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the Higqgs in the standard model

electroweak
symmetry
breaking

~ charged fermion
B masses

myyw 7 0, LVL VL 7 f v f my # 0, f—> ViVi

" dinitarize)

testing the SM hypothesis,
lwhat is the source for fermion masses?]

the Higgs is the main
source of EWSB




the Higgs in the SM and EFT
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the Higgs in the SM and EFT

FM = HQLUJ +Y HQLDJ + Yf HL! EJ

* NON universal

SM __ My .
yp = 2— * diagonal
V

» CP conserving

new physics example: EFT

d of

Cii o ; | A
FET = A—‘;HQiU{e(HT H) + A—JZHQ,’JD{Q(HT H) + A—JZHLiE{Q(HTH)



the Higgs in the SM and EFT

SM = Y'HQIUI + YIHQ! D), + Y HLE,

* NON universal

SM _ "y -
yp = 2 » diagonal
V

» CP conserving

new physics example: EFT

e ot

Cii — ; | io—
LI = A—‘;HQiU{e(HT H) + A—JZHQ,’JD{Q(HT H) + A—JZHLiE{Q(HTH)

p2 G A yCSM/nyM
» Kf=1+ > SM Af_ = 4TeV
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yf assumes flavour alignment
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the Yukawa couplings in different
BSM scenarios

Model Kt K’c(u)/ Kt kt/ Kt kc(u)/ Kt
SM 1 1 0 0
2 2 2 S 2 2 S 2
MFV 1+ R(a,v 1;|-22bumt) 1— 2?)?(?;2)mt (a,v [-\|-22bumt) (j\u;) )
NFC Vi V/Vy 1 0 0
2
F2HDM cos o/ sin —tana/tan O (Z;—j %’6;_—02%) O ( ni(ét) gg:gﬁ;g%)
MSSM cosa/ sin 1 0 0
2 2 2 2
FN 1+0(3) 1+0()  o(x) o (%)
GL2 cosa/sin ~ 3(7) 0 0
2 =9 2 =9 2 -9 2 —9
RS 1—0(31/) 1+0(gY) 0("; Y) O(g Y)
2\ K 5 e 2 s 2 " 2 0 2
pNGB 1—|—0(;—2) +(’)(y*)\ 1\1:13) 1—|—0(y*)\ #) O(y*)\ I\Q;I_f) O(y*)\ 1\1113)
Model Kp Ks(d)/ Kb Ko/ Ky Rs(d)/ Kb
SM 1 1 0 0
MEV 1+ ﬂ?(advi;i-chdmf) 1— 2%(;:\(12)mf %(advzj:-fcdm?) %(adv2+2cﬂ;/ts(td)|2m?)
NFC Vhd ’U/'Ud 1 0 0
2
F2HDM cos a/ sin 3 —tana/tang O (2—: cos ((xﬂc:);.%) @ ( ni%d) cos f(;?/)a)
MSSM —sin a/ cos 1 0 0
2 2 2 2
PN 1+0(32) +o(n)  o(%) o (%)
GL2 —sin a/ cos 3 ~ 3(5) 0 0
2 — 9 2 — 9 2 — 9 2 =9
RS 1—(’)(2Y) 1+0(3Y) o(gy) o(gy)
MKK MKK MKk MKK
v2 2.2 22 212 o2 212 2 2.2 2
pNGB 1+ (9(?> + O(y*)\ Mf) 1+ (’)(y*)\ W) (’)(y*)\ Vf) (’)(y*)\ Mf)

4 CERN yellow report, 1902.00134



the Yukawa couplings in different

BSM scenarios

Model K, Ku(e)/ For Rr/kKr Rue)/fr
SM 1 1 0 0
MEV 1+ ?)%5(/1\22[1)2 1 — 2%!;5\22!m72. %ga/,\gz['u2 8{152!1)2
NFC th ’U/’Ug 1 0 0
i — m,, cos(f—a) mi(e) cos(B—a)
F2HDM cosa/ sin 3 tana/tanf O FCiess) © L cosaicos 3
MSSM —sina/ cos B 1 0 0
2 2 2 2
v v v v
FN 140 (%) 140 (%) 0 (%) 0 (%)
GL2 —sina/ cos B ~ 3(5) 0 0
_ _ — — 2
RS 1+0(V’5—) 1+0(Y'3—) o(¥*3) o (¥*—5—)
Mg i Mk i MK K MKK
4 CERN yellow report, 1902.00134



probing the Higgs Yukawa couplings
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lepton sector

