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Higgs Discovery
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Higgs After the Discovery
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Higgs FCNC: exp
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« direct search

V indirect study

McWilliams, Li 1981

Shanker 1982

Barr, Zee 1990

Kanemura, Ota, Tsumura 2006
Davidson, Grenier 2010
Golowich et al 2011

Buras, Girrbach 2012
Blankenburg, Ellis, Isidori 2012
Harnik, Kopp, Zupan 2013
Gorbahn, Haisch 2014

Celis, Cirigliano, Passemar 2014
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Higgs FCNC in EFT
» Effective Field Theory
Lian = L:SM+Z =0 +

» Dim-4 operator in the SM
(QLHYudr), (QrHY,ug), (QrHY.er),
» Dim-6 operator in the EFT Grzadkowski et al., 2010, Harnik, Kopp, Zupan, 2013
Oun = (H'H)(QLHCypndg),
Oun = (H'H)(QLHC\unur),
Ocrr = (H'H)(QrHCerrer),

» Yukawa interaction
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» Yukawa interaction in mass eigenstate Yig =Y}, Yy =Y},
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Constraints and Predictions

Constraints:
» B, —putpm WW w W ¢ t /
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Predictions: B(B; — ur), B(Bs = 77), ...
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B, — pTu~ decay: SM and exp

[ B(BS — putp)sm = (3 44 + 0. 19) % 1072 theoretical progress:
> B(B, o i g = (30 205 ) x 1077 et ot o 2015
B(Bs — pt " )iuebir = (3.0£0.6793) x 107°
B(Bs — pF ™ )omsis = (3.0559) x 1079 recent study:

Altmannshofer et al 2017

T E(BS - M+M_) 109 Fleischer et al 2017

input:
Ny=2+1+1| 354 331 3.00 (Vusl, [Vasl, [Veol )

B oc [V Vi f3,
Ny=2+1| 368 344 311

FLAG [2016] HPQCD [2013] | unit
, Vo, Vb ‘Nf:2+1 Ny=2+1+1

incl. avg. excl. fo. | 228.4(3.7)  224(5) MeV

fB, | 192.0(4.3)  186(4) ‘ MeV
| [Vas| [Vey| | Vi Vsl [ViiVeal | unit
slincl. | 445 £0.18£0.31 424240444074 | 41.6+08 91+0.5 | 103
sl.avg. | 3.98+0.0840.22 41.00+0.334+0.74 | 40.24+0.8 88+0.4 | 1073
slexcl. | 3.7240.094£0.22 38.99+0.4941.17 | 382+1.2 83+04 | 1073
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B, — pTu~ decay:

theory

» Effective Hamiltonian

GF Qe
Hegg =
T Vams
» Effective operator

e
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w W w w t t th
/‘\-&\
b t s t s b W s v s

‘/fb‘/tg(CAOA + Cs0s + CpOp) + h c.

_ _ 771(,771[ m;,mg -
Oa = (@VuPrb) (v vsm), Os = = 5= (aPrb) (), Op = = 5= (aPrb) (Avs1).
w
mymyg mbme
05 = (aPed) (i), Op = (@PLb) (ivsp)-
m3y, mi,
| 4 Branching ratio loop suppression; helicity suppression
_ TB, Gim? 4m?2
B(By — £T47) = ﬂu WVl B, Mp,mi [1— =54 (P> +|SP?),
B
m& my ,
P=C S| ——— ) (Cp—-Cp
At 2mi, <mb +mq> (Cr 28
4m2 mp m
S= 01— 5o <7b> (Cs — C%).
mp, 2miy \Mp +mq

» Corrections from B, — B mixing

1+ Aarys

B(Bs — (7)) = ( T

) B(B, — T47),

De Bruyn et al., 2012; Fleischer 2012
|P|? cos2pp — |S|? cos 2¢5

A =
A [P2+ 5]

’ B, — pTp~ can provide excellent probe for the Higgs FCNC.
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B, — pTu~ decay: Higgs FCNC effects

