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the Higas in the standard wmodel

electroweak symmetry h charged fermion
breaking masses
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the Higgs in the SM and EFT

SM = YUHQ}U) + YIHQL D), + Y HLIE!

* NON universal

m
» V= \/ETJC » diagonal

» CP conserving

new physics example: EFT

d 4
Cl] Czj 7 N | Czj =7 i
Lt = FHQLUJ (H'H) A e HQ;D/(H H) 4 e HL E}(H'H)
SM /,,SM
2 C JAN yc /y
V¥ Ay \/?f \ Kp— 1

assumes flavor alignment



the Yukawa couplings in different
BSM scenarios

Model Ky Ke(u)/ Kt K/ Ky Re(u)/ Kt
SM 1 1 0 0
2 2 2 ~ 2 2 S 2
MFEV 1+ R(a,v ;-22bumt) 1— 23?(?;2)mt S(a,,v /—\|—22bumt) (ch?v )
NFC Vi 0/, 1 0 0
. m, cos(f—a) mg(u) cos(B—a)
F2HDM cos o/ sin 3 —tana/tanf O (mt cosacosﬂ) O Z coscrcos
MSSM cos a/ sin 1 0 0
2 2 2 2
FN 1+0 () 1+0(5) o) o (%)
GL2 cos a/ sin 3 ~ 3(7 0 0
2 — 9 2 — 9 2 — 9 2 — 9
RS 1—0(31/) 1+0(g¥) O(g Y) o(g Y)
MKK MKgK MKK MKK
pNGB 1+ (’)(ﬁ) + O(yz)\zi) 1+ (9(y2)\2i) (9(3/2)\2i O(y2)\2i)
f *7 M *7 M *7 M *7 M
Model Kp K’s(d) /K'b F‘-'b/K'b E’s(d)/’{'b
SM 1 1 0 0
a,v°+2¢.,m> c)m?> S(a,v°>4+2¢,m> S(aqv’+2¢ Vis *m;
MEV 1+ R(ag 1‘\“22 dms:) 1 — 2§R(Ad2) ¢ (aq 1‘\*'22 dmsz) (aqv”+ «j\'zt (ta)|"m¢)
NFC Vhd ’U/’Ud 1 O 0
2
F2HDM cosa/sin ~tana/tmf O (mela) o (m;%@ gg:gﬂ;gg)
MSSM —sina/ cos 8 1 0 0
2 2 2 2
PN 1+0(52) 1+0(e)  o(%) o(3)
GL2 —sina/ cos 3 ~ 3(5) 0 0
2 — 9 2 — 9 2 — 9 2 —9
RS 1—0(%)/) 1+0(g¥) O(gY o(gY)
MK MK Mgk MKK
NGB 1+O(ﬁ) +O( 2,\Qi) 1+(’)( 2A2i) (9( 2,\2i) (’)( 2A2i)
p 72 Yx M2 Yx M2 Y M2 Yx M2

CERN yellow report, 1902.00134



the Yukawa couplings in different
BSM scenarios

Model K, Kpu(e)/ Bor K./K, K u(e)/Kr
SM 1 1 0 0
2 2 ~ 2 ~ 2
MEV 1 + ﬂ?giezgv 1 — 2§R(jb\e2)m7 Ry jz\,gv Jg?\gv
NFC th ’U/’Ug 1 0 0
: my cos(8-a) o [ Mate) cos(B—a)
F2HDM cos a/ sin B —tana/tanfg O (mf oo ﬂ) 2 cosacos
MSSM —sina/ cos 3 1 0 0
2 2 2 2
W 1eo(n) o 1eo(n) o o(3) o ()
GL2 —sina/ cos 3 ~ 3(5) 0 0
— — — 2 —
RS 1+0(V?5—) 1+0(V’-4—) o(V %) o (V*-4-)
MK K MK K MK K MK K
4

