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Why Flavor mattere

Historically, it lead to "New Physics’!
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Flavor: low-energy probes retaining a centra
role for Physics Beyond the SM (BSM)




UTA : A PRECISION TEST OF THE SM

From Unitarity of the CKM http://www.utfit.org/UTfit
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No tree-level Flavor-Changing-Neutral-Current processes (FCNCs) in the SM.

q> AF = 2 : excellent probe of BSM Physics!

L.Silvestrini, Les Houches Lect.Notes 108
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I New generic source of flavor / CP violation —> high NP scale



AF =2 UNDER QUI2). x Ullly

ABOVE THE EW SCALE, WE MUST EXFLOIT SM GAUGE SYMMETRY

AF =2 INTHE SMEFT

e CAPITAL CASE
(1) _ _ SU(2). Doublets
072 = QiuQ;Qi"Q;
QQ( ) _ A ~ A | OWER CASE
Ozg ij Qi%ﬂ_ Qj Qlfy T Qj SU(2). singlets
— quyqu q’ﬂ/ dj See, e.g.:

Qq . A . J.Aebischer et al.
Ozm = Qi@ TV 45 1512.02830
OQq — O:~.TO . ~A*T% . '

1717 Qﬂ/,u Qg q:7Y d; A.Celis et al.

1704.04504

(g = u, d stands now on for RH fields ; 7 Pauli matrices ; T% color ones)



AF =2 UNDER QUI2). x Ullly

ABOVE THE EW SCALE, WE MUST EXFLOIT SM GAUGE SYMMETRY

CAPITAL CASE
QU(2). Doublets

LOWER CASE
SU(2), singlets

See, e.g.:

J.Aebischer et al.
1572.02830

A.Celis et al.
1704.04504

HIR

(g = u, d stands now on for RH fields ; 7 Pauli matrices ; T% color ones)
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AF =2 BOUNDS — A modern view

95% BOUNDS X FROM MESON — ANTI-MESON MIXING AT THE EW SCALE IN TeV =2

ReX; | ImXy Re X, Im X, Re X5 Im X5
s<d|59-1077120-107°|40-107?|1.8-107*| 75.107% |2.0-107 1"
O jeeru 251007 7.5-1077 | 42-107% | 1.3-107Y | 2.5-1077 | 7.7-1077
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In which basis we are defining NP ?

0<d>
AL

LsmEFT = LM + Z

1,d>4

|Zei%Y
Yp diag | <«— | Yy diag

FLavor Space

Basis where down-quark Basis where up-quark
Yukawa matrix is diagonal Yukawa matrix is diagonal

Orientation in Flavor space imprints NP phenomenology: 2 extremes at hand.

Important point, since in the SMEFT up and down sectors are correlated!
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AF =2 BOUNDS — A modern view

Let’s take for instance: = (Q17,Q1)° Cijie ~ [Tev™? Cid, [Tev?
: 1111 — \W17u«1 ijkl Y, diag Yy, diag Yy diag
. . . 1111 589 107° 1.47 1077 @
—> AF =0, still subject to Flavor constraints! 1112 | (7.0°,0.19°) 1077 | (177, 0.051%) 1077 | (3.29, 1.39) 10-3
1113 | (159,0.44°)10°% | (394, 0.127) 107° (1.44,1.24)
_ 1122 2.9910°° 6.87 10°° %)
1) If aligned with Yu: d; — Vi dL,J —> K—-—K 1123 | (5.6°,2.3°)10°% | (1.5°, 3.4%) 10°6 (2, o)
1133 1.3 104 3.6% 1075 %
: , . ¥ 1212 | (31°,0.22°) 1078 | (28°,0.25%) 1078 | (65, 0.22°) 10-8
_)
2) I allgned with Yp: UL Vl] Urj > D — D 1213 | (3.5°,0.1°)10°% | (15%,0.3°) 1077 (16°,0.3%) 10~
1221 2.9° 107 6.87 107 %
QO//?Q 1o mass basis 1222 | (7.0°,0.19°) 1077 | (17°,0.05%) 1 (3.2°9,1.3%) 103
1223 | (15°,0.44 ) 10-6 | (39° )1z<>) 106 (2, @)
1231 | (5.69,2.3°) 1 (1.5°, 3.4°) 10~ (2, @)
QQ1111 > 1) 415 TeV 1232 | (1.3°,2.29) 1 (a" 1.49) 10-7 | (7.29,2.99) 10-3
A 1233 | (3.1°,6. ><>) (8.97, 3.45) 10~ (2, @
2) 267 TeV 1313 | (1.14, 0.90A) 10-6 | (1.1%4, 0.954) 107 | (1.04, 0.884) 106
1322 | (15°,0.44°) 10°% | (399, 0.12°) 1076 (2, @)
Qu Qd 1323 | (3.39,0.19) 107% | (244,2.14)10°% | (6.34,5.34) 107!
) 1331 1.3 10~ 3.69 107° %
Similar bounds apply also to; O kl 1332 | (3.1°,6.2°)107° | (8.99,34%)10°¢ (2, @)
1333 | (6.79,15°)107* | (6.94, 5.84) 107 (1.44,1.2%)
. - . 2222 589107 1.47 1077 %)
Note: mlsa"gnment of NP in Flavor Space NOT 2223 | (5.7°,2.3°)10°¢ | (1.5, 3.4" ) 107% | (3.0V,0.98V) 10!
relevant for right-handed quark operators. 2233 1.3° 107 3.67 10~ %
2323 | (22Y,0.75V) 107° | (2.14, ().8()A) 107° | (2.2V,0.74V) 1077
ut H 2332 1.3° 10" 3.6 105 >
k1 = Wi YU Uy U 3.6
& e 2333 | (2.29,2.8°)107% | (2.8V,0.94V) 107* | (3.0V,0.98V) 10~
well constrained only in 1212 3333 £.2° 10! 13V 102 2,
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AF =2 BOUNDS — RGE driven ones