Ye
Yf — y,u
Yz
p,, < 3.7%x10°
pp_)h_)l/ﬂ_l_f_ MMM=05iO7
p..=12=x0.3
ATLAS, CMS

CERN yellow report, 1812.07638
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lepton sector

Ve
Y! = Yy
Yz
1, <3.7%x10°
pp_)h_)l/ﬂ+f_ ’uﬂﬂ=05i07
p..=12=x0.3
ATLAS, CMS

CERN yellow report, 1812.07638

- non universal coupling: y, > y,, ¥,

* * probe scale of

A, 24TeV A, 2 18TeV,A, 2 6 TeV

- O-pp—>h BRh—)f

K=" SM
6 6pp—>h BRh—)f
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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

direct
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Higgs p, spectrum
Wh asymmetry

Bishara et al1606.09253, YS et al 1606.09621
Yu 1609.06592
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quark sector

inclusive: flavor tagging kinematics
q H< Higgs p, spectrum
e ¢ Wh asymmetry
q /v Bishara et al1606.09253, YS et al 1606.09621

Yu 1609.06592
ATLAS, CMS, LHCb

Delaunay et al 1310.7029,

Perez et al 1505.06689, 1503.00290 total width
Brivio et al 1507.02916

. I, _<T
exclusive: h — Vy hag C
q q vy + ZZ line-shape
‘-7 | off-shell 1
P W T ! ATLAS, CMS, Perez et al 1503.00290

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
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quark sector

inclusive: flavor tagging kinematics
q H< Higgs p, spectrum
e ¢ Wh asymmetry
q /v Bishara et al1606.09253, YS et al 1606.09621

Yu 1609.06592
ATLAS, CMS, LHCb

Delaunay et al 1310.7029,

Perez et al 1505.06689, 1503.00290 total width
Brivio et al 1507.02916

I, <l
' . h h
exclusive: h —» Vy N
\ q vy + ZZ line-shape
‘-7 | off-shell &
noT T ’ ATLAS, CMS, Perez et al 1503.00290
7 7 global fit
ATLAS, CMS
Bodwin et al 1306.5770 Kagan et al 1406.1722 kK, <3.4x10° k.<6.2
Bodwin et al 1407.6695 Perez et al 1503.00290 ;
Koing, Neubert, 1505.03870, Alte et al 1609.06310 k; < 1.7x107 k, <42
direct ; Delaunay etal 1310.7029,  [Ndirect

Perez et al 1503.00290



quark sector: inclusive rates

Yu Yd
YU = Y, Y4 = Vs
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quark sector: inclusive rates
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quark sector: inclusive rates

Yu Ya
N o I
I )

pp — tth pp — Vh,h — bb, cC

& c c c Y
A H/'< c -“I—:’“'< c “!_{“-d:: Y
Lo B Z|W 0 ¢

Z/W ¢

q f/y q f/l/ g

Hen = 1.2 + ()3 ATLAS, CMS ATLAS, CMS, LHCb

Delaunay et al 1310.7029,

Perez et al 1505.06689, 1503.00290
Brivio et al 1507.02916



quark sector: inclusive rates

Iul‘l_‘h — 1.2 + ()3 ATLAS, CMS ATLAS, CMS, LHCb

Delaunay et al 1310.7029,

_ _ Perez et al 1505.06689, 1503.00290
e NON universal Coup“ng- y, > Vps ¥, Brivio et al 1507.02916

- probe scale of A, 2 0.4TeV, A, 2 3.6TeV,A. 2 1.5TeV

° S-tagglng pOSSIble at e e —collider (e.g. Duarte-Campderros et at 1811.09636)
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quark sector: excluslve rates
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quark secfor exclusive rates

~Po) _~fo,

h—>V}/

______

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



quark sector: exclusive rates

Y =
Yb

h— Vy

9 q

g
P ;l""'" q P - /’tVy BR%XIV}/ 1—1h—>V}/
Vy, 27 = =
Yq K, ' Hzze BRRN 77 = Z2%
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



quark sector: exclusive rates

yU=[" @ yd = |

h— Vy

9 q
g
] SM
Z--*—--T n T T 9 P - /’tVy BRh—)Vy 1—1h—>V;/
Vy.ZZ% = =
Yq K, ! pzz+ BROM . h — Z7Z*
Y Y