CERN yellow report, 1902.00134
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lepton sector

pp > h— 76~

1, < 6x10°
u,=12x04

p., = 0.96 +0.12

ATLAS, CMS
CERN vyellow report, 1812.07638

o 0pp—>h BRh—>f

— __SM SM
Gpp—)h BRh—)f

Hy



lepton sector

y, U,, < 6X 10
Y — Vi pp—)h—)f"'f_ //tW=1.2i().4
yz' IMTT — 096 + 012

ATLAS, CMS
CERN vyellow report, 1812.07638

o 0pp—>h BRh—>f

Hr =
Opps BRR

- non universal coupling: y_ > Y Ve

. probe scale of: A, 2 6’ TeV, A 2 15TeV, A, 2 7.7TeV
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quark sector

direct indirect
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ATLAS, CMS, LHCDb
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Brivio et al 1507.02916
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1 q
q
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h h
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ATLAS, CMS

Bodwin et al 1306.5770 Kagan et al 1406.1722
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Koing, Neubert, 1505.03870, Alte et al 1609.06310

Indirect

Kinematics

Higgs differential distribution

Wh asymmetry

triboson final states
off-shell kinematics

Bishara et al1606.09253,
YS et al 1606.09621

Yu 1609.06592

Falkowski et al 2011.09551
Balzani et al 2304.09772



quark sector

direct

inclusive: flavor tagging

q

C
H,/< C

ATLAS, CMS, LHCDb

Delaunay et al 1310.7029,

Perez et al 1505.06689, 1503.00290
Brivio et al 1507.02916

exclusive:h — Vy

1 q
q
R -—— - - q
h h
Y Y

ATLAS, CMS

Bodwin et al 1306.5770 Kagan et al 1406.1722
Bodwin et al 1407.6695 Perez et al 1503.00290
Koing, Neubert, 1505.03870, Alte et al 1609.06310

Indirect

Kinematics

Higgs differential distribution

Wh asymmetry

triboson final states
off-shell kinematics

total width

Fh—>qc'] < Fh

line shape (yy + Z2)
off-shell Higgs

ATLAS, CMS
Perez et al 1503.00290

Bishara et al1606.09253,
YS et al 1606.09621

Yu 1609.06592

Falkowski et al 2011.09551
Balzani et al 2304.09772



quark sector

direct

inclusive: flavor tagging

q

C
H,/< C

ATLAS, CMS, LHCDb
Delaunay et al 1310.7029,

Perez et al 1505.06689, 1503.00290
Brivio et al 1507.02916

exclusive:h — Vy

ATLAS, CMS

Bodwin et al 1306.5770 Kagan et al 1406.1722
Bodwin et al 1407.6695 Perez et al 1503.00290
Koing, Neubert, 1505.03870, Alte et al 1609.06310

Indirect

Kinematics

Higgs differential distribution

Bish t al1606.09253,
Wh asymmetry
triboson final states Yu 1609.06592

Falkowski et al 2011.09551

off—shell ki nematics Balzani et al 2304.09772

total width global fit

Fhega <L kK, <3.4x10° k. <62
line shape (yy + Z4) 3
off-shell Higgs K; < 17X 107 k, <42
ATLAS, CMS

Delaunay et al 1310.7029,

Perez et al 1503.00290 Perez et al 1503.00290
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quark sector: inclusive rates




quark sector: inclusive rates

pp = Vh,h — bb,cc

C C C C

H H

ﬂ c S G B =
H V4
| Z/W 14 ¢ L,
/W C

g t q E/I/ q / f/y g
<66666S\\ ATLAS, CMS, LHCb

Del t al 1310.7029,
Hpp — 1.0x0.2 K.z < 14 Pgrzgneatlya?1205.06689, 1503.00290
//ttfh — 11 T 02 ATLAS, CMS Brivio et al 1507.02916




quark sector: inclusive rates

VY =
pp — tth
QgQQQL/T/ . y
A L U 2 e ‘df‘iv

ATLAS, CMS, LHCb
Delaunay et al 1310.7029,

Perez et al 1505.06689, 1503.00290
Brivio et al 1507.02916

s-tagging possible at e "e "collider

e.g. Duarte-Campderros et at 1811.09636

K — 1.1 £0.2 amas cus



quark sector: inclusive rates

pp = Vh,h = bb, cC

C C C C

H H

| m e, e <, Ty =7,
H ’
A Z/W ¢ ’ .
Z/W ¢

o : q (/v 4 / /v 9
:666666‘\\ ATLAS, CMS, LHCb

Del tal 1310.7029,
Hpp = 1.0£0.2 Uz < 14 Pgrzl;nee’ltyale1205.06689, 1503.00290
Kz — 1.1 £0.2 amas cws B

rivio et al 1507.02916

e non universal coupling: y, > y,, y.