Cin{Q(w) (TeV—2]

1) Yp diag Yy diag
11 %) 4.17 1073
12 | (8.9%,3.89)10°* | (9.97, 3.8%) 10~
13 | (74%,6.3%) 1072 | (7.6%, 6.4%) 1073
22 %) 4.1% 1073
23 | (3.0V,1.0V) 1072 | (3.1V,1.0V) 1072
33 % 7.34 107!

oy ANP = 15 TeV

Cilt [TeV™?  Cia® [Tev—?

1kl Yp diag Yy, diag
2221 | (5.1°,1.6°) 107! | (4.2°,0.13%) 107!
2222 | (229,6.8°) 107" | (187, 0.587) 1071
2223 (2, @) (4.3, 1.67)
3321 | (3.0°,0.93°) 1072 | (247,0.87) 1073
3322 | (1.3°,0.4°) 107 | (109, 0.34") 102
3323 (3.1, 3.6°) (2.5, 0.9%) 107!
3331 (@, 9.5°) (8.54,114)
3332 (9, 9) (2, 89V)

L.Reina, PoS LHCP2019 (2019)
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Also, extensive compilation of RGE-driven bounds for :

—> bounds from K-K & B-B
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Beyond AF =2 — A couple of examples

Anomaloug Triple Gauge Oouplingg‘
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QMEFT: A FLAVORFUL QUMMARY

Key results from Phys.Lett.B 799 (2019) 135062 (arxiv-1812.10913)

SMEFT RGE
OﬁcQu[an ijekc;Q Oijk?u Oud;}cgfjnb Oﬁj{ﬁd(l[sn

(H D, H) Q" [7*] Q) | (Lje;) (deC) (Lje;)ir* (@) | (@ T]un) (dy*[T°)dim) | (QiyulTJux)iT® (Qury*[T*]dm)
05 Ot O Ofiim O

(Qj%z [TA]Qk) (QW“ [TA] Qm)

(@ vuun) (@ um)

((Lﬁ,#dk) ((71“,“(1,,1)

(QvulT]Qk) (A [T)dm) | (QiVulTQk) (@[T Ttim)

poorly constrained

FLAVOR MISALIGNMENT

—> peyond first leading-log analysis: JHEP 12 (2020) 187 (arXiv.2009.07276)

Interesting future directions anead:

— IMPACT OF OTHER FLAVOR MEASUREMENTS (e.g., AF =1 FCNCs)

— ROLE OF SYMMETRIES IN FLAVOR SPACE <> FLAVOR PROBLEM

— INTERPLAY WITH HIGH-ENERGY PROBES <> EW NATURALNESS >

?
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AF =2 BOUNDS — Other bounds from misalignment

cly [Tev-? c3L” [Tev-2 cy [Tev-? Cha [Tev?

ijkt
17kl Y, diag Y, diag Yp diag Y, diag Y, diag Y, diag Yy diag Y, diag

1111 11 827 1071 3.3 .79 1071 3.7° 1071 2.2

1112 (1.9 0.819) 107" (647, 0.290%) 1077 (5.5, 2.3y 107" (147, 0.062%) 107? | (6.0°, 0.18°) 1077 (5.07, 4.9%) (147, 0.45%) 107% (14%,14%)
1113 (224,214 107 | (7.7%,0779 107° | (1.14,0.814) 1072 | (3.44, 0.16%) 107° [ (3.9, 0.12°) 1072 (2, 1.89) (249, 0.74°) 1072 (2, 5.59)

