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THE HIGGS MAGIC & BLEMISHES

* Single vev does 1t all!

* Patterns of quark,
neutrino mixings

* Tiny neutrino
masses!
e New CP-violation
sources?
Higgs Yukawa

couplings as the pivot

for all !
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THREE TYPES OF MASSES
Myy , versus my versus m;:

V@) = —u2d'd 4 A(P'D)?
1 ; i 0
(). My, 7: Inthe SM: - ZeZe( 2]
<|Dls> = v = (V2Gp)"Y? ~ 246 GeV

H 1 H
Mg, WHtW (1+ ;)2 2 §M§ 5 e ;)2

> My, My, = g v/2 predicted, and:

5m,,2v ~ m,,2u In(A/my,)

BSM: easy to break SU(2), gauge sector:

Fundamental scalars (SUSY)
Dynamical breaking (TC, composite ...)

(GLqr + qQrqr) ~ v°

Non-linear realization (or even “Higgsless”)

¢ = %(v—i—H)U, U = exp[im®T® /0]
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Myy , versus my; versus m;:

(2). mpp: =v2 p= (2012 v = 125 GeV
i; 2 2

In the SM, all hixed: 2 A =0.153; ST ”;—5 H’ + % e

The value itself doesn’t matter much ~ EW scale

2
but quantum corrections:  §u’ = —%AQ (Mo

- Quadratically sensitive to the new physics cutoff scale
“Naturalness” or “Large hierarchy problem™?

BSM: easy to construct a scalar model / potential,
but model-parameters quadratically sensitive to a

new physics scale: :

57773{ X —4—7_‘_2/&2 (MQSUSY’ M2

“Lattle hierarchy problem” = We do not understand why,

and how to predict/calculate m,;.
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My , versus my versus m;:

(5) Yukawa: £y ~ _Z(YszLq)de + Yq;?Qz'Li)ujR

In the SM: EYNmeff 14+ H/v) Yr =

"I YeLzLé[)eJR + Yilﬂ_lq;Li)VjR)
V2 my

U

g f
@ * Couplings are fixed by the masses

& technically “natural”

omyg ~mgIn(A/my) (chiral symm)

Vastly different hierarchical masses

ad hoc flavor mixings and the CPv phase(s)

Neutrino masses: Dirac vs. Majorana?

Higgs is responsible for our existence!

Atoms/chemistry/biology 7 1

tomic radius & —

governed by Y ime m,

Yt/ m,: not too large for vacuum stability!
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(3) Me: Ly ~— Z(Y-inL(I)d' + -uQiL(i)UjR
" Y&Lin®ejrn + Y¥Lip®vig)

BSM: much harder to accommodate
* to generate multiple mass scales

e toavoid FCNC

e to avold Excessive CPv

Q'’s:
* Why the flavor mixing aligned with

the SM Yukawa form?
= Minimal Flavor Violation (MFV)

MW, 7 / mH / mf
may well be from different mechanisms!

* Exploring flavor physics is complementary & rewarding.
* Measuring Higgs Yukawa couplings is indispensable:

The smaller the coupling is, the more sensitive to deviations!
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THE HIGGS PURSUITS: more Higges

o . % Y
Seeking for deviations from the SM: rx = —stM

772

E_hz_zhz ZH + K 2’"’” “Whawiwr= — N kshff.
f=ud/t

(1). e.g., 2HDM: SM Higgs coupling deviations
(tanf = vo/v;; « the neutral Higgs mixing)

Tree-level Normalized Higgs couplings
P R kY Decoupling/
Typeld |05 w5 sws S0P~  Alignment limit:
TypeII | &2 _sna  _sia (3 —q) ey |
Tvoe-L COS O COS o __sina Sill(B _ a.) K >
ype sin 3 sin 3 cos 3 '
TypeF |26 g 26 sin(8—o)

Seek for more Higgs bosons: 1Y, A" H*
Also, perhaps flavor changing® /' 9 it !
new CPv phases in Yukawa ...