V | BR,_y, < | Ry, zz+ <| Yukawa range

Jhy| 1.5%x 107 9.3 k. < 310
* $ | 48x1074| 3.2 g, < 150 Ay 2 200GeV
p | 88x107*| 58 | 2% +7&, <330 c = %
ATLAS, GMS CERN yellow report, 1812.07638 b

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 recent CMS results for i — pZ, pZ



quark sector: from Higgs distributions
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10 YS et al 1606.09621



quark sector: from Higgs distributions

"y, "y,
yt yb

large light quark Yukawa qq — h production
¥, S O~5beM is allowed) (SM is dominated by gg — h)

10 YS et al 1606.09621



quark sector: from Higgs distributions

large light quark Yukawa

qq — h production
¥, S O.SbeM is allowed)

(SM is dominated by gg — h)

0.05; _
0.04] — SM
i — Ku=2 |
5| £003 B2 |
oIS o — Re=2 |
—| 50020 :
0.01} L
0020 "4 60 80 100
prlGeV]
- q
softer p spectrum K, =——

10 YS et al 1606.09621



quark sector: from Higgs distributions

large light quark Yukawa
¥, S O.SbeM is allowed)

0.05 |
0.04 — SM ]
i — Kuy=2 |
tf‘ S 0.03} — Rg=2 -
ol _,_ — Rs=2 ]
—| £ 0.02} ;
001 L
: — ]
00020 40 60 80 100
prlGeV]
softer p spectrum

qq — h production
(SM is dominated by gg — h)

S R —
| 1 doy
L d —
| b K, < 0.46
0.8
I K; < 0.54
= 0.6 \"“\recast of ATLAS 8TeV
= recast of ATLAS 8TeV
i
= 94 3rev, 5% error
o2 A, 2 3TeV
00
0.0 04 06 08 10 B Yq
7 |= SM K - —
IRl =[yul/yp q SM
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10 YS et al 1606.09621



quark sector: from Higgs distributions

1 Bishara et al1606.09253
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quark sector: from Higgs distributions

. Yd
Y d — Vs ~
Vi )’b

2 2
loop effect In | mg , [ P7
h log enhancement: Ko— log —

11 Bishara et al1606.09253

Yu 1609.06592
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quark sector: from Higgs distributions

gg —> h

1 Bishara et al1606.09253
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quark sector: from Higgs distributions

gg —> h

K. < 338

CMS, 13TeV, 36 fb~!
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quark sector: from Higgs distributions

gg —> h

K. < 338

CMS, 13TeV, 36 fb~!

|Ax*=23 Ax*=5.99

| LHC Run II o=
| HL-LHC ]
6 -4 -2 0 2 4 6
Kc
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quark sector: from Higgs distributions

gg —> h

K. < 338

CMS, 13TeV, 36 fb~!

|Ax*=23 Ax*=5.99

[ LHC Run II -
| HL-LHC ]
6 -4 2 0 2 4 6
oc(Wth) — c(W~h) N
A(Wh) = - sensitivetoy, ;. .
oc(W+h) + c(W=h) o
1 Bishara et al1606.09253

Yu 1609.06592
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future projections
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null tests of the SM
(flavor and CP violation)
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Higgs flavor violating decays

~ T . Cl] T .
YiHQ; UY, + FHQiU}’Q(HTH)

(similar for down-quarks and leptons)
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Higgs flavor violating decays

C

~ T . ij — .
YiHQ; UY, + FHQiU}’Q(HTH)

(similar for down-quarks and leptons)

4
BR,_,,~0.25% (%)

(

\

Cf

0.2

2
+

Cf

0.2

2)
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Higgs flavor violating decays

u

YYHQIU! + —HQ!U/(H'H 2m; . v?
i QL R~ A2 QL R( ) Yzf = \/_ lél-j + —ZC”lf
(similar for down-quarks and leptons) / v A=Y
Tev \* : Cie i Coy g Tev \* [ | < ’ ¢t ’
BR,_,=025% () | | 55| + |52 | | BRoar=018% (Z5) (|15 + |15
\ )
direct
h— tu,te,ue, t > hj
\/ij +y2, < 14x107
\/yeZT +y2 <23x%x107
2, 2
\/th + e < 0.06 Harnik, Kopp, Zupan- 1209.1397

Blankenburg, Ellis, Isidori- 1202.5704
ATLAS, CMS,

Bressler et al 1405.4545, Davidson et al 1211.1248 14



Higgs flavor violating decays

u

— ct

IO + L0 (H | .