1122 12 829 1071 3.3 1.7 1071 1.9° 1071 1.4° 1071

A|Oﬂg J[he Same ||ﬂe’ 1123 (1.99,0.759) 10-3 (7.49, 7.49) (4.0°,1.69)10~* | (7.9°,6.5°) 107% | (4.87,119)10°2 | (5.9°,4.9°) 10~ | (1.4 _:;‘3 ) 10!
1133 10 111077 129107

a|SO remaining 4_quark 1211 (1.89,0.76") 101 (2.09,0.76") 101 (3.8°,1.69) 10-° (4.3°, 1.69) 10-° (9.1¥,25%) 10 (54%, 1.5 :lll; .

1212 | (1407, 0.63%) 107 | (1507, 0.677) 107" | (30", 0.14%) 107 | (327, 0.14%) 107" | (147, 0437) 10 (137,040%) 107% | (3.3%,0.1%) 10 327, 0.98%) 1077
1213 (9.2°,0.17°) 10-° (6.4=,1.8%) 10°° (207, 0.36%) 107° (364, 3.84) 1077 (9.1%,0.28%) 10~ (2, 44%) 10 (5.5%,0.17%) 10~= (2, 5.27) 10~*
Operators are geﬂera”y 1221 (1.2-, 1.27) (28", 0.13%) 1077 (257,277) 107" (60°, 0.27%) 1077 (269, 0.87) 1077 (6.29,0.19°) 1077
1222 | (1.87,0.76%) 107 | (207, 077" 107" | (397, 1.6") 107" (4.3° 1.6")107° (4.59,1.3°) 1072 (2, 4.5°) 1072 (3.4°,0.95°) 1072 (2, 1.39) 107!
We” prObed by AF — 2! 1223 (4.6, 2.1%) (7.3V,25V) 107" | (987, 447) 107" | (4.6Y, 1L6YV) 107" | (3.47,287)107% | (1207, 0.38") 1072 | (2.6°,219) 107 | (37", 0.117) 107
1231 (3.3%,0.339) 101 (152, 0.71%) 107" | (4.8, 0.53°) 1072 (14%,3.29) 107+
1232 (4.1°, 1.7%) 107 (4.3°, 1.7 107 (877, 3.6%) 107" (9279 379107 | (3.8°,1.19)107* | (129 4.49)107* | (2.8°,0.82°)107* | (357 1.37) 1072
1233 (10", 4.5%) (127, 4.3%) (2.27,0.95") (2.5, 0.95%) (257, 1.07) 107° (9.9, 3.8y 1071 (7.6, 3.17) 107° (3.0%, 1.1%) 10
1311 (1.8, 0.80") 10! (4.79,1.8%) 10— (3.0%, 1.4%) 107= (107, 4.0%) 101 (1.87,0.6%) (11¥,3.5%)
Qd(178) Qu(laS) 1312 | (36%,0657) 1077 | (8.6% 0.169) 107% | (6.19,0.117) 1077 | (187, 0.349) 107 | (31°,096°) 1077 | (3.6%,0.11°) 107" | (7.5°,0.23°) 1077 | (9.4°,0.29°) 102
.. .. 1313 (2.6=,25%) 107 (2.7=,26%) 107 (L5=, 1.1=) 10~ (1.6=, 1.2=) 10~ (209, 0.637) 10—+ (8.5=,7.14) (129, 0.389) 10!
Z]kl ) Z]kl 1321 | (529,529 102 | (86° 35910 | (1191191072 | (187 0.75°) 10 | (5.2°,12°) 10°° (1.3°, 2.89) 1076
1322 (1.8, 0.8%) 10~* (4.79,1.8%) 10~ (3.0%, 1.4%) 10-= (109, 4.09) 101 (9.2, 3.07) 10~* (2, 1.1Y) (7.0%,2.2%) 10 (2, 3.25)