- probe scale of A, 2 0.5TeV, A, 2 45TeV, A, =2 2.4TeV
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quark sector: exclusive rates

h— Vy

q

Qi

I
I
I
Y
I
I
I
I
I
Y
I
I
Qi

ATLAS, CMS

Bodwin et al 1306.5770 Kagan et al 1406.1722
Bodwin et al 1407.6695 Perez et al 1503.00290
Koing, Neubert, 1505.03870, Alte et al 1609.06310
9 CERN vyellow report, 1812.07638



quark sector: exclusive rates

h— Vy

1 q
q BRM r
e e ; By = Hvy hoVy | hoVy
: T h : Hzze BRIM 7 Tz
yq Ky
Y Y

ATLAS, CMS

Bodwin et al 1306.5770 Kagan et al 1406.1722
Bodwin et al 1407.6695 Perez et al 1503.00290
Koing, Neubert, 1505.03870, Alte et al 1609.06310
9 CERN vyellow report, 1812.07638



9 q
q BRyM I
e e ; By = Hvy hoVy | hoVy
h T : T : Hzze BRIM 7 Tz
yq “r
Y Y

quark sector: exclusive rates

h— Vy

alsoh — V/Z

V  BR,_y, < Ry,z+<  Yukawarange, &, =y, /y,"
1.5%x 1073 9.3 k. < 310
4.8x107% 3.2 K, < 150
. A =2 200 GeV
8.8 x 10™ 5.8 2k, + K, < 330 1
1.4x107% 0.9 2k, — ik, < 480
K* | 89x107 0.6 ATLAS, CMS
Bodwin et al 1306.5770 Kagan et al 1406.1722
Bodwin et al 1407.6695 Perez et al 1503.00290
9 Koing, Neubert, 1505.03870, Alte et al 1609.06310

CERN vyellow report, 1812.07638
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quark sector: from Higgs distributions

YY =
Yt Yb
large light quark Yukawa qg — h production
(v, < 0.5y°M is allowed) i i
Vg S U9V, (SM is dominated by gg — h)

10 YS et al 1606.09621



quark sector: from Higgs distributions

VY =
Vi Yb
large light quark Yukawa qg — h production
(v, S 0. Sy, is allowed) (SM is dominated by gg — h)
0.05: ------------------- :
0.04. R
g 5003 R
~| g002 1 R
001§- L
0'006' 20 '4'(7' 0 '80'=1;(50
priGeV]
softer p, spectrum

10 YS et al 1606.09621



quark sector: from Higgs distributions

large light quark Yukawa qg — h production
(v, < 0.5y°M s allowed) ' '
Vg DY, (SM is dominated by gg — h)

'aY)
10 e S A 'd' .
| 1 doy - _
0.05 | T dpr - K, < 0.46
0'045 o g 0.8_— —_ B recast of
04 e - | K; < 0.54 ATLAS 8TeV
g“ £0.03} =2 ] .06 |
sl AN ; 22D < “+._recast of ATLAS 8TeV
—| §002 1_ =
5 E o |
0.01;- : o § 0'4__ 13TeV, 5% error ‘\‘
ooo— . . . . . . Y e S — 1 ‘\ 1
0 20 40 60 80 100 | - A > 3TeV
prlGeV] 0'2\ ‘_ q ~
softer p, spectrum oo Y I _-

Rl =1yl /YN
10 YS et al 1606.09621
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quark sector: from Higgs distributions

loop effect in
88 = h

Bishara et al1606.09253
11 Yu 1609.06592
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quark sector: from Higgs distributions

YV =
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loop effect in | m (P
log enhancement: Ko— log —
88~ I my mo

Bishara et al1606.09253
11 Yu 1609.06592
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quark sector: from Higgs distributions

YV =
. , :
loop effect in | m (P
log enhancement: Ko— log —
88~ I my mo

K. < 38

» Kb<18

CMS, 13TeV, 36 fb™!

