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Higgs Discovery
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Higgs After the Discovery

Vacuum Stablllty

Stability

Hierarchy Problem
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Higgs FCNC: exp
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Higgs FCNC in EFT

» Effective Field Theory

Lean = Lgm + Z Od 6+

» Dim-4 operator in the SM

(QHYadr), (QuHYuur), (QuHYeer),
» Dim-6 operator in the EFT (Warsaw) Grzadkowski, Iskrzynski, Misiak, Rosiek, 2010
Oan = (H H)(QrHCandp),
Oun = (H'H)(QLHCyurug),
Ocrr = (H'H)(QLHC.ner),

» Yukawa interaction Harnik, Kopp, Zupan, 2013
; 1 - _ 1_- /- 2 B o
L, =——-f1Y - Y, C h+h. Y=Y, — C
Y \/ifL frv ﬁfL< (vl fH>fR +h.c P= YT g b

» FCNCs arise in the mass eigenstate
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Higgs FCNC in EFT with MFV Quark Sector

» Flavor symmetry without Yukawa some U(1)’s
Gar = SU3) @, @ SUB)uy © SU3)ay, -
» Flavor symmetry breaking
—Ly = QrHY dr + Q.HYur + h.c.,
» Flavor symmetry recovering: Yukawa coupling = spurion field
Y.~ (3,3,1) and Yy~ (3,1,3).

» EFT with Minimal Flavor Violation: dim-6 operators, constructed from SM
and Yukawa spurion fields, are invariant under CP and Gqr.

Oun = (H'H)(QuHCundr), A= Y.Y, B=Y,Y}

Carr = fa(A,B) Yg = (€0l + E1A + E2B + &A% + £4B* + &AB + EBA+ ... ... )Yq
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Higgs FCNC in EFT with MFV Quark Sector

» Higgs FCNC coupling
Carr = fa(A,B) Yy = (€0l + &1A + £2B + &A% + 4B + &AB + &BA+ ... ... )Ya
» Cayley-Hamilton identity for 3 x 3 invertible matrix X
X? =DetX 1+ %[TrXQ —(TrX)?]- X+ TrX- X?

G. Colangelo, E. Nikolidakis, C. Smith, 2009
» Higgs FCNC coupling after resummation L. Mercolli, C. Smith, 2009

fa(A, B) = k11 +roA + k5B% 4 k6AB + rksABA + k11AB? + 113A%B? + k15B2AB + r16AB2A?
+r3B + K£4A? + £7BA + k19BAB + koBA? + k14B%A% + £1,ABA? + £17B2A%B

» Approximation #1: neglect tiny imaginary parts of k;

» Approximation #2: B ~ 0 due to highly suppressed down-type Yukawa
couplings

Fu(AB) ~ €1 + e'A + e5A?  fu(AB) ~ €l 1 + A + edA?.
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Higgs FCNC in EFT with MFV Quakr Sector

» Higgs Yukawa interaction in the interaction eigenstate

1 - - 1 - (< >
Ly = 75 4 Yadro = \/idL<Yd - ;Cfm> drh+h.c.

» Interaction eigenstate = mass eigenstate

1
Cyn = [Eg]l-‘rqlYuYL—Fég(YuYL)Q} Yy Yf— Yf 2A2 CfH
= [ef 1+ el Y, Y+ ed(Y V)% Yy + O(P/A%).
» Higgs Yukawa interaction in the mass eigenstate ed = (v¥/\?)e
1
£h=— 72 L[(L—eDNa — e VIXZ VA, — e VIXL V) drh+ hec.

1 -

——dp[(1 = DNy — VI VN drh + hec.

7 (1 =€) — EVIAL VA dr

» Approximation: (&4 + \2ed) — éd

d
%
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Higgs FCNC in EFT with MFV Lepton Sector

» Lepton MFV depends on the underlying mechanism for neutrino mass

2005 V. Cirigliano, B. Grinstein, G. Isidori, M. B. Wise

2006 V. Cirigliano, B. Grinstein

2009 M. B. Gavela, T. Hambye, D. Hernandez, and P. Hernandez
2011 R. Alonso, G. Isidori, L. Merlo, L. A. Munoz, and E. Nardi