1323 | (3.2%,3.1%) 107" (31V,1.1Y) 107" | (L824, 14%) 107" | (20Y,0.67Y) 107" [ (T4%,62%) 1077 | (7.6%,6.4%) 1077 | (224, 1.9%) 107" | (234, 2.0%) 107!
1331 (8.9, B.7T%) (2.27,094%) 1077 (4.0, 4.07) (4.79, 20"y 1071 (3.57,6.77) 107° (2.17, 2.07)
D 1332 (4.0%,2.7%) 107* (4.2%,0.25%) 107 (6.9, 3.0%) 107= (159,229 101 (159,4.7°) 10-° (287, 1.1%) 10~* (11°, 3.5°) 10~° (8.35, 3.27) 1071
Strongest nOﬂ-J[rl\/|a| bounds: 1333 | (7.04,7.04) 107" (7.14,28Y) 107" | (4.04,3.0%)107" | (3.84,1.89) 107" | (7.4%,6.34)107° | (7.6%,6.44)107% | (224, 1.94) 1072 | (234, 2.04) 1072
2211 11 8.39 101 2.0 1.8 101 3.7° 10 & 2.2
2212 (1.99,0.79%) 10°° (64%,0.29%) 1077 (329,1.39)107% | (1407, 0.62%) 107 | (6.0°, 0.18°) 107 (3.2%,3.27%) (14%,045%) 107% | (8.57, 8.4%) 107"
2213 (4.8, 21%) 10 (2.84,0.779) 10-° (8.1%,3.6Y) 107= (1.69, 0.16") 105 | (4.0°, 0.12°) 102 (2, 1.8%) (247, 0.74%) 107+ (2, 5.5")
AF=1 > 4 2222 11 8.27 10~ 2.0 1.87 1074 1.9 107 1.4 107
ANP 10 Tev 2223 (1.2v,0.39v) 1072 | (1.7V,0.57V) 101 (6.1V,21V)107* | (1.1V, 0.36V) 10~ (16¥,4.7%) 107° (4.8%,11%) 10-= (12%, 3.5%) 107° (1.4%, 3.2%) 10~
s 2233 1.5 29 1171077 1.2 107
AFZO 2 2311 (4.9%,49%) 10~* (0.72%,2.7%) 10—+ (8.3%, 84Y) 10-= (1.5, 6.0%) 107 (2, 3.5°)
A > 10 TeV 2312 1.87,0.8%) 107 397, 0.687) 107° (267, 1.2%) 1077 (8.3%, 0.15%) 107% | (137, 042%) 107" (3.27,0.10%) 107°
NP Y 2313 (242,232)10~= (1.2=,1.1<) 107* (1L.5%,1.12) 10-= (6.74, 5.04) 1077 | (8.9°,0.27°) 10! (5.3%, 0.177)
2321 (8.39, 349 1077 (205, 081%) 107° (14“, 5.7%) 107* (.35, L77) 1077 (1.2%,2.7%) 107" (147, 3.1%) 107 (3.0°, 6.5%) 1077 (3.69, 8.2%)107*
2322 (1.9V, 0.63V) (0.72%,2.8%) 10+ (8.3, 4.0V) 10-° (1.5% 6.0") 10 (8.6V, 1.87) (2, 1.3Y)
2323 (7.0vV,24V) 107" (7.2V,24V) 107" (4.4V,15Y) 107" (45V,16V) 107" (3.67, 1.2V) 107° (3.37,1.2V) 107" | (277, 3.2V) 107° (10=, 3.7V) 1077
2331 (2.1%,1.0%) 10—+ (5.1, 2.259) 101 (3.6%, 1.5%) 107° (119, 4.79) 10°5 (0.46%, 1.8%) 10~* (4.8¥,11%) 10~*
2332 (749, 2.5Y) (4.0v, 119 107 (4.7V,1.6Y) (25Y,0.86Y) 107* | (6.5%,2.0°) 107" (5.7%, @) 107! (5.0, 1.5") 1071 (1.7%, @)

