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Focus Mow: S%a\mci&rd Ma-dé.i ?ramsmm Tests
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Focus now: Standard Mad&i ?ré.msmm Tests
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Focus now: Standard Mad&i ?ré.msmm Tests
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Precision Tesks

e.9. L-pole, Higgs LOMF‘LLMQSP..

- big statistics

- soo svsﬁema&w Linmibed ]

k,, ’

Imagine measuriing

(surely a precise measurement)

.

do
|~ 107
TSM
Vs =mg

Effect qrows ~ E£2 (

e.g. 272 processes, ZH, WW...

3000 2

91.2

- small skakistics

- wore challenging measurement

- more space for improvement

oo equivatenﬁ ko

(maivmv nob so pr@tiset)

7

) ~ 1000 —

Yo}

OSM

~ 10%

Vs =3TeV



Precision Testks

- swall stakiskics
- wore challenging measurement
- More space for improvement

- signal so big that even a poor
measurement can be precise

Experimeh&au.j very &ppeai.ims
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What do we expect from a theory point of view?

Higqs is a (Fvseudﬁ) goldstone bosown
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ALl tree-level Higgs Couplings are modified
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What do we expect from a theory point of view?

Suparsvmme%rjz ov\i.j exchanged at (R-parity)
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Higgs couplings to top/bottom are modified
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What do we expect from a theory point of view?
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Are among the most important tests of new physics
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What do we expect from a theory point of view?
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HL-LHC Reach (3000 £p-1)

Higgs couplings: measured in processes with
on-shell Hiqqs (E=128 GeV)*

(s = 14 TeV, 3000 fb™' per experiment
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Higgs couplings: measured in processes with
on-shell Hiqqs (E=128 GeV)*

/
(s = 14 TeV, 3000 fb™' per experiment /
T T T T T T T _ /{
] Total ATLAS and CMS -(\ A
— Eta“sﬁ'ca' . HL-LHC Projection \
—— Experimenta e
— Theory Uncertainty [%] ATLAS and CMS HL-LHC prospects
12 ;
Tot Stat Exp Th —~'“ ] - : y
Ky = 1.8 08 1.0 13 = [ SM HH significance: 4g |[: | 2®'04™Y
pr— - . . . C i : . | |
K e 1.7 Z 10 0.1<k1<2.3 [95% CL] : Combination
— 7 08 07 13 . B
W R Yt 0.5 < K3 < 1.5 [68% CL] ; obr1
Ky = Vi 15 07 06 12 ol : bbre
994%cCcL °[_ V. o ~--- bbbb
Kg — 2.5 09 08 21 = | ] bbZzZz*(4l)
------------------------------------------------------------------------------------- ; bBVVUVlV)
K = 3.4 09 11 3.1 6F . ,
Kp B= 3.7 13 1.3 32 :'\ .
b -——éflﬁ 95% CL V4 L T —— __7,;'_”_--_';'_"_______':'_
K B= 1.9 09 08 15 !
T = 43 38 1.0 17 Zf ' ‘ ‘ !
B 68% CL [ n % _& ]
ZY P T N T |9..8 . 7:2 ! 1..7, 6:4, 0 _l ] lv‘l‘l‘l:LL!_\.l\ ' --'-—:‘_l:l"l:l'l'J'l'lnl'l‘l"rl-1~|-Jdd Ll | 1417
0O 0.02 004 006 008 0.1 0.12 0.14 -2 -1 0 1 2 3 4 5 6 7 8

Expected uncertainty K2



HL-LHC Reach (3000 {b-1)
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Higgs couplings: measured in processes with
on-shell Hiqqs (E=128 GeV)*
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Hiaas couplimas: Tkﬁmr@.&co\ilv Interesting
9 P9 " Experimentally measurements ()
but...

SM is the unique &keorv, with iks F'm'&t:te cownkent,
valid up to arbitrary enerqy:
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Higqs COMFLEMQS ak Higkmﬁimergv

Hiaas couplinas: Tk&are&iaaﬂv Interesting @
33 pH9= Experimentally ot High-£ measurements @

but...
SM is the unique &heorj, with iks Far&d& cownkent,
valid up to arbitrary enerqy:
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A [GeV]
Any coupling modification must induce energy-growth
i some process, reducing the validity energy-range
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modifications of Higgs couplings induces
2 growth U process with longitudinal WZ bosons!
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Hiqgqs Self Coupmr\g

Another way of understanding E-qrowth:

H 6
ho w|_‘
AZ
Grolstones = Wi, ZL

|H|* = = (v* 4+ 2hv + h* + 2¢i¢— + (¢%)?)