» Effective Hamiltonian l z;: X /‘\__\

G e
Het = T — Vi Vi (CaO4 + CsOs + CpOp) + h c.
\f sty

» Effective operator

_ _ mym _ m B
O4 = (qVuPrb) (A 151), Os = 7:; £ (aPrb) (in), Op = 7:; £ (@Prb) (7ivse),
w w
mym. mpm
O =~ (aPub) (). Op =~ (aPub) (ysp)-
miy miy
| 2 Branching ratio loop suppression; helicity suppression
B, Ghmi, 4m?
B(B, — +7) = 2oV Vi P13, Mg, m3 1= —5L (IP] +|SP?),
i TTIBq
2 7
P=C M ) op—
A+2mw (mb+m)( P = Cp),
4m2 m3
S=[1- L D <7mb )(os—c’s).
mp, 2mgy \myp + my
» Contributions from the Higgs FCNC B depends on (YstW,YSbYW)

w2 1 1

2G% Vi Vi mymym3

CFF = k(Yo + Vo) Yyy  CRF = ik(Yap + Y)Yy, &=

CE" = k(Y — i¥s)Yyus  CPT =ik (Yap — i¥0) Vyups
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Bounds from B, — ptpu

bl b b by by i e I3

Yo [1076]
8T
Bs->up, Yer=1.3x107* ® SM

B By, Ygr=34x1074
- houu
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>
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95% CL bound
0.66 < [5.6 x 10° V3V, |* + |1 — 6.0 x 10° Vyp ¥y, |* < 1.26

Complex Y

dark region: 95% CL allowed
black: exp central value

Real Y

dashed: Bexp/Btheo = 1.1
dot-dashed: Beoxp/Btheo = 0.9
dotted: Bexp/Biheo = 0.7

light gray: 95% CL allowed with Yy, = 1.4 x 1074
dark gray: 95% CL allowed with Yy, = 3.4 x 10~*
blue: 41, < 2.8 at 95% CL ATLAS Run | + Il

|Yap| = 3.4 x 10~%: maximal value allowed by B, — B,
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B, — B, mixing

» Effective Hamiltonian

., G2
HAP=2 = ZEomi, (ViVis)? D CiO; + hec..

1672
» Effective operator RGE: Buras et al. 2001
OVLL: (b“qruPLs")(bﬁq/“PLS‘H), (’)LR (b, wPrs® )(l_’ﬁ’Y#PRS‘H)v
OVRR (bn,y Prs® )(f_)ﬁ’y“PRSﬂ), (l_) )(bﬁPRSﬂ),
O = (5 Py ) (5 Py ), oSLL o P 0 B,
O = (b* Prs™)(b Prs”), O3 = (070, Prs®) (070" Prs®).

» Wilson coefficients from the Higgs FCNC

1 _
CSLENP =5 (Ve — iY5s)?,

82 1 1

. 1 _
SRR,NP __ , 2 _
Cr = (M %)% TG ity ViV

CyN = —R(Y2 +Y2),
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B, — B, mixing

» Mass difference

B _ G2 . _
Am, = 2(B[HAP7|By)| = g gmiy VigVeel” 3| CiBs 0i] Ba)

)

» SM prediction
AmSM = (18.64723%)ps ™!
» Exp data
Am®P = (17.757 4+ 0.021)ps~*
» 95% CL bound complex Y

0.76 < |1 — (0.7Y3 +2.1Y3) x 10°| < 1.29
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Bounds from B, — B, mixing

T
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h — f1f2 decay

» Decay width S =1(1/2) for f1 # fa (f1 = f2)

L(h — f1f2) = SNC% (‘Yf1f2|2 + |Yf1f2|2)

» h— ur VY2 + 1Y 2 < 143 x 1073 at 95% CL

B(h — MT)CMSI5 = (084ir8§£7))%
B(h — NT)CMSN < 0.25% at 95% CL
B(h — ,UT)ATLASH)‘ < 1.43% at 95% CL
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Predictions