For a review, see, i.e., G.C. Branco et al., arXiv:1106.0034 ...
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THE HIGGSs PURsUITS: SMEFT

¥

Seeking for deviations from the SM: rx = Yﬁ
i

(2). SM Effective Field Theory:

. . 1 )
a linear representation: @ = 7 (,L, J:/h—i ; ¢o)

n
Ly ~ A2
n=0

(CI)TCI))HZ_L,LLQ)QJR 14 mf — ZYf A2n

Yukawa coupling deviates from the mass relation!

At the dlm 6 leading order:

— Ok ~ Yl]\_i ~ O(a few%) for A ~ 2 TeV!

This 1s the immediate target @ LHC!

* TH, D. Marfatia, PRL 86, 1442 (2001); Harnik, Kopp, Zupan, arXiv:1209.1397.
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THE HiIcGSs PURSsSUITS: HEFT

. 5 % Y
Seeking for deviations from the SM: r; = —stM
J

(3). Higgs Effective Field Theory:

a non-linear representation:

» P Ht
U =e?"7e/? with ¢%, =2 (f )

Ly~ — 2:’/5 Z Yn (%) (71, L) U(1 — 73) (:i) + h.c.-

* The scale for new dynamicsis at 4 ~4m v

—> close by! The deviation can be significant:

1
= 5/1]0 ~ Y — ~ 0(1)

U
* Muluiple Higgs couplings may be sizeable!

* Achievable in composite/dynamical models.
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Higgs couplings measurements

Sensitivities to Yukawa couplings at Higgs factories
Achieving percentage/sub-percentage level!
Symbols of sensitivities:

i 1_;\TLASRun2 #5000 @ oo 4 o) @ oy ] > oM geyr::ds::a"c
E| “’_ e i Yu Ya Ys Ye Vo Yt Ve Yu W2
. / LHC/HL-LHC D D D ¢ ¢ & D ¢ ¢
10_ ) § wererazso QAL € € & N ¢
;:: — _ ? —— IJ [:] , ’ ’ ‘ D ‘ ’
il L M gpreewe QO 766 60 60
T e I8 oo 07 46 40 ¢ ¢

u-Collider L 76 X ¢ (] ¢ ¢

Fcchivsppre 2 P 2 P @ @ T & ¢

EFO01/02 report: https://arxiv.org/pdf/2209.07510.pdf
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https://arxiv.org/pdf/2209.07510.pdf

THE NEXT TARGET 1:
The 274 generation quark y_: The real challenge!

The current LHC sensitivity: BR3Y.: = (2881358)%
LHC Run 2: ATLAS k. < 8.9 (2201114285, CMS 1.1 < ‘K;C‘ < 9.9 [2205.05550]

Adding the VH(cc) and VH(bb) datasets [ R

8 = # Obs. Combination — 95% CL _]
. vy s _» - VH(bb), VH(cT) Boey =0

Miha Muskinja submitted to JHEP [2207.08615] L i~ e ot E
4— .
Upper limit on k. of 4.8xSM at 95% CL of E
Scenario Observed Observed 0;
68% confidence interval |[95% confidence interval —2r E
_4'_ _ _ _
 o—— [-1.61, 1.70] [-2.47,2.53] I; SErRaeea=E

No assumption [-2.63,3.01] [—4.46,4.81] - =05 0 05 T
Kb

HIL-LHC sensitivity projection: a factor of few from SM

Future HL-LHC: k. < 3. 1220111428
EF01/02 report: https://arxiv.org/pdf/2209.07510.pdf

arXiv: 1503.00290, 1507.02916, 1606.09621, 1609.06592,

1611.05463, 1702.05753, 1705.09295, 1812.06992, 1905.03764,
1905.09360, 1909.05279, 2008.12538, 2101.04119
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https://arxiv.org/pdf/2209.07510.pdf

Tackling the charm: y_

Higgs production rate 1s high: #H@LHC ~ 50 M /ab !
New 1deas?

sl by
U WY
for Higgs coupling to charm

Note: BR(H 2 J/+y) = 2.8x10°
» Dominated by VMD y*—=>J/),

not H cc coupling.