2333 | (1.9V,0.63YV) 107" | (2.0V,0.65V) 107" | (1.2V,040V) 107" | (1.2Y, 042V 107" | (34Y,1.0Y)Y 1077 | (3.1V,1.0Y) 1077 | (91V,3.0Y) 107 | (94V,31V) 10~
3311 279 107° 587 107~

3312 (8.0, 3.4%) 107 (459,209 1077 (129, 5.0%) 10°° (9.6° 819)107% (279,6.1°) 107" (6.6°,15°)107°
3313 (1.04,1.04) 107* (3.3%,32%)107% | (6.4%,48%)107" | (1.94, 1.4%)107° (1.89,4.09) (2,11°)
3322 279 107° 587 1077

3323 (5.3V,1.8V) 10~ (L.L7V,0.58V) 10~* | (3.6V,1.2V)107* | (1.1V,0.3TV) 10~* | (1.5°,1.89) 102 (8.7V,2.9V) (1.1°, 1.3°) 102 (2, 8.7V)
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AF =2 BOUNDS

Other bounds from RGE

ijkl

ud™) r—2
(%JL [TeV~7]

Yy diag

Y, diag

ud®) r—2
C«ij(licz [TeV~7]

Yy diag

Y, diag

1112
1212
1213
1221
1222
1223
1231
1232
1233
1312
1313
1321
1331
1332
2212
2213
2223
2312
2313
2321
2323
2331
2332
3311
3312
3313
3322
3323

(2, 1.1°)
(@, 2.5%) 107!
(2, 2)
(360", 0.95%) 10~

@, 5.7"
(2.24,2.1%)

(2.39,0.96°) 103
(2.14,2.04) 107!
(1.0Y,4.3 V) 107!
(83°,0.227) 1072

(4.74, 4.5 )1()l
(28V,9.7V) 1
( 5. E1)10
(1.9 A)1()*

7)
(1.2V.04 v) 10!
(4.74,4.5%) 1072
(2.4V,0.82V) 10!

(2, 2)
(13%,5.17) 1073
(2.04,1.94) 1073

(2, 2)
(10V,34 V) 10~3

(2.24,

(1279, 4.7 @) 10!
(2, @
(2, @

(83°,0.22%) 1072

0.199) 1073
<)A) 1072
25) 104

, 0. 4()V) 10!
(@, 6.0 °)

(2, 2)

(2, 2)
(4.47,2.0%) 107°
(2.04,1.94) 1073

(2, @)
(10V,34 V) 103

—~~

'—‘ A 7~

(

(@,0.107)
(997, 0.457) 107!
(@,7.0°)
(387, 0.17%) 1072
(@, 3.6°)
(@,1.6°)
(1.94,1.4%4)
(4.6, 4.5V)
(2.0°, 4.5°)
(@, 1.0°)
(1.74,1.3%)
(4.2, 1.7 ©) 104
(1.74,1.24) 107!
(8.9V,3.8 V) 10!
(89°,0.49) 1073
(3.74,28 &) 107!
(25V,86V) 107!

(2007, 0.927) 102

(1.54,1.24) 1072
(9.99,4.07) 1075
(1.0V,0.36V) 10!
(3.84,2.8 #) 1072
(2.1Y,0.72V) 107!
(2, @)
(2.37,0.929) 1073
(1.64,1.24) 1073
(2, @)
(8.7V,3.0 V) 10~*

(2, )
(997, 0.457) 107!
(2, )
(,8.3%) 107!
(2, 3.6°)
(@, 2)

(2, 2)
(4.6°,10°)
(2, 2)
(217, 0.377) 1072
(1.7%4,1.34)
(2.0°,0.84 @) 10!

(897, 0.4%) 1073

(@, 11°)

(2, 2)
(11°,0.339) 104
(1 A4) 1072
(9.9, 4.09) 10°°
(1.0V,0.36V) 10!

(2.5°,1.19)

(2, @)

(4.8%, @)
(8.09, 3.47) 107°
(1.64,1.24) 1073

(4.8%, @)
(8.7V,3.0 V) 1073

r'/_\l

Uiy [T g dy*[T%)d,

0,

Qz"m [T u e Qlﬂu T

ud! 8]
Ozy kl

Qqul[S
ikl
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AF =2 BOUNDS vs AF =1

Leading-log RGE effects may be also relevant ...

Let's compare bounds in the SMEFT on AF = 1 operators that run into AF = 2 via RGE:

AAF 2 AAF 2 AAF 1 AAF 1

EAF=2 EAF=1

A being short-distance amplitude, €A F=4 amount of NP allowed in AF = 1

AF—= A
AAF—Q (YSMYSM)2 AAFzQ Cle ° AAF 1 YSMYSTM AAF I ONIE !
SM A2 ’ NP A2 A2 A2
EW NP EW NP

AF =2 BOUND ON NEW PHYSICS SCALE IS STRONGER IFF:

CAF 2A2 - CAF 1A2

(YSMYSTM)QCC:AF:2 ~ YSMYSM8AF=1
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AF =2 BOUNDS vs AF =1

Leading-log RGE effects may be also relevant ...

Let's compare bounds in the SMEFT on AF = 1 operators that run into AF = 2 via RGE:

AAF 2 AAF 25AF:2

AAF 1 AAF 1

EAF=1

A being short-distance amplitude, €A F-=; amount of NP allowed in AF = 1

AF—= A
AAF—Q (YSMYSM)2 AAFzQ Cle ° AAF 1 YSMYSTM AAF I ONIE !
SM A2 ’ NP A2 A2 A2
EW NP EW NP

RGE in the SMEFT implies: |+ CRE =2 = YamYay CRE IR = 1210g(ANP>

THEN, AF = 2 BOUND RELEVANT IFF

R Z ear=2/ear=1