Yz]'HQLUR+ AZHQLUR(H H) v — \/Emlé,,_FV_Cf
: ;
(similar for down-quarks and leptons) / V A2 Y
TeV 1 C ) Cou 8 e\ (e |F ]|
BRh—ﬂﬂgO'zS%( A ) 0.2 + 0.2 BRtachzO-18%< A > 10 + 0
\ )
direct indirect

h - 76 e £ — hi o
U, 7€, U J meson mixing, 4 — ey

\/y/%T +y12,u < 14X 10_3 Yuces Yue < 7T X 10_5

-5
\/yezf + yfe <23x%x1073 Vi Vg < 3 X 10

and more

2 2
+ yv2 < 0.06
\/y e T Vet Harnik, Kopp, Zupan- 1209.1397
ATLAS. CMS Blankenburg, Ellis, Isidori- 1202.5704

Bressler et al 1405.4545, Davidson et al 1211.1248 14
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Higgs flavor violating decays

(c/ AZ)WRGM,}//LHF #¥ - same flavour structure

h - gy <= y' - W
» PV enen?
BR,_,, ~26BR,_, < 107°

T=Hy ~ Altmannshofer et al 1507.07927

Dorsner et al 1502.07784
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Higgs flavor violating decays

(c/ AZ)WRGM,}//LHF #¥ - same flavour structure

h - gy < y' - jy
» sy ¢ ~ el 1677
BR,_,, ~26BR,_, < 107°

T=Hy ~ Altmannshofer et al 1507.07927

Dorsner et al 1502.07784

T — Uy can be avoided by:
* fUNINg (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)
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Higgs flavor violating decays

(c/ AZ)WRGM,}//LHF #¥ - same flavour structure

h = gy < y' = yly
» o ¢ ~ el 1677
BR,_,, ~26BR,_, < 107°

T=Hy ~ Altmannshofer et al 1507.07927

Dorsner et al 1502.07784

T — Uy can be avoided by:
* fUNINg (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 — ch and h — Tu

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



Higgs flavor violating decays

Model Ket(te) /K¢ Kut(tu) /K Kuc(cu) /K¢
MFV .SR(C me ) \/_mt(c) §R(C me ) \/_mt(u) %(cumgVub(cb)Vc”;,(ub)) \/Emc(u)
A A® A® v
m, cos(B—a) m,, cos(f—a) .m,, cos(f—a)
F2HDM O (Zt cosacosa,B> O (nn?zt cosaco:ﬂ) O (mm? cosaco:ﬂ)
FN O (T2 Vo) O (2 Vi) O (g2 |V [ )
GL2 e(e?) e(e?) ¢
RS o AT 2o o AR g2y o ATt 207
mKK mKK mKK
pNGB (’)(y2 m; AL(R), 2’\L(R) 3mW) 0( th AL(R), 1)‘L(R) 3mW) O(me AL(R), 1)\L(R) zmw)
M2 M2 M2
Model Kbs(sb)/ Kb Kbd(db)/ Kb Ksd(ds)/ b
MEV %(cdmt ) V2mg ) §R(Cd’mt ) V2mg ) %(cdm?v;(td)v;d(ts)) V2mg(q
A? v A? v A? v
mg cos(f—a) my cos(f—a) mgmy cos(f—a)
F2HDM O(Hb—cosacosﬂ) O(mz cosacosﬂ) O( midcosacosﬂ)
VM (s +1 vm +1 vm +1
FN O (2| V,, ) O (28 |V, *) O (22 |V, [*!)
GL2 20 € (%)
RS ~ \()2 mb(s) v2 32 - )\(—)me(@ 72 22 - A(—)lmsw) v2 152
mKK mKK mKK
pNGB (’)(y2 my AL(R), 2)‘L(R) 3mW) O(y> 2mb AL(R), 1)‘L(R) 3mw) Oly 2m AL(R), 1/\L(R) 2mW)
*

M? M:

16 CERN yellow report, 1902.00134



Higgs flavor violating decays

Model K, p(pr) / K,

R’re(e'r) / Kt

Kue(ep) /n'r

F2HDM O (””“ C‘””“’“)) O (

m.,. cosacos 3

m, cos(B—a)

m.. cos acos f3

O (mu’;"e cos(B—a) )

m> Cosacosf3

VM, (r 1 VMg (r 1 um, 1
EFN O (%W%F ) O (%Wﬁﬁ O (%Wmﬁ )
GL2 e (e) e*(€%)
_ 2 m — 9 2 m — 9 2
RS ~ () 2 v ~ L em) e vm [ Tew) A vt
M)~ myek Mo (e) Mue) ~ myg
16 CERN yellow report, 1902.00134