— No chance to probe y_!

Bodwin, Petriello et al. (2013, 2014, 2017); Konig, Neubert (2015)
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Tackling the charm: y_

Higgs production rate 1s high: #H@LHC ~ 50 M /ab !
New 1deas?

* H = J/i via charm-quark fragmentation:
H—c+c+ J/Y(orn.)

» Enhanced from the fragmentation
» Direct coupling to charm!

Color-singlet (CS) Color-octet (CO)

H (Po)

TH, A. Leibovich, Y. Ma, X.Z. Tan: aXive:2202.08273
13



Tackling the charm: y_
s =2 /P via charm-quark fragmentation:
H—c+c+ J/y (orn)

=3 I'nEH = (QQ)IN + X) x (O"[N]),
N

» Short distance coefficient (SDC):
1 |[M|?

—do
2mpy (OQQ)

di'y =
> Longdistance matrix element (LDME) (O"[25+1 L))

CS calculable (potential model) CO fitted from data (CMS/CDF)

3N N
(P = RO, (0T si ) = 2 |R()[? Reference _(OTVIS)  (OWPST)
27 2m G.Bodwin, (9.94+2.2)x 1072  (1.14+1.0) x 1072
QQ\ _ ML QQ\ _ szl KT.Chao, (8.94+098)x1072 (3.0+1.2)x 1073
(OF7) = 6N, for 517, {O7%) = 2N, for °5; Y.Feng,  (5.66+4.7) x 1072 (1.77 £ 0.58) x 1073

TH, A. Leibovich, Y. Ma, X.Z. Tan: aXive:2202.08273
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H = J/i) via charm-quark fragmentation:

Relative contributions

TH, A. Leibovich, Y. Ma, X.Z. Tan:
axive:2202.08273

Table 4. The ratios of the SDCs to their pure QCD values !
pure QED contribution, QCD/QED interference, and EW
QCDxQED, and EW, respectively.

- ~QCD 1 1 8 8
Charm fragmentation SPF | SGF FNCQE% lf ([6] 35 %] 15 {))] 35 %]
QCD QED QCDxQED | QED | QCD QED  11x107* 0.077 0.0073 1.1x 1075
CS | 16/9 1 4/3 9 - QCDxQED  0.021  0.14 —0.17  0.0012
CO | 2/9 8 -4/3 - 2 EW 0.24 0.051 0.28 2.6 x 1074
QCD[CS] QCD+QED[CS]  Full [CS] Full [CO]  Full [CS+CO]
I'(H —>cc+J/)GeV) 48x10°% 58x107°% 6.1x1078 22x10° 8.3 x10°
BR(H — cc+ J/v) 1.2x107° 14x10° 15x10™° 53x107%® 20x107°
I'(H —>cc+mn,)Gev) 49x10% 51x107° 63x107% 1.8x107" 24x10"1
BR(H — cc + 1) 1.2x107° 12x107° 1.5x107° 45x107° 6.0x107°

BR(H — c¢ + n.)

BR(H — cc+ J/¢) = (2.0 4

(6.0

s 1.0) x 107°
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Signal sensitivity:
» Assume the detection efficiency e ~ 10%

» Thesignal event number is given by

L €
X

ab 1 10%

N = Loy e BR(H — cel™07) =~ 12 k2 X

> SenSitiVityS = Nsignal/\/NBackground
= It is possible to reach 20 for k. =~ 2.4.

> systematic effect Ngignal /NBackground = 2% for k. ~ 2.4.

