

0.26|

0.24»L;--L; o A I e e e L e e e ; gl gy igrgiigey id BT BRI W T T e ek
0.2 0.3 0.4 0.5 0.2 0.3 0.4 0.5

Better sensitivity for heavy tv resonances: experimentally Tv
resonance search for W’ is more sensitive to a heavier

resonance because of the Jow background from W—> tv.


https://arxiv.org/abs/1810.05843

H-interpretation of R, Ry« anomalies silently revived

Summary of the status and prospect are discussed Syuhe| lguro, 2201.06565

=N

Due to the charm mass scheme dependence, = 0.26l
The bound is relaxed BR(Bc—>1v)<63% Grinstein 2021

35.9 b (13 TeV)

0.24- 1 i i 1 1 1 " 1 1 L 1 L L L 1 1 " 1 i 1 i i i 1
0.20 0.25 0.30 0.35 0.40 0.45
Rp
D* _ D*  _
. . F;'sm=0.46, F} ge11e=0.60 +0.09
TV resonance search at LHC gives more stringent Only scalar can enhance FLD*

constraint for my. > 400GeV Iguro 2018

TV resonance search result for my. < 400GeV is not available at v/s=13TeV probably because
* they originally search for W’ in SSM and wanted to push up the lower bound on my,

* SMBG (W-> tv tail ) is huge at low mT

How is the situation and prespect.foram,. < 400GeV ? 51



Pair production

—_—

Various bounds are very complementary 3 categories of bounds

HL-LHC can probe large parameter space! & ~TH
P e P B mixirl?gs 1. right to left e.g. % @, ® é\'e";’ H+ Stv
H™/ W~ 2. above to bellow ]
o @ @ v S T 2 | 3 constrain v eg @ Stau seacrch H 9:’_
5 /H_ ut 3 l"i EW production+ this
e o-< ot bb resonance search
LB, Sl y Tv resonance
T " : : Vs=8TevV @ p A v 1:Iu
Single production / P
- New bb + photon search RN =
Ve @ [P T S s=13Tey ® N < Hun 2
> el H ©
S ——— - - . o
S Flavor inclusive di-jet Luminosity
b L Fs;,;:{. b _‘\ S S=13TeV @ J ——Current —--500fb1
- --.139fb1 .. 33b-
rop I\;IH[GeV] i
=325
0.8} 1
0.6f '
® :
0.4} @
0.2 9 : :'
0.0t g o't y : d ook ; @ 5 |
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Various bounds are very complementary

HL-LHC can probe large parameter space!
B mixings

3 categories of bounds Pair production

C —_— =t

1. right to lefte.g. @, @, ® New[ el:v

2. above to bellow @ @ v H Sty

3. constrain iz e.g. @  Sreusearch [ - W
EW production+ this

bb resonance search

TV resonance
\Js=8TeV @ 7
p A, fjun
{  bb+ photon search "“\‘ :
|+ s=13Tev ® N : 41“” é
Flavor inclusive di-jet CLumi?OSitYSOOfb .
—Current —- - -
| s=13TeV  ® 4
0020 250 300 350 400 - =-139fb7 3ab™
My [GeV]
1.00° _' 7 10F -
| My[GeV] My[GeV]
= 200 =325
0.8} @ | o8t &
0.6 ,"'
® ;
o4
0.2 ~G ':
\\g\\
0.0L. : & ’ Jd 0.0k . i @ :
0.0 0.2 0.4 0.6 0.8 0.0 ClgRlUZZ gapriSyglgel Igug@
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Additional contents for LQ part



Several works in the literature

t-channel mediator: Leptoquark (LQ)

B anomaly Crossing symmetry LHC

1 B
Bb < .
c Vv
\\ ~T P
Vv

signal shape on the MT plane M
t-Channel : plateau LHC exclusion @ 20 RH

o 10° T T 3 o

§ b anas =T gft

R oAl 4 3 Look into the P
10° . . s >
v high pT region  |— . |
N~ 00 Y e T b e LH
10 S {
10° rf':":- R
10 o= 1811.07920
1 O . J
e . ‘ 1 2 3 4 5

200 300 1000 2000
Transverse mass [GeV] 4G
F Ch = A
mr = \/2])‘ ERss(1 — cos 0g,) ‘[I;éﬂPZQZZ Capri: he|[lg& GL)(TYPPLVT)(C‘YJJPLb) LH 55



Authors of 1811.07920 also worked within EFT
and set the limit on WCs

TABLE II. 20 upper bounds for the absolute value of the ————

WCs of semi-tauonic cb transitions at p = ms. Bestfit 1o range
Data set Vector Scalar Tensor § L
ATLAS (36.1 fb~") 0.55 0.93 0.26 & =003 (-0.04,-0.02)
=i
CMS (35.9 fb ) 025 045 0.12 ¢ 008 (001,0.14)
LHC combined 0.32 0.57 0.16 * s
LHC (150 fb ') 021 0.37 0.10 §, 013 (008,020
HL-LHC 0.10 0.17 0.05

HL LHC is sensitive to the currently favored NP.
According to them, we can apply the EFT limit for m g > 2-3 TeV.
However, this is not good approximation.