CP violation

L= —— (o + st )

17



geff:

v

CP violation

My Fe 7
<1<fhff + iKehfysf )
CPV can be directly constrained in fth and t7h

’8 2 :l L L L L [T :
. | — -+ Best fit XsM ]
@ 150 ..o E
1:_ ......... 3q‘"m“ IS _:
05 =
Ke or E
0.5 =
e B NS =
- ATLAS .
-1.5 (s=13Tev, 139 b =
_2 : l 11 11 I 4 1 1 1 I 11 1 1 I 11 11 I l | I I l 111 1 I :
15 -1 05 0 05 1 15 2
K,cos(ot)

neutr. EDM

K, (the CP phase) can

w 0.0
be probed to 11°at
~0.2
HL-LHC

-04 | Harnik et al, 1308.1094

A ' CERN yellow report, 1902.00134

10 —05 00 05 10

K¢
ATLAS, CMS

Brod et al, 1310.1385, AlImannshofer et al 1503.04830
Brod et al 1811.05480

17



CP violation

mf B B
L= =~ (hif + iihfsf )
CPV can be directly constrained in fth and t7h
= 2l""I""l""l""I""I""I""_ ......... Ku,d,le=1 .........
< —To -+ Best fit X sM j Higgs prod.
215 ..o e, 0.4f
- 3 .. S L : Hg EDM ]
E “, Y . N . 0.2-_ _ _
- 05F E | neutr. EDM | K. (the CP phase) can
4 O = w 0.0 1 .
sk E be probed to 11°at
) R E I HL-LHC
- ATLAS .
1 5_ (5= 13 TeV, 139 fb = -04 Harnik et al, 1308.1094
T T T B P . CERN yellow report, 1902.00134
235 1 05 0 05 1 15 2 -10 05 00 05 10
K K,cos(ot) K¢
4
L~ -3
eEDM: kK, < 1.9 X 10 ATLAS. GMS

~ ~ - Brod et al, 1310.1385, AlImannshofer et al 1503.04830
nEDM: kK, < 5, K. < 21, kK, < 2.2 Brod et al 1811.05480

HgEDM: K, < 0.06, k; < 0.03
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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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large Yukawa couplings in Higgs portal

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

v

enhanced dark matter direct
detection

Dlrac DME-;SM Yukawas , Dlra,c DM h:u = O 98mb / mu Dlrac DM K,d = 0 93mb / md

:'r:::g::g:% |l — XENON100 |’ 10t e
S 3 Qh%=0.1198 H

X 1071

1 10 102 103 104
m, [GeV]

SM Yukawa

Bishara et al 1504.04022
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large Yukawa couplings in Higgs portal

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

v

precision measurements of new
forces with Higgs mixing

Ytterbium IS

b ]
i g_ 17 globular cluster O-[V] =10mHz
1072 107! 1 10! 102 100 10*

Delaunay et al 1601.05087, Flacke et al 1610.02025,
Berengut et al 1704.05068, Banerjee et al 2004.02899,
19 Berengut et al 2005.06144



Higas CPV and baryogengesis

Im[yﬂ] as dominated source of the

Py < 17 |
- baryon asymmetry is excluded
the strongest bound on K, (up to 16% of the asymmetry)

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



Higas CPV and baryogengesis

Im[yﬂ] as dominated source of the

Py < 1.7
h bound on & baryon asymmetry is excluded
fhe strongest bound on k,, (up to 16% of the asymmetry)

y. can account for the baryon asymmetry
y, 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

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



sumwmary

* the dominant source of f, 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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backups



3.2 | x10-3

Ye  Yeu Yer 0.54 | 24
Y€ = | Ype Yu Yur < |.0.54
Yre Yrp Yr 2.4 3.2

3.6x106 (u— ey)

(1yre Yur | 24 1 Yer Yo 1 2)1/4< 3.4x 104 (u— ey)
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direct searches



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 us ¥sv |<|2.4017)x105

Ubd Ybs Yb

Bs-Bimixing  Bs-B; mixing

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

Re (Im)
2.4(0.17)x10-5 | 1.5 x104
1.3 x10-3
1.5 x104 1.3 x10-3
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