Bishara et al1606.09253
11 Yu 1609.06592
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quark sector: from Higgs distributions

gg — h

» Kb<18

K. < 38

CMS, 13TeV, 36 fb™!

11

mg P2
log enhancement: Ko— 10g2 T
iy,
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| LHC Run II e
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Bishara et al1606.09253
Yu 1609.06592
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quark sector: from Higgs distributions

gg — h

A(Wh) =

» Kb<18

K. < 38

CMS, 13TeV, 36 fb™!

oc(Wth) — c(W™h)

o(Wth) + c(W—h)
11

| LHC Run II c—-
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Bishara et al1606.09253
Yu 1609.06592



Z (LEP) vs Hiqgs (LHC)

/. pole observables typically probe

H'D,H i gr*wi g
A2

A > (1=10)TeV
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Z (LEP) vs Hiqgs (LHC)

/. pole observables typically probe Higgs Yukawa observables typically probe
H'D H; gy"w (H'H)Hy
A2 A
A2 (1-10)TeV A2 (05-15TeV

* the Higgs program already probe EF T scale as LEP

12
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leptons

future projections

1071 ‘
102 ‘ K L__,—""
.o 103}
1073} et .-
Pt 102}
5 1074 '_,."" =
o 10
1073} .
1070 T R I
107 = 103 10-2 10-1 100 101 10~
mass [GeV]| favor
quarks
8 c t - Bl cxclusive
I e B width
E : - ) Bl kinematic
: o — Il global
Pl Il exclusive E [ inclusive
" B width
sentT Bl kinematic
' Bl clobal
Minclusive 1 (OB "HHEE  BEE  BEE R T T
107 10 1 0 i u ;s
mass [GeV] T

13

off-shell

line-shape

CERN vyellow report, 1812.07638



null tests of the SM
(flavor and CP violation)
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Higgs flavor violating decays

~ . Cl] ~— .
YiHQ; U/ A e HQ;U/(H'H)
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Higgs flavor violating decays

UETOITT] Y f1niTii T 2
VAHQ] Uy + = HOj Uy(H'H) o \/Emi(s.. L,
g i g
(similar for down-quarks and leptons) / 4 A% Y
TeV 4 ot 2 o 2 TeV 4 ot 2 c
BR,_, ~025% (0) | | 55| + |5= BR,_..,~0.18% (ZX) (15| + |12

19




Higgs flavor violating decays

U
C ij

UETNi 7 3 | T )i ] T 2
VAHQ] Uy + = HOj Uy(H'H) o \/Emi(s.. L,
o ] I A2 ]
(similar for down-quarks and leptons) v
Tev \* | | < : Con 2 Tev \* [ | < ’
BRh_Wz().ZS%< d ) s g BRHchzo.ls%( : ) i
direct

h— tu,te,ue,t — hj

\/ij +y2, < 1.4% 1073

V2 Hyl <23%107

V3242 <0.06

ATLAS, CMS, Harnik, Kopp, Zupan- 1209.1397
Bressler et al 1405.4545, Davidson et al 1211.1248 1% Blankenburg, Ellis, Isidori- 1202.5704




U
C ij

A\

YiHQ, Uy, A

(similar for down-quarks and leptons)

2
4 CfT
BR,_,,~0.25 % (Tiv ) = | +
direct

h— tu,te,ue,t — hj

\/ij +y2, < 1.4% 1073

V2 Hyl <23%107

V3242 <0.06

ATLAS, CMS,
Bressler et al 1405.4545, Davidson et al 1211.1248

S
-HQ, Ul(H'H)

2

BR

t—ch

y \/zmi p*
Y.. — 51] I C
I V A2

4 %

TeV Cie

oas (3)'( |
iIndirect

Higgs flavor violating decays

meson mixing, 4 — ey

Voo Y. < TX 107
Viss Vs < 3% 107

Harnik, Kopp, Zupan- 1209.1397
Blankenburg, Ellis, Isidori- 1202.5704

and more
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Higgs flavor violating decays

(c/ AH)yrpo o, W HF"" - same flavour structure

=)

h— ypy <y —
l/j l/j o c ~ lel16x?