» Constraints

> B(Bs — pu") (Yoo Yups Yoo Yun)

> Amg in Bs — B, mixing Yeb, Yab)

> B(h—17717) (Yrr, Yor)

> B(h — pr) (Yur, Yur)
» Predictions

> h— sb

T'(h — sb) < 0.043 MeV or B(h — sb) < 1.05%

> Bs =TT at 1o (95%CL)

B(Bs — 17717)
B(Bs — 7T77 )sm

0.6 (0.5) < < 1.5 (1.7)

> Bg — ut at 1o (95%CL)

B(Bs — pt) < 0.8(1.8) x 107°
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Bounds in the Cheng-Sher ansatz
2""l""l""l""
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Bounds in the Cheng-Sher ansatz: special case
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Cheng-Sher ansatz
2my; \/2m;m; _ _\/2m;m;
Yij=5ij\[vm + & " 2, Yij:&TJ

special case: £, =0 and Yy =0

dark gray: 95% CL allowed, h — 77
> light gray: 95% CL allowed, h — ur
» green: 5% < B(B, = ) < 95%

B(Bs — ptp™)sm

lower bound on Yy,
CP violation in h — 77, A =7/8
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Summary

» Motivated by the recent precision determination of the B, — u™ ™ decay
branching ratio, we consider its constraints on tree-level flavor-changing
Yukawa couplings with the 125-GeV Higgs boson.

» For generally complex Yukawa couplings, the constraints on flavor-changing
couplings are obtained:

0.66 < |5.6 x 10° Vi Vyupu|* + |1 — 6.0 x 10° V3 ¥y, * < 1.26 .
0.76 < |1 — (0.7Y3 +2.1Y}) x 10°| < 1.29 .

» For the Yukawa couplings in Cheng-Sher ansatz, We have shown that if the
B, — pTu~ branching ratio is found to deviate significantly from the SM
expectation in the future, the combined analysis with the h — 77 and ur
data can give us a lower bound on the pseudoscalar Yukawa coupling Y.
Simultaneously, C'P violation in the h — 77 decay could be large.

18

19



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 = —===- Sttt = A2
" 1672
> Large cancellation regularization independent
fine-tuning
2 L ~E\A 2 2
my = mh,o + 167‘(‘2 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

Pole top mass M; in GeV
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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@ Apjanck ?
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Higgs After the Discovery: 3. Related to BSM
phenomena
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Higgs: A Window to New Physics

» Precision measurement of the Higgs properties will be a central topic for the
LHC Run Il, its high-luminosity upgrade, and other planed high-energy
colliders.

» Precision Higgs coupling measurements are important as an indirect search
for New Physics. The SM precisely predicts all the Higgs couplings to
fermion and gauge boson. Any deviation from these predictions will provide
a clear evidence for New Physics beyond the SM.
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Constraints and Predictions

» Constraints
> B(Bs — ;ﬁ,ui)
> Ams in Bs — Bs mixing
> Bh—71777)
> B(h — pr)
» Predictions
> B(Bs — ut)
> B(Bs —71717)
» With particular Yukawa texture
> Cheng-Sher Ansatz
> Minimal Flavour Violation
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Bounds from h — put

mm h-ut: 68% CL

oyr: 9% CL _; » black region: 95% CL allowed
3 » gray region: 68% CL allowed
".z ‘; » black line: data central value
= 1 » data at the LHC (CMS)
S ]
= 1 B=(084"03)% 19.7fb~!
3 B<02% 35.9fb "

1Y el [1073]
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B, — pTu~ decay: SM and exp

» SM prediction Bobeth et al. 2013, with updated inputs
B(Bs — pp)sm = (3.44£0.19) x 107°
» Exp data
B(Bs — 1t i )Licb2oir = (3.0£0.6793) x 1077

B(Bs — pt i )oms2013 = (3.0559) x 1077
B(Bs = i 1 Jave. = (3.04£0.5) x 1077

» Consistent within 1. 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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