DN | —
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Higqs Self Coupt&ma

(0% + 2hv + 12 + 267 ¢~ + (¢°)?) pp — 77 + 4V,

|H |6 DCOM&QCE Inkerackion Vv,
A2 AMOMS WL,Z»L VL ~ F w.T.E SM
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Higqs Self Coupling

|H |6 DC@M&QC& Interaction V. B2
A2 AMOMS WL,z&L VL ~ p M«T’«& SM

(v? +2ho )+ B2 + 207 ¢~ + (¢°)?) pp — jj +4Vp
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. v E
with 1 Higgs view. %?h ~ A2
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Higqs Self Coupling
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Hiqgqs Self Coupling

Ancther way of understanding E-qrowth:
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pp — jih + WEW=



Hiqgqs Self Coupling

W—=l+v Same-siqgin L@.P&ous

pp = jgh +W=W=
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Hiqgqs Self Coupt&ma

W—=l+v Same-siqgin L@.F’Eons

pp = jgh +W=W-
h — bb

VBF Eopol.ogj

> Enough events

> Low background B



Hiqgqs Self Coupling

W—=l+v Same-sign L@.P&ous

pp — gjh + W=W=
h — bb > Enough events

VBFE topology > Low backqground B

S&&Md&fd [ Constraints from pp =3 jj /*v/*v hat HL-LHC ]
Higqs L_c:«u,gi.cmg 10} o
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Higqs Self Coupling

W—=l+v Same-sigi Lep&ons

pp = jjh+W=W=
h — bb > Enough events

VBF topology > Low background B

15; _
[ Constraints from pp = jj #v/*v hat HL-LHC |

10}

» HoH: single channel, simpi.@. amod.ysis, Co-mpe&i&ive wikth HC!



Higqs Self Coupiims‘

.. endless possibiuﬁes of improvement ...

WlL, 7, — leptons/hadrons
- More Final states
Wi, 7, — leptons/hadrons
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- Final states 1:_)’{:?’2
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-~ Keep information to exploit E-growth



Higqs Self Coupling

.. endless passib&ti&es of improvement ...

1% Wi, 7, — leptons/hadrons

- Final states t}’{{az

%7 Wi, 7 — leptons/hadrons
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- Look also at E-growing processes ;‘?\KL
L
Vi
-~ Keep information to exploit E-growth
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HoH Program: EOF‘ Yukawa

~ B
LOMQT’ H’H’@.Sk(;) Ld | sLS’MQL enhaneced
Tl—' / q |

K¢ 5 !
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HoH Program: &‘)P Yukawa
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HoH Program: EOP Yukawa

~ B
lower Ehreshold

N\

stghal enhanced
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many final stakes



HoH Program: EOF‘ Yukawa

~ B
LOMQT’ %thShO Ld l sLSMQL enhanced
- —q ]
. - q s
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|
o
— boosted top:
good discriminant,
easier bo recownskruck

many final states

Signal classified bj #leptons:

Process 0¢ 14 (F0F | 4F0F |30(40)
WEWT|3449/567|1724/283|216/35

178/25

WEW*2850/398(1425/199| - -
W*Z |3860/632| 965/158 |273/45| - |68/11
77 |2484/364 - 351/49| - |(12/2)

pt. > 250 GeV / ph > 500 GeV
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HoH Program: EOF‘ Yukawa

~ E?
lower Ehreshold !
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ttgjﬁ twbﬁz | WEW*(2850/398(1425/199| - [178/25| -
1‘;%”&‘;‘52? W*Z |3860/632| 965/158 |273/45| - |68/11
buk wanageable Z7 |2484/364| - |351/49] - |(12/2)

Jh > 950 GeV / pl > 500 GeV sal: Small Backqground



HoH Program: Ecwp Yukawa

m\.i,-j channels with »2 Lep&oms (Bxo)
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Background = SM signal



HoH Program: &OP Yukawa

only channels with »2 leptons (Bxo)

|

0-4 T T T T T T 1T T T T T T T 7T
l Constraints from pp - jtVV at HL-LHC
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195%. HL-LHC h

Standard S
Higqgs C.QMFLEMQS 2 00

-0.2}

04— e
0.1 0.3 1 \\ 3 10
B

Bacl&grouud = SM sighal

» HwH tomye&i&ive wikh HC!

Further improvements: differential distributions (into larqer £2)
background estimate



HoH Program: Higqgs-Gluons

See also, Azatov, Grojean, Paul, Salvioni'l4

KG 9 g 7,
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Produckion
mode @ LHC:
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HoH Program: Higqgs-Gluons

See also, Azatov, Grojean, Paul, Salvioni'l4

KG g g Zr
HIG, G >§‘ i
g Main H 9 A

Production
mode @ LHC: v

L mem . ) ;

I l l R 0.2%
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“§ 2 / LL i > "
2 © 0.0
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s 01
< ” z
— 7 -0.2
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1/§Wé"_r33 00 05 1.0 ‘1.5 20

Uwfor&uv\o&ei.j LL vanishes at high-£ in SM! B - :[:zT

SM/BSM-interference small: reach poor.



