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Footprints of NP in low-energy data?
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The search for Terra Incognita
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https://arxiv.org/abs/1910.11775

High-p flavor studies

A
(Flavorful) New
ics?
Idea: Take advantage of the large Physics®
statistics at high-energy colliders |
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High-p flavor studies

(Flavorful) New
Physics?

Idea: Take advantage of the large
statistics at high-energy colliders

5 pp =ty eV T @ATLAS

EXPERIMENT
" o et

l [#

q My,
7 p

> M- Mty
M- v my,
® Same underlaying NP in different M — M m,
kKinematical regimes M — €
® at high-p;

® Future improvements at both frontiers




Strategy: Recast the latest lepton + MET and dilepton searches, and look for New Physics in the tails of the invariant
mass distributions (where SM background is low)
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€y —i a . J\s o a
Example: ; @y, 7 g5y, 71

® Corrections to observables

W 2
>\/< S
e.g. D — 1v
SM NP
‘GCdTI/T‘ < O.2
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W ® (Corrections to observables
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2 M2

a £ L:x | Vi’ x |— —¢

AN 2 ’ S s

2 MW

AR s— Mg "
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X Signal
SM NP (heavy quarks)

Z ;- Parton luminosity




€,
Example —(qu,; qL)(l 7, 70"

pp = Cv
.
~ LHC is a five quark flavor collider ‘ ® Corrections to observables
M3z 2
100 ____________________________________ — 2 w
du ny\Vyl X T—GVL
10-1 >
/e —— e SU_ Mz
| 2 2 w
| 1 X Zydrdi X | Vual (T)
| Rij 103

1074 ‘ “ >\W/< Background
10-5| be | J (valence quarks)
Signal
(heavy quarks)

A ;i + Parton luminosity
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Example: —(quﬂT qL)(l G azﬂ)

pp = v
LHC is a five quark flavor collider * ® Corrections to observables
| 2
2 My,
L ;o 3UX‘VU‘ X |— — €y,
10711 M?2 2
| e meeeeewm—— S U _ 2 14
| 102 — I - | ZLudrdia X | Vual™ X (T)
H dc
| Rij 1073 .
|
X /|
"‘ (| 500D
tails

PDF + CKM suppression
O(107%) for cs, cd

4

Energy enhancement

S

SM interference
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Example: —(mf qL)(lL;f,,, 1)

pp = v
LHC is a five quark flavor collider ‘ :
9 | | Back of the envelop estimates
T ;- eb¢ < 0(0.1) ey S 0(0.01)
10! :
N —— Z —‘ci—_ || GVL < O(1) €VL S 0(0.01)
dc _
Rij 143 -
|
1074+ | X 7 |
) | o | SO0
_ _ tails

PDF + CKM suppression
O(107%) for cs, cd

Energy enhancement
(S/M%V)z N @(105) ' Neglecting

th

SM interference




EFT forc — d(S)fV transitions N.B.: Contributions from po§§ible NE in GE and V. are

small compared to the precision achieved in charm

Fee = = 298y (1 + ey 7oy, L) tdp) + e (E ) @py di) + e (Cru))(Crdy)
CC y, I\ VLY LVuVII\CRY RYI\CRYL

\/5 Cl_

+e (Cru)CLdy) + e (Ero,, 1)) (Cgo, d)

The SM + 5 New Physics Wilson coefficients for each transition (90 NP parameters)




EFT forc — d(S)fV transitions N.B.: Contributions from po§§ible NE in GE and V. are

small compared to the precision achieved in charm

Fee = = 298y (1 + ey 7oy, L) tdp) + e (E ) @py di) + e (Cru))(Crdy)
CC y, I\ VLY LVuVII\CRY RYI\CRYL

\/5 Cl_

+e (Cru)CLdy) + e (Ero,, 1)) (Cg oy, d)

The SM + 5 New Physics Wilson coefficients for each transition (90 NP parameters)

Matching to the high-energy theory (SMEFT):

® RGE-induced operator mixing:  e”(2GeV) ~ 2.1 ¢7(TeV) - 0.3 e/"(TeV)

® €y IS not generated by 4-fermion operators ( )
<Y >
c J l
e _ / Lepton flavor universal
O = (@ iD upytd
pua = (@ 1D, @)ty dy) . v W y (— 16 NP parameters)
) \
<®'~P>