The difference is crucial to judge the model
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LHC implication in LQ cases

p

Loy

e e e e  Baaan
- - 4 Q\’I’ ./,// 1:
@ o mLQ>1.6TeV 0.9 :— =i g // /,' ’l/-—:
IJ (2 l; ()8 - —l'e &\ ,I’ // ',' <l
3 : C s y Il‘ "
p E = 7‘ i " )
0.7 2 Y /-
Q £ 4
t-channel E A
: 0.6F = v -
Main focus 2= /,’ I
b T 8% 0.5 :-@”g @ il =
@ ’ E Q Ill N :/ QQ :
Same as R, 0.4l .7/ / ) i 3
S Y XY e :
c Y £ o % ' N / a
0.3EMN T -
Model independent A )5 o Ny ]
B L CMS =
t-channel 1/& o | :
0.1 s i @ 13 TeV, 35.9 b, npa v |
b ‘ : " : ;
U.()“"l“ PO | U TRT N TR T RO WY W [ T R W I TN T o T Y A PR
@ 1.0 15 20 25 30 35 40 45 5.0

b T

Single production is also important

Gino et al 1901.10480
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Bg: additional parameter®’


https://arxiv.org/abs/1901.10480

Significant mass dependence
Upper limit on WC
"N, Femosm)

Effective Lagrangian forb ->ctv

\‘\

\

\\
N
\ N

4Gp
Hefp = Evcb [(1 + Cy1)0yy + Cy20y; + C51 05y + Cs, 05, + Cr0y]

At mb=4GeV
Operator basis 5 operators

051 = (€:b)(TPyv;)
05, = (€7, b)(EP,¥,)
0y1 = (/"7 D)(EY*Pyvy)
Oy = (& PLb)ay*Rv) 1

Op = (Co™ | ‘;lb)(fo'vaLvt) Tensor f— m%Q

|Cx(ALuc)|

Scalar

t can not be neglected for the high pT
mono tau region.
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BG cut flow

BG (cut a) Wji Zjj(Z-vv) tt Z,yDY A% single ¢
T cut (a-1) 4613.3 562.0 241.8 1236.4 72.2 524
lepton cut (a-2) 4609.1 561.9 230.3 744.1 65.5 50.1
MET cut (a-3) 2933.0 471.9 190.8  83.9 42.8 42.6
back-to-back (a-4) | 777.0 184.6 9.85 52.5 12.1 1.09
0.7<mr<1TeV 70.5 20.1 0.34 3.03 1.30 0.02
1 TeV <mry 16.9 5.1 0.06 0.56 0.32 0.02
1 TeV <mt [25] | 22+6.2 0.9+0.5 <01 <01 07301 <0l

1 TeV < m [34] 18 52 0.44 0.0025 1.7 0.1

Table 9. Cut flows of the SM background events in the cut a category (the 75v search). The expected
number of events corresponding to [ Ldt = 35.9fb~! at \/s = 13 TeV are shown. The last two rows show
the results by Refs. [25] and [34]. See, the main text for the detail.
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BG cut flow

BG (cut b) Wjji Zjj(Z—-vv) tt Z,yDY VvV single ¢
number of jets 6693.4 235099 346.7 1813.2 125.8 151.8
number of 7 3173.5 5617.1 73.9 894.9 59.7 34.0
number of b 90.6 305.5 35.9 163.9 5.28 18.8
isolated lepton 90.5 305.5 29.7 10.4 1.38 17.0
T kinematics 78.8 20.8 23.6 9.19 1:13 14.0

MET cut 712 4.62 20.9 2.52 0.98 12.7
back-to-back 7.84 3.61 1.67 0.57 0.18 0.54
0.7<mpr<1TeV | 0.58 D37 0.056 0.28 0.018 0.029
1 TeV < mrt 0.16 0.06 0.01 0.007 0.005 0.005

1 TeV <my [34] | 0.18(5) 0.21(12) 0.29(3) 4.2(4)x107° 0.35(5) 0.067(7)

Table 10. Same as Table 9 but for cut b (the 75V + b search). The last row shows the results by Ref. [34].
Note that their b-tagging efficiencies are different from ours (see, the footnote #3).
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