» Type-l Seesaw O: complex orthogonal matrix, m, = diag(mi, ma, m3)
v
my = =5 Y, My' Y] = U, U, Y, = —“f /2 oMy
» Lepton MFV in Type-l Seesaw Casas, Ibarra, 2001

2
A, = —Af Uinl/2 00" inl/? Ut

(%
» Higgs Yukawa interaction

1 - . N A
£ == 50 [(1 = &)A — EAN — EATA] Lk,

In numerical analysis, M = 10'° GeV, mye3y = 0, and real matrix O
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Higgs FCNC in EFT with MFV

>

| 4
>

Higgs Yukawa interaction Y, = YTR
1 - . R
Ly= —\ﬁf(YLPL+ YrPg)fh Vi =(1—éhha— & VINZVA,

Vi =(1—e)
Vi = (1 —&5)he — AN — E5AZN,

Higgs FCNC in up-sector is highly suppressed by \%

6 free real parameter: (66‘, eg, ef, eé, e?, eg) hat suppressed

Constraints:

» B, — B,, By — By, K°— K° mixing (e‘f)
> h— Ll by — Ly, b — eje,jl, {1 — e conversion in nuclei (e, 607 507 61 g)
» Higgs data@LHC Run | (¥, ed, €b)
> B, — (i (ed,€f, €b)
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Constraints from B, — B, mixing

» Observables: Amg, Amg, ¢s, Amg, €x

AmS™M =19.1967 1377 Am®P = 17.757 £0.021,  in unit of ps~*
» Bound ©@95% CL
e < 0.59
» Prediction @95% CL

[D(h— sd) < 7.4 x 1071 MeV
I'(h— sb) <2.0x 107% MeV
['(h— db) < 9.4 x 107> MeV

» Discovery sensitivity@500GeV ILC with 4000 fb™" D Barducci, A.J. Helmboldt, 2017
B(h — bj) 2 0.5% with j a light quark
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Constraints from Higgs data
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Constraints from p — ey and p — e in nuclei
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Predictions on p© — ey and p — e in nuclei
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» strong and similar correlations in NO and 10 cases
» scenario I: Y3i' vs Y

o Il (Vi yer q yen
» scenario Il: (Y%, Y3') vs (Y&, Y)

» see Tian-Yu Xing's talk on u — e conversion in COMET
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Predictions on h — £;¢; and B, — £;¢;

» h— 626] and Bs — 67[]

B(Bs — 6162)

S s LR 01| Vg2
B(h — (105) Yool

» Predicted upper bounds on I'(h — ¢;¢;) [MeV] and B(Bs — (;(;)

D(h—eu) | T(h—er) | T(h— pr) | B(Bs — eu) | B(Bs — er) | B(Bs — pur)
NO | S [ 1.2x107% [ 1.3x 1077 [ 9.0x107% | 24 x 10710 | 26 x 10718 | 1.8 x 10712
NO [ Sl [ 22x107% [ 24x107° [ 1.7x107% | 46 x10716 | 5.0 x 10~ | 3.5 x 10712
IO]SI [12x1078 [ 47x10% [ 71x107° | 24x 10710 [ 96 x 107 | 1.4 x 10712
10 | SI[22x1078 [ 87x107 % [1.3x1071 [ 45x10716 | 1.8x1071 | 2.6 x 1012

» B(Bs — ptp) can't deviate from the SM prediction by more than 1%
» Experimental upper limits @ 95% CL, LHCb 2018, CMS 2016, 2017

B(Bg — eu) <1.3x 1079, B(B, = ep) < 6.3 x 1079,

B(h—en) <35x107%, B(h—er)<61x107%, B(h— ur) <2.5x1073,
L
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Summary

» Higgs FCNC Yukawa couplings in the EFT + type-l seesaw with MFV
» All the Yukawa couplings are described by 6 parameter (€%, ed, €f, €, €{, €5)

» Constraints

€l ed, eb : constrained by Higgs data
€, ¢b . constrained by 1 — ey (u — ein Al in future)

€{ : constrained by B — B, mixing

» Using these constraints, predicted upper limints for B(h — d;d;),
B(h — £143), and B(Bs — ¢1{3) are much lower than the current
experimental bounds.

» B(Bs — putu~) can't deviate from the SM prediction by more than 1%

» However, with the improved measurements at the future MEG Il and Mu2e
experiments, searches for the LFV Higgs couplings in the u — ey decay and
1 — e conversion in Al are very promising.