Altmannshofer et al 1507.07927
Dorsner et al 1502.07784

BR,_., ~26BR,_, < 107°

=Ky N

16



Higgs flavor violating decays

(c/ Az)WRGW  HF*" - same flavour structure

=)

T — WY can be avoided by:

° tuning, Aloni et at 1511.00979
* first two generation receive their masses from additional source of EWSB,

Almannshofer et al 1507.07927, Gosh et al 1508.01501

h - gy <= y' >
g / o c ~ lel167?

Altmannshofer et al 1507.07927
Dorsner et al 1502.07784

BR,_,, ~26BR_, <107°

T—=py =~

16



(c/ AH)yro o, W HF"" - same flavour structure

h— gy <y — W
l// l// o c ~ lel167°

Altmannshofer et al 1507.07927
Dorsner et al 1502.07784

BR,_,, ~26BR_, <107°

=y N

T — WY can be avoided by:

° tuning, Aloni et at 1511.00979
» first two generation receive their masses from additional source of EWSB,

Almannshofer et al 1507.07927, Gosh et al 1508.01501

use alignment (holomorphic zeros) to avoid flavor constraints:

approximate horizontal U(1) X U(1) Froggatt-Nielsen symmetry in SUSY model + non
renoramlizable terms

viable model with sizeable t — chand h — tu

Leurer, Nir, Seiberg hep-ph/9310320
Dery et al - 1408.1371



Higgs flavor violating deca

Model Ket(te)/ Kt Kout(tu)/ Kt Kuc(cu)/ Kt
MEV §R(c me ) \/_mt(c) §R(C me ) \/_mt(u) §R(Cu"ngVu.b(cb)‘/c’.;)('u,b)) ﬁmc(u)
A2 v A2 v A2 v
- B— % B— LULTAULLT B—
F2HDM O (;’;t cos( Co;’%) O (",,’;t cos( CO;%) O (mm? Sope ;)3)
FN O (42 |V ) O (2 Vil ) O ("t Vol =)
GL2 e(€?) e(€) e
RS AR p2 o3 AR g2 v AN e g2 o7
mKK mKK MK K

2 my AL(R).2AL(R),3MW 2m, AL(R).1AL(R),3MW 2m, )\LR,1>\LR,2m%V
pNGB O(y t "L(R), (R), ) O(y t 2L(R), ( ) ) O(y (R) (R) )

M * M * v M;
Model Kbs(sb) /KDb K'bd(db)/’{'b nsd(ds)/K’b
MEV %(cdmt ) V2m ) ﬂ?(cdmt ) V2mg ) §)"?(Casz ‘Q’Z(td)‘/},d(ts)) V2m g
A? v A? v A? v
mg cos(f—a) my cos(B—a) memy cos(f—a)
F2HDM O(mb cosacosﬁ) O(mi cosacos,B) 0( mgdcosacos,@)
VM (s +1 vm +1 UM +1
FN O (2 |V ) O (42 |Viul*) O (2, [*)
GL2 € (€) € € (€°)
RS o A2 32 v ~ \(F)B3Mb@) 32 v o ZNOMs@ 2 vt
v M K v mi K v mKK

2 s A A m2 2 A A m2 2 A A m2
PNGB  O(y2Te CLE22LIITW Y 0 (21 JLRATLERSTW Y - (1) (42 s ALIR.1CL(R) 2T )

M2 M M.