HoH Program: Higqgs-Gluons

See also, Azatov, Grojean, Paul, Salvioni'l4

KG 9 g 7,
. g Main H 9 A

Production
mode @ LHC: v

04—

3 my =Mz/2 m =vVs/2 | i
‘%l | a0 l l -9 M 0.2
3\t LL | 017 demileptov
wiel > e == == """~ ¢§ 4‘“" e
2 ¢ 0.0/ HC
2. e __{___hadrohie
< 04 T |
< ; ~

N : _0-2\ 7

v GloverBij'89 03 N

1/5"'“%‘“83 00 05 10 ‘1.5 20

Uv\nfor&uvm&ei.j LL vanishes at high-£ in SM! B - :g::zT

SM/BSM-interference small: reach poor.

Competitive. Improv&bl&?



HwoH Program: h ko gause bosowns
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HwH Program: h to qauqe bosons
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HwH Program: h to qauqe bosons

N
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HwH Program: h ko qauqge bosons

N
by [H|* By B 2, @:ﬁ
; __ wit,
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HwH Program at L@.Fz&w\ Colliders
(Aifferent w.rik LHC)

Wb, LEP:
Fivvmes Larg&r
|

HC HwH ~ E?
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HwH Program at Lepbm Colliders
(Aifferent w.rik LHC)

w.rb. LEP:
times Larger
|
HC HwH ~ E?
/Lawer Ehreshold

Eb

e § ¥
¥

\;'




HwH Program ak L@.PEOM Colliders
(Adifferent w.orit LHC)

wrb. LEP:
times Larger
|

HC HwH~ B2 2
Lawer Ekreshotd = 5l
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HwH Program ak L@.F:Eom Colliders

(Adifferent w.orit LHC)

wrb, LEP:
times Larger

|

HC HwH ~ E°
i.cwwer Ekreshotd
“ * = |+ #
W o [+
A . L IRY

frm o ?
VBF xsec larger—

‘Pm:«ri. measured.
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Beam Polarizakion:
Enhance LL?



HwH Program ak L@.Fz&om Colliders
(Adifferent w.orit LHC)

w.rb. LEP:
times Larger
|

HC HuwH ~ E? 2 1

i.ower %hreshotd : e U

= o CE————

“V — _\- I o 1 i

/ft ‘\’\ b | wm)? ™ g@ ]
A Vv
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BSM

112

Camposé%@; Higqs Models: , ~ e < 1%

Here A analog of pion
decay constant §




BSM

112

Composite Higgs Models: g ~ Az < 1% mNp ~ gx A ~ 30 TeV

gy ~ 4m

Here A QMLLC}S a.{ Fiom (Direct Searches Poor
decay constant § for large g*  3TeV )




BSM

U2

mNF,Sl% mp ~ gx A ~ 30 TeV

A

3TeV

H/A — 7777 expected exclusion (95% C.L.)

ZC1 ATLAS3ab ' & CMS3ab™! == ATLAS 36.1 fb~" [JHEP 01(2018)055]
tlo - - CMS 35.9 fb~! [JHEP 09(2018)007]
+20
50 h(125) rates M,;é(125 L3 Gev [0 0 DD Rt ]
: 1 t 14 TeV |
~~~~~ ATLAS 36.1 fb~" @& CMS 35.9 fb~ I
"2 ATLAS 3ab™' ¢ CMS 3 ab™! ll

H/A — 771

||\\ II\K\

tan o

with YRI18 syst. uncert.

%}7i57}%222277 """"" ey
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Composite Higgs Models: k ~ % < 1%

‘Supersvjmme&rv:

H/A — 77

BSM

2

mMmNp ~~ g*A ~ 30 TeV

gy ~ 4m

Here A QMLJ,QS 0{ Paoy\ (Direct Searches Poor
or large g*  3TeV )

decay constant §

H/A — 777~ expected exclusion (95% C.L.)

Z Z1 ATLAS3ab '@ CMS3abt = - ATLAS 36.1 fb—! [JHEP 01(2018)055]
tlo - - CMS 35.9 fb~! [JHEP 09(2018)007]

+20

50

40

tan o

30

20
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scenario

h
2500 3000

Heavv SF:o[as

Gupta,Montull,FR12 - updated
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Messaqge

p Higgs Coupling (HC) modifications: crucial for BSM

P Mulkiboson HwH: ComFe&i&ive/ﬁompi&meh&m:} ko HC mwaeasuremenks

P Many opportunities for improvement («t::m\&ro\rv bo HC):

' ' ' l '
1000 2000}
m(ee) [GeV

g Impar&am& for future colliders (HE-LHC,CLIC,FCC,...)
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Amp = SM + BSM = SM (1 + 6gsur)



Why Interference?

When SM and BSM conbribute ko Fhe same QmptiEud@.:

Amp = SM + BSM = SM (1 + 6gsur)

o o< |[Ampl® ~ SM?(1 +0psm)+ 0Bgas)

For BSM effecks 1> oo,

SBsm > 0Bgay
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1 SM and BSM conbribute to different amplitudes:

interference
(_ vanishes




Nown-Interference?

1 SM and BSM conbribute to different amplitudes:

interference
(_ vanishes

/

1
The leading effects BSM are O (p)

Swiall effects, even smaller!