16/26



Thank You !



Backup



Higgs After the Discovery: 1. Hierarchy Problem

» If SM is an effective theory below A

» Higgs mass receives quadratically divergent radiative corrections
t

C
omi = === R ..
" C} " 1672

| 2 Large cancellation regularization independent

fine;tgrling
2 o Xty 2
mh = mh,o + @ A =126 GeV

» Possible answer: New Physics
> SUSY
> Extra Dimensions

> Dynamical Symmetry Breaking
> Compositeness
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Higgs After the Discovery: 2. Vacuum Stability
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“While A\ (Higgs quartic coupling) at the Planck scale is remarkably close to zero,
absolute stability of the Higgs potential is excluded at 98% C.L. for M, < 126 GeV. "
G. Degrassi, et. al. JHEP 12

Why A = 0@ Apianck ?
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B, — pTu~ decay: SM and exp

» SM prediction Bobeth et al. 2013, with updated inputs
B(Bs — p p " )sm = (3.44£0.19) x 1077
» Exp data
B(Bs — pt i )unewzo1r = (3.0 £0.6703) x 1079

B(Bs — " )emsz013 = (3.05579) x 1072
B(Bs — pt i Javg. = (3.0£0.5) x 1077

» Consistent within 1o. We can use it to constrain possible NP effects.

» However, experimental central value is ~ 13% lower than the SM one. NP
effects may address such a discrepancy, though the error bars are still too
large to call for such a solution.
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B, — B, mixing

» Effective Hamiltonian

HAB=2 _ ﬁmZW( Vi, Vis)? Z C;O; + h.c..

1672
» Effective operator RGE: Buras et al. 2001
OVLL (i) wPrs )(?Jﬁ",/“lf’,jsﬁ)7 OLR (5‘“ P[‘s"‘)(Eﬁw“Pgsﬂ)7
OYRR — (> YuPrs* )(IJBV“PRé;B)7 OLR = (4P )(EBPRsﬁ),
OFL = (0 PLs®) (b° PLs%), oSt = (B”Uu,,PLs Y(BPot P,
OFRR = (32 PRrs®) (VP Prs%), OSRR = (4°0,,, PRs®)(bPot” Pps?).

» Wilson coefficients from the Higgs FCNC

. 1 y
C‘?LL,NP _ 75,{(;/03 — ins)Q*

RR,NP 1 5 N2 872 1 1
' =5 Ys Ys 3
a 3/ i(Yos + i¥s) T e, (Vi V)2

C;‘R?NP = _K( Y12>s + Y%s)v
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B, — B, mixing

» Mass difference

Ay = 2 (BIHAP21B) = Tk Vi, V2 Y| (B 104 B
» SM prediction
AmM = (18.641 350 )ps ™!
» Exp data
AmSP = (17.757 £ 0.021)ps !

» 95% CL bound complex Y

0.76 < |1 — (0.7 Y2, +2.1 ¥2,) x 10°] < 1.29
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Bounds from B, — B, mixing

R R I
1:_ 1 » dark region: 95% CL allowed
£ 3 P black: exp central value
q 1 » dashed: AmSP /Amthee = 0.9
- 1 » dot-dashed: AmS® [ Amthe = 0.8
- 1 » dotted: AmSP [ Amibee = (.7
: f » constructive: Yy, Yy ~ 0
- 4 » destructive: other
g
Yo [10°°]
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h — fif. decay

» Decay width S=1(1/2) for i # f (i = f)

L(h— fife) = SNc% (l Yipl” + |Yf1f212)

> h— ur V] Yr |2+ [V, 2 < 1.43 x 1073 at 95% CL

B(h — NT)CMSLB = (0841_832)%
B(h - pr)omsir < 0.25%  at 95% CL
B(h — MT)ATLASIG < 1.43% at 95% CL
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Constraints and Predictions

Constraints:
I Vi 1z s z M s z " <<77<""**T'_—_'—77-
» B.— 't W w w W t t K
S S
b ! s b t s b w s b s
— b s
> Bs— B s/ NG
T T
h h
» h— 71T - -
T+ 7+
"
h
> h— ur ----
T‘

Predictions: B(Bs; — ut), B(Bs — 77), ...
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