—> At the end, should be better than J/3 +y: K. ~ 50
- May not beat W/Z+H 2 W/Z+cc: K.~ 3

Active study/simulation on-going!

16




THE NEXT TARGET 2:
The 9nd generation lepton Yu: The next hope!

The current LHC sensitivity: BrRSM . = (2.17 £0.04) x 10~*

Observation: ATLAS: 2.00; CMS 3.00

Talk by Stefano Rosati, P. Lenzi, Giulio Umoret

HL-LHC sensitivity projection: BR(H=>pp) < 10%
(assuming the SM width,
But won't know better than a factor of 2-1sh)
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Model-independent direct measurement:

: w b
A muon collider ,
Higgs factory: t ‘
Resonant Production: H b
ey ~mp, (M)

47T%Br(h — ptp~)Br(h — X)

Ty > h— X) =
ot == X) (8 —m;)2+T%m;

47

Opeak (BT~ — h) = "7n—BR(h—>M po)
h

.- 7 pb at g =125 GeV..
About O(70k) events produced per b
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Otot (Uu—h) (pb)

At m, =125 GeV, T} = 4.2 MeV

exp[— (V3 — v/5)*/(20%)] 4nl'(h — uu) I'(h — X
V27 ; (8 — mj)* + m[ '

oan(s) = [ 4V S ot b X)

N { I2B/[(s —m2)2+T2m2] (A <Ty),
Bexp[="2)(Se) /m3 (A > Th).

70¢ PR \ Breit-Wigner 1 “Muon Collider Quartet”:
60F  m, =125 GeV - Barger-Berger-Gunion-Han

505 r=4.07 MeV f PRL & Phys. Report (1995)

sof Case A : 1R =0.01% (A =89MeV), L=0.5fb"",
305 | \ Case B: R =0.003% (A =27MeV), L=1fb"".

20f

10F PR &R0 Y - N ] An optimal fitting could reach
) S —— , i ol ~0.15 MeV, or 3.5%
12497 12498 12499 12500 12501 12502  125.03

Js (Gev) TH, Liu: 1210.7803; Greco, TH, Liu: 1607.03210
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High energy option
* To enhance the Yukawa coupling effects,
multiple Higgs/Goldstone boson production more beneficial.

100 ¢

0 *
; 2.0 )
RO NG N .
1.8 0.5 T S = =2
o 1.7 VB
) 1.6 0.2%
S 15 7 —8§=5 M e
0.1 —8=2 e e,
b : O
107t 1.4 <& —_7HH RN
1.3 0.05- __ 7z Msp > 0.84/s R ~\§:’:\\~ ]
1.2 WWH 0;p > 10° = \.“ \ .
107 1.1 0.02| --zzz AR>04 :
1.
0 0.01 w ‘ ‘
3 6 10 14 30

Vs [TeV]

At 30 TeV: O0K,~ 1% - 4%, corresponding to A ~ 30 TeV — 100 TeV.

TH, W. Kilian, N. Kreher, Y. Ma, J. Reuter, T. Striegl, K. Xie: https://arxiv.org/abs/2108.05362;
E. Celada, TH, W. Kilian, N. Kreher, Y. Ma, F. Maltoni, D. Pagani, J. Reuter, T. Striegl, K. Xie; to appear.
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https://arxiv.org/abs/2108.05362

Conclusions:

* The fermion sector involves multiple scales;
numerous mixing parameters, CP phase(s)

- rich physics, but least predictive!

* Exploring tlavor physics i1s complementary & rewarding,

measuring Higgs Yukawa couplings 1s indispensable

02

* SMEFT sets a target:  dry ~ Ylﬁ ~ O(a few%)

* HEFT could be close by: ¢rx; ~ Ylg ~ O(1)

* Immediate targets on Yukawa couplings:

ttH@high scale; 274 generations Hup & Hec |

* Look for flavor violating decays, invisible decays,
more Higgses, ...

More work to do & push for the next discovery!
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