D, decays vs high-p; data: Charged currents

e.g.c — s(d)tv See JFM, Greljo, Martin Camalich, Ruiz-Alvarez ( 2003.12421 ) for the rest

High-p, LHC limits (pp — £v) Low-energy limits

BR(D* - &%) mp

2 I —e¥“ A €
BRqy\ A m (m +m)P

2
sap!W. _ api
s Vi

G| V|7
S
187

o(s) =

3 afij |2 afij |2 _
+ (e "1+ 1eg" ) BR(D — P, 77

BRqy

12
= |1+€‘0,"

+4 | el | . .
| ] +2Re |(1 + ) (xged" + xpe8)]

- -
+ysled' | +yrler |



https://arxiv.org/abs/2003.12421

D, decays vs high-p; data: Charged currents

e.g.c — s(d)tv See JFM, Greljo, Martin Camalich, Ruiz-Alvarez ( 2003.12421 ) for the rest

High-p, LHC limits (pp — £v) Low-energy limits

C — STV B(D, - 1) =(5.55+0.24) %

leq| $0.042  |ep| < 0.024

| €y A | | €sp | lerl
ATLAS + CMS 0.009 0.018  0.004

BD — 1) =(1.20+0.27) x 1073

c — dtv le,| $024  |ep| $0.13

| €y A | | €5p €7 ]
ATLAS + CMS 0.016 0.031  0.007

Phase-space suppression

mp —m_~ 90 MeV

s, d
ell, uti

T
X High-p beats low energy! ' al cases bute,
U

C



https://arxiv.org/abs/2003.12421

Complementarity between low energy and high-p

p | 0.10
Py 7va. (1 + 5g,§lR) Ey'P, g d, W |
> , ,
i 0.05
d, ¢ , 2 |
l M .
N\  § ]V\Vp (1 + 5gf'e) — |
-/ "\ . > M eelﬁL 0.00 - pp—ev
No energy growing
at large s —0.057
Dy decays
Combining pp — v with low-energy flavor data _0‘1%.0'5 h .0.|00. N '0,65' N 'o,llol B |0,15
' -2
5g£fR < few X 10 L

Competitive with LEP and LHC on-shell W production!




EFT for rare ¢ — u??"” transitions

4G a

ZNe = \/_ 471'

| “j‘i (%Ofyﬂ )(u yhep) + G“ﬁ (fL;/M )(ﬁRy” Cp) + Ggﬁ (£ ff)(’/_ﬁR cp)

+e (CReD iy cprter (€0, € igo,, cp) + (L < R)

10 New Physics Wilson coefficients for each transition (90 NP parameters)

SM short-distance extremely GIM suppressed
Main SM contributions due to long-distance effects




EFT for rare ¢ — u??"” transitions

4Gr @ L (za., P\ o af (2a., LP(i7. oH af 2a LP\(i7
LNe = \/5 47[&6 €y, (v, )y cp) + €y (C7 v, )N igy" cg) + € (CR¢) g cy)

+ Ggfe (z,zﬁ‘e L”Lﬁ)(itL cR)+€;ff (z?% O L”Lﬂ)(itR o,,C) + (L < R)_

10 New Physics Wilson coefficients for each transition (90 NP parameters)

SM short-distance extremely GIM suppressed
Main SM contributions due to long-distance effects

Matching to the high-energy theory (SMEFT):

® RGE-induced operator mixing: egﬁi 2GeV) = 2.1 %" (TeV) — 0.5 eﬁﬁi(TeV)

LL.RR SLL,RR

® Some Wilson coefficient are absent: egﬂ = eg‘ﬂ = 0 (—18 NP parameters)
LR RL




Rare D decays vs high-p data: Neutral currents

High-p LHC limits (pp — )

CARC LS
c — uee 13 32 5.2’
C — Upp 7 17 2.8
C = Ut 25 60 11

Limits will improve by a factor 2 — 3 with
full HL-LHC statistics

[assuming statistically dominated errors]

u 74
X Again, high-p, beats low energy! " Fxceptforeg ~ =
C

Low-energy limits
[from D = z¢¢, D — ¢¢] [Bause et al., 1909.11108]

1 S42, leg 1S 15, e, | <66

LL.RR

HiL | < pp
ey 1 S8, leg)

|04, [eZf |59

TL,R

D — 77, Tu, forbidden by phase space

Improvements limited by SM long-distance
effects [except for D — £¢ or SM null tests]