17 CERN yellow report, 1902.00134



Higgs flavor violating decays

Model Rru(u'r) / K n're(e'r) / Kt K’,u,e(eu) / Kt

F2HDM O© (m“ coS(ﬂ—a)) O (me coS(ﬁ—a)) O (mu";e cos(ﬂ—a))

m.. cos a cos 3 m.. CcoS « cos 3 m> Ccosacosf3
T

VM, (r 1 VMg (r 1 UM 1
N  O("52(Upl™) 0 (" d2(Ul™) o (Td|vnT)
A A A
GL2 e (¢) € e*(e°)
m —9 2 m —9 2 m 2 42
RS ~ O yh vt [T yE v e(p) v
Mr(u) © myg Mre) = myg Mue) = myg

17 CERN yellow report, 1902.00134



CP violation
L=~ (i + ik hsf )

Vv



CP violation

mf _ _
L ofp = — T (thff+ lehf}/Sf ) CPV can be directly constrained in tth and t7h
= 20 | | | T T T T T 7 ————— Kude =
c f —T - Best fit XsM A j Higgs prod.
2 15 ..o E 0.4}
= 8C T = | Hg EDM
0.50 - E 021
F E neutr. EDM ”
g o L 1 e oo K. (the CP phase) can be
0.5/ 1, probed to 11°at HL-LHC
e B E |
= ATLAS - o4 Harnik et al, 1308.1094
—1.5E [s=13TeV, 139 fb” - ‘ CERN yellow report, 1902.00134
2954 05 0 05 1 15 2 -1 -05 00 05 10
K K,cos(t) K¢
t
ATLAS, CMS

Brod et al, 1310.1385, AlImannshofer et al 1503.04830
Brod et al 1811.05480
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CP violation
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few implications
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large Yukawa couplings in Higgs portal

large Yukawa coupling for u, d, s have interesting
implications for Higgs portal models
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95% CL exclusion
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large Yukawa couplings in Higgs portal

large Yukawa coupling for u, d, s have interesting
implications for Higgs portal models

10-7 |

1078

1077

10-10 ‘%}

10—115 060

10—12

10—13

10-14__YDs-s

1015 ULD scalar ~

10_16 Higgs portal E:

10_17 hadrophilic scalar |
1041072 10210°' 1 10 10% 10° 10* 10°

myg [kGV]

20

v

precision measurements of new

forces with H
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Higgs CPV and baryogengesis

My, < L7 '
the strongest bound on ic'ﬂ

Im[yﬂ] as dominated source of the

baryon asymmetry is excluded
(up to 16% of the asymmetry)

71 de Vries et al1811.11104
Fuchs et al 1911.08495, 2003.00099



Higgs CPV and baryogengesis

< 1.7 Im[y,] as dominated source of the

- baryon asymmetry is excluded
the strongest bound on Ky (up to 16% of the asymmetry)

y. can account for the baryon asymmetry

vy, and y,, together can account up 12% of the baryon asymmetry
(separately up to 2% and 4% )

a measurement of K_ is a smoking
gun of this scenario and is motivated

2 de Vries et al1811.11104
Fuchs et al 1911.08495, 2003.00099



* the dominant source of ¢, b and T masses is the SM-Higgs
mechanism

* much less is known about the first two generations, still
room for new physics

* Interesting effect on Higgs portal models
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Ye = | Ype Yu Yur < | .0.54 3.2 x1(0-3
Yre Yrpu Yr 2.4 3.2

3.6x10¢ (u— ey)

(1ye YVur | 24 1 Yer yru 1 2)1/4< 3.4% 1074 (u— ey)
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Yu Yuc Yut
Y = Yeu Ye Yet

Ytu Ytc Yt

DO-D0 mixing

Harnik, Kopp, Zupan- 1209.1397
Blankenburg, Ellis, Isidori- 1202.5704

K0-K0 mixing

7 x10°

0.13

< | 7x105

0.13

0.13

0.13

t—hj: decay and th production

Greljo, Kamenik, Koop 1404.1278

Yd Yds Ydb

Y= |ysa Ys Ysb | <! 2.400.17)x10°

YUod Ybs Yb

Bs-Bamixing  Bs-B; mixing

Harnik, Kopp, Zupan- 1209.1397
Blankenburg, Ellis, Isidori- 1202.5704

Re (Im)
2.4(0.17)x105 | 1.5 x104
1.3 x10-3
1.5 x104 1.3 x10-3
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