SLL,RR



https://arxiv.org/abs/1909.11108

Beyond charm decays: PDF rescaling

Estimates on AS = 1 and AB = 1 rare transitions from PDF
rescaling of AC = 1 limits (similar signal acceptance)

Flavor rescaling

. A
‘G)o(cﬂ]z‘ — ‘Ggﬂuc‘ C

PDF rescaling

\egﬂdb\ ~ 40\€§ﬁuc\ s e
b 245 | 2700 | 2|
\egﬁs | ~ 20\€§ﬁ”6\

e.g.b — st7T

BB - K1) < 2.68 X 107 | HC data from pp — 77

< 420

1sbh

TTsb
€
Vit

€
Vie

< 990

gdijj + gCZ]CZI
Lij:cu — P P
ci T Zuz
1. uc
ds
0.50
----------------------------- db_
L...
Y.cu 0.10; ’
0.5 e ;
T e s b
pp @ 13 TeV
0.01 .............................
1.0 12 14 16 18 20 22 24
Vs [TeV]

s ~ [1,1.5] TeV

Most sensitive bin
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Multi-scale solution of the flavor problem/puzzle

E
— 7 iilg L ¢ A 6(10* TeV
gSMEFT — gGauge .gHiggs: Yukawa 2 A d—4 Ci i 1st fam. = ( C )
EEEEE ’ id i
Non-trivial UV imprints

® [he SM Yukawas are very different because they originate at separate Aoy s ™~ @(102 TeV)

scales!
® [eV-scale NP dominantly coupled to third family |

[ protection from flavor constraints | y ' ‘; A3 g fam. ~ O(TEV)

1 ¢
e.g. from  —= () M° 8 (M " V& 246 GeV

f//

|Barbieri, 2103.15635
Bordone et al., 1/712.01368
Panico, Pomarol, 1603.06609

Dvali, Shiftman, '00, ...] @

® Direct production of new states at the LHC is naturally more suppressed
NP scale can be lower |



https://arxiv.org/abs/2103.15635
https://arxiv.org/abs/1712.01368
https://arxiv.org/abs/1603.06609
https://arxiv.org/abs/hep-ph/0001072

Third-family quark-lepton unification at the TeV scale

U(l)y
(€21 3.15) ~ O(TeV) SUB). x SU?), x U(1
SU@), X SU3),,, X SUQ), X Uy =~ —— 27— " 7 ) (,)L, (Dy
‘ ‘ +U,,G.,Z
ST(3 1= 1,2
UG3). Field) SU@4) | SUBY | SU@2). | Ul)x
. . . . | 1 3 2 1/6
® Direct new physics couplings to 3rd family only :
up | 1 3 ! 2/3 1st & 2nd
- | | | dp 1 3 1 —1/3 families
® CKM mixing and New Physics couplings to light L 1 1 2 —1/2
families via (small) mixing with vectorlike fermions z :

3rd family
(€2.) £1,q; ¢ i’ qi vectorlike fermions
H
4321 breaking
7 Ok oL 7 scalars
® Explanation of R(D™) anomaly and partially b — sutu~ [Bordone, Cornella, JFM, Isidori 1712.01368, 1805.09328; Greljo,

Stefanek, 1802.04274; Cornella, JFM, Isidori 1903.11517,...]


https://arxiv.org/abs/1712.01368
https://arxiv.org/abs/1805.09328
https://arxiv.org/abs/1802.04274
https://arxiv.org/abs/1903.11517

Hunting the new heavy vectors
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= B ; P ] 2.5
Q oL // 3 i — - i
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@) B / ] o[ =
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http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/EXO-19-016
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2022-39/

Hunting the new heavy vectors

Uy
g o, M
" A '

| —< £
J C : e
CMS Preliminary 137 fb' (13 TeV) .
< . . u | | ' | ' I ' I ' I _
= 95% CL upper limits — Smgle Nonres. o ~  ATLAS s« single + Non-res. (Obs.limit + 16) =
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GCJ ----Expected Expected by B anomalies = — : ’ ca444 Total (Obs.limit £ 1) _
= 68% expected Vectorﬁ =1 Fol - 95%CL - Total (Exp.limit + 10) _
7)) 25 8 3 - UTM mOdel Preferred by B anomalies —
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2022-39/

Hunting the new heavy vectors G’ ~ (8,1,0)

‘a ij =i Ta J ij =i Ta J ij Ji Ta ] ~ ~
Ze 2O 8cG Mk qr Ty, g, + Kk, ug Ty, u, + kK, dp Ty, dy) 2 R gy R 3
g5 g5
- 33 _ 11 _ 22 _ s 11 _ 2 _ 2 s
(approx) flavor diagonal K wd = | Kyg =K g= — K, =K =5, >
8C 8G
q t,b
G’ Valence quark
production dominates ]
q t,b

Recast of dijet & ditop searches

CMS p) —broad pp — jj resonance
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[Cornella et al., 2103.16558] Mg [TeV]
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https://arxiv.org/abs/2103.16558

Hunting 4321 vectorlike fermions at high-p;

4321 vectorlike fermions y; p = (Q L)' b E g
’ Uiy U ~ ARjM; => M, ~ TeV
0 ~ (3.2.1/6) 0= () ; b
N vectorlike leptons cannot be too heavy!
L~1,2,-1/2) L = <E> [ analogously to the charm in the SM ]

[di Luzio, et al 1808.00942; Cornella, JFM,
Isidori 1903.11517; JFM et al., 2009.11296]

In the SM....



https://arxiv.org/abs/1808.00942
https://arxiv.org/abs/1903.11517
https://arxiv.org/abs/2009.11296

Hunting 4321 vectorlike fermions at high-p;

4321 vectorlike fermions y; p = (Q L)' b E q
’ Uiy U ~ ARjM; => M, ~ TeV
0 ~ (3.2.1/6) 0=(7) 5 b
N vectorlike leptons cannot be too heavy!
L~1,2,-1/2) L = <E> [ analogously to the charm in the SM ]

[di Luzio, et al 1808.00942; Cornella, JFM,
Isidori 1903.11517; JFM et al., 2009.11296]

Interesting signature at LHC: heavy leptons decaying into multiple 3rd generation fermions!

N 3 E- 3" gen decays



https://arxiv.org/abs/1808.00942
https://arxiv.org/abs/1903.11517
https://arxiv.org/abs/2009.11296

Hunting 4321 vectorlike fermions at high-p;

New search for pair produced heavy lepton doublet decaying into 3rd generation fermions

E N = E- b E*,N
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) s b -
E , N q M E ,N
EW production -
g Ip | | . » EW + Z’ production
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Hunting 4321 vectorlike fermions at high-p;

96.5 fb™' (13 TeV)

‘CMS - Asymptotic 95% CL_expected |
I £ 1 std. deviation
+ 2 std. deviation

e Observed 95% CL,
— Electroweak production

'|||1|||1||||1||||1|||1|||1'

500 600 700 800 900 1000
VLL mass [GeV]

CMS PAS B2G-21-004

CMS analysis shows a sensitivity in the same ballpark of

the model expectations

2|

Limits assume EVW production only and wil

stringent once we include Z’-assisted proc

become more
uction



https://inspirehep.net/files/a95bed9d919bf65a8093210b2a9a88ba

Conclusions

® Non-resonant high-p searches offer an alternative flavor probe
(PDF suppression can be compensated by the energy growing)

® NP in (semi)leptonic charm decays scrutinized by high-p+ Drell-Yan data
(and in other (semi)leptonic decays as well, e.g. b — s77)

® [nteresting complementarity between charm physics and high-p+ (e.g. W vertex corrections)

D * i
QD Meson decays High-p, tails
Belle 1T 77

SATLAS

EXPERIMENT

718ls.
Il A

® High-pr searches are also particularly interesting to constraint and discriminate specific flavor models/ideas










monolepton

Interplay between low and high energy: CC L HC data
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https://arxiv.org/abs/2003.12421

Possible caveats to the high-p; constraints

(dim 6)* vs SM X dim 8

GZ| V.| | m mi mi 1
6(s) = i1 Ve s | — — 2| —=Re(e®) + ——Re(e®) | +1e@)? | + 0
187 52 s t o MZ, i g MRp

e SM X dim 8 typically subdominant if e‘(f) ~ e‘(/g) (as expected with tree-level mediators), since s < Mép
L L

by assumption

® Not a problem for LFV or neutral currents (SM extremely GIM suppressed)

NP mediator masses below the EFT validity range

® Unlikely for charged currents (direct searches on pair produced mediators),
(e.g. Z’ could avoid direct searches)

® Even when the EFT validity is not guaranteed, limits offer relevant information in a
larger kinematical regime [s-channel (resonant) vs t/u-channel (good